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= (57) Abstract: One embodiment (100) of the film acoustically-coupled transformer, FACT, has a decoupled stacked bulk acoustic
& resonator, DSBAR, having a lower film bulk acoustic resonator, FBAR, (110), an upper FBAR (120) stacked on the lower FBAR, and,
m between the FBARs, an acoustic decoupler (130) comprising a layer (131) of acoustic decoupling material. Each FBAR has opposed
& planar electrodes (112, 114) with a piezoelectric element (116) between them. The FACT additionally has first terminals (132, 134)
& electrically connected to the electrodes of one FBAR and second terminals (136, 138) electrically connected to the electrodes of the
O other FBAR. Another embodiment (200) has decoupled stacked bulk acoustic resonators, DSBARs, (106, 108), each as described

above, a first electrical circuit interconnecting the lower FBARs, and a second electrical circuit interconnecting the upper FBARs.

The FACT provides impedance transformation, can link single-ended circuitry with balanced circuitry or vice versa and electrically
g isolates primary and secondary. Some embodiments are additionally electrically balanced.
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APPLICATION FOR PATENT
Film Acoustically-Coupled Transformer

Background of the Invention

Transformers are used in many types of electronic device to perform such functions as transforming impedances,
linking single-ended circuitry with balancéd circuitry or vice versa and providing electrical isolation. However, not all
transformers have all of these properties. For example, an auto-transformer does not provide electricﬁal isolation.

Transformers operating at audio and radio frequencies up to VHF are commonly built as coupled primary and
secondary windings around a high permeability core. The core contains the magnetic flux and increases the coupling
between the windings. A transformer operable in this frequency range can also be realized using an optical-coupler. An
opto-coupler used in this mode is referred to in the art as an opto-isolator.

In transformers based on coupled windings or opto-couplers, the input electrical signal is converted to a different
form (i.e., a magnetic flux or photons) that interacts with an appropriate transforming structure (i.e., another winding or
a light detector), and is re-constituted as an electrical signal at the output. For example, an opto-coupler: converts an
input electrical signal to phatons using a light-emitting diode. The photons pass through an optical fiber or free space
that provides isolation. A photodiode illuminated by the photons generates an output electrical signal from the photon
stream. The output electrical signal is a replica of the input electrical signal

At UHF and microwave frequencies, coil-based transformers become impractical due to such factors as losses in
the core, losses in the windings, capacitance between the windings, and a difficulty to make them small enough to
prevent wavelength-related problems. Transformers for such frequencies are based on quarter-wavelength
transmission lines, e.g., Marchand type, series input/parallel output connected lines, etc. Transformers also exist that
are based on micro-machined coupled coils sets and are small enough that wavelength effects are unimportant.
However such transformers have issues with high insertion loss.

All the transformers just described for use at UHF and microwave frequencies have dimensions that make them
less desirable for use in modern miniature, high-density applications such as cellular telephones. Such transformers
also tend to be high in cost because they are not capable of being manufactured by a batch process and because they
are essentially an off-chip solution. Moreover, although such transformers typically have a bandwidth that is acceptable
for use in cellular telephones, they typically have an insertion loss greater than 1 dB, which is too high.

Opto-couplers are not used at UHF and microwave frequencies due to the junction capacitance of the input LED,
non-linearities inherent in the photodetector and insufficient isolation to give good common mode rejection.

What is needed, therefore, is a transformer capable of providing one or more of the following attributes at
electrical frequencies in the range from UHF to microwave: impedance transformation, coupling between balanced and
unbalanced circuits and electrical isolation. What is also needed is such a transformer that has a low insertion loss, a
bandwidth sufficient to accommodate the frequency range of cellular telephone RF signals, for example, a size smaller

than transformers currently used in cellular telephones and a low manufacturing cost,



10

15

20

25

30

35

WO 2005/046053 PCT/US2004/035907
Summary of the Invention

In a first aspect, the invention provides a film acoustically-coupled transformer {FACT) having a decoupled
stacked hulk acoustic resonator (DSBAR) that comprises a lower film bulk acoustic resonator (FBAR), an upper FBAR
stacked on the lower FBAR, and, between the FBARs, an acoustic decoupler comprising a layer of acoustic decoupling
material. Each of the FBARs comprises opposed planar electrodes and a piezoelectric element between the electrodes.
The FACT additionally comprises first terminals electrically connected to the electrodes of one of the FBARs and

second terminals electrically connected to the electrodes of the ather of the FBARs. An FACT in accordance with this

-aspect of the invention has a 1:1 impedance transformation ratio, is capable of linking single-ended circuitry with

balanced circuitry or vice versa and provides electrical isolation between primary and secondary.

In a another aspect, the invention provides a film acoustically-coupled transformer (FACT) comprising decoupled
stacked bulk acoustic resonators {DSBARs). Each of the DSBARs comprises a lower film bulk acoustic resonator
(FBAR), an upper FBAR stacked on the lower FBAR, and, between the FBARs, an acoustic decoupler comprising a
layer of acoustic decoupling material. Each FBAR comprises opposed planar electrodes and a piezoelectric element
between the electrodes. The FACT additionally comprises a first electrical circuit interconnecting the lower FBARs and
a second electrical circuit interconnecting the upper FBARs. All embodiments of a FACT in accordance with this aspect
of the invention are capable of linking single-ended circuitry with balanced circuitry or vice versa, and provides
electrical isolation betvveen primary and secondary.

Some embodiments of the FACT in accordance with this aspect of the invention are inherently electrically
balanced and have a higher common-mode rejection ratio than the above-described embodiment having the single
DSBAR. In such embodiments, the first electrical circuit electrically connects one of the FBARs of the first DSBAR
gither in anti-parallel or in series with one of the FBARs of the second DSBAR, and the second electrical circuit
electrically connects the other of the FBARSs of the first DSBAR either in anti-parallel or in series with the other of the
FBARs of the second DSBAR. An embodiment of the FACT in which the first electrical circuit connects the respective
FBARs in anti-parallel and the second electrical circuit connects the respective FBARs in anti-parallel has a 1:1
impedance transformation ratio between the first electrical circuit and the second electrical circuit and vice versa. An
embodiment in which the first electrical circuit connects the respective FBARs in series and the second electrical
circuit connects the respective FBARs in series also has a 1:1 impedance transformation ratio between the first
electrical circuit and the second electrical circuit and vice versa. However, the impedances are higher than the
embodiment in which the FBARSs are connected in anti-parallel. An embodiment of the FACT in which the first electrical
circuit connects the respective FBARs in anti-parallel and the second electrical circuit connects the respective FBARs
in series has a 1:4 impedance transformation ratio between the first electrical circuit and the second electrical circuit
and a 4:1 impedance transformation ratio between the second electrical circuit and the first electrical circuit. An
embodiment of the FACT in which the first electrical circuit connects the respective FBARs in series and the second
electrical circuit connects the respective FBARs in anti-parallel has a 4:1 impedance transformation ratio between the
first electrical circuit and the second electrical circuit and a 1:4 impedance transformation ratio between the second
glectrical circuit and the first electrical circuit.

Other embodiments of the FACT in accordance with the invention are electrically unbalanced and can be used in
applications in which a high common-mode rejection ratio is less important. In such embodiments, the first electrical

circuit electrically connects one of the FBARs of the first DSBAR either in parallel or in anti-series with one of the
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FBARs of the second DSBAR, and the second electrical circuit electrically connects the other of the FBARs of the first
DSBAR either in parallel or in anti-series with the other of the FBARs of the second DSBAR.

In a another aspect, the invention provides a film acoustically-coupled transformer (FACT) comprising a
decoupled stacked bulk acoustic resonator (DSBAR). The DSBAR comprises a lower film bulk acoustic resonator
(FBAR), an upper FBAR stacked on the lower FBAR, and an acoustic decoupler comprising a layer of acoustic
decoupling material having an acoustic impedance of about 2 Mrayl. Each of the FBARs comprises opposed planar
electrodes and a piezoelectric element between the electrodes. The FACT additionally comprises first terminals
electrically connected to the electrodes of the lower FBAR and second terminals electrically connected to the

electrodes of the upper FBAR.

Brief Description of the Drawings

Figure 1A is a plan view of an example of a first embodiment of a film acoustically-coupled transformer (FACT) in
accordance with the invention

Figures 1B and 1C are cross-sectional views of the FACT along section lines 1B-1B and 1C-1C, respectively, in
Figure 1A.

Figure 1D is an enlarged cross-sectional view of part of the FACT shown in Figure 1A along the section line 1B-
1B showing an embodiment of the acoustic decoupler in accordance with the invention.

Figure 1E is an enlarged cross-sectional view of part of the FACT shown in Figure 1A along the section line 1B-1B
showing an alternative embodiment of the acoustic decoupler.

Figure 2 a graph showing how the calculated frequency response of embodiments of the FACT shown in Figures
1A-1C depends on the acoustic impedance of the acoustic decoupling material.

Figure 3A is a plan view of an example of a second embodiment of a FACT in accordance with the invention

Figures 3B and 3C are cross-sectional views of the FACT along section lines 3B-3B and 3C-3C, respectively, in
Figure 1A.

Figures 4A through 4D are schematic drawings showing the electrical circuits of electrically balanced
embodiments of the FACT shown in Figures 3A-3C.

Figures 4E through 4H are schematic drawings showing the electrical circuits of electrically unbalanced
embodiments of the FACT shown in Figures 3A-3C.

Figures 5A-5J are plan views illustrating a process for making a FACT in accordance with the invention.

Figures 5K-5S are cross-sectional views along the section lines 5K-5K, 5L-51., 5M-5M, 5N-5N, 50-50, 5P-5P, 50-
5Q, 5R-5R, 5S-5S and 5T-5T in Figures 5A-5J, respectively.

Detailed Description
Figures 1A, 1B and 1C show a plan view and two cross-sectional views, respectively, of a first embodiment 100
of a film acoustically-coupled transformer (FACT) in accordance with the invention. FACT 100 has a 1:1 impedance
transformation ratio, is capable of linking single-ended circuitry with balanced circuitry or vice versa and provides
electrical isolation between primary and secondary.
FACT 100 is composed of a decoupled stacked bulk acoustic resonator (DSBAR) 108, first terminals 132 and 134

and second terminals 136 and 138. DSBAR 106 is composed of a stacked pair of film bulk acoustic resonators (FBARs)
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110 and 120 and an acoustic decoupler 130 between them. In the example shown, FBAR 120 is stacked atop FBAR
110. FBAR 110 is composed of opposed planar electrodes 112 and 114 and a layer of piezoelectric material 116
between the electrodes. FBAR 120 is composed of opposed planar electrodes 122 and 124 and a layer of piezoelectric
material 126 between the electrodes. Acoustic decoupler 130 is located between electrode 114 of FBAR 110 and
electrode 122 of FBAR 120. The acoustic decoupler controls the coupling of acoustic energy between FBARs 110 and
120.

In the example shovvn, first terminals 132 and 134 are structured as honding pads electrically connected by
electrical traces 133 and 1 35, respectively, to electrodes 112 and 114, respectively, of FBAR 110. Also in the example
shown, second terminals 136 and 138 are structured as bonding pads electrically connected by electrical traces 137
and 139, respectively, to electrodes 122 and 124, respectively, of FBAR 120. In an embodiment, first terminals 132 and
134 constitute the primary terminals and the second terminals 136 and 138 constitute the secondary terminals of FACT
100. In an alternative embodiment, first terminals 132 and 134 constitute the secondary terminals and second
terminals 136 and 138 constitute the primary terminals of FACT 100.

In the example shown, DSBAR 106 is suspended over a cavity 104 defined in a substrate 102. Suspending the
DSBAR over a cavity allows the FBARs of the DSBAR to resonate mechanically. Other suspension schemes that allow
the FBARs to resonate mechanically are possible. For example, the DSBAR can be located over a mismatched acoustic
Bragg reflector (not shown) formed in or on substrate 102, as disclosed by Lakin in United States patent no. 6,107,721.

FBARs are disclosed by Ruby et al. in United States patent no. 5,587,620 entitled Tunable Thin Film Acoustic
Resonators and Method of Making Same, now assigned to the assignee of this disclosure. Ruby’s disclosure also
discloses a stacked film bulk acoustic resonator (SBAR) composed of two layers of piezoelectric material interleaved.
with three planar electrodes. Ruby’s SBAR can be regarded as being composed of a stacked pair of FBARs in which
one electrode is common to both FBARs, and will be referred to herein as a common-electrode SBAR. The common
electrode renders the common-electrode SBAR incapable of linking balanced to unbalanced circuits and vice versa and
of providing electrical isolation between primary and secondary. Moreover, the common electrode SBAR exhibits an
extremely narrow pass bandwidth that makes it unsuitable for use in most applications. The narrow pass bandwidth is
the result of the common electrode, which over couples acoustic energy between the FBARs.

As noted above, FACT 100 in accordance with the invention comprises a stacked pair of film bulk acoustic
resonators (FBARs) 110 and 120 and acoustic decoupler 130 between FBARs 110 and 120. A structure composed of a
stacked pair of FBARs and an acoustic decoupler between the FBARSs is referred to herein as a decoupled stacked bulk
acoustic resonator (DSBAR) to distinguish it from the above-described conventional common-electrode SBAR in
which the FBARs directly contact one another. In FAGT 100, acoustic decoupler 130 controls the coupling of acoustic
energy between stacked FBARs 110 and 120 and additionally electrically isolates FBAR 110 from FBAR 120. The
electrical isolation provided by acoustic decoupler 130 enables FACT 100 to fink balanced to unbalanced circuits and
vice versa and provides electrical isolation between primary and secondary. The acoustic coupling provided by
acoustic decoupler 130 is substantially less than the acoustic coupling between the FBARs in the common-electrode
SBAR referred to above. As a result, FBARs 110 and 120 are not over coupled, and FACT 100 has a relatively flat
response in the pass band, as will be described below with reference to Figure 2.

The embodiment of the acoustic decoupler 130 shown in Figures 1A-1C is a first embodiment composed of layer

131 of acoustic decoupling material located between the electrodes 114 and 122 of FBARs 110 and 120, respectively.
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Figure 1D is an enlarged view showing this first embodiment of the acoustic decoupler in more detail. Important
properties of the acoustic decoupling material of layer 131 that constitutes acoustic decoupler 130 are an acoustic
impedance less ‘than that of the materials of FBARs 110, 120, a high electrical resistivity, a low dielectric permittivity
and a nominal thickness that is an odd integral multiple of one quarter of the wavelength in the acoustic decoupling
material of an acoustic signal equal in frequency to the center frequency of the pass band of FACT 100.

The acoustic decoupling material of acoustic decoupler 130 has an acoustic impedance less that of the materials
of FBARs 110 and 120 and substantially greater than that of air. The acoustic impedance of a material is the ratio of
stress to particle velocity in the material and is measured in Rayleighs, abbreviated as ray/. The materials of the FBARs
are typically aluminum nitride {AIN) as the material of piezoelectric layers 116, 126 and molybdenum (Mo) as the
material of electrodes 112, 114, 122 and 124. The acoustic impedances of the materials of the FBARs are typically
greater than 30 Mrayl (35 Mrayl for AIN and 63 Mrayl for Mo) and the acoustic impedance of air is about 1 krayl. In
embodiments of FACT 100 in which the materials of FBARs 110, 120 are as stated above, materials with an acoustic
impedance in the range from about 2 Mrayl to about 8 Mrayl work well as the acoustic coupling material of acoustic
decoupler 130.

Figure 2 is a graph showing how the calculated frequency response of FACT 100 depends on the acoustic
impedance of the acoustic decoupling material of layer 131 that constitutes the first embodiment of acoustic decoupler
130. The embodiment illustrated has a center frequency of about 1,900 MHz. Calculated frequency responses for
embodiments in which the acoustic decoupling material of the acoustic decoupler has acoustic impedances of abaut 4
Mray! (polyimide—curve 140), 8 Mrayl (curve 142) and 16 Mrayl (curve 144) are shown. It can be seen that the
bandwidth of FACT 100 increases with increasing acoustic impedance of the acoustic decoupling material. In the
embodiment in which the acoustic impedance is 16 Mrayl, the resonances of the FBARs are over coupled, which
causes the characteristic double peak in the pass band response.

The embodiment of acoustic decoupler 130 shown in Figures 1B, 1C and 1D is composed of layer 131 of acoustic
decoupling material with a nominal thickness equal to one quarter of the wavelength in the acoustic decoupling
material of an acoustic signal equal in frequency to the center frequency of the pass band of FACT 100, i.e., t ~ A8,
where t is the thickness of the layer 131 of acoustic decoupling material that constitutes acoustic decoupler 130 and
A, is the wavelength in the acoustic decoupling material of an acoustic signal equal in frequency to the center
frequency. A thickness of layer 131 within approximately == 10% of the nominal thickness can alternatively be used. A
thickness outside this range can alternatively be used with some degradation in performance. However, the thickness
of layer 131 should differ significantly from O, at one extreme and A,/2 at the other extreme.

More generally, the first embodiment of acoustic decoupler 130 shown in Figure 1D is composed of layer 131 of
acoustic decoupling material with a nominal thickness equal to an odd integral multiple of one quarter of the
wavelength in the acoustic decoupling material of an acoustic signal equal in frequency to the center frequency of the
pass band of FACT 100, i.e., t = (2m + 1)A,/4, where t and A, are as defined above and m is an integer equal to or
greater than zero. In this case, a thickness of layer 131 that differs from the nominal thickness by approximately
% 10% of A,/4 can alternatively be used. A thickness tolerance outside this range can be used with some degradation
in performance, but the thickness of layer 131 should differ significantly from an integral multiple of /2. However,
embodiments of acoustic decoupler 130 in which layer 131 of acoustic decoupling material is an odd integral multiple

greater than unity of one quarter of the wavelength in the acoustic decoupling material of an acoustic signal equal in
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frequency to the center frequency typically have frequency responses that exhibit spurious response artifacts due to
the ability of such thicker layer to support multiple acoustic modes.

Many plastic materials have acoustic impedances in the range stated above and can be applied in layers of
uniform thickness in the thickness ranges stated above. Such plastic materials are therefore potentially suitable for use
as the acoustic decoupling material of layer 131 of acoustic decoupler 130. However, the acoustic decoupling material
must also be capable of withstanding the temperatures of the fabrication operations performed after layer 131 of
acoustic decoupling material has been deposited on electrode 114 to form acoustic decoupler 130. As will be
described in more detail below, in practical embodiments of FACT 100, electrodes 122 and 124 and piezoelectric layer
126 are deposited by sputtering after layer 131 has been deposited. Temperatures as high as 400 °C are reached
during these deposition processes. Thus, a plastic that remains stable at such temperatures is used as the acoustic
decoupling material. Q

Plastic materials typically have a very high acoustical attenuation per unit length compared with the other
materials of FBARs 110 and 120. However, since the above-described embodiment of acoustic decoupler 130 is
composed of layer 131 of plastic acoustic decoupling material typically of the order of 1 um thick, the acoustic
attenuation introduced by layer 131 is typically negligible.

In one embodiment, a polyimide is used as the acoustic decoupling material of layer 131. Polyimide is sold under
the trademark Kapton® by E. I. du Pont de Nemours and Company. In such embodiment, acoustic decoupler 130 is
composed of layer 131 of polyimide applied to electrode 114 by spin coating. Polyimide has an acoustic impedance of
about 4 Mrayl.

In another embodiment, a poly(para-xylylene) is used as the acoustic decoupling material of layer 131. In such
embodiment, acoustic decoupler 130 is composed of layer 131 of poly(para-xylylene) applied to electrode 114 by
vacuum deposition. Poly{para-xylylene}) is also known in the art as parylene. The dimer precursor di-para-xylylene from
which parylene is made and equipment for performing vacuum deposition of layers of parylene are available from many
suppliers. Parylene has an acoustic impedance of about 2.8 Mrayl.

In another embodiment, a crosslinked polyphenylene polymer is used as the acoustic decoupling material of layer
131. In such embodiment, acoustic decoupler 130 is composed of layer 131 of a crosslinked polyphenylene polymer
applied by spin coating. Crosslinked p olyphenylene polymers have been developed as low dielectric constant dielectric
materials for use in integrated circuits and consequently remain stable at the high temperatures to which acoustic
decoupler 130 is subject during the subsequent fabrication of FBAR 120. The inventors have discovered that
crosslinked polyphenylene polymers additionally have a calculated acoustic impedance of about 2 Mrayl. This acoustic
impedance is in the range of acoustic impedances that provides FACT 100 with a useful pass bandwidth.

Precursor solutions containing various oligomers that polymerize to form respective crosslinked polyphenylene
polymers are sold by The Dow Chemical Company, Midland, MI, under the trademark SiLK. The precursor solutions are
applied by spin coating. The crosslinked polyphenylene polymer obtained from one of these precursor solutions
designated SiLK™ J, which additionally contains an adhesion promoter, has a calculated acoustic impedance of 2.1
Mray}, i.e., about 2 Mrayl.

The oligomers that polymerize to form crosslinked polyphenylene polymers are prepared from
biscyclopentadienone- and aromatic acetylene-containing monomers. Using such monomers forms soluble oligomers

without the need for undue substitution. The precursor solution contains a specific oligomer dissolved in gamma-
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butyrolactone and cyclohexanone solvents. The percentage of the oligomer in the precursor solution determines the
layer thickness when the precursor solution is spun on. After application, applying heat evaporates the solvents, then
cures the oligomer to form a cross-linked polymer. The biscyclopentadienones react with the ace;cylenes inad+2
cycloaddition reaction that forms a new aromatic ring. Further curing results in the cross-linked polyphenylene polymer.
The above-described crosslinked polyphenylene polymers are disclosed by Godschalx et al. in United States patent no.
5,965,679,. Additional practical details are described by Martin et al., Development of Low-Dielectric Constant Polymer
for the Fabrication of Integrated Circuit Interconnect,12 ADVANCED MATERIALS, 1769 (2000). Compared with polyimide,
crosslinked polyphenylene polymers have a lower acoustic impedance, a lower acoustic attenuation and a lower
dielectric constant. Moreover, a spun-on layer of the precursor solution is capable of producing a high-quality film of
the crosslinked polyphenylene polymer with a thickness of the order of 200 nm, which is a typical thickness of
acoustic decoupler 130.

In an alternative embodiment, the acoustic decoupling material of layer 131 constituting acoustic decoupler 130
has an acoustic impedance substantially greater than the materials of FBARs 110 and 120. No materials having this
property are known at this time, but such materials may become available in future, or lower acoustic impedance
FBAR materials may become available in future. The thickness of layer 131 of such high acoustic impedance acoustic
decoupling material is as described above.

Figure 1E is an enlarged view of part of FACT100 showing a second embodiment of acoustic decoupler 130 that
incorporates a Bragg structure 161. Bragg structure 161 is composed of a low acoustic impedance Bragg element 163
sandwiched between high acoustic impedance Bragg elements 165 and 167. Low acoustic impedance Bragg element
163 is a layer of a low acoustic impedance material whereas high acoustic impedance Bragg elements 165 and 167
are each a layer of high acoustic impedance material. The acoustic impedances of the Bragg elements are
characterized as “low” and “high” with respect to one another and additionally with respect to the acoustic impedance
of the piezoelectric material of layers 116 and 126. At least one of the Bragg elements additionally has a high electrical
resistivity and a low dielectric permittivity to provide electrical isolation between input and output of FACT 100.

Each of the layers constituting Bragg elements 161, 163 and 165 has a nominal thickness equal to an odd integral
multiple of one quarter of the wavelength in the material the layer of an acoustic signal equal in frequency to the center
frequency of the pass band of FACT 100. Layers that differ from the nominal thickness by approximately = 10% of one
quarter of the wavelength can alternatively be used. A thickness tolerance outside this range can be used with some
degradation in performance, but the thickness of the layers should differ significantly from an integral multiple of one-
half of the wavelength.

In an embodiment, low acoustic impedance Bragg element 163 is a layer of silicon dioxide (Si0,), which has an
acoustic impedance of about 13 Mrayl, and each of the high acoustic impedance Bragg elements 165 and 167 is a
layer of the same material as electrodes 114 and 122, respectively, i.e., molybdenum, which has an acoustic
impedance of about 63 Mray!. Using the same material for high acoustic impedance Bragg elements 165 and 167 and
electrodes 114 and 122, respectively, of FBARs 110 and 120, respectively, allows high acoustic impedance Bragg
elements 165 and 167 additionally to serve as electrodes 114 and 122, respectively.

In an example, high acoustic impedance Bragg elements 165 and 167 have a nominal thickness equal to one
quarter of the wavelength in molybdenum of an acoustic signal equal in frequency to the center frequency of the pass

band of FACT 100, and low acoustic impedance Bragg element 163 had a nominal thickness equal to three quarters of
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the wavelength in Si0, of an acoustic signal equal in frequency to the center frequency. Using a three-quarter
wavelength-thick layer of Si0, instead of a one-quarter wavelength thick layer of Si0, as low acoustic impedance
Bragg element 163 reduces the capacitance between FBARs 110 and 120.

In embodiments in which the acoustic impedance difference between high acoustic impedance Bragg elements
165 and 167 and low acoustic impedance Bragg element 163 is relatively low, Bragg structure 161 may be composed
of more than one (e.g., n) low acoustic impedance Bragg element interleaved with a corresponding number {i.e.,
n + 1) of high acoustic impedance Bragg elements. Only one of the Bragg elements need be insulating. For example,
the Bragg structure may be composed of two low acoustic impedance Bragg element interleaved with three high
acoustic impedance Bragg elements.

Wafer-scale fabrication is used to fabricate FACTs similar to FACT 100 thousands at a time. Wafer-scale
fabrication makes each FACT inexpensive to fabricate. FACT 100 can be made using a fabrication method similar to
that to be described below with reference to Figures 5A-5T. Accordingly, a method of fabricating FACT 100 will not be
separately described.

Referring again to Figures 1A-1C, to use FACT 100, electrical connections are made to first terminals 132 and 134
electrically connected to electrodes 112 and 114, respectively, as shown in Figures 1A and 1B and electrical
connections are additionally made to second terminals 136 and 138 electrically connected to electrodes 122 and 124,
respectively, as shown in Figures 1A and 1C. The electrical connections to first terminals 132 and 134 provide
electrical connections to the primary of FACT 100 and the electrical connections to second terminals 136 and 138
provide electrical connections to the secondary of FACT 100. In an alternative embodiment, the electrical connections
to second terminals 136 and 138 pfovide electrical connections to the primary of FACT 100 and the electrical
connections to first terminals 132 and 134 provide electrical connections to the secondary of FACT 100.

In operation of FACT 100, an input electrical signal applied to first terminals 132 and 134, which constitute the
primary terminals of FACT 100, establishes a voltage difference between electrodes 112 and 114 of FBAR 110. The
voltage difference between electrodes 112 and 114 mechanically deforms FBAR 110 at the frequency of the input
electrical signal. Depending on the frequency of the input electrical signal, acoustic decoupler 130 couples all or part of
the acoustic energy resulting from the mechanical deformation of FBAR 110 to FBAR 120. The acoustic energy
received from FBAR 110 mechanically deforms FBAR 120 at the frequency of the input electrical signal. The
mechanical deformation of FBAR 120 generates a voltage difference between electrodes 122 and 124 at the frequency
of the input electrical signal. The voltage difference is output at second terminals 136 and 138, which constitute the
secondary terminals of FACT 100, as an output electrical signal. Piezoelectricity is a linear effect, so the amplitude and
phase of the input electrical signal applied to the first terminals is preserved in the output electrical signal output at the
second terminals.

An embodiment of FACT 100 in which second terminals 136 and 138 constitute the primary terminals and first
terminals 132 and 134 constitute the secondary terminals operates similarly, except acoustic energy propagates
through acoustic decoupler 130 from FBAR 120 to FBAR 110.

As noted above, FACT 100 provides a 1:1 impedance transformation ratio, is capable of linking single-ended
circuitry with balanced circuitry or vice versa and provides electrical isolation between primary and secondary.
However, the capacitance between electrode 112 and substrate 102 differs from that between electrode 114 and the

substrate. As a result, FACT 100 is not perfectly balanced electrically and can have an insufficient common-mode
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rejection ratio (CMRRY) for certain applications.

Figures 3A-3C show a plan view and two cross-sectional views, respectively, of a second embodiment 200 of a
film acoustically-coupled transformer (FACT) in accordance with the invention. FACT 200 is capable of linking single-
ended circuitry with balanced circuitry or vice versa, provides electrical isolation between primary and secondary.
Some embodiments of FACT 200 are electrically balanced, and therefore have a high common-mode rejection ratio:
other embodiments are electrically unbalanced and have a lower common-mode rejection ratio. FACT 200 has an
impedance transformation ratio of 1:1, 1:4 or 4:1 depending on the configurations of the electrical circuits that form
part of the FACT.

FACT 200 is composed of two decoupled stacked bulk acoustic resonators (DSBARs) 206 and 208. Each DSBAR
is composed of a stacked pair of film bulk acoustic resonators (FBARs) and an acoustic decoupler between the FBARs.
FACT 200 is additionally composed of an electrical circuit that connects one of the FBARs of DSBAR 206 to one of the
FBARs of DSBAR 208, and an electrical circuit that connects the other of the FBARs of DSBAR 206 to the other of the
FBARs of DSBAR 208.

DSBAR 206 is composed of a stacked pair of FBARs 210 and 220 and an acoustic decoupler 230 between them.
DSBAR 208 is composed of a stacked pair of FBARs 250 and 260 and an acoustic decoupler 270 between them. In the
example shown, FBAR 220 is stacked atop FBAR 210 and FBAR 260 is stacked atop FBAR 250. FBAR 210 is
composed of opposed planar electrodes 212 and 214 and a layer of piezoelectric material 216 between the electrodes.
FBAR 220 is composed of opposed planar electrodes 222 and 224 and a layer of piezoelectric material 226 between
the electrodes. FBAR 250 is composed of opposed planar electrodes 252 and 254 and a layer of piezoelectric material
256 between the electrodes. FBAR 260 is composed of opposed planar electrodes 262 and 264 and a layer of
piezoelectric material 266 betvveen the electrodes.

As noted above, an electrical circuit connects one of the FBARs of DSBAR 206 to one of the FBARs of DSBAR
208, and an electrical circuit connects the other of the FBARs of DSBAR 206 to the other of the FBARs of DSBAR 206.
Each electrical circuit electrically connects the respective FBARs in any one of a parallel, a series, an anti-parallel and
an anti-series configuration. Of the sixteen possible combinations of the parallel, series, anti-parallel and anti-series
electrical circuit configurations, only eight produce a working FACT. The combination of electrical circuit configurations
connecting the FBARs determines whether the FACT is electrically balanced (high common-mode rejection ratio) or
electrically unbalanced, and determines the impedance transformation ratio of the FACT, i.e., 1:1, 1:4 or 4:1. The

possible combinations of electrical circuit configurations are summarized in Table 1 below:

Parallel Series Anti-par. Anti-series
Parallel U 11 X X U14
Series X B1:1 B 4:1 X
Anti-par. X B1:4 B1:1 X
Anti-series U 4:1 X X U1
Table 1

In Table 1, the row captions indicate the configuration of one of the electrical circuits, e.g., electrical circuit 245
described below with reference to Figure 4C, the column captions indicate the configuration of the ower of the

electrical circuits, e.g., electrical circuit 246 described with reference to Figure 4C, B denotes that the FACT is
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electrically balanced, U denotes that the FACT is unbalanced, and X denotes a non-functioning FACT. The impedance
transformation ratio shown is the impedance transformation from electrical terminals connected to the electrical circuit
indicated by the row caption to electrical terminals connected to the electrical circuit indicated by the column caption.

The electrical circuits shown in Table 1 are subject to the constraint that an electrical circuit may only connect
the electrodes of FBARs at the same level as one another in DSBARs 206 and 208, i.e., one of the electrical circuits
may only connect the electrodes of FBARs 210 and 250 and the other of the electrical circuits may only connect the
electrodes of FBARs 220 and 260. Table 1 additionally assumes that the c-axes of piezoelectric layers 216, 226, 256
and 266 are all oriented in the same direction. More electrical circuits are possible in embodiments not subject to the
constraint, e.g., in embodiments in which an electrical circuit is allowed to connect the electrodes of FBARs 210 and
260 and the electrodes of FBAR's 220 and 250, and/or the assumption.

Before the electrical circuits interconnecting the FBARs are described in detail, the terms anti-parallel, parallel,
anti-series and series as applied to the electrical circuits connecting the electrodes of FBARs of different DSBARs will
be defined. An FBAR is a polarity-dependent device. A voltage of a given polarity applied between the electrodes of the
FBAR will cause the FBAR to contract mechanically while the same voltage of the opposite polarity will cause the
FBAR to expand mechanically by the same amount. Similarly, a mechanical stress applied to the FBAR that causes the
FBAR to contract mechanically will generate a voltage of the given polarity between the electrodes of the FBAR
whereas a mechanical stress that causes the FBAR to expand mechanically will generate a voltage of the opposite
polarity between the electrodes of the FBAR.

Referring to Figures 4A-4D, in FACT 200, the electrodes of the FBARSs that an electrical circuit connects in parallel
are at the same level in the respective DSBARS. A signal applied to the FBARs connected in parallel produces signals
of the same phase across the FBARs. The FBARs therefore expand and contract in phase, and generate acoustic
energy in phase. On the other hand, electrodes of the FBARs that an electrical circuit connects in anti-parallel are at
different levels in the respective DSBARSs. A signal applied to FBARs connected in anti-parallel produces signals of the
opposite phases across the FBARs. The FBARs therefore expand and contract in antiphase, and generate acoustic
energy in antiphase.

The electrodes of the FBARSs that an electrical circuit connects in series are at the same level in the respective
DSBARs. A signal applied to the FBARs connected in series produces signals of opposite phases across the FBARs.
The FBARs expand and contract in antiphase, and generate acoustic energy in antiphase. On the other hand, the
electrodes of the FBARs that an electrical circuit connects in anti-series are at different levels in the respective
DSBARs. A signal applied to the FBARs connected in anti-series produces signals of the same phase across the
FBARs. The FBARs expand and contract in phase and generate acoustic energy in phase.

FBARs receiving acoustic energy that causes them to expand and contract in phase generate signals in phase,
Connecting FBARs that generate signals in phase in parallel produces a signal level equal to that across the individual
FBARs and an impedance of one-half the characteristic impedance of the individual FBARs. Connecting such FBARs in
anti-series produces a signal level of twice that across the individual FBARs and an impedance of twice the
characteristic impedance of the individual FBARs. However, connecting FBARSs that generate signals in phase in anti-
parallel or in series causes the signals to cancel. FBARs receiving acoustic energy that causes them to expand and
contract in antiphase generate signals in antiphase. Connecting FBARS that generate signals in antiphase in antiparallel

produces a signal equal in level to that across the individual FBARs and an impedance of one-half the characteristic
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impedance of the individual FBARs. Connecting such FBARs in series produces a signal of twice the level of that
across the individual FBARs and an impedance of twice the characteristic impedance of the individual FBARSs.
However, connecting FBARs that generate signals in antiphase in parallel or in antiseries causes the signals to cancel.
The FACTs indicated in Table 1 as being non-functional are FACTs in which the FBARSs that receive acoustic energy
generate signals that cancel.

Figures 4A and 4B schematically illustrate two configurations of electrical circuits that connect the FBARs 210
and 220 of DSBAR 206 and the FBARs 250 and 260 of DSBAR 208 in anti-parallel or in series, respectively, to form
respective electrically-balanced embodiments of a FACT having a 1:1 impedance transformation ratio.

Figure 4A shows an electrical circuit 241 electrically connecting one of the FBARs of DSBAR 206 in anti-parallel
with one of the FBARs of DSBAR 208 and to first terminals F and an electrical circuit 242 electrically connecting the
other of the FBARs of DSBAR 206 in anti-parallel with the other of the FBARs of DSBAR 208 and to second terminals S.
In the example shown, the electrical circuit 241 electrically connects FBAR 220 of DSBAR 206 in anti-parallel with
FBAR 260 of DSBAR 208 and to first terminals F, and electrical circuit 242 electrically connects FBAR 210 of DSBAR
206 in anti-parallel with FBAR 250 of DSBAR 208 and to second terminals S.

Specifically, electrical circuit 241 electrically connects electrode 222 of FBAR 220 to electrode 264 of FBAR 260
and to one of the first terminals F and additionally electrically connects electrode 224 of FBAR 220 to electrode 262 of
FBAR 260 and to the other of the first terminals F. Electrical circuit 242 electrically connects electrode 214 of FBAR 210
to electrode 252 of FBAR 250 and to one of the second terminals S and additionally electrically connects electrode 212
of FBAR 210 to electrode 254 of FBAR 250 and to the other of the second terminals S.

Electrical circuit 241 electrically connects FBARs 220 and 260 in anti-parallel so that an input electrical signal
applied to the first terminals F is applied equally but in antiphase to FBARs 220 and 260. Electrical circuit 241
electrically connects FBARs 220 and 260 in anti-parallel in the sense that an electrical signal applied to first terminals F
that causes FBAR 220 to contract mechanically additionally causes FBAR 260 to expand mechanically by the same
amount, and vice versa. The acoustic energy generated by FBAR 260 is therefore in antiphase with the acoustic energy
generated by FBAR 220. Consequently, the acoustic energy received by FBAR 250 from FBAR 260 is in antiphase with
the acoustic energy received by FBAR 210 from FBAR 220, and the signal between electrodes 214 and 212 is in
antiphase with the signal between electrodes 254 and 252. Electrical circuit 242 connects FBARs 210 and 250 in anti-
parallel, so that the signal output to the second terminals S is in phase with the signal between electrodes 214 and 212
and also with the signal between electrodes 254 and 252. As a result, the signal between second terminals S is the
same as the signal across either of FBAR's 210 and 250.

Substantially the same capacitance exists between each of the first terminals F and substrate 202. Each first
terminal has connected to it one electrode closer to the substrate and one electrode further from the substrate. In the
example shown, one first terminal has electrode 222 closer to the substrate and electrode 264 further from the
substrate connected to it and the other first terminal has electrode 262 closer to the substrate and electrode 224
further from the substrate connected to it. Moreover, substantially the same capacitance exists between each of the
second terminals S and substrate 202. Each second terminal has connected to it one electrode closer to the substrate
and one electrode further from the substrate. In the example shown, one second terminal has electrode 212 closer to
the substrate and electrode 254 further from the substrate connected to it and the other second terminal has electrode

252 closer to the substrate and electrode 214 further from the substrate connected to it. Thus, the embodiment of
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FACT 200 shown in Figure 4A is electrically balanced and, as a result, has a common-mode rejection ratio sufficiently
high for many more applications than the FACT 100 described above with reference to Figures 1A-1C.

The embodiment of FACT 200 shown in Figure 4A has a 1:1 impedance transformation ratio. First terminals F
may serve as the primary terminals or the secondary terminals of the FACT and second terminals P may serve as the
secondary terminals or the primary terminals, respectively, of the FACT. An input electrical signal applied to the primary
terminals is output at substantially the same level at the secondary terminals. In a typical embodiment in which all of
the FBARs 210, 220, 250 and 260 have a similar characteristic impedance, the impedance seen at the primary
terminals and at the secondary terminals is that of two FBARs in parallel, i.e., one half of the typical characteristic
impedance of a single FBAR. Thus, the embodiment of FACT 200 shown in Figure 4A is suitable for use in relatively
low characteristic impedance applications.

Figure 4B schematically shows an electrical circuit 243 electrically connecting one of the FBARs of DSBAR 206
and one of the FBARs of DSBAR 208 in series between first terminals F and an electrical circuit 244 electrically
connecting the other of the FBARs of DSBAR 206 and the other of the FBARs of DSBAR 208 in series between second
terminals S. In the example shown in Figure 4B, electrical circuit 243 electrically connects FBAR 220 of DSBAR 206
and FBAR 260 of DSBAR 208 in series between first terminals F and electrical circuit 244 electrically connects FBAR
210 of DSBAR 206 and FBAR 250 of DSBAR 208 in series between second terminals S.

Specifically, electrical circuit 243 electrically connects electrode 222 of FBAR 220 to electrode 262 of FBAR 260
and additionally electrically connects electrode 224 of FBAR 220 to one of the first terminals F and electrically
connects electrode 264 of FBAR 260 to the other of the first terminals F. In a variation, electrical circuit 243 electrically
connects electrode 224 of FBAR 220 to electrode 264 of FBAR 260 and additionally electrically connects electrode 222
of FBAR 220 and electrode 262 of FBAR 260 to first terminals F. Electrical circuit 244 electrically connects electrode
212 of FBAR 210 to electrode 252 of FBAR 250 and additionally electrically connects electrode 214 of FBAR 210 to one
of the second terminals S and additionally electrically connects electrode 254 of FBAR 250 to the other of the second
terminals S. In a variation, electrical circuit 244 electrically connects electrode 214 of FBAR 210 to electrode 254 of
FBAR 250 and additionally electrically connects electrode 212 of FBAR 210 and electrode 252 of FBAR 250 to second
terminals S.

Electrical circuit 243 electrically connecting FBARs 220 and 260 in series divides an input elecirical signal applied
to the first terminals F approximately equally between FBARs 220 and 260. FBARs 220 and 260 are connected in
series in the sense that an electrical signal applied to first terminals F that causes FBAR 220 to contract mechanically
causes FBAR 260 to expand mechanically by the same amount, and vice versa. The acoustic energy generated by
FBAR 260 is therefore in antiphase with the acoustic energy generated by FBAR 220. The acoustic energy received by
FBAR 250 from FBAR 260 is in antiphase with the acoustic energy received by FBAR 210 from FBAR 220 and the
signal on electrode 254 is in antiphase with the signal on electrode 214. Electrical circuit 244 electrically connects
FBARs 210 and 250 in series so that the signal at second terminals S is twice the signal across either of FBARs 210
and 250.

Substantially the same capacitance exists between each of the first terminals F and substrate 202. Flectrodes
224 and 264 connected to the first terminals are at the same distance from the substrate. Moreover, substantially the
same capacitance exists between each of the second terminals S and substrate 202. Electrodes 214 and 254

connected to the second terminals are at the same distance from the substrate. Thus, the embodiment of FACT 200
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shown in Figure 4B is electrically balanced and, as a result, has a common-mode rejection ratio sufficiently high for
many more applications than the FACT 100 described above with reference to Figures 1A-1C.

The embodiment of FACT 200 shown in Figure 4B has a 1:1 impedance transformation ratio. First terminals F
may serve as the primary terminals or the secondary terminals of the FACT and second terminals P may serve as the
secondary terminals or the primary terminals, respectively, of the FACT. An input electrical signal applied to the primary
terminals is output at substantially the same level at the secondary terminals. In a typical embodiment in which all of
the FBARs 210, 220, 250 and 260 have a similar characteristic impedance, the impedance seen at the primary
terminals and at the secondary terminals is that of two FBARSs in series, i.e., twice the typical characteristic impedance
of a single FBAR. Thus, the embodiment of FA CT 200 shown in Figure 4B is suitable for use in higher characteristic
impedance applications than that shown in Figure 4A.

Figures 4C and 4D schematically illustrate two configurations of electrical circuits that connect the FBARs 210
and 220 of DSBAR 206 and the FBARs 250 and 260 of DSBAR 208 in anti-parallel and in series to form respective
embodiments of a FACT having a 1:4 or 4:1 impedance transformation ratio. Figure 4C shows an electrical circuit 245
electrically connecting one of the FBARs of DSBAR 206 in anti-parallel with one of the FBARs of DSBAR 208 and to
first terminals F and an electrical circuit 246 ele ctrically connecting the other of the FBARs of DSBAR 206 and the other
of the FBARs of DSBAR 208 in series betweernt second terminals S. In the example shown, the electrical circuit 245
electrically connects FBAR 220 of DSBAR 206 in anti-parallel with FBAR 260 of DSBAR 208 and to first terminals P. and
electrical circuit 246 electrically connects FBAR 210 of DSBAR 206 and FBAR 250 of DSBAR 208 in series between
second terminals S.

Specifically, electrical circuit 245 electrically connects electrode 222 of FBAR 220 to electrode 264 of FBAR 260
and to one of the first terminals F, and additionally electrically connects electrode 224 of FBAR 220 to electrode 262 of
FBAR 260 and to the other of the first terminals F. Electrical circuit 246 electrically connects electrode 214 of FBAR 210
to electrode 254 of FBAR 250 and additionally electrically connects electrode 212 of FBAR 210 to one of the second
terminals S and electrode 252 of FBAR 250 to the other of the second terminals S. In a variation, electrical circuit 246
electrically connects electrode 212 of FBAR 21 O to electrode 252 of FBAR 250 and additionally electrically connects
electrode 214 of FBAR 210 and electrode 254 of FBAR 250 to second terminals S.

Electrical circuit 245 electrically connects FBARs 220 and 260 in anti-parallel so that an input electrical signal
applied to the first terminals F is applied equally but in antiphase to FBARs 220 and 260. Electrical circuit 245
electrically connects FBARs 220 and 260 in anti-parallel in the sense that an electrical signal applied to first terminals F
that causes FBAR 220 to contract mechanically additionally causes FBAR 260 to expand mechanically by the same
amount, and vice versa. The acoustic energy generated by FBAR 260 is therefore in antiphase with the acoustic energy
generated by FBAR 220. Consequently, the aco ustic energy received by FBAR 250 from FBAR 260 is in antiphase with
the acoustic energy received by FBAR 210 from FBAR 220, and the signal on electrode 252 is in antiphase with the
signal on electrode 212. Electrical circuit 246 connects FBARs 210 and 250 in series so that the voltage difference
between second terminals S is twice the voltage across either of FBARs 210 and 250.

Substantially the same capacitance exists between each of the first terminals F and substrate 202. Each first
terminal has connected to it one electrode closer to the substrate and one electrode further from the substrate. In the
example shown, one first terminal has electrode 222 closer to the substrate and electrode 264 further from the
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further from the substrate connected to it. Moreover, substantially the same capacitance exists between each of the
second terminals S and substrate 202. Electrodes 212 and 252 connected to the second terminals are at the same
distance from the substrate. Thus, the embodiment of FACT 200 shown in Figure 4C is electrically balanced énd, as a
result, has a common-mode rejection ratio sufficiently high for many more applications than the FACT 100 described
above with reference to Figures 1A-1C.

The embodiment of FACT 200 shown in Figure 4C is a step-up FACT when first terminals F serve as primary
terminals and second terminals S serve as secondary terminals. A signal applied to the primary terminals is output at
twice the level at the secondary terminals. Also, in a typical embodiment in which all of the FBARs 210, 220, 250 and
260 have a similar characteristic impedance, the impedance seen at the primary terminals is that of two FBARs in
parallel, i.e., one half of the typical characteristic impedance of a single FBAR, whereas the impedance seen at the
secondary terminals is that of two FBARs in series, i.e., twice the typical characteristic impedance of a single FBAR.
Thus, the embodiment of FACT 200 illustrated in Figure 4C has a 1:4 primary-to-secondary impedance ratio.

The embodiment of FACT 200 shown in Figure 4C is a step-down FACT when first terminals F serve as secondary
terminals and second terminals S serve as primafy terminals. In this case, the signal output at the secondary terminals
is one-half the level of the input electrical signal applied to the primary terminals, and the primary-to-secondary
impedance ratio is 4:1.

Figure 4D schematically shows an electrical circuit 247 electrically connecting FBAR 220 of DSBAR 206 and
FBAR 260 of DSBAR 208 in series between first terminals F, and an electrical circuit 248 electrically connecting FBAR
210 of DSBAR 206 and FBAR 250 of DSBAR 208 in anti-parallel and to second terminals S.

Specifically, electrical circuit 247 electrically connects electrode 222 of FBAR 220 to electrode 262 of FBAR 260
and additionally electrically connects electrode 224 of FBAR 220 and electrode 264 of FBAR 260 to first terminals F
Electrical circuit 248 electrically connects electrode 212 of FBAR 210 to electrode 254 of FBAR 250 and to one of the
second terminals S, and additionally electrically connects electrode 214 of FBAR 210 to electrode 252 of FBAR 250
and to the other of the second terminals S. In a variation, electrical circuit 247 electrically connects electrode 224 of
FBAR 220 to electrode 264 of FBAR 260 and additionally electrically connects electrode 222 of FBAR 220 and
electrode 262 of FBAR 260 to first terminals F.

Electrical circuit 247 electrically connecting FBARs 220 and 260 in series divides an input electrical signal applied
to the first terminals F approximately equally between FBARs 220 and 260. FBARs 220 and 260 are connected in
series in the sense that an electrical signal applied to first terminals F that causes FBAR 220 to contract mechanically
causes FBAR 260 to expand mechanically by the same amount, and vice versa. The acoustic energy generated by
FBAR 260 is therefore in antiphase with the acoustic energy generated by FBAR 220. The acoustic energy received by
FBAR 250 from FBAR 260 is in antiphase with the acoustic energy received by FBAR 210 from FBAR 220 and the
voltage between electrodes 252 and 254 is in antiphase with the voltage between electrodes 212 and 214. Electrical
circuit 248 electrically connects FBARs 210 and 250 in anti-parallel, so that the signal output at the second terminals S
is in phase with the signal across electrodes 214 and 212 and also with the signal across electrodes 254 and 252. As a
result, the signal at second terminals S is equal in level to the signal across either of FBARs 210 and 250, and is equal
to one-half the level of the input electrical signal applied to first terminals F

Substantially the same capacitance exists between each of the first terminals F and substrate 202. Electrodes
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same capacitance exists between each of the second terminals S and substrate 202. Each second terminal has
connected to it one electrode closer to the substrate and one electrode further from the substrate. In the example
shown, one second terminal has electrode 212 closer to the substrate and electrode 254 further from the substrate
connected to it and the other second terminal has electrode 252 closer to the substrate and electrode 214 further from
the substrate connected to it. Thus, the embodiment of FACT 200 shown in Figure 4D is electrically balanced and, as a
result, has a common-mode rejection ratio sufficiently high for many more applications than the FACT 100 described
above with reference to Figures 1A-1C.

The embodiment of FACT 200 shown in Figure 4D is a step-down FACT when first terminals F serve as primary
terminals and second terminals S serve as secondary terminals. The signal level output at the secondary terminals is
one-half that of the input electrical signal applied to the primary terminals. Also, in a typical embodiment in which all of
the FBARs 210, 220, 250 and 260 have a similar characteristic impedance, the impedance seen at the primary
terminals is that of two FBARs in series, i.e., twice the typical characteristic impedance of a single FBAR, whereas the
impedance seen at the secondary terminals is that of two FBARs in parallel, i.e., one-half of the typical characteristic
impedance of a single FBAR. Thus, the embodiment of FACT 200 illustrated in Figure 4D has a 4:1 primary-to-
secondary impedance ratio.

The emhodiment of FACT 200 shown in Figure 4D is a step-up FACT when first terminals F serve as secondary
terminals and second terminals S serve as primary terminals. In this case, the signal level output at the secondary
terminals is twice that of the input electrical signal applied to the primary terminals, and the primary-to-secondary
impedance ratio is 1:4.

In applications in which a loww common mode rejection ratio is unimportant, electrical circuits interconnecting the
FBARs can be different from those just described. Figure 4E shows an embodiment of a FACT with a 1:1 impedance
transformation ratio in which an electrical circuit 341 connects FBAR 220 of DSBAR 206 and FBAR 260 of DSBAR 208
in parallel and to first terminals F, and an electrical circuit 342 electrically connects FBAR 210 of DSBAR 206 and FBAR
250 of DSBAR 208 in parallel and to second terminals S.

Figure 4F shows an embodiment of a FACT with a 1:1 impedance transformation ratio in which an electrical
circuit 343 connects FBAR 220 of DSBAR 206 and FBAR 260 of DSBAR 208 in anti-series between first terminals F,
and an electrical circuit 344 connects FBAR 210 of DSBAR 206 and FBAR 250 of DSBAR 208 in anti-series between
second terminals S.

Figure 4G shows an embodiment of a FACT in which an electrical circuit 345 electrically connects FBAR 220 of
DSBAR 206 and FBAR 260 of DSBAR 208 in parallel and to first terminals F, and an electrical circuit 346 electrically
connects FBAR 210 of DSBAR 206 and FBAR 250 of DSBAR 208 in anti-series between second terminals S. This
embodiment has a 1:4 impedance transformation ratio when first terminals F serve as primary terminals and second
terminals S serve as secondary terminals, or a 4:1 impedance transformation ratio when second terminals S serve as
the primary terminals and first terminals F serve as the secondary terminals.

Figure 4H shows an embodiment of a FACT in which electrical circuit 347 electrically connects FBAR 220 of
DSBAR 206 and FBAR 260 of DSBAR 208 in anti-series between first terminals F, and an electrical circuit 348
electrically connects FBAR 210 of DSBAR 206 and FBAR 250 of DSBAR 208 in parallel and to second terminals S. This
embodiment has a 4:1 impedance transformation ratio when first terminals F serve as primary terminals and second
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the primary terminals and first terminals F s erve as the secondary terminals.

The electrical configuration of the embodiment of the FACT 200 shown in Figures 3A-3C is similar to that shown
in Figure 4C. A bonding pad 282 and a bonding pad 284 constitute the first terminals of FACT 200. An interconnection
pad 236, an electrical trace 237 extending from electrode 222 to interconnection pad 236 (Figure 5G), an
interconnection pad 278 in electrical contact with interconnection pad 236 and an electrical trace 279 extending from
electrode 264 to interconnection pad 278 constitute the part of electrical circuit 245 (Figure 4C) that electrically
connects electrode 222 of FBAR 220 to electrode 264 of FBAR 260. An interconnection pad 238, an electrical trace
239 extending from electrode 224 to interconnection pad 238, an interconnection pad 276 in electrical contact with
interconnection pad 238 and an electrical trace 277 extending from electrode 262 to interconnection pad 276 (Figure
5G) constitute the part of electrical circuit 245 {Figure 4C) that electrically connects electrode 224 of FBAR 220 to
electrode 262 of FBAR 260. An electrical trace 283 that extends between electrode 222 and bonding pad 282 and an
electrical trace 285 that extends between electrode 264 and bonding pad 284 (Figure 5G) constitute the part of
electrical circuit 245 that connects FBARs 220 and 260 connected in anti-parallel to the first terminals provided by
bonding pads 282 and 284.

In an alternative embodiment, bonding pads 282 and 284 and traces 283 and 285 are omitted and
interconnection pads 238 and 278 are configured as bonding pads and provide the first terminals of FACT 200.

Bonding pad 232 and bonding pad 27 2 constitute the second terminals of FACT 200. An electrical trace 235 that
extends between electrode 214 and electrode 254 (Figure 5E) constitutes the part of electrical circuit 246 (Figure 4C)
that connects FBAR 210 and FBAR 250 in series. An electrical trace 233 that extends between electrode 212 and
bonding pad 232 and an electrical trace 273 that extends between electrode 252 and bonding pad 272 (Figure 5C)
constitutes the part of electrical circuit 246 that connects FBAR 210 and FBAR 250 to the second terminals provided
by bonding pads 232 and 272.

In FACT 200, acoustic decoupler 230 is located between FBARs 210 and 220, specifically, between electrodes
214 and 222. Acoustic decoupler 230 controls the coupling of acoustic energy between FBARs 210 and 220.
Additionally, acoustic decoupler 270 is located between FBARs 250 and 260, specifically, between electrodes 254 and
262. Acoustic decoupler 270 controls the coupling of acoustic energy between FBARs 250 and 260. Acoustic
decoupler 230 couples less acoustic energy between the FBARs 210 and 220 than would be coupled if the FBARs
were in direct contact with one another. Acoustic decoupler 270 couples less acoustic energy between the FBARs 250
and 260 than would be coupled if the FBAR's were in direct contact with one another. The coupling of acoustic energy
defined by acoustic decouplers 230 and 270 determines the pass bandwidth of FACT 200.

In the embodiment shown in Figures 3A-3C, acoustic decouplers 230 and 270 are respective parts of a layer 231
of acoustic decoupling material. Important properties of the acoustic decoupling material of layer 231 are an acoustic
impedance less than that of FBARs 210, 220, 250 and 260, a nominal thickness that is an odd integral multiple of one
quarter of the wavelength in the acoustic decoupling material of an acoustic signal equal in frequency to the center
frequency of the pass band of the FACT 200, and a high electrical resistivity and low dielectric permittivity to provide
electrical isolation between the primary and secondary of the FACT. The materials and other properties of layer 231 are
similar to those described above with reference to Figures 1A-1D and Figure 2. Therefore, layer 231 that provides
acoustic decouplers 230 and 270 will not be further described here. In another embodiment {not shown), acoustic

decouplers 230 and 270 each include a Bragg structure similar to Bragg structure 161 described above with reference
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to Figure 1E. Acoustic decouplers 230 and 270 may alternatively share a common Bragg structure in a manner similar
to the way in which the embodiments of acoustic couplers 230 and 270 shown in Figures 3A-3C share a common layer
231.

DSBAR 206 and DSBAR 208 are located adjacent one another suspended over a cavity 204 defined in a substrate
202. Suspending the DSBARs over a cavity allows the stacked FBARs in each DSBAR to resonate mechanically. Other
suspension schemes that allow the stacked FBARs to resonate mechanically are possible. For example, the DSBARs
can be located over a mismatched acoustic Bragg reflector (not shown) formed in or on substrate 202, as disclosed by
the above-mentioned United States patent no. 6,107,721 of Lakin.

Thousands of FACTs similar to FACT 200 are fabricated at a time by wafer-scale fabrication. Such wafer-scale
fabrication makes the FACTs inexpensive to fabricate. An exemplary fabrication method will be described next with
reference to the plan views of Figures 5A-5J and the cross-sectional views of Figures 5K-5T. As noted above, the
fabrication method can also be used to make the FACT 100 described above with reference to Figures 1A-1C. The pass
band of the embodiment of FACT 200 whose fabrication will be described has a nominal center frequency of about
1.9 GHz. Embodiments for operation at other frequencies are similar in structure and fabrication but have thicknesses
and lateral dimensions different from those exemplified below.

A wafer of single-crystal silicon is provided. A portion of the wafer constitutes, for each FACT being fabricated, a
substrate corresponding to the substrate 202 of FACT 200. Figures 5A-5J and Figures 5K-5T illustrate and the following
description describes the fabrication of FACT 200 in and on a portion of the wafer. As FACT 200 is fabricated, the
remaining FACTs on the wafer are similarly fabricated.

The portion of the wafer that constitutes substrate 202 of FACT 200 is selectively wet etched to form cavity 204,
as shown in Figures 5A and 5K.

A layer of fill material (not shown) is deposited on the surface of the wafer with a thickness sufficient to fill the
cavities. The surface of the wafer is then planarized to leave the cavity filled with the fill material. Figures 5B and 5L
show cavity 204 in substrate 202 filled with fill material 205.

In an embodiment, the fill material was phosphosilicate glass {PSG) and was deposited using conventional low-
pressure chemical vapor deposition {LPCVD). The fill material may alternatively be deposited by sputtering, or by spin
coating.

A layer of metal is deposited on the surface of the wafer and the fill material. The metal is patterned to define
electrode 212, bonding pad 232, an electrical trace 233 extending between electrode 212 and bonding pad 232,
electrode 252, bonding pad 272 and an electrical trace 273 extending between electrode 212 and bonding pad 272, as
shown in Figures 5C and 5M. Electrode 212 and electrode 252 typically have an asymmetrical shape in a plane parallel
to the major surface of the wafer. An asymmetrical shape minimizes lateral modes in FBAR 210 and FBAR 250 (Figure
3A) of which the electrodes form part, as described in United States patent no. 6,215,375 of Larson lll et al. Electrode
212 and electrode 252 are located to expose part of the surface of fill material 205 so that the fill material can later be
removed by etching, as will be described below.

The metal layers in which electrodes 212, 214, 222, 224, 252, 254, 262 and 264 are defined are patterned such
that, in respective planes parallel to the major surface of the wafer, electrodes 212 and 214 of FBAR 210 have the
same shape, size, orientation and position, electrodes 222 and 224 of FBAR 220 have the same shape, size, orientation

and position, electrodes 252 and 254 of FBAR 250 have the same shape, size, orientation and position and electrodes
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262 and 264 of FBAR 260 have the same shape, size, orientation and position. Typically, electrodes 214 and 222
additionally have the same shape, size, orie ntation and position and electrodes 254 and 262 additionally have the same
shape, size, orientation and position.

In an embodiment, the metal deposited to form electrode 212, bonding pad 232, trace 233, electrode 252,
bonding pad 272 and trace 273 was molybdenum. The molybdenum was deposited with a thickness of about 300 nm
by sputtering, and was patterned by dry etching to define pentagonal electrodes each with an area of about 12,000
square um. Other refractory metals such as tungsten, niobium and titanium may alternatively be used as the material
of electrodes 212 and 252, bonding pads 232 and 272 and traces 233 and 273. The electrodes, bonding pads and
traces may alternatively comprise layers of more than one material.

A layer of piezoelectric material is deposited and is patterned to define a piezoelectric layer 217 that provides
piezoelectric layer 216 of FBAR 210 and piezoelectric layer 256 of FBAR 250, as shown in Figures 5D and 5N.
Piezoelectric layer 217 is patterned to expose part of the surface of fill material 205 and bonding pads 232 and 272.
Piezoelectric layer 217 is additionally patterned to define windows 219 that provide access to additional parts of the
surface of the fill material.

In an embodiment, the piezoelectric material deposited to form piezoelectric layer 217 was aluminum nitride and
was deposited with a thickness of about 1.4 um by sputtering. The piezoelectric material was patterned by wet
etching in potassium hydroxide or by chlorine-based dry etching. Alternative materials for piezoelectric layer 217
include zinc oxide and lead zirconium titanate.

‘A layer of metal is deposited and is patterned to define electrode 214, electrode 254 and electrical trace 235
extending between electrode 214 and electrode 254, as shown in Figures 5E and 50.

In an embodiment, the metal deposited to form electrode 214, electrode 254 and trace 235 was molybdenum.
The molybdenum was deposited with a thickness of about 300 nm by sputtering, and was patterned by dry etching.
Other refractory metals may alternatively be used as the material of electrodes 214 and 254 and trace 235. The
electrodes and trace may alternatively comprise layers of more than one material.

A layer of acoustic decoupling material is then deposited and is patterned to define an acoustic decoupling layer
231 that provides acoustic decoupler 230 and acoustic decoupler 270, as shown in Figures 5F and 5P Acoustic
decoupling layer 231 is shaped to cover at least electrode 214 and electrode 254, and is additionally shaped to expose
part of the surface of fill material 205 and bonding pads 232 and 272. Acoustic decoupling layer 231 is additionally
patterned to define windows 219 that provide access to additional parts of the surface of the fill material.

In an embodiment, the acoustic decoupling material was polyimide with a thickness of about 200 nm, i.e., one
quarter of the center frequency wavelength in the polyimide. The polyimide was deposited to form acoustic decoupling
layer 231 by spin coating, and was patterned by photolithography. Polyimide is photosensitive so that no photoresist is
needed. As noted above, other plastic materials can be used as the acoustic decoupling material. The acoustic
decoupling material can be deposited by methods other than spin coating.

in an embodiment in which the material of the acoustic decoupling layer 231 was polyimide, after deposition and
patterning of the polyimide, the wafer was first baked at a temperature of about 250 °C in air and was then baked at a
temperature of about 415 °C in an inert atmosphere, such as a nitrogen atmosphere, before further processing was
performed. The bake evaporates volatile constituents of the polyimide and prevents the evaporation of such volatile

constituents during subsequent processing from causing separation of subsequently-deposited layers.
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A layer of metal is deposited and is patterned to define electrode 222, interconnection pad 236, electrical trace
237 extending from electrode 222 to interconnection pad 236, bonding pad 282 and electrical trace 283 extending from
electrode 222 to bonding pad 282, as shown in Figures 5G and 5Q. The patterning also defines in the layer of metal
electrode 262, interconnection pad 276 and electrical trace 277 extending from electrode 262 to interconnection pad
278, also as shown in Figures 5G and 5Q.

In an embodiment, the metal deposited to form electrodes 222 and 262, bonding pad 282, interconnection pads
236 and 276 and electrical traces 237, 277 and 283 was molybdenum. The molybdenum was deposited with a
thickness of about 300 nm by sputtering, and was patterned by dry etching. Other refractory metals may alternatively
be used as the material of electrodes 222 and 262, pads 236, 276 and 282 and electrical traces 237, 277 and 283. The
electrodes, bonding pads and traces may alternatively comprise layers of more than one material.

A layer of piezoelectric material is deposited and is patterned to define piezoelectric layer 227 that provides
piezoelectric layer 226 of FBAR 220 and piezoelectric layer 266 of FBAR 260. Piezoelectric layer 227 is shaped to
expose pads 232, 236, 272, 276 and 282 and to expose part of the surface of fill material 205 as shown in Figures 5H
and 5R. Piezoelectric layer 227 is additionally patterned to define the windows 219 that provide access to additional
parts of the surface of the fill material.

In an embodiment, the piezoelectric material deposited to form piezoelectric layer 227 was aluminum nitride and
was deposited with a thickness of about 1.4 um by sputtering. The piezoelectric material was patterned by wet
etching in potassium hydroxide or by chlorine-based dry etching. Alternative materials for piezoelectric layer 227
include zinc oxide and lead zirconium titanate.

A layer of metal is deposited and is patterned to define electrode 224, interconnection pad 238 and electrical
trace 239 extending from electrode 224 to interconnection pad 238, as shown in Figures 5l and 5S. Interconnection
pad 238 is located in electrical contact with interconnection pad 276 to provide the part of electrical circuit 245 (Figure
4C) that connects electrodes 224 and 262. The patterning also defines in the layer of metal electrode 264,
interconnection pad 278, electrical trace 279 extending from electrode 264 to interconnection pad 278, bonding pad
284 and electrical trace 285 extending from electrode 264 to bonding pad 284, also as shown in Figures 5 and 5S.
Interconnection pad 278 is located in electrical contact with interconnection pad 236 to provide the part of electrical
circuit 245 (Figure 4C) that connects electrodes 222 and 264. As noted above, bonding pads 282 and 284 and
electrical traces 283 and 285 may be omitted if reliable electrical connections can be made to stacked interconnection
pads 236 and 278 and to stacked interconnection pads 276 and 238.

In an embodiment, the metal deposited to form electrodes 224 and 264, pads 238, 278 and 284 and electrical
traces 237, 279 and 285 was molybdenum. The molybdenum was deposited with a thickness-of about 300 nm by
sputtering, and was patterned by dry etching. Other refractory metals such may alternatively be used as the material of
electrodes 224 and 264, pads 238, 278 and 284 and electrical traces 237, 279 and 285. The electrodes, pads and
traces may alternatively comprise layers of more than one material.

The wafer is then isotropically wet etched to remove fill material 205 from cavity 204. As noted above, portions
of the surface of fill material 205 remain exposed through, for example, windows 219. The etch process leaves FACT
200 suspended over cavity 204, as shown in Figures 5J and 5T.

In an embodiment, the etchant used to remove fill material 205 was dilute hydrofluoric acid.

A gold protective layer is deposited on the exposed surfaces of pads 232, 238, 272, 278, 282 and 284.
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The wafer is then divided into individual FACTs, including FACT 200. Each FACT is then mounted in a package and
electrical connections are made between bonding pads 232, 272, 282 and 284 of the FACT and pads that are part of
the package.

A process similar to that described may be used to fabricate embodiments of FACT 200 in which the FBARs are
electrically connected as shown in Figures 4B-4H,

In use, bonding pad 282 electrically connected to electrodes 222 and 264 and bonding pad 284 electrically
connected to electrodes 224 and 262 provide the first terminals of the FACT 200, and bonding pad 232 electrically
connected to electrode 212 and bonding pad 272 electrically connected to electrode 252 provide the second terminals
of FACT 200. In one embodiment, the first terminals provide the primary terminals and the second terminals provide the
secondary terminals of FACT 200. In another embodiment, the first terminals provide the secondary terminals and the
second terminals provide the primary terminals of FACT 200.

An embodiment of FACT 200 in which acoustic decoupler 130 incorporates a Bragg structure similar to that
described above with reference to Figure 1E is made by a process similar to that described above. The process differs
as follows:

After a layer 217 of piezoelectric material is deposited and patterned (Figures 5D and 5N), a layer of metal is
deposited and is patterned to define a high acoustic impedance Bragg element incorporating electrodes 214 and 254
and additionally to define electrical trace 235 extending between the electrodes, in a manner similar to that shown in
Figures 5E and 50. The high acoustic impedance Bragg element is similar to high acoustic impedance Bragg element
165 shown in Figure 1E. The layer of metal is deposited with a nominal thickness equal to an odd, integral multiple of
one quarter of the wavelength in the metal of an acoustic signal equal in frequency to the center frequency of the pass
band of FACT 200.

In an embodiment, the metal deposited to form the high acoustic impedance Bragg element incorporating
electrodes 214 and 254 is molybdenum. The molybdenum is deposited with a thickness of about 820 nm {one-quarter
wavelength in Mo) by sputtering, and is patterned by dry etching. Other refractory metals may alternatively be used as
the material of the high acoustic impedance Bragg element incorporating electrodes 214 and 254. The high acoustic
impedance Bragg element may alternatively comprise layers of more than one metal.

A layer of low acoustic impedance material is then deposited and is patterned to define a low acoustic
impedance Bragg element in a manner similar to that shown in Figures 5F and 5P. The layer of low acoustic impedance
material is deposited with a nominal thickness equal to an odd, integral multiple of one quarter of the wavelength in the
low acoustic impedance material of an acoustic signal equal in frequency to the center frequency of the pass band of
FACT 200. The low acoustic impedance Bragg element is shaped to cover at least the high acoustic impedance Bragg
element, and is additionally shaped to expose part of the surface of fill material 205 and bonding pads 232 and 272.
The layer of low acoustic impedance material is additionally patterned to define windows that provide access to
additional parts of the surface of the fill material.

In an embodiment, the low acoustic impedance material is Si02 with a thickness of about 790 nm. The Si02 is
deposited by sputtering, and is patterned by etching. Other low acoustic impedance material that can be used as the
material of low acoustic impedance Bragg element include phosphosilicate glass {PSG), titanium dioxide and
magnesium fluoride. The low acoustic impedance material can alternatively be deposited by methods other than

sputtering.
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A layer of metal is deposited and is patterned to define a high acoustic impedance Bragg element incorporating
electrodes 222 and 262. The layer of metal is additionally patterned to define an interconnection pad 236, an electrical
trace 237 extending from electrode 222 to interconnection pad 236, a bonding pad 282, an electrical trace 283
extending from electrode 222 to bonding pad 282, an interconnection pad 276 and an electrical trace 277 extending
from electrode 262 to interconnection pad 276 in a manner similar to that shown in Figures 7G and 7Q. The layer of
metal is deposited with a nominal thickness equal to an odd, integral multiple of one quarter of the wavelength in the
metal of an acoustic signal equal in frequency to the center frequency of the pass band of FACT 200.

In an embodiment, the metal deposited to form a high acoustic impedance Bragg element incorporating
electrodes 222 and 262 is molybdenum. The molybdenum is deposited with a thickness of about 820 nm (one-quarter
wavelength in Mo) by sputtering, and is patterned by dry etching. Other refractory metals may alternatively be used as
the material of the high acoustic impedance Bragg element incorporating electrodes 222 and 262 and its associated
pads and electrical traces. The high acoustic impedance Bragg element, pads and electrical traces may alternatively
comprise layers of more than one material.

Alayer of piezoelectric material is then deposited and is patterned to define piezoelectric layer 227, as described
above, and the process continues as described above to complete fabrication of FACT 200.

In another embodiment, the acoustic decoupling material of layer 231 is a crosslinked polyphenylene polymer.
After the layer of metal has been patterned to define electrodes 214 and 254 and electrical trace 235, as described
above with reference to Figures 5E and 50, the precursor solution for the crosslinked polyphenylene polymer is spun on
in @ manner similar to that described above with reference to Figure 5F and 5P, but is not patterned. The formulation of
the precursor solution and the spin speed are selected so that the crosslinked polyphenylene polymer forms a layer
with a thickness of about 187 nm. This corresponds to one quarter of the wavelength [n in the crosslinked
polyphenylene polymer of an acoustic signal having a frequency equal to the center frequency of the pass band of
FACT 200. The wafer is then baked at a temperature in the range from about 385 °C to about 450 °C in an inert
ambient, such as under vacuum or in a nitrogen atmosphere, before further processing is performed. The bake first
drives off the organic solvents from the precursor solution, and then causes the oligomer to cross link as described
above to form the crosslinked polyphenylene polymer.

A layer of metal is then deposited on the layer of crosslinked polyphenylene polymer in a manner similar to that
described above with reference to Figure 5G and 5Q, but is initially patterned similarly to the patterning of acoustic
decoupling layer 231 shown in Figure 5F to define a hard mask that will later be used to pattern the layer of crosslinked
polyphenylene polymer to define acoustic decoupling layer 231. The initially-patterned layer of metal has the same
extent as acoustic decoupling layer 231, exposes bonding pads 232 and 272 and parts of the surface of fill material
205, and has windows in the intended locations of windows 219 in acoustic decoupling layer 231.

The layer of crosslinked polyphenylene polymer is then patterned as shown in Figure 5F with the initially-
patterned layer of metal as a hard etch mask. Patterning the layer of crosslinked polyphenylene polymer defines the
extent of acoustic decoupling layer 231, which exposes bonding pads 232 and 272 and parts of the surface of fill
material 205, and forms windows 219 that provide access to additional parts of the surface of the fill material. The
patterning is performed with an oxygen plasma etch.

The layer of metal is then re-patterned as shown in Figures 5G and 5Q to define electrode 222, electrode 262,

bonding pad 282, interconnection pads 236 and 276. The re-patteming additionally defines electrical trace 237

21



10

WO 2005/046053 PCT/US2004/035907

extending between electrode 222 and interconnection pad 236, electrical trace 277 extending between electrode 262
and interconnection pad 276 and electrical trace 283 extending between electrode 222 and bonding pad 282.

Fabrication of the embodiment of band-pass filter 200 with an acoustic decoupling layer of a crosslinked
polyphenylene polymer as its acoustic decoupler is completed by performing the processing described above with
reference to Figures 5H, 51, 5J, 58, 5S and 5T.

In an embodiment, the precursor solution for the crosslinked polyphenylene polymer was one sold by The Dow
Chemical Company and designated SiLK™ J. Alternatively, the precursor solution may be any suitable one of the
precursor solutions sold by The Dow Chemical Company under the trademark SiLK. In certain embodiments, a layer of
an adhesion promoter was deposited before the precursor solution was spun on. Precursor solutions containing
oligomers that, when cured, form a crosslinked polyphenylene polymer having an acoustic impedance of about 2 Mrayl
may be available from other suppliers now or in the future and may also be used.

This disclosure describes the invention in detail using illustrative embodiments. However, the invention defined

by the appended claims is not limited to the precise embodiments described.
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Claims

We claim: -

1. Afilm acoustically-coupled transformer (FACT), comprising:
5 a decoupled stacked bulk acoustic resonator (DSBAR), comprising:
a lower film bulk acoustic resonator (FBAR), an upper FBAR stacked on the lower FBAR, each of the
FBARs comprising opposed planar electrodes and a piezoelectric element between the electrodes, and
between the FBARs, an acoustic decoupler comprising a layer of acoustic decoupling material;
first terminals electrically connected to the electrodes of the lower FBAR; and

10 second terminals electrically connected to the electrodes of the upper FBAR.

2. The FACT of claim 1, in which:
the FACT has a pass band characterized by a center frequency; and
the layer of acoustic decoupling material has a nominal thickness equal to an odd integral multiple of one quarter

of the wavelength in the acoustic decoupling material of an acoustic signal equal in frequency to the center frequency.

15
15 3. TheFACT of claim 2, in which odd integral multipie is unity.
4. Afilm acoustically-coupled transformer (FACT), comprising:
decoupled stacked bulk acoustic resonators (DSBARs), each of the DSBARs comprising:
a lower film bulk acoustic resonator {FBARY), an upper FBAR stacked on the lower FBAR, each FBAR
comprising opposed planar electrodes and a piezoelectric element between the electrodes, and
20 between the FBARSs, an acoustic decoupler comprising a layer of acoustic decoupling material;
a first electrical circuit interconnecting the lower FBARs; and
a second electrical circuit interconnecting the upper FBARs.
5. The FACT of claim 4, in which: .
the first electrical circuit interconnects the lower FBARs in one of (a) series and (b) anti-parallel; and
25 the second electrical circuit interconnects the upper FBARs in one of (c) series and (d) anti-parallel.
6. The FACT of any one of the preceding claims, in which the acoustic decoupling material is lower in acoustic
impedance than the piezoelectric element.
7. The FACT of any one of claims 1-5, in which the acoustic decoupling material is intermediate in acoustic
impedance betw een the piezoelectric element and air.
30
30 8. The FACT of any one of claims 1-5, in which the acoustic decoupling material has an acoustic impedance in

the range from about 2 Mray! to about 8 Mrayl.
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9. The FACT of any one of claims 1-5, in which the acoustic decoupling material comprises plastic.
10. The FACT of any one of claims 1-5, in which the acoustic decoupling material comprises polyimide.
11. The FACT of any one of claims 1-5, in which the acoustic decoupling material comprises poly(para-xylylene).

12. The FACT of any one of claims 1-5, in which the acoustic decoupling material comprises a crosslinked

polyphenylene polymer.

13. The FACT of claim 12, in which the crosslinked polyphenylene polymer is formed from a precursor solution

sold by The Dow Chemical Company under the trademark SiLK.

14. Afilm acoustically-coupled transformer {FACT), comprising:
a decoupled stacked bulk acoustic resonator {DSBAR), comprising:
a lower film bulk acoustic resonator (FBAR), an upper FBAR stacked on the lower FBAR, each of the
FBARs comprising opposed planar electrodes and a piezoelectric element between the electrodes, and
between the FBARs, an acoustic decoupler comprising a layer of acoustic decoupling material having
an acoustic impedance of about 2 Mray!;
first terminals electrically connected to the electrodes of the lower FBAR; and

second terminals electrically connected to the electrodes of the upper FBAR.

15. The FACT of claim 14, in which:
the DSBAR is a first DSBAR; and
the FACT additionally comprises:
a second DSBAR, comprising:

a lower film bulk acoustic resonator (FBAR), an upper FBAR stacked on the lower FBAR, each
of the FBARs comprising opposed planar electrodes and a piezoelectric element between the
electrodes; and

between the FBARs, an acoustic decoupler comprising a layer of acoustic decoupling material
having an acoustic impedance of about 2 Mrayl,

a first electrical circuit interconnecting the lower FBARs, and

a second electrical circuit interconnecting the upper FBARSs.

16. The FACT of claim 14 or 15, in which:
the FACT has a pass band characterized by a center frequency; and
the layer of acoustic decoupling material has a nominal thickness equal to an odd integral multiple of one quarter

of the wavelength in the acoustic decoupling material of an acoustic signal equal in frequency to the center frequency.

17. The FACT of claim 18, in which the odd integral multiple is unity.

24



WO 2005/046053 PCT/US2004/035907
1/10
10—
100
136~— 116 e
| 106
137— %/,
126 134
133 135
132“\ l
1B 1B
124
104 |
| 139
102
138
1C—
100~ 128~ 7777777777777 120
126\§ \\< 131 },/
1304!?&; L L L I T 7T ] [T _//135134
114 [T T T T 7 788 110
133016 }-/
3 T I T T I T T T T T T TN
112 104
\%’102
131 139 138/106
100~ 126 V24 ~=rrrrrrrrrrrarrrrry

137
136 3

130\iH/////////////////////////////v‘F

114 &

116~

%—#//////«//////////\%%/

//////////////////////l

112 104

2

\
130

/ / / /102

FIG. 1C

120
122

110



WO 2005/046053

PCT/US2004/035907
2/10

NN L 126
130 K//\////Xz///////j122

/ L >‘jm}

T < 116
FIG. 1D

”jsj<<<<<<<<<<<<<<<wzz‘ |

161130
/)
165

N ¢>/>/\ >\>\ />/>/J' ‘

S 16
FIG. 1E

RN
TN
D7 N

T~

1/

T
pd
-40 ///

1.0

1.5

2.0 2.5 3.0
FREQUENCY (GHz)

FIG.2



WO 2005/046053 PCT/US2004/035907
3/10
282 3¢ — 284
\‘ ;*‘\F /200
236 278 i
237 279 i
= 283 285 i
233 |
232 } ; (213 1272
~JdC ! I -1
-- i 224 - .
L= )
3B 3B
206/
200
206 208\ /

220 224‘\1—//////////////2”3%- 2/31L//////////////+4/264 260
226——-—f N 266
0&\1—1//////////////l\\l\ll///////////// __ﬁz27
210 O e A o A o Y AT T T A5 4 250
2162 =N N /ﬁZBG
O o A S A A 5 S A 5 A 0 Y 0 A | o v v v 2
232 204 272

—202
219 /200
285264 27 254235 \ 266 . -

//'///V//I/I i 1

284 T e 238

i 77770 ‘ 276

o s o . A L —270

‘777777 \< 256
252 204 /

T—202

FIG. 3C



WO 2005/046053 PCT/US2004/035907

i
220 224~ I ; =264 260
226=5"F T~ _h 5
2302221 | <Ll 262296
219{216214 = {'(;%7; = 254%2}350
2121 HP N 1957
\\\ _2_._4_ s : _,’,
""""""""""" 202
TTESE TN 242
200
206 oFo 208 e
290 . o T r—2e3 TN
224 . . =264 260
226557 F ; ; ] 266
30222~L ! : 1262
210( 76 214—F EE = 254370 250
B ] - 56
212-L ! : 257 }/
\\\ 2—4 E : /’
"""""""""""" R el Bt ettt “+—202
5 :
8§88 24
200
206 F 208 e
r' - "'L_/245
220 220~_¢ N ! : N = 264 260
226551 F : | =266
218{21654\\’ I - 254 56 220
212L o] 1757 }/
204 | |
""""""""""""" 202
88T 248
200
206\ jFE“/ 208 e
r - ] 7
22016 224—F - : : 2 AN 5264 ,..1260
930222k ! ! 1/262270
210( 5 214—F =Ny =—254°" 1250
\{2162124 > 5 :/252'255}/
‘\______________:Z%_E_________! _________________ S
TS T 248

FIG. 4D



WO 2005/046053 PCT/US2004/035907
5/10
r 200
o' o 208
208\, s TN\ s
220 (.. 224 . =264 _ 1260
226252 F i ; 122" 966
23();22\\: . T :ﬁ_zﬂ270
210f 57 214—F SR = 5572707 250
\{ 212 L ! | 1757256
R 3 1 O A A
ST
206 oFo 208 / 200
220, 924+ AN e TN 2641260
226£57F i 266
230222 a Lo 5262,

210 216214\— i —/ ' =254 250
\{ 212k P & . 252255}/
204 ! I

i ; 202
TESE N —3a4
206 F 208 /2%
=34
220, 224 AN ; T ; 345~ N 52641260
230222 : ? =—262,.
21075 6 214—F —-/ =Ry }350
212 - L 1752256
~ 204 , : /
""""""""""""" I 202
| 1
TS T 346
206 F 208 / 200
== - _L——/
220/, 220 A _T e N o 2651260
2107575 214—F i St = =—r72707 250
212 ) | ’_/252256}/
7204 | : g
"""""""""" 202
TS s



WO 2005/046053
6/10

PCT/US2004/035907

+— 202

FIG.
5A

755

{
1




WO 2005/046053 PCT/US2004/035907
7/10
\/\
205
1204
232$ 233 273 272
o 212 252 —ﬁ all
T M —
5M <,5M
0 FIG.
A 5C
232 212 252 272
202 _—9_5 L L 1 T 7 [ 7 7 77 /\/>// I 7 A FIG-
5M
VA
/217
I 219 I
’ 1204
232$ 233 273 /272
SN 1
- L{: 216 256 :A
T | 219 T
5N 7 $5N
202 FIG.
¢ 5D
232 252
217 256
216 \/ - 272
232\% L [ J 1 1 7T 7 7T 77 7 7 7.7 V7 7 77 7 I T 777 771
505 FIG.

202

/

5N




WO 2005/046053 PCT/US2004/035907

8/10
\/\
I 219 1
' Y
23{g 233 235 213 272
U w |
T ] 219 | T
50 v ¢ 50
- FIG.
—x 5E
21\2 235 2?2 254
214\‘—/‘/ A A AR AT AN A A N A A N J A L T AT 7T 7T 7 7 T 7 /4/ 256
232\2—1/6/ L L J [ T 77 /?K// 1 Vv 7 /X/ [/ [ [ 7 //\/J///Il--272
/ 50
\/\
231
4
i 219 |
L s ' 1204
232 713 272
N I
T ] 219 |- T
bP / $5p
- FIG.
= 5F
230 270 231
214 5 2 21‘3 2\?5\, *2?2 (& }54256
232\216//\/x§_/\/ l I 77 \/></ A /I\L S 7/l YA /“7 I 1 I 7 7 x VA %4272
205 WV FIG

2y, 7 7 5P




WO 2005/046053 PCT/US2004/035907
9/10
\/\
\_,,/204
273 | 272
i
]
<, 50
- FIG.
202 276
o 5G
262
230 222~ 212 935 252 210,
214 S SSSNA G  SELERIIE LT LTIy 7 956
216~ [ N 212
232\!—/// L [ 77 7 7 7 71 y [ [ 7 [ [ [ 7 773
: 205 N4 FIG.
20
/ 50
\/\
289 236
237
| 283 e
219
g / 1204
232 233 273 | 272
\_ﬁ ﬁ‘i//
T ] 219 1| T
5R / $5R
207 @77 FIG.
202 276
a 227 oH
222.7_26 25 :jjggg
A A Ay A Y A A A A A i | [ 1 7T 77 7 7 77 7 777 270
ZBOWE«/ A s o B A /7\:\L/1/ //‘/ S A A S A &-//254
232\2—16//\13/(/ 7 I 7 7 7 7T 77 717 7 7 7 [ 777 :\/ Z /\/\—’/{@272
205 W FIG.

202




WO 2005/046053 PCT/US2004/035907
10/10
j/¥
236
287 238 278 284
| 283 279 285 i
% , N L 1204
232 23313 ! 273 | 272
- 219 h//
o | 224 264 |-
T L] 219 [
239 277 FI G.
202 238 278 5]
224 v 264
7 LT 7T 777771 35 f [ 7T 7 7 7 77 7 1 7T 7 77TA 266
226 4 208
222 { L L L [ I 7 7T 7 7T 7T 7T 7T A V7 77 7 1 7 7 7 7 777 _/270
230214\3\4/ NS NN S e e s e s //+/22554'6 272
232\%1/6 #%/\/ A A A A A A AR A A | i 7 7 7 7 77 7 7 7 7 7 /-—/,ﬁ—l/
205 FIG.
202 5S
N
236 '
267 238 278 284
| 283 279 285 i
N k 1204
S 233 a 273 | 972
232 31 219
~dC — 17
o | 224 264 |-
T ] 219 1|
239 277 FIG.
202 238 278 5.
\/L
222624:/\‘//////////////l235 LL///////////V/-/2]64266
N A A A A A A AN A Y A S :l///\B//////// ﬂz.n)
230 214\—!——// // 7 // PP /M}J\ A A A AN A S N Ay S L_p_/225546 275
232\216//\/>/(l A A Y A /x 7 7 7 77 7T 7 7 77 —’///l—i/
204 FIG.

202

/

5T




INTERNATIONAL SEARCH REPORT

tional Application No

PCT./US2004/035907

A. CLASSIFICATION OF SUBJECT MATTER
IPC 7 HO3H9/58

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

IPC 7 HO3H

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that

such documents are included In the fields searched

EPO-Internal, WPI Data, PAJ

Electronic data base consuited during the international search (name of data base and, where practical, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category ° | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X LAKIN K M ED - INSTITUTE OF ELE
AND ELECTRONICS ENGINEERS: "Bul
wave coupled resonator filters"

PROCEEDINGS OF THE 2002 IEEE INT
FREQUENCY CONTROL SYMPOSIUM& PDA
EXHIBITION. NEW ORLEANS, LA, MAY
2002, IEEE INTERNATIONAL FREQUEN
SYMPOSIUM, NEW YORK, NY : IEEE,

29 May 2002 (2002-05-29), pages
XP010618911

ISBN: 0-7803-7082-1

figure 8b

page 4, right-hand column, lines
page 5, left-hand column, Tines

CTRICAL 1-3,
k acoustic 14-17

ERNATIONAL
29 - 31,
CY CONTROL

us,
8-14,

16-19
6-8

iy

Further documents are listed in the continuation of box C.

Patent family members are listed in annex.

° Special categories of cited documents ;

"A* document defining the general state of the art which is not
considered to be of particuiar relevance

*E" earlier document but published on or after the international
filing date

*L" document which may throw doubts on priotity claim(s) or
which is cited to establish the publication date of another
citation or other special reason (as specified)

*O" document referring to an oral disclosure, use, exhibition or
other means

*P* document published prior to the international filing date but
later than the priority date claimed

"T* later document published after the international filing date
or priority date and not in conflict with the application but
cited to understand the principle or theory underlying the
invention

*X* document of particular relevance; the claimed invention
cannot be considered novel or cannot be considered to
involve an inventive step when the document is taken alone

*Y* document of particular relevance; the claimed invention
cannot be considered to involve an inventive step when the
document is combined with one or more other such docu-
.m?ll_rls, ﬁuch combination being obvious to a person skilled
in the art.

‘&' document member of the same patent family

Date of the actual completion of the international search

9 March 200%

Date of mailing of the intemational search repot

17/03/2005

Name and mailing address of th= iSA

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040, Tx. 31 651 epo nl,
Fax: (+31-70) 340-3016

Authorized officer

Plathner, B-D

Fom PCT/ISA/210 (second sheet) (January 2004)



INTERNATIONAL SEARCH REPORT

-ional Application No

PCT/US2004/035907

C.(Continuation) DOCUMENTS CONSIDERED TO BE RELEVANT

Category °

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

X

US 2003/128081 Al (ELLA JUHA ET AL)

10 July 2003 (2003-07-10)

figure 7

page 7, right-hand column, lines 30,31
US 5 873 154 A (YLILAMMI ET AL)

23 February 1999 (1999-02-23)

figure 2

column 3, Tline 21

column 6, lines 20~47

column 7, lines 40-44

US 6 466 105 Bl (LOEBL HANS-PETER ET AL)
15 October 2002 (2002~10-15)

abstract

column 1, lines 58-66

column 4, Tines 39,40

4-13

1-17

1-17

Form PCT/1SA/210 (continuation of second sheet) (January 2004)




INTERNATIONAL SEARCH REPORT

Information on patent family members

>nal Application No

PC1/US2004/035907
Patent document Publication Patent family Publication
cited in search report date member(s) date

US 2003128081 Al 10-07-2003 AU 2003201047 Al 24-07-2003
EP 1464115 A2 06-10-2004
WO 03058809 A2 17-07-2003
US 5873154 A 23-02-1999 AU 4270197 A 11-05-1998
EP 1012889 Al 28-06-2000
WO 9816957 Al 23-04-1998
US 6466105 B1 15-10-2002 DE 19931297 Al 11-01-2001
EP 1067685 A2 10-01-2001
JP 2001089236 A 03-04-2001

Form PCT/ISA/210 (patent tamily annex) (January 2004)




	Abstract
	Bibliographic
	Description
	Claims
	Drawings
	Search_Report

