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(57) ABSTRACT 

An apparatus includes a Substrate with a cavity and a two 
stage resonator filter fabricated over the cavity. The two-stage 
resonator filter includes a first stage and a second stage. The 
first stage includes a first resonator and a second resonator, the 
second resonator acoustically coupled to the first resonator. 
The second stage includes a third resonator and a fourth 
resonator, the fourth resonator acoustically coupled to the 
third resonator. The second resonator and the third resonators 
are electrically coupled. A decoupling layer couples the first 
resonator and the second resonator. The decoupling layer 
extends between the third resonator and the fourth resonator. 
The first resonator and the fourth resonator are above the 
substrate. The decoupling layer is above the first resonator 
and the fourth resonator. The second resonator and the third 
resonators are above the decoupling layer. 
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ACOUSTICALLY COUPLED RESONATORS 
AND METHOD OF MAKING THE SAME 

BACKGROUND 

0001. The present invention relates generally to bulk 
acoustic wave resonators and filters. More particularly, the 
present invention relates to acoustically coupled thin-film 
bulk acoustic resonators (FBARS). 
0002 Thin-film bulk acoustic resonators (FBARS) are 
generally fabricated as a piezoelectric layer sandwiched 
between two electronically conductive layers that serve as 
electrodes. When electrical signal (for example, radio fre 
quency (RF) signal) is applied to the electrodes, mechanical 
wave is generated in the piezoelectric layer. Resonance of an 
FBAR occurs when the wavelength of the mechanical wave 
generated is approximately twice the thickness of its piezo 
electric layer. The resonant frequency of an FBAR (thus, the 
RF signal exciting the FBAR) can range in the order of hun 
dreds of MHz to many tens of GHz. FBARS are often used to 
filter electrical signals at these frequencies. 
0003 For a typical electrical signal filter application, mul 

tiple FBARS are used to form a band-pass filter where elec 
trical signal having frequency within a predetermined and 
relatively narrow range (“band') of frequencies is allowed to 
pass while electrical signal having frequency outside the band 
is blocked or redirected to, for example, ground. These 
FBARS can be electrically coupled or acoustically coupled to 
each other. To acoustically couple two FBARS, the FBARS 
are fabricated vertically with a decoupling layer between the 
FBARS. 
0004 FIG. 1 is a cut-away cross-sectional view of a prior 
art filter apparatus 100 having two FBAR pairs, each FBAR 
pair acoustically coupled. The filter 100 includes a first FBAR 
110, a second FBAR 120, a third FBAR 130, and a fourth 
FBAR 140. The first pair includes the first FBAR 110 and the 
second FBAR 120 acoustically coupled to each other. The 
second pair includes the third FBAR 130 and the fourth 
FBAR 140 acoustically coupled to each other. 
0005. The first FBAR 110 includes a top electrode 112, a 
bottom electrode 114, and a portion of a first piezoelectric 
layer 116 that is sandwiched between the electrodes 112 and 
114. The second FBAR 120 includes a portion of a top elec 
trode layer 122 situated under the first FBAR110, a portion of 
a bottom electrode layer 124 situated under the first FBAR 
110, and a portion of a second piezoelectric layer 126 situated 
under the first FBAR 110. Lateral boundaries of the second 
FBAR 120 are defined by the overlaps between the electrode 
122 and 124. The first FBAR 110 and the Second FBAR 120 
are acoustically coupled by a decoupling layer 102. 
0006. The fourth FBAR 140 includes a top electrode 142, 
a bottom electrode 144, and a portion of the first piezoelectric 
layer 116 that is sandwiched between the electrodes 142 and 
144. The third FBAR 130 includes a portion of the top elec 
trode layer 122 situated under the fourth FBAR 140, a portion 
of the bottom electrode layer 124 situated under the fourth 
FBAR 140, and a portion of the second piezoelectric layer 
126 situated under the fourth FBAR 140. The third FBAR 130 
and the fourth FBAR 140 are acoustically coupled by the 
decoupling layer 102. The second FBAR 120 and the third 
FBAR are electrically coupled via the common electrode 
layer. 
0007 Input electrical signal is injected to the electrodes 
112 and 114 exciting the first FBAR 110 thus generating 
acoustic signal. The generated acoustic signal is acoustically 

Apr. 16, 2009 

coupled to the second FBAR 120. The degree of acoustic 
coupling is determined by the decoupling layer 102, typically 
implemented as multiple sub-layers. The second FBAR 120 
converts the coupled portion of the acoustic signal to electri 
cal signal. The electrical signal is electrically coupled to the 
third FBAR 130. 
0008. The coupled electrical signal excites the third FBAR 
130 into generating acoustic signal. The generated acoustic 
signal is acoustically coupled to the fourth FBAR 140. Again, 
the degree of acoustic coupling is determined by the decou 
pling layer 102. The fourth FBAR 140 converts the coupled 
acoustic signal to electrical signal which is the output elec 
trical signal of the filter 100. The output electrical signal 
includes only the desired portions (band) of the input electri 
cal signal while undesired portions are blocked, grounded, or 
both. 
0009. Such filter apparatus can be found, for example, in 
FIG. 3 of U.S. Pat. No. 6,670,866 issued to Ellaet et al. on 
Dec. 30, 2003 and FIG. 4 of U.S. Pat. No. 6,720,844 issued to 
Lakin on Apr. 13, 2004. 
0010. As illustrated in FIG. 1 and the cited Figures of the 
cited prior art references, the filter apparatus 100 is often 
fabricated over an acoustic mirror 104, which, in turn, is 
fabricated above a surface 105 of a substrate 106. The prior art 
filter apparatus 100 suffers from a number of shortcoming. 
For example, as illustrated, the electrodes 112, 114, 142, and 
144 (to which input and output signal connections are made) 
are relatively distal (vertically 109 in FIG. 1) from the top 
surface 105 of the substrate 106 on which connection pads, 
for example, a connection pad 108 exists. Reliable connec 
tions (connecting the electrodes 112, 114, 142, and 144 to 
Such signal traces) are difficult to fabricate due, in part, to the 
Vertical distance 109 Such connections are required to span, 
and sharp corners 107 that such connection would need to 
include as illustrated by connector 117. 
0011. Accordingly, there remains a need for improved 
coupled acoustic resonators that overcome these shortcom 
1ngS. 

SUMMARY 

0012. The need is met by the present invention. In a first 
embodiment of the present invention, an apparatus includes a 
substrate and a two-stage resonator filter fabricated on the 
Substrate. The two-stage resonator filter includes a first stage 
and a second stage. The first stage includes a first resonator 
and a second resonator, the second resonator acoustically 
coupled to the first resonator. The second stage includes a 
third resonator and a fourth resonator, the fourth resonator 
acoustically coupled to the third resonator. The second reso 
nator and the third resonators are electrically coupled. A 
decoupling layer couples the first resonator and the second 
resonator. The decoupling layer extends between the third 
resonator and the fourth resonator. The first resonator and the 
fourth resonator are above the substrate. The decoupling layer 
is above the first resonator and the fourth resonator. The 
second resonator and the third resonators are above the 
decoupling layer. 
0013. In a second embodiment of the present invention, a 
method of manufacturing an apparatus is disclosed. First, a 
cavity is etched within a substrate, the cavity open to a first 
major surface of the substrate. The cavity is filled with sacri 
ficial material. A two-stage resonator filter is fabricated above 
the cavity. Then, the sacrificial material is removed from the 
cavity. 
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0014. In a third embodiment of the present invention, 
single-chip duplexer includes a first two-stage resonator filter 
and a second two-stage resonator filter. The first two-stage 
resonator filter is configured to pass electrical signal having a 
frequency within a first range of frequencies. The first two 
stage resonator filter includes an input resonator, an output 
resonator, and two floating resonators, each resonator includ 
ing piezoelectric material. The second two-stage resonator 
filter is configured to pass electrical signal having a frequency 
within a second range of frequencies. The second two-stage 
resonator filter includes an input resonator, an output resona 
tor, and two floating resonators, each resonator including 
piezoelectric material. A lower common piezoelectric layer is 
shared by the first two-stage resonator filter and by the second 
two-stage resonator filter. An upper common piezoelectric 
layer is shared by the first two-stage resonator filter and by the 
second first two-stage resonator filter. 
0015. In a fourth embodiment of the present invention, an 
apparatus includes a two-stage resonator filter connected to 
two input signal lines and two output signal lines. The two 
stage resonator filter includes a first stage including a first 
resonator and a second resonator, the second resonator acous 
tically coupled to the first resonator, and a second stage 
including a third resonator and a fourth resonator, the fourth 
resonator acoustically coupled to the third resonator. A 
decoupling layer between the first resonator and the second 
resonator, the decoupling layer extending between the third 
resonator and the fourth resonator. The apparatus further 
includes at least one of the following a shunt resonator across 
the input signal lines; a shunt resonator across the output 
signal lines; a series resonator along its input signal lines; and 
a series resonator along its output signal lines. 
0016. In a fifth embodiment of the present invention, an 
apparatus includes a two-stage resonator filter connected to 
an input signal line and an output signal line. The two-stage 
resonator filter includes a first stage including a first resonator 
and a second resonator, the second resonator acoustically 
coupled to the first resonator; and a second stage including a 
third resonator and a fourth resonator, the fourth resonator 
acoustically coupled to the third resonator. A decoupling 
layer is between the first resonator and the second resonator, 
the decoupling layer extending between the third resonator 
and the fourth resonator. The apparatus further includes a first 
bridge capacitor bridging the input signal line and the second 
resonator and a second bridge capacitor bridging the output 
signal line and the third resonator. 
0017. In a sixth embodiment of the present invention, an 
apparatus includes a first two-stage resonator filter and a 
second two-stage resonator filter. The first two-stage resona 
tor filter is connected to an input signal line and a first output 
signal line. The first two-stage resonator filter includes a first 
stage including a first resonator and a second resonator, the 
second resonator acoustically coupled to the first resonator; 
and a second stage including a third resonator and a fourth 
resonator, the fourth resonator acoustically coupled to the 
third resonator. A decoupling layer is between the first reso 
nator and the second resonator, the decoupling layer extend 
ing between the third resonator and the fourth resonator. The 
second two-stage resonator filter includes a first stage includ 
ing a first resonator and a second resonator, the second reso 
nator acoustically coupled to the first resonator, and a second 
stage including a third resonator and a fourth resonator, the 
fourth resonator acoustically coupled to the third resonator. A 
decoupling layer is between the first resonator and the second 
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resonator, the decoupling layer extending between the third 
resonator and the fourth resonator. Both the first two-stage 
resonator and the second two-stage resonator are connected 
to the same input signal line. 
0018. Other aspects and advantages of the present inven 
tion will become apparent from the following detailed 
description, taken in conjunction with the accompanying 
drawings, illustrating by way of example the principles of the 
invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0019 FIG. 1 is a cut-away cross-sectional view of a known 
two-stage resonator filter; 
0020 FIG. 2A is a top view of a two-stage resonator filter 
according to a first embodiment of the present invention; 
0021 FIG. 2B is a cut-away cross-sectional view of the 
two-stage resonator filter of FIG. 2A cut along line 2B-2B: 
0022 FIG. 2C is a cut-away cross-sectional view of the 
two-stage resonator filter of FIG. 2A cut along line 2C-2C: 
0023 FIG. 3 is a flowchart illustrating a second embodi 
ment of the present invention; 
0024 FIG. 4 is a flowchart illustrating a third embodiment 
of the present invention; 
0025 FIG. 5 is a cut-away cross sectional view of a par 

tially fabricated apparatus of FIGS. 2A through 2C 
0026 FIG. 6 is a cut-away cross-sectional view of another 
apparatus illustrating a fourth embodiment of the present 
invention; 
0027 FIG. 7 is a band-pass characteristic curve of the 
apparatus of FIG. 6; 
0028 FIG. 8A is an apparatus in accordance with fifth 
embodiment of the present invention; 
0029 FIG. 8B is a band-pass characteristic curve of the 
apparatus of FIG. 8A: 
0030 FIG. 9 is an apparatus in accordance with sixth 
embodiment of the present invention; 
0031 FIG. 10A is an apparatus in accordance with seventh 
embodiment of the present invention; 
0032 FIG. 10B is a band-pass characteristic curve of the 
apparatus of FIG. 10A; 
0033 FIG. 11 is an apparatus in accordance with eighth 
embodiment of the present invention; and 
0034 FIG. 12 is an apparatus in accordance with ninth 
embodiment of the present invention. 

DETAILED DESCRIPTION 

0035. The present invention will now be described with 
reference to the Figures which illustrate various embodi 
ments of the present invention. In the Figures, some sizes of 
structures or portions may be exaggerated and not to scale 
relative to sizes of other structures or portions for illustrative 
purposes and, thus, are provided to illustrate the general struc 
tures of the present invention. Furthermore, various aspects of 
the present invention are described with reference to a struc 
ture or a portion positioned “on” or “above' relative to other 
structures, portions, or both. Relative terms and phrases Such 
as, for example, “on” or “above are used herein to describe 
one structure's or portion's relationship to another structure 
or portion as illustrated in the Figures. It will be understood 
that such relative terms are intended to encompass different 
orientations of the device in addition to the orientation 
depicted in the Figures. 
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0036. For example, if the device in the Figures is turned 
over, rotated, or both, the structure or the portion described as 
“on” or “above other structures or portions would now be 
oriented “below,” “under,” “left of.”“right of.”“in front of” or 
“behind the other structures or portions. References to a 
structure or a portion being formed “on” or “above' another 
structure or portion contemplate that additional structures or 
portions may intervene. References to a structure or a portion 
being formed on or above another structure orportion without 
an intervening structure or portion are described herein as 
being formed “directly on' or “directly above the other 
structure or the other portion. Same reference number refers 
to the same elements throughout this document. 

Overview 

0037 FIGS. 2A through 2C illustrate an apparatus 200 
including a two-stage resonator filter 204 in accordance with 
one embodiment of the present invention, two-stage resona 
tor filter 204 fabricated over a cavity 206 within its substrate 
202. The two-stage resonator filter 204 includes acoustically 
coupled resonators. The cavity 206 eliminates the need for the 
acoustic mirror 104 of the prior art filter 100 of FIG. 1. 
Further, here, an input resonator 210 and an output resonator 
240 are fabricated relatively proximal to the substrate 202 
while floating resonators 220 and 230 are fabricated relatively 
distal to the Substrate 202. Accordingly, necessity of connec 
tors to connection pads (such as the connector 117 of the 
apparatus 100 of FIG. 1) is eliminated or minimized. 
0038 FIG. 2A is a top view of an apparatus 200 in accor 
dance with one embodiment of the present invention. FIG.2B 
is a cutaway side view of the apparatus 200 cut along line 
2B-2B. FIG. 2C is a cutaway side view of the apparatus 200 
cut along line 2C-2C. Referring to FIGS. 2A, 2B, and 2C, the 
apparatus 200 includes a substrate 202 and a two-stage reso 
nator filter 204, for example a double mode two-stage reso 
nator filter (DMF) 204, fabricated on the substrate 202. 
0039. The two-stage resonator filter 204 and each of its 
component resonators can be configured in a wide range of 
shapes and sizes. Often, the resonator of the two-stage reso 
nator filter 204 has an irregular shape to minimize parasitic 
resonance and harmonics. Here, for convenience, the two 
stage resonator filter 204 is illustrated having generally rect 
angular shape. Dimension of the two-stage resonator filter 
204 and each of its resonators can vary widely depending on 
application and desired characteristics such as desired fre 
quency band and packaging requirements. For example, in 
the illustrated embodiment, the two-stage resonator filter 204 
can have lateral dimensions (in X-Y axes) in the order of 
hundreds of micrometers and thickness (in Z-axis) in the 
order of several micrometers or more while each of the reso 
nators of the two-stage resonator filter can have lateral dimen 
sions (in X-Y axes) in the order of hundreds of micrometers 
and thickness (in Z-axis) in the order of several micrometers. 
Again, the dimensions can vary widely, even outside these 
ranges. 
0040. The two-stage resonator filter 204 includes a first 
resonator 210 (also referred to as the input resonator 210), a 
second resonator 220, a third resonator 230, and a fourth 
resonator 240 (also referred to as the output resonator 240). 
Each of the resonators (210, 220, 230, and 240) is, in the 
illustrated embodiment, a thin-film bulk acoustic resonator 
(FBAR); however, the present embodiment may be imple 
mented using other types of electro-acoustic resonators. Each 
of the resonators (210, 220, 230, and 240) includes a bottom 
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electrode and atop electrode sandwiching piezoelectric mate 
rial between the two electrodes. The two-stage resonator filter 
204 is fabricated over a cavity 206 etched within the substrate 
202. 
0041. The apparatus 200 includes a first bottom electrode 
layer 211 fabricated on the substrate 202. Portions of the first 
bottom electrode layer 211 overhang the cavity 206 while 
other portions do not. The apparatus 200 includes a second 
bottom electrode layer 241 fabricated on the substrate 202. 
Portions of the second bottom electrode layer 241 overhang 
the cavity 206 while other portions do not. The bottom elec 
trode layers 211 and 241 include electrically conductive 
material such as, for example only Molybdenum. The bottom 
electrode layers 211 and 241 have thickness (in Z-axis) in the 
order of tenths of micrometers, for example, 0.21 microme 
ters. The thickness of the electrode depends on a number of 
factors such as, for example, frequency and desired charac 
teristics of the two-stage resonator filter 204. For a DCS 
(digital cellular system operating frequencies around 1.8 
GHz) filter, the typical thickness is about 0.21 micrometer. 
0042. The apparatus 200 includes a lower piezoelectric 
layer 213 fabricated over the first bottom electrode layer 211 
and the second bottom electrode layer 241. The apparatus 200 
includes a first top electrode layer 215 fabricated on the lower 
piezoelectric layer 213. The piezoelectric layer 213 includes 
piezoelectric material Such as, for example only, Aluminum 
Nitride (AIN). The piezoelectric layer 213 has thickness (in 
Z-axis) in the order of micrometers in the illustrated sample 
embodiment, for example, approximately 1.7 micrometers 

First Resonator 

0043. The first resonator 210 includes a bottom electrode 
212, a top electrode 216, and piezoelectric material 214 sand 
wiched between the bottom electrode 212 and the top elec 
trode 216. The bottom electrode 212 is the portion of the 
bottom electrode layer 211 that overhangs the cavity 206 and 
also overlaps with the top electrode 216. The top electrode 
216 is the portion of the first top electrode layer 215 that 
overhangs the cavity 206 and also overlaps the bottom elec 
trode 212. The piezoelectric material 214 is a portion of the 
lower piezoelectric layer 213 that is between the bottom 
electrode 212 and the top electrode 216. 

Fourth Resonator 

0044) The apparatus 200 includes a second top electrode 
layer 245 fabricated on the lower piezoelectric layer 213. The 
fourth resonator 240 includes a bottom electrode 242, a top 
electrode 246, and piezoelectric material 244 sandwiched 
between the bottom electrode 242 and the top electrode 246. 
The bottom electrode 242 is the portion of the bottom elec 
trode layer 241 that overhangs the cavity 206 and also over 
laps the top electrode 246. The top electrode 246 is the portion 
of the second electrode layer 245 that overhangs the cavity 
206 and also overlaps the bottom electrode 242. The piezo 
electric material 244 is a portion of the lower piezoelectric 
layer 213 that is between the bottom electrode 242 and the top 
electrode 246. 

Decoupling Layer 

0045. The apparatus 200 includes a decoupling layer 250 
fabricated over the top electrode layers 215 and 245. The 
decoupling layer 250 is provided between the first resonator 
210 and the second resonator 220. The decoupling layer 250 
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extending between the third resonator 230 and the fourth 
resonator 240 as illustrated in FIGS. 2A through 2C and 
further discussed below. In the illustrated embodiment, the 
decoupling layer 250 is illustrated including sub-layers 250a, 
250b, and 250c. 
0046. The decoupling layer 250 can be a single layer or 
can consist of mirrors, each mirror including two layers (a 
pair of) of materials with different acoustical impedance. If 
the decoupling layer 250 is implemented including mirrors, 
then the decoupling layer 250 is often implemented using an 
odd number of layers such that the decoupling layer 250 is 
symmetrical to resonators to either side of the decoupling 
layer 250. For example, the decoupling layer 250 can be have 
the following structures: a low-impedance layer (L) 250a– 
high-impedance layer (H) 250b low-impedance layer (L) 
250c (LHL); LHLHL; etc. 
0047 Referring again to FIGS. 2A through 2C, thickness 
(in the Z-axis direction) of each sub-layer in the mirror of the 
decoupling layer 250, in the illustrated embodiment, is 
approximately one quarter of wavelength of the desired 
acoustic signal to be coupled by the decoupling layer 250. The 
thickness can vary depending on a number of factors and 
desired characteristics such as, for example, the material of 
the mirrors, the number of mirrors, desired coupling strength, 
etc. Acoustic coupling efficiency, the degree of coupling of 
acoustic signal, from the first resonator 210 to the second 
resonator 220 depends on a number of factors, for example, 
material properties of each layer of the decoupling layer 250: 
number of mirrors in the decoupling layer 250; thickness of 
each layer of the decoupling layer 250. 
0048 Materials for the mirror pairs can include, for 
example only, the following material pairs: 

0049 Silicon Dioxide (SiO2) and Tungsten (W); 
0050 SiO2 and Molybdenum (Mo); 
0051 SiO2 and Aluminum Nitride (AIN); 
0052 Si3N4 (silicon nitride) and Mo: 
0053 Si3N4 and W: 
0054 amorphous Silicon (Si) and Mo; 
0055 amorphous Si and W: 
0056 AlN and W.; or 
0057 AlN and Mo. 

0058 Asimple coupling structure can be three layers such 
as SiO2/W/SiO2 if the impedance difference between the low 
and high impedance material is large. When such simple 
structure is used, the thickness of each layer needs to be 
adjusted for required bandwidth of the filter designed. Some 
typical numbers for a WCDMA filter application, the cou 
pling structure could have, in the illustrated embodiment, 
thicknesses of SiO2 sub-layer (4800 Angstroms), W sub 
layer (5200 Angstroms), and SiO2 sub-layer (4800 Ang 
stroms). 
0059 For some applications, SiO2 is a desirable material 
in the decoupling layer 250 because of its properties such as, 
for example, low acoustical impedance, commonly available 
in integrated circuit (IC) fabrication process, comprehensive 
stress (useful for compensating tensile stress associated with 
most of materials with high acoustical impedance), and posi 
tive temperature coefficient (useful for compensating nega 
tive temperature coefficient of FBAR resonators). 
0060. However, in the present invention, SiO2 is often 
used as temporary sacrificial material during the fabrication 
of the cavity 206. That is, during the fabrication process, SiO2 
is used to first fill the cavity, then the filler SiO2 is removed 
using hydrofluoric acid bath. It would be undesirable for the 
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SiO2 layers of the decoupling layer 250 during the step to 
remove the SiO2 in the cavity. This problem is overcome in 
various method discussed herein below. 

Second Resonator 

0061 The apparatus 200 includes a third bottom electrode 
layer 221 fabricated over the decoupling layer 250, an upper 
piezoelectric layer 223 fabricated over the third bottom elec 
trode layer 221, and a third top electrode layer 225 fabricated 
over the upper piezoelectric layer 223. The third bottom elec 
trode layer 221 is hidden behind other portions and is illus 
trated using dashed line in FIG. 2A. 
0062. The second resonator 220 includes a bottom elec 
trode 222, a top electrode 226, piezoelectric material 224 
sandwiched between the bottom electrode 222 and the top 
electrode 226. The bottom electrode 222 is the portion of the 
bottom electrode layer 221 that is situated over the first reso 
nator 210 and overlaps the top electrode 226. The top elec 
trode 226 is the portion of the top electrode layer 225 that is 
situated over the first resonator 210 and overlaps the bottom 
electrode 222. The piezoelectric material 224 is a portion of 
the upper piezoelectric layer 223 that is between the bottom 
electrode 222 and the top electrode 226. The lateral dimen 
sions of the second resonator 220 are determined by the 
overlaps between bottom electrode 222 and top electrode 
226. 

Third Resonator 

0063. The third resonator 230 includes a bottom electrode 
232, a top electrode 236, piezoelectric material 234 sand 
wiched between the bottom electrode 232 and the top elec 
trode 236. The bottom electrode 232 is the portion of the 
bottom electrode layer 221 that is situated over the fourth 
resonator 240 and overlaps the top electrode 236. The top 
electrode 236 is the portion of the top electrode layer 225 that 
is situated over the fourth resonator 240 and overlaps the 
bottom electrode 232. The piezoelectric material 234 is a 
portion of the upper piezoelectric layer 223 that is between 
the bottom electrode 232 and the top electrode 236. (The 
lateral dimensions of the third resonator 230 are determined 
by the overlaps between bottom electrode 232 and top elec 
trode 236. 

First and Second Stages and the Four Resonators 
0064. The first resonator 210 and the second resonator 220 
are acoustically coupled via a portion of the decoupling layer 
250. The first resonator 210 and the second resonator 220 
make up a first stage of the two-stage resonator filter 204. 
0065. The third resonator 230 and the fourth resonator 240 
are acoustically coupled via another portion of the decoupling 
layer 250. The third resonator 230 and the fourth resonator 
240 make up a second stage of the two-stage resonator filter 
204. 
0066. The second resonator 220 and the third resonator 
230 are electrically coupled. This is because the bottom elec 
trode 222 of the second resonator 220 and the bottom elec 
trode 232 of the third resonator 230 are portions of the same 
third electrode layer 221. Further, this is also because the top 
electrode 226 of the second resonator 220 and the top elec 
trode 236 of the third resonator 230 are portions of the same 
third top electrode layer 225. 
0067. Each of the four resonators 210, 220, 230, and 240 
making up the two-stage resonator filter 204 can be config 
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ured in a wide range of shapes and sizes. Often, these reso 
nators have irregular shapes to minimize parasitic resonance 
and harmonics. Here, for convenience, each of these resona 
tors is illustrated having a generally rectangular shape. 
Dimension of these resonators can vary widely depending on 
application and desired characteristics as already discussed 
above with sample dimensions. 

Input Signal and Output Signal Connections 
0068 A portion 217 of the first bottom electrode layer 211 

is left exposed (that is, not covered by subsequently fabricated 
layers) to serve as a connection pad 217 for input signal. A 
portion 247 of the second bottom electrode layer 241 is left 
exposed (that is, not covered by Subsequently fabricated lay 
ers) to serve as a connection pad 247 for output signal. 
0069. A portion 219 of the first top electrode layer 215 is 
left exposed (that is, not covered by subsequently fabricated 
layers) to serve as a connection pad 219 for input signal. A 
portion 249 of the second top electrode layer 245 is left 
exposed (that is, not covered by Subsequently fabricated lay 
ers) to serve as a connection pad 249 for output signal. Here, 
input electrical signal is applied to input connection pads 217 
and 219, and output electrical signal is extracted via the 
output connection pads 247 and 249. 
0070 Because the input signal is applied to the first reso 
nator 210, the first resonator 210 is also referred to as the input 
resonator. Moreover, because the output signal is drawn from 
the fourth resonator 240, the fourth resonator 240 is also 
referred to as the output resonator. The second resonator 220 
and the third resonator 230 are said to “float' above the first 
resonator 210 and the fourth resonator 240. For this reason, 
the second resonator 220 and the third resonator 230 are also 
referred to as floating resonators. 

Operation 

0071 Input electrical signal is injected to the electrodes 
212 and 216 exciting the input resonator 210 causing input 
resonator 210 to vibrate thus generating acoustic signal. The 
generated acoustic signal is acoustically coupled to the sec 
ond resonator 220. The degree of acoustic coupling is deter 
mined by the decoupling layer 250 as discussed above. The 
second resonator 220 converts the coupled portion of the 
acoustic signal to electrical signal. The electrical signal is 
electrically coupled to the third resonator 230 with which the 
second resonator shares the third bottom electrode layer 221 
and the third top electrode layer 225. 
0072 The coupled electrical signal excites the third reso 
nator 230 into generating acoustic signal. The generated 
acoustic signal is acoustically coupled to the fourth resonator 
240. Again, the degree of acoustic coupling is determined by 
the decoupling layer 250. The fourth resonator 240 converts 
the coupled acoustic signal to electrical signal which is the 
output electrical signal of the two-stage resonator filter 204. 
The output electrical signal includes only the desired portions 
(band) of the input electrical signal while undesired portions 
are routed to ground (connection not illustrated in the Fig 
ures). 

Cavity 

0073. In the illustrated embodiment of the present inven 
tion, the cavity 206 provides for separation of the two-stage 
resonator filter 204 from the substrate 202 thereby allowing 
the two-stage resonator filter 204 to vibrate freely. The cavity 
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206 can be configured in a wide range of shapes and sizes. For 
convenience, the cavity 206 is illustrated having a generally 
rectangular shape. Dimension of the cavity 206 can vary 
widely depending on application and desired characteristics. 
For example, in the illustrated embodiment, the cavity 206 
has lateral dimensions (in X-Y axes) in the order of hundreds 
of micrometers and depth (in Z-axis) in the order of several 
micrometers or more. 

Advantages 
(0074 Continuing to refer to FIGS. 2A through 2C, the 
apparatus 200 of the present invention does not require the 
acoustic mirror 104 (as used by the apparatus 100 of FIG. 1). 
For this reason, the two-stage resonator filter 204 is fabricated 
directly on the substrate 202. Further, here, input resonator 
210 and the output resonator 240 are fabricated relatively 
proximal to the substrate 202 while floating resonators 220 
and 230 are fabricated relatively distal to the substrate 202. 
Accordingly, necessity of connectors to connection pads 
(such as the connector 117 of the apparatus 100 of FIG. 1) is 
eliminated or minimized. 

Method 1 

(0075 FIG. 3 is a flowchart 300 illustrating a method of 
fabricating an apparatus according to another embodiment of 
the present invention. The apparatus fabricated being an 
apparatus such as, for example, the apparatus 200 of FIGS. 
2A through 2C. Referring to FIGS. 2A through 2C and FIG. 
3, first, the cavity 206 is etched. The cavity 206 is open to a 
first major surface 203 of the substrate 202. Step 302. The 
cavity is filled with some sacrificial material such as, for 
example only, SiO2, Aluminum (Al), Germanium (Ge), 
amorphous Silicon (amorphous-Si), porous Silicon (porous 
Si), or phosphorus silicate glass (PSG). Step 304. Then, the 
two-stage resonator filter 204 is fabricated over the cavity 
leaving an access gap 207 for evacuation of the sacrificial 
material. Step 306. To fabricated each layer of the two-stage 
resonator filter 204, known deposit and etch techniques can 
be used. Finally, the sacrificial material is removed from the 
cavity 206thereby clearing the cavity 206. Step 308. This step 
is often performed by introducing the apparatus 200 into an 
acid bath. 
0076. If the same material (for example, SiO2) is used for 
the sacrificial material as well as for at least one of the sub 
layers of the decoupling layer 250, the decoupling layer 250 
can be protected (during the step 308 to remove the sacrificial 
material) by other layers of the two-stage resonator filter 204. 
One embodiment of this technique is illustrated in FIGS. 2A 
through 2C where the lower piezoelectric layer 213 and the 
upper piezoelectric layer 223 envelope and enclose the 
decoupling layer 250 thereby protecting the decoupling layer 
250 from the acid bath which removes the sacrificial material 
from the cavity 206. 
0077. If the sacrificial material is different than the mate 
rials used for the sub-layers of the decoupling layer 250, then 
there may not a need for the decoupling layer 250 to be 
enveloped or protected during step 308 to remove the sacri 
ficial material from the cavity 206. In such a case, the decou 
pling layer 250 need not be enveloped or protected by other 
layers. 

Method 2 

(0078. In the method outlined in FIG. 3, piezoelectric lay 
ers can be used to protect the decoupling layer 250 from 
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damage during the step 308 of clearing the cavity 206 should 
the decoupling layer 250 include same or similar material as 
the sacrificial material used for the cavity 206. 
0079. To protect the decoupling layer 250 during the step 
of clearing the cavity 206, an alternative technique (alterna 
tive to enveloping the decoupling layer 250 using other lay 
ers) is illustrated by a flowchart 320 of FIG. 4 and by an 
apparatus 200a of FIG. 5. FIG. 5 illustrates a cut-away side 
view of the apparatus 200a. The apparatus 200a has similar 
structure as the apparatus 200 of FIGS. 2A through 2C. Fur 
ther, portions of the apparatus 200a of FIG. 5 are similar to 
corresponding portions of the apparatus 200 of FIGS. 2A 
through 2C. For convenience, portions in FIG. 5 that are 
similar to corresponding portions in FIGS. 2A through 2C are 
assigned the same reference numerals, analogous but 
changed portions are assigned the same reference numerals 
accompanied by letter “a.” 
0080 Referring to FIGS. 4 and 5, first, the cavity 206 is 
etched. Step 322. The cavity 206 is open to a first major 
surface 203 of the substrate 202. The cavity is filled with some 
sacrificial material Such as, for example only, SiO2, Alumi 
num (Al), Germanium (Ge), amorphous Silicon (amorphous 
Si), porous Silicon (porous-Si), or phosphorus silicate glass 
(PSG). Step 324. 
0081. Next, the first resonator 210 and a fourth resonator 
(collectively, “lower resonators', the fourth resonator is hid 
den behind the illustrated portions in FIG.5) are fabricated in 
the same manner as the first resonator 210 and the fourth 
resonator 240 of the apparatus 200 of FIGS. 2A through 2C. 
Step 326. The sacrificial material is removed from the cavity 
206 thereby clearing the cavity 206. Step 328. Then, the 
access gap 207 is plugged whereby access to the cavity 206 is 
closed. Step 330. A plug 208 can be fabricated using dielectric 
materials such as polyamide which is spun on and patterned 
with photolithograph process. 
0082 Next, the rest of the elements of the apparatus 200a 
are fabricated including the decoupling layer 250 and upper 
resonators (the second resonator 220 and the third resonator 
hidden behind the illustrated portions in FIG. 5). Step 232. To 
fabricated the rest of the elements of the two-stage resonator 
filter 204, known deposit and etch techniques can be used. 
0083. In this method, since the cavity 206 is cleared before 
fabrication of the decoupling layer 250, the decoupling layer 
250 need not be exposed to the chemicals used to clear the 
cavity 206. Hence, same or similar materials can be used for 
the decoupling layer 250 and as the sacrificial material. Fur 
ther, the upper piezoelectric layer 223a here need not enve 
lope the decoupling layer 250. 

Duplex Implementation 

0084. Multiple two-stage resonator filters of the present 
invention can be combined for various useful circuits. For 
example, another embodiment of the present invention is 
illustrated in FIG. 6 as a single-chip duplexer 400 including a 
substrate 402 and a first two-stage resonator filter 404 and a 
second two-stage resonator filter 454 on the substrate 402. 
0085. Referring to FIG. 6, the first two-stage resonator 

filter 404 and the second two-stage resonator filter 454 have 
similar structure as and operates under similar principles to 
the two-stage resonator filter 204 of FIGS. 2A through 2C. 
For example, the first two-stage resonator filter 404 includes 
its input resonator 410 and output resonator 440 relatively 
proximal to the substrate 402. A decoupling layer 450 is 
above the input resonator 410 and the output resonator 440. 
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And, floating resonators (a second resonator 420 and a third 
resonator 430) are above the decoupling layer 450. Each of 
these resonators 410, 420, 430, and 440 include piezoelectric 
material as illustrated. 
I0086. The second two-stage resonator filter 454 includes 
its input resonator 460 and output resonator 490 relatively 
proximal to the substrate 402. The decoupling layer 450 is 
above the input resonator 460 and the output resonator 490. 
And, floating resonators (a second resonator 470 and a third 
resonator 480) are above the decoupling layer 450. Each of 
these resonators 460, 470,480, and 490 include piezoelectric 
material as illustrated. 
I0087. Since the single-chip duplexer 400 includes two 
two-stage resonator filters 404 and 454 on the same chip, the 
first two-stage resonator filter 404 and the second. two-stage 
resonator filter 454 share a lower common piezoelectric layer 
413 and share an upper common piezoelectric layer 423. That 
is, different portions of the contiguous lower common piezo 
electric layer 413 are used within the first two-stage resonator 
filter 404 to constitute its resonators and are used within the 
second two-stage resonator filter 454 to constitute its resona 
tors. Likewise, different portions of the contiguous upper 
common piezoelectric layer 423 are used within the first 
two-stage resonator filter 404 to constitute its resonators and 
are used within the second two-stage resonator filter 454 to 
constitute its resonators. 
I0088. Further, the first two-stage resonator filter 404 and 
the second two-stage resonator filter 454 share the decoupling 
layer 450. That is, different portions of the decoupling layer 
450 are used within the first two-stage resonator filter 404 and 
are used within the second two-stage resonator filter 454. 
I0089. As already discussed two-stage resonator filters are 
often implemented as a band-pass filter where electrical sig 
nal having frequency within a predetermined and relatively 
narrow range (“band') of frequencies is allowed to pass while 
electrical signal having frequency outside the band is 
blocked. 
0090 FIG. 7 illustrates the band-pass characteristics of the 
single-chip duplexer 400. Referring to FIGS. 6 and 7, the first 
two-stage resonator filter 404 is configured to pass electrical 
signal having a frequency within a first pass band range 409 of 
frequencies (as illustrated by first band-pass characteristic 
curve 405) while the second two-stage resonator filter 454 is 
configured to pass electrical signal having a frequency within 
a second pass band range 459 of frequencies (as illustrated by 
second band-pass characteristic curve 455). The band-pass 
characteristic curves 405 and 455 and similar graph curves 
are often referred to as pass band curves because they illus 
trate bands of frequencies passed by the two-stage resonator 
filters 404 and 454. 
0091 Input and output signals of the single-chip duplexer 
400 are further processed by other circuits such as, for 
example only, a phase shifter 406. The phase shifter 406 can 
be used to isolate the two-stage resonator filters 404 and 454 
from each other to reduce influence of one of the two-stage 
resonator filters 404 and 454 on the other two-stage resonator 
filter as the single-chip duplexer 400 operates with external 
circuits such as, for example, an antenna. 
0092. The difference in the band-pass ranges 409 and 459 

is achieved by mass loading the resonators of the first two 
stage resonator filter 404 such that the resonators of the first 
two-stage resonator filter 404 has a different resonant fre 
quency compared to the resonators of the second two-stage 
resonator filter 454. Here, as an example only, mass is added 
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to top electrodes 416 and 426 of the resonators of the first 
two-stage resonator filter 404 increasing the thickness (in the 
Z-axis) of the resonators thereby increasing the wavelength of 
the resonant frequency of these resonators. Increased reso 
nant wavelength translates into lower resonant frequency. 

Applications of Two-Stage Resonator Filters 
0093. The two-stage resonator filter 204 illustrated in 
FIGS. 2A through 2C has band-pass characteristic having 
similar shape as the band-pass characteristic curves 405 and 
455 in FIG. 7. Band-pass characteristics having different 
characteristics, for example, sharper roll-off can be achieved 
using the two-stage resonator filter 204 in combination of 
other circuit elements. 
0094 FIG. 8A illustrates a filter apparatus 500 including a 
two-stage resonator filter 204 with a first shunt thin-film baulk 
acoustic resonator (FBAR) 502 in the input side of the two 
stage resonator filter 204 and a second shunt thin-film baulk 
acoustic resonator (FBAR) 504 in the output side of the 
two-stage resonator filter 204. Referring to FIG. 8A, the filter 
apparatus 500, with the shunt resonators 502 and 504, has 
band-pass characteristic as illustrated by band-pass charac 
teristic curve 506 of FIG. 8B having a band-pass range 508 
ranging from approximately 1.79 GHz (lower end of the 
frequency range) to 1.89 GHz (upper end of the frequency 
range). In the present example, the shunt resonators 502 and 
504 are tuned to near 1.79 GHZ, at the lower end 510 of the 
band-pass range 508 compared to, for example, at the upper 
end 512 of the band-pass range 508. Here, the upper end 512 
of the band-pass range 508 has relatively gradual roll-off. 
0095. If a sharper roll-off is desired for the upper end 512 
of the band-pass range 508, serial resonators can be added to 
the input and output lines. This is illustrated as a filter appa 
ratus 520 of FIG.9. The filter apparatus 520 of FIG.9 includes 
portions similar to corresponding portions of filter apparatus 
500 of FIG.8A. Portions offilter apparatus 520 of FIG.9 that 
are similar to corresponding portions of filter apparatus 500 
of FIG. 8A are assigned the same reference numerals. 
0096. Referring to FIG.9, the filter apparatus 520 includes 
all the portions of the filter apparatus 500 of FIG. 8A. In 
addition, the filter apparatus 520 includes series resonators, 
for example FBARs, 522 and 524 in its input lines and series 
resonators, for example FBARs. 526 and 528 in its output 
lines. The series resonators 522,524,526, and 528 are tuned 
to tuned to near 1.89 GHz, at the upper end 512 of the 
band-pass range 508 resulting in a sharper roll-off of the 
band-pass characteristic curve 506 at the at the upper end 512 
of the band-pass range 508. The sharper roll-off is not illus 
trated. 
0097 FIG. 10A illustrates an alternative technique for 
adjusting the band-pass characteristics of a two-stage resona 
tor filter. Referring to FIG. 10A, a filter apparatus 530 
includes a two-stage resonator filter 204b that is similar to the 
two-stage resonator filter 204 of FIGS. 2A through 2C but 
tuned to have a band-pass frequency range ranging from 
approximately 820 MHz to 850 MHz as illustrated by band 
pass characteristic curve 532 of FIG. 10B. The two-stage 
resonator filter 204b has similar structure as the two-stage 
resonator filter 204 of FIGS. 2A through 2C. Further, portions 
of the two-stage resonator filter 204b of FIG. 10A are similar 
to corresponding portions of the two-stage resonator filter 
204b of FIGS. 2A through 2C. For convenience, portions in 
FIG. 10A that are similar to corresponding portions in FIGS. 
2A through 2C are assigned the same reference numerals, 
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analogous but changed portions are assigned the same refer 
ence numerals accompanied by letter “b.” 
(0098 Referring to FIGS. 10A and 10B, the filter apparatus 
530 includes bridge capacitors 534 and 536. Here, the input 
signal line is connected to the bottom electrode of the first 
resonator 210b and the output signal line is connected to the 
bottom electrode of the fourth resonator 240b. The top elec 
trodes of the first resonator 210b and the fourth resonator 
240b are grounded as well as the bottom electrodes of the 
floating resonators 220b and 230b. 
(0099. The first bridge capacitor 534 connects the input 
signal line with the top electrode of the second resonator 220b 
of the first coupled-resonator pair (210b and 220b). The sec 
ond bridge capacitor 536 connects the output signal line with 
the top electrode of the third resonator 230b of the second 
coupled-resonator pair (230b and 240b). These bridge capaci 
tors 534 and 536 are connected to the electrodes with opposite 
phase in the coupled-resonator pairs. The bridge capacitors 
534 and 536 provide a connection for electrical current which 
has opposite phase compared to current generated by acoustic 
coupling at the desired frequency. That is electrical current 
through the capacitors 534 and 536 has oppose phase com 
pared to the phase of the electrical current induced by acoustic 
coupling. 
0100 Because these two electrical current are out of phase 
they cancel each other resulting a transmission Zero (a null) at 
each edge of the pass band 532. By adjusting the value of the 
bridge capacitors 534 and 536, frequency location of the null 
can be moved closer to the sides, or the edges, of the pass band 
532 creating sharper roll-off resulting in the band-pass char 
acteristic, for the filter apparatus 530, as illustrated by band 
pass characteristic curve 538 including, again, a sharper roll 
off at lower range and at upper range of the band-pass 
frequency range. For the illustrated frequencies, the bridge 
capacitors 534 and 536 have values in the order of tenths of 
pico-Farads or less, for example 0.5 pico-Farads or less. 
0101 FIG. 11 illustrates a filter apparatus 530c that is an 
alternative embodiment of the filter apparatus 530 of FIG. 
10A. In fact, the filter apparatus 530c has similar components 
as the filter apparatus 530 but the components are connected 
differently to achieve the same effect. In FIG. 11, for the filter 
apparatus 530c, the input signal line is connected to the top 
electrode of the first resonator 210b and the output signal line 
is connected to the top electrode of the fourth resonator 240b. 
The bottom electrodes of the first resonator 210b and the 
fourth resonator 240b are grounded as well as the top elec 
trodes of the floating resonators 220b and 230b. The first 
bridge capacitor 534 connects the input signal line with the 
bottom electrode of the second resonator 220b of the first 
coupled-resonator pair (210b and 220b). The second bridge 
capacitor 536 connects the output signal line with the bottom 
electrode of the third resonator 230b of the second coupled 
resonator pair (230b and 240b). There, the roll-off effect 
realized is the same as the roll-off effect illustrated in FIG. 
10B and discussed above. 

0102 FIG. 12 illustrates a filter apparatus 570 illustrating 
yet another application of the two-stage resonator filter of the 
present invention. The filter apparatus 570 includes a first 
two-stage resonator filter 204c and a second two-stage reso 
nator filter 204d connected in parallel to provide a singled 
ended input to balanced output. Each of the two-stage reso 
nator filters 204c and 204d has similar configuration as the 
two-stage resonator filters 204 of FIGS. 2A through 2C. Each 



US 2009/0096547 A1 

of the two-stage resonator filters 204c and 204d provides 100 
ohms of input and output impedance. 
0103 Here, the two-stage resonator filters 204c and 204d. 
combined in parallel, provide a 50 ohm single input imped 
ance line and a differential output lines of 100 ohms imped 
ance each for a total combined 200 ohm impedance output. 
These outputlines OUTPUT1 and OUTPUT2 can be fed into 
an amplifier that usually require 200 ohm impedance match 
ing differential input thereby providing a 1-4 input-to-output 
impedance transformation. These impedance values are for 
example only, and other values of impedance transformation 
can be realized. 
0104 Further, unbalance-to-balanced to signal transfor 
mation is possible using the filter apparatus 570. As illus 
trated, the input signal line is connected to the top electrode of 
the first resonator 210c of the first two-stage resonator filter 
204c while connected to the bottom electrode of the first 
resonator 210d of the second two-stage resonator filter 204d. 
At the same time, the first output signal line OUTPUT 1 is 
connected to the bottom electrode of the fourth resonator 
240c of the first two-stage resonator filter 204c and the second 
output signal line OUTPUT 2 is connected to the bottom 
electrode of the fourth resonator 240d of the second two-stage 
resonator filter 204d. In this configuration, the output signals 
at OUTPUT 1 and the OUTPUT 2 form a balanced output. 
0105. From the foregoing, it will be apparent that the 
present invention is novel and offers advantages over the 
current art. Although specific embodiments of the invention 
are described and illustrated above, the invention is not to be 
limited to the specific forms or arrangements of parts so 
described and illustrated. For example, differing configura 
tions, sizes, or materials may be used but still fall within the 
scope of the present invention. The invention is limited by the 
claims that follow. 

1-6. (canceled) 
7. A method of manufacturing an apparatus, said method 

comprising: etching a cavity within a Substrate, the cavity 
open to a first major Surface of the Substrate; filling said cavity 
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with sacrificial material; fabricating a two-stage resonator 
filter above the cavity; and removing the sacrificial material 
from the cavity. 

8. The method recited in claim 7 wherein the two-stage 
resonator filter comprises a lower piezoelectric layer, a cou 
pling layer above lower piezoelectric layer, an upper piezo 
electric layer; and wherein the lower piezoelectric layer and 
the upper piezoelectric layer enclose the coupling layer. 

9. The method recited in claim 7 wherein the two-stage 
resonator filter comprises a coupling layer comprising cou 
pling material; and the sacrificial material different than the 
coupling material. 

10. The method recited in claim 7 wherein the coupling 
layer comprises Silicon dioxide (SiO2). 

11. The method recited in claim 7 wherein the sacrificial 
layer comprises Silicon dioxide (SiO2). 

12. The method recited in claim 7 wherein the two-stage 
resonator filter comprises: a first stage including a first reso 
nator and a second resonator; the second resonator acousti 
cally coupled to the first resonator; a second stage including a 
third resonator and a fourth resonator; the fourth resonator 
acoustically coupled to the third resonator, a decoupling layer 
between the first resonator and the second resonator, the 
decoupling layer extending between the third resonator and 
the fourth resonator; wherein the second resonator and the 
third resonators are electrically coupled; the first resonator 
and the fourth resonator are situated above the substrate; the 
decoupling layer is situated above the first resonator and the 
fourth resonator, and the second resonator and the third reso 
nator are situated above the decoupling layer. 

13. The method recited in claim 8 wherein the Sacrificial 
material is removed after fabrication of a lower pair of reso 
nators of the two-stage resonator filter above the cavity but 
before the rest of the two-stage resonator filter is fabricated. 

14. The method recited in claim 13 further comprising a 
step of closing access to the cavity. 

15. The method recited in claim 14 wherein dielectric 
material plugs opening of the cavity. 

16-22. (canceled) 


