SPECIFICATION
TITLE OF THE INVENTION

ACOUSTIC WAVE DEVICE AND FILTER

Field
[0001] A certain aspect of the present invention relates to acoustic wave devices and filters.
Another aspect of the present invention relates to an acoustic wave device including a

piezoelectric thin-film resonator and a filer using such an acoustic wave device.

Background

[0002]  An acoustic wave device using a piezoelectric thin-film resonator is used as a filter
provided in wireless communication equipment. The piezoelectric thin-film resonator includes
a film buck acoustic resonator (FBAR) and is configured to have a piezoelectric thin-film having
opposite surfaces on which upper and lower electrodes are respectively provided. The
resonance frequency of the piezoelectric thin-film resonator depends on the thickness of a
portion in which the upper and lower electrodes face each other through the piezoelectric
thin-film.  Such a portion is referred to as a resonance portion. In a case where the upper and
lower electrodes are respectively made of different materials, the resonance frequency of the
resonance portion depends on the materials as well as the film thickness.

[0003] Japanese Patent Application Publication No. 2002-335141 (Document 1) discloses an
art in which a mass loading film is formed in the resonance portion in order to change the
resonance frequency of the piezoelectric thin-film resonator. Documents 2 through 5 described

below disclose an art of forming an opening in the mass loading film in the resonance portion



(Document 2: Japanese Patent Application Publication No. 2002-515667, Document 3: U.S.
Patent No. 6657363, Document 4: Japanese Patent Application Publication No. 2008-172494,
and Document 5: International Publication No. 2010/061479). Japanese Patent Application
Publication No. 2007-535279 (Document 6) discloses an art of forming a stripe-shaped mass
loading film in the resonance portion. According to Documents 1 through 6, the resonance
frequency is adjusted for each resonator.

[0004] According to the art disclosed in Document 1, resonators having different resonance
frequencies are realized by forming mass loading films having different thicknesses. Such mass
loading films are formed by performing a series of a film growing process, a photolithography
process and an etching process multiple times. This complicates the manufacturing process and
increases the production cost. According to Documents 2 through 6, the presence of the mass
loading film in the resonance portion formed by patterning increases the spurious intensity,
which leads to a deterioration of the resonance characteristic. ~As a result, the frequency

adjustable range becomes narrow.

SUMMARY OF THE INVENTION
[0005]  According to an aspect of the present invention, it is an object to suppress a
deterioration of the resonance characteristic.
[0006]  According to another aspect of the present invention, there is provided an acoustic
wave device including: a substrate; a piezoelectric film formed on the substrate; an lower
electrode provided on a first surface of the piezoelectric film; an upper electrode provided on a
second surface of the piezoelectric film opposite to the first surface; and a mass loading film

having a first pattern and a second pattern in a resonance portion in which the lower electrode



and the upper electrode face each other through the piezoelectric film, the first pattern having

portions and the second pattern having portions interlinking the portions of the first pattern.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] FIG. 1 is a circuit diagram of a ladder type filter;

FIG. 2A is a plan view of a piezoelectric thin-film resonator used in a first embodiment,
FIG. 2B is a cross-sectional view of a series resonator used in the first embodiment, and FIG. 2C
is a cross-sectional view of a parallel resonator used in the first embodiment;

FIG. 3A is a plan view of an exemplary mass loading film, and FIG. 3B is a
cross-sectional view taken along a line A-A in FIG. 3A;

FIG. 4A is a plan view of another exemplary mass loading film, and FIG. 4B is a
cross-sectional view taken along a line A-A in FIG. 4A;

FIGs. 5A through 5D are plan views of exemplary first and second patterns;

FIGs. 6A through 6D are plan views of different exemplary first and second patterns;

FIG. 7 is a diagram of a pattern size L1/pattern pitch Lp associated with a coverage
ratio;

FIG. 8Ais a plan view of a resonance portion employed in the first embodiment, and
FIG. 8B is a plan view of a resonance portion employed in a first comparative example;

FIGs. 9A and 9B are Smith charts of the reflection characteristics of resonators of the
first embodiment and the first comparative example, respectively;

FIGs. 10A and 10B are diagrams of pass characteristics of the resonators of the first

embodiment and the first comparative example, respectively;

FIGs. 11A through 11C are Smith charts of the reflection characteristics of resonators of



a first variation of the first embodiment, a second comparative example, and a third comparative
example, respectively,

FIGs. 12A through 12C are diagrams of the pass characteristics of resonators of a first
variation of the first embodiment, the second comparative example, and the third comparative
example, respectively,

FIG. 13 is a diagram of relationships between the coverage ratios and the pattern
intervals Ls in the first variation of the first embodiment and the third comparative example;

FIGs. 14A and 14B are cross-sectional views of mass loading films of a second
embodiment;

FIG. 15A is a cross-sectional view of a series resonator of a third embodiment, and FIG.
15B is a cross-sectional view of a parallel resonator of the third embodiment;

FIG. 16 is a circuit diagram of an exemplary lattice type filter in accordance with a
fourth embodiment; and

FIG.17 is a block diagram of a fifth embodiment.

DETAILED DESCRIPTION
[0008] Embodiments of the invention are now described with reference to the accompanying
drawings.
First Embodiment
[0009]  First, a description is given of an exemplary ladder type filter using an acoustic wave
device in accordance with a first embodiment. FIG. 1 is a circuit diagram of such a ladder type
filter. Referring to FIG. 1, a ladder type filter 100 is composed of series resonators S1 ~ S4 and

parallel resonators P1 ~P3. The series resonators S1 ~ S4 are connected in series with each



other between an input/output terminal T1 and an input/output terminal T2. The parallel
resonators P1 ~ P3 are connected in parallel with each other between the input/output terminals
T1 and T2.

[0010]  FIG. 2A is a plan view of a piezoelectric thin-film resonator in accordance with the
first embodiment, FIG. 2B is a cross-sectional view taken along a line A-A in FIG. 2A in which
the piezoelectric thin-film resonator is a series resonator S, and FIG. 2C is a cross-sectional view
taken along the line A-A in which the resonator in FIG. 2A is a parallel resonator P. Referring
to FIGs. 2A and 2B, the series resonator S is configured as follows. A lower electrode 12 is
provided on a substrate 10 made of, for example, silicon, so that a cavity 30 shaped into a dome
can be defined between the lower electrode 12 and a flat surface of the substrate 10. The
dome-shaped cavity 30 defines a dome-shaped portion of the lower electrode 12. The
dome-shaped cavity 30 has a relatively small height in the periphery and has an increasing height
towards the center. The lower electrode 12 may include a chromium (Cr) layer and a ruthenium
(Ru) layer provided on the Cr layer.

[0011] A piezoelectric film 14 is provided on the lower electrode 12. The piezoelectric film
14 may be made of aluminum nitride (AIN) having the main axis in the (002) direction. An
upper electrode 16 is provided on the piezoelectric film 14 so as to have an area in which the
upper electrode 16 faces the lower electrode 12 through the piezoelectric film 14. The above
area is defined as a resonance portion 50. The upper electrode 16 may have a Ru layer 16a and
a Cr layer 16b formed on the Ru layer. As described above, the piezoelectric film 14 is
provided on the substrate 10, and is sandwiched between the lower electrode 12 and the upper
electrode 16, which have portions that overlap each other through the piezoelectric film 14.

[0012] A mass loading film 28, which may be a titanium (Ti) layer, for example, is provided



on the upper electrode 16 and is located in the resonance portion 50. A silicon oxide film is
provided, as a frequency adjustment film 24, on the upper electrode 16 and the mass loading film
28. A multilayered film 18 includes the lower electrode 12, the piezoelectric film 14, the upper
electrode 16, the mass loading film 28 and the frequency adjustment film 24.

[0013]  An introduction path 33 used for etching a sacrificed layer is formed in the lower
electrode 12. The sacrificed layer is a layer for forming the cavity 30. Ends of the
introduction path 33 are not covered with the piezoelectric film 14. The lower electrodé 12 has
holes 35 at the ends of the introduction path 33.  As illustrated in FIGs. 2A and 2B, an opening
36 for making an electric connection with the lower electrode 12 is formed in the piezoelectric
film 14.

[0014] Referring to FIGs. 2A and 2C, the parallel resonator P is configured as follows. The
parallel resonator P differs from the series resonator S in that the parallel resonator P has a mass
loading film 20 made of Ti, for example, is provided between the Ru layer 16a and the Cr layer
16b. Thus, the multilayered film 18 of the parallel resonator P includes the mass loading film
20 in the resonance portion 50 in addition to the stacked layers of the series resonator S. The
other structures of the parallel resonator P are the same as those of the series resonator S
illustrated in FIG. 2B, and a description thereof is omitted here.

[0015] In FIGs. 2B and 2C, the mass loading film 28 is formed between the upper electrode
16 and the frequency adjustment film 24. As another example, the mass loading film 28 may
be formed within the multilayered film 18 in the resonance portion 50. For example, the mass
loading film 28 may be formed on the frequency adjustment film 24. The upper electrode 16
may be formed by a plurality of layers, and the mass loading film 28 may be formed between

adjacent ones of the plurality of layers. The mass loading film 28 may be formed between the



piezoelectric film 14 and the upper electrode 16. The mass loading film 28 may be formed
between the lower electrode 12 and the piezoelectric film 14. The lower electrode 12 may be
formed by a plurality of layers, and the mass loading film 28 may be formed between adjacent
ones of the plurality of layers. The mass loading film 28 may be formed below the lower
electrode 12.

[0016] In a case there the piezoelectric thin-film resonator has a resonance frequency of 2
GHz, the Cr layer and the Ru layer of the lower electrode 12 are respectively 100 nm thick and
200 nm thick, and the piezoelectric film 14 formed by the AIN layer is 1250 nm thick. Further,
the Ru layer 16a is 250 nm thick, the Cr layer 16b is 20 nm thick, and the mass loading film 28
formed by the Ti layer is 25 nm thick. The mass loading film 20 formed by the Ti layer is 125
nm thick. The thickness of each of the above layers may be selected to obtain a desired
resonance frequency.

[0017] Besides Cr and Ru, the lower electrode 12 and the upper electrode 16 may be formed
by a metal film of aluminum (Al), copper (Cu), molybdenum (Mo), tungsten (W), tantalum (Ta),
platinum (Pt), rhodium (Rh) or iridium (Ir), or a composite film thereof. The mass loading
films 20 and 28 are not limited to Ti, but may be formed by a metal film of Ru, Cr, Al, Cu, Mo,
W, Ta, Pt, Rh or Ir, or a composite film thereof. Further, the mass loading films 20 and 28 may
be an insulation film such as a metal nitride such as silicon nitride or a metal oxide such as
silicon oxide. For the purpose of reducing the resistance, metal films are preferably used to
form the mass loading films 20 and 28 in a case where the mass loading films 20 and 28 are
provided between the adjacent layers of the lower electrode 12, between those of the upper
electrode 16, between the lower electrode 12 and the piezoelectric film 14, or between the

piezoelectric film 14 and the upper electrode 16.



[0018] The substrate 10 is not limited to the silicon substrate but may be a silica substrate,
glass substrate, ceramic substrate or GaAs substrate. The piezoelectric film 14 is not limited to
AIN but may be made of zinc oxide (ZnO), lead zirconate titanate (PZT) or lead titanate
(PbTiOs).

[0019] The lower electrode 12, the piezoelectric film 14, the upper electrode 16 and the mass
loading films 20 and 28 may be formed by sputtering and etching. Thereafter, the films are
formed into desired shapes by photolithography and etching. The films may be formed by
deposition and liftoff. When the multilayered film 18 has a compression stress, the
dome-shaped cavity 30 can be defined.

[0020] FIG 3Ais a plan view of an exemplary structure of the mass loading film 28, and FIG.
3B is a cross-sectional view taken along a line A-A in FIG. 3A. Referring to FIGs. 3A and 3B,
the mass loading film 28 has a first pattern 32 and a second pattern 34 in the resonance portion
50. The resonance portion 50 has an ellipsoidal shape. The first pattern 32 is a pattern of dots
arranged regularly or periodically. The second pattern 34 is a pattern of arms that interlink the
dots of the first pattern 32. The dots of the first pattern 32 may have a circular shape, and the
arms of the second pattern 34 may have a rod shape. The second pattern 34 interlinks the first
pattern 32 in a zigzag manner. The first pattern 32 and the second pattern 34 in FIGs. 3A and
3B are formed from the mass loading film 28. It is assumed that L1 is the size of each dot of
the first pattern 32, Ls is the interval or space between the adjacent dots of the first pattern 28, Lp
is the pitch of the first pattern 32, and W is the width of each rod of the second pattern 34. The
size L1 of the first pattern 32 is greater than the width W of the second pattern 34. A coverage
ratio is defined as a ratio of the area of the mass loading film 28 to that of the resonance portion

50.



[0021] FIG. 4A is a plan view of another example of the mass loading film 28, and FIG. 4B is
a cross-sectional view taken along a line A-A in FIG. 4A. Referring to FIGs. 4A and 4B, the
first pattern 32 and the second pattern 34 are formed in the resonance portion 50. The first
pattern 32 is a pattern of dots arranged regularly. The second pattern 34 is a pattern that
interlinks the dots of the first pattern 32. The second pattern 34 interlinks the first pattern 32 in
a zigzag manner. The first pattern 32 and the second pattern 34 of FIGs. 4A and 4B are patterns
defined by holes formed in the mass loading film 28. That is, the first pattern 32 and the second
pattern 34 in FIGs. 4A and 4B have a complementary relationship to those in FIGs. 3A and 3B.

It is assumed that L1 is the size of each dot of the first pattern 32, Ls is the interval between the
adjacent dots of the first pattern 28, Lp is the pitch of the first pattern 32, and W is the width of
each rod of the second pattern 34. The size L1 of the first pattern 32 is greater than the width
W of the second pattern 34.

[0022] FIGs. 5A through 5D and FIGs. 6A through 6D are plan views of examples of the first
and second patterns 32 and 34. In FIG. 5A, the first pattern 32 has circular dots. The second
pattern 34 interlinks the dots of the first pattern 32 on the long axis of the ellipsoidal resonance
portion 50. The dots of the first pattern 32 are interlinked in the short-axis direction by the
second pattern 34. In FIG. 5B, the first pattern 32 has rectangular dots. The second pattern 34
interlinks the dots of the first pattern 32 on the short axis of the ellipsoidal resonance portion 50.
The dots of the first pattern 32 are interlinked in the long-axis direction by the second pattern 34.
In FIG. 5C, the first pattern 32 has hexagonal dots. The second pattern 34 interlinks the dots of
the first pattern 32 obliquely with respect to the short-axis and long-axis directions. The dots of
the first pattern 32 are interlinked in the short-axis and long-axis directions by the second pattern

34starting from the dots interlinked obliquely. In FIG. 5D, the first pattern 32 has circular dots.



The second pattern 34 interlinks the dots of the first pattern 32 on the long and short axes of the
ellipsoidal resonance portion 50. The dots of the first pattern 32 are interlinked in the short-axis
and long-axis directions by the second pattern 34 starting from the dots on the long and short
axes of the ellipsoidal resonance portion 50.

[0023] In FIG. 6A, the first pattern 32 has triangular dots. In the upper half of the resonance
portion 50, the second pattern 34 interlinks the dots of the first pattern 32 in the long-axis
direction. In the lower half of the resonance portion 50, the second pattern 34 interlinks the
dots of the first pattern 32 in the short-axis direction. In FIG. 6B, the second pattern 34 has the
same shape as that in FIG. 5A. However, the positions of the dots of the first pattern 32
alternately shift from the second pattern 34 in the long-axis direction. In FIG. 6C, the first
pattern 32 has the same shape as that in FIG. 5B. However, the positions of the second pattern
34 alternately shift in the short-axis direction. In FIG. 6D, the second pattern 34 is the same as
that in FIG. 3A, and the first pattern 32 has rectangular dots.  As described above, the first
pattern 32 may have an arbitrary shape. The second pattern 34 is required to interlink the dots
of the first pattern 32. In FIGs. 3A through 6D, each of the second patterns 34 interlinks all the
dots of the first pattern 32. However, the second pattern 34 may be varied so as not to interlink
some dots of the first pattern 32. The first pattern 32 is not limited to the regular dot
arrangements but may have an irregular arrangement or a random arrangement. The first
pattern 32 is not limited to the dots of the same shape and the same size but may have dots
having different shapes and/or different sizes. The width W of the second pattern 34 is not
limited to the same width but may be different for different dots.

[0024] InFIGs. 5A through 6D, the first pattern 32 and the second pattern 34 are formed by

the mass loading film 28. By way of another example, the first pattern 32 and the second
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pattern 34 may be patterns having openings formed on the mass loading film 28.

[0025] A further description is now given of a case where the first pattern 32 is formed by the
mass loading film 28 as illustrated in FIG. 3A, and a case where the first pattern 32 is formed by
the mass loading film 28 having the holes as illustrated in FIG. 4A. FIG. 7 illustrates a ratio
L1/Lp associated with the coverage ratio where L1 is the pattern size of the first pattern 32 and
Lp is the pitch of the first pattern 32. In both the cases, the second pattern 34 is not formed.
The first pattern 32 has a square shape. While the pattern pitch Lp is kept constant, and the
pattern size L1 is varied and the ratio L1/Lp is calculated in association with the coverage ratio.
A solid line indicates the case where the first pattern 32 is formed by the mass loading film 28.
A broken line indicates the case where the first pattern 32 is formed by the mass loading film 28
having the holes with a coverage ratio of 50% or higher. As indicated by the solid line in FIG. 7,
the ratio L1/Lp increases as the coverage ratio increases. As the pattern size L1 becomes larger,
the pattern interval Ls becomes smaller. Thus, it becomes difficult to form the first pattern 32.
For example, when the coverage ratio is equal to or higher than 50%, the first pattern 32 is
formed by the mass loading film 28 having the holes, as indicated by the broken line.
Therefore, it becomes easy to form the first pattern 32 of the mass loading film 28 for a high
coverage ratio over 50%.

[0026] FIG. 8A is a plan view of a resonator actually manufactured in accordance with the
first embodiment, and FIG. 8B is a plan view of resonator actually manufactured in accordance
with a first comparative example. Referring to FIG. 8A, a resonance portion 50 has an
ellipsoidal shape having a long-axis length of 247 um and a short-axis length of 176 um. The
first pattern 32 and the second pattern 34 are patterns of the mass loading film 28 having the

holes. The first pattern 32 has dots of a circular shape. The pattern pitch Lp of the first
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pattern 32 is 7 um, and the pattern size L1 thereof is 4.6 um. The width W of the second
pattern 34 is 1.5 um. The coverage ratio is 60%. Referring to FIG. 8B, the resonance portion
50 of the first comparative example has the same size as that of the first embodiment. The first
pattern 32 is not formed but only the second pattern 34 is formed. The width of the second
pattern 34 is 2.5 pm, and the coverage ratio is 60% as in the case of the first embodiment.
[0027] FIG. 9A is a Smith chart of a reflection characteristic of the resonator of the first
embodiment, and FIG. 9B is a Smith chart of a reflection characteristic of the resonator of the
first comparative example. FIG. 10A is a diagram of a pass characteristic of the resonator of the
first embodiment, and FIG. 10B is a diagram of a pass characteristic of the resonator of the first
comparative example. In FIGs. 9A through 10B, data measured at different position on the
same substrate are overwritten in order to see differences on the substrate. In both the first
embodiment and the first comparative example, a spurious component 40 is observed at a
frequency of around 1877 MHz. The spurious component 40 observed in the first embodiment
is smaller than that in the first comparative example. The first embodiment has fine spurious
components 42 in the range of of 1880 MHz to 1960 MHz, which are smaller than those in the
first comparative example. The first embodiment has suppressed spurious components, as
compared to the first comparative example.

[0028] A resonator in accordance with a first variation of the first embodiment is described.
In the present resonator, the arrangements of the first pattern 32 and the second pattern 34 are as
illustrated in FIG. 5D, and the first pattern 32 and the second pattern 34 are formed by the mass
loading film 28 having the holes. The resonance portion 50 has an ellipsoidal shape having a
long-axis length of 247 ym and a short-axis length of 176 um. The first pattern 32 has the

circular dots. The pattern pitch Lp of the first pattern 32 is 7 um, and the pattern size L1
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thereof is 1.7 um. The width W of the second pattern is 1.5 pm. The coverage ratio is 80%.
In a second comparative example, the second pattern 34 is arranged so as to form the same
pattern as that of the first variation, and the first pattern 32 is not formed. The width W of the
second pattern 34 is 1.7 ym. In a third comparative example, the first pattern 32 is arranged so
as to form the same pattern as that of the first variation, and the second pattern 34 is not formed.
The size L1 of the first pattern 32 is 2.5 um. The resonance portions 50 of the second and third
comparative examples have the same size as that of the first variation of the first embodiment.
The coverage ratios of the first variation and the second and third comparative examples are
80%.

[0029]  FIGs. 11A through 11C are respectively Smith charts of reflection characteristics of the
resonators configured in accordance with the first variation, the second comparative example,
and the third comparative example. FIGs. 12A through 12C are respectively diagrams of pass
characteristics of the resonators configured in accordance with the first variation, the second
comparative example, and the third comparative example. As illustrated in FIGs. 11A through
12C, the spurious component 40 is observed at a frequency of around 1877 MHz in each of the
resonators. Further, the fine spurious components 42 are observed in the range of 1880 MHz to
1960MHz. It is to be noted the spurious components 40 and 42 of the first variation of the first
embodiment are smaller than those of the second and third comparative examples. The first
variation is capable of suppressing the spurious components, as compared to the second and third
embodiments.

[0030]  According to an experiment conducted by the inventors, in a case where the mass
loading film 28 has only the first pattern 32, the spurious components 40 and 42 become larger

as the size L1 of the first pattern 32 becomes larger. Even in a case where the mass loading
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film 28 has only the second pattern 34, the spurious components 40 and 42 become larger as the
width W of the second pattern 34 becomes larger. According to the first embodiment, the
combination of the first pattern 32 and the second pattern 34 makes it possible to reduce the size
L1 of the first pattern 32 and the width W of the second pattern 34 even for the same coverage
ratio. Thus, the spurious components 40 and 42 can be suppressed.

[0031] FIG. 13 is a diagram of a relationship between the coverage ratio and the pattern
interval Ls in each of the first variation of the first embodiment and the third comparative
example. The first variation is depicted by a solid line, and the third comparative example is
depicted by a broken line. When the coverage ratio is equal to or less than 50%, the pattern is
formed by the mass loading film 28. When the coverage ratio is higher than 50%, the pattern is
formed by the holes formed in the mass loading film 28. In the first variation of the first
embodiment, the coverage ratio is calculated by changing the size L1 of the first pattern 32 under
the condition that the pattern pitch Lp is fixed to 7um and the width W of the second pattern 34
is fixed to 1.5 um. In the third comparative example, the coverage ratio is calculated by
changing the size L1 of the first pattern 32 under the condition that the pattern pitch is fixed to 7
pm.

[0032] Asiillustrated in FIG. 13, the first variation of the first embodiment is capable of
increasing the pattern interval Ls for the same coverage ratio, as compared with the third
comparative example. Particularly, when the coverage ratio is about 20% or 80%, the pattern
interval Ls can be increased. The patterned mass loading film 28 may be formed by the
evaporation or sputtering technique of forming the mass loading film 28, and photolithography
and etching techniques. The patterned mass loading film 28 may be formed by the

photolithography technique, the sputtering or evaporation technique of forming the mass loading
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film 28 and the liftoff technique. Thus, as the pattern interval Ls becomes smaller, it becomes
more difficult to form the patterned mass loading film 28. In the structures disclosed in
Documents 2 and 3, the pattern interval Ls of the mass loading film is required to be shorter than
the wavelength of the acoustic wave defined for the operation of the resonator. More
specifically, Documents 2 and 3 disclose that the acoustic wavelength of the piezoelectric
thin-film material at a frequency of 1 GHz is within the range of 5 um to 10 pm, and the pattern
interval Ls is equal to or smaller than the lower limit of the range. Paradoxically, when the
pattern size L1 or the pattern interval Ls becomes considerably larger than the wavelength of the
acoustic wave, it becomes difficult for the mass loading film to show the original function.
According to an experiment conducted by the inventors, a spurious component is generated and a
deterioration of the characteristics is caused when the pattern size L1, the pattern interval Ls, or
the pattern pitch Lp becomes considerably larger than the wavelength of the acoustic wave.
Such a mass loading film may not show the original function and may be not suitable for
practical use. When it is attempted to increase the resonance frequency of the resonator (not
less than 1 GHz or 2 GHz), the pattern interval Ls becomes small and it become difficult to
produce the mass loading film. In other words, the range in which the coverage ratio can be
varied becomes narrow within the producible range. Therefore, the frequency adjustable range
becomes narrow. The first variation of the first embodiment is capable of realizing a larger
pattern interval than that of the third comparative example. Therefore, it is easier to
manufacture the acoustic wave device. In other words, the range in which the coverage ratio
can be varied becomes wider within the producible range. It is thus possible to widen the
frequency adjustable range.

[0033]  The first embodiment and its variation have the mass loading film 28 formed by the
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first pattern 32 having the dots and the second pattern 34 having the arms connecting the dots.
With this structure, it is possible to suppress the spurious level, as illustrated in FIGs. 9A through
12C. Further, as illustrated in FIG. 13, it is possible to widen the range in which the coverage
ratio can be changed within the producible range. Although the resonator having a resonance
frequency of about 2 GHz is used in FIGs. 9A through 12C, similar effects can be obtained when
resonators having different resonance frequencies are used. As the resonance frequency
becomes higher, the wavelength of the acoustic wave becomes shorter. Therefore, the first
pattern 32 and the second pattern 34 have smaller sizes. It is useful to use the resonator of the
first embodiment when the resonance frequency is high. For example, the use of the resonator
of the first embodiment is advantageous when the resonance frequency is equal to or higher than
1 GHz, 1.5 GHz or 2 GHz.

[0034] It is preferable that the width W of the arms of the second pattern 34 is smaller than the
size L1 of the dots of the first pattern 32. This is because the first embodiment and its variation
may have structures closer to the first and second comparative examples when the width W of
the second pattern 34 is larger than the size L1 of the dots of the first pattern 32.

[0035]  The first pattern 32 may have an irregular arrangement of dots or a random
arrangement. However, it is preferable that the dots of the first pattern 32 are arranged regularly.
The regular arrangement of dots makes it possible to equalize the performance of the acoustic
wave in the resonance portion 50. The arms of the second pattern 34 may be arranged
irregularly. However, it is preferable that the arms of the second pattern 34 are arranged
regularly.

[0036] The dots of the first pattern 32 may have different shapes in the resonance portion 50.

However, it is preferable that the dots of the first pattern 32 have the same shape in the resonance
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portion 50. It is thus possible to equalize the performance of the acoustic wave in the resonance
portion 50.

[0037] The arms of the second pattern 34 may have different widths in the resonance portion
50. However, it is preferable that the arms of the second pattern 34 have the same width in the
resonance portion 50. It is thus possible to equalize the performance of the acoustic wave in the
resonance portion 50.

[0038]  The mass loading film 28 is preferably made of a substance different from that used for
the lower electrode 12 or the upper electrode 16. It is thus possible to secure an appropriate
etching selection ratio of the mass loading film 28 to the lower electrode 12 or the upper
electrode 16 at the time of forming the pattern in the mass loading film 28.

[0039]  In the filter illustrated in FIG. 1, at least two of the resonators may be configured to
have a different ratio of the first pattern 32 and the second pattern 34 to the resonance portion 50.
This configuration makes it possible to adjust the resonance frequency for each resonator. In
this case, it is preferable that the mass loading films 28 of the at least two resonators have the
same film thickness. This is because the mass loading films 28 may be formed concurrently.
[0040] For example, the series resonators S1 ~ S4 may be varied so as to have different ratios
of the first pattern 32 and the second pattern 34 to the resonance portion 50. This variation
makes it possible for the series resonators S1 ~ 'S4 to have different resonance frequencies.

This variation may be applied to the parallel resonators P1 ~P3. The mass loading films 20 are
used to define large differences in the resonance frequency between the series resonator S1 ~ S4
and the parallel resonators P1 ~ P3, and the mass loading films 28 are used to define fine
differences in the resonance frequency between the series resonators S1 ~ S4 or those between

the parallel resonators P1 ~ P3.  Therefore, it is possible to realize the fine adjustment of the
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resonance frequency of each resonator without increasing the number of manufacturing steps.
The fine adjustment of the resonance frequency of each resonator realizes low insertion loss and
wideband filters.

Second Embodiment

[0041] FIGs. 14A and 14B are cross-sectional views of a mass loading film of a second
embodiment. As illustrated in FIG. 14A, a part of the mass loading film 28 illustrated in FIG.
3B is left. The dots of the first pattern 32 and the arms of the second pattern 34 are
comparatively thick portions of the mass loading film 28. As illustrated in FIG. 14B, a part of
the mass loading film illustrated in FIG. 4B is left. The dots of the first pattern 32 and the arms
of the second pattern 34 are comparatively thin portions of the mass loading film 28.

Third Embodiment

[0042] A third embodiment has an exemplary structure having a plurality of mass loading
films. FIG. 15A is a cross-sectional view of a series resonator of the third embodiment, and FIG.
15B is a cross-sectional view of a parallel resonator of the third embodiment.  As illustrated in
FIGs. 15A and 15B, another mass loading film 29 is formed on the frequency adjustment film 24.
Like the mass loading film 28, the mass loading film 29 has the first pattern 32 and the second
pattern 34.

[0043] In the first and second embodiments, when it is attempted to broaden the range in
which the resonance frequency is adjusted by the single-layer mass loading film 28, the mass
loading film 28 is relatively thick. According to an experiment conducted by the inventors, as
the mass loading film 28 is thicker, the resonator has a worse resonance characteristic.
According to the third embodiment, each of the mass loading film 28 and 29 is composed of a

plurality of layers. This makes it possible for each layer to have a reduced thickness and
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suppresses the deterioration of the resonance characteristic of the resonator. The mass loading
film 29 may be formed in the multilayer film 18 in the resonance portion 50. The mass loading
film 29 may be composed of three layers or more.

Fourth Embodiment

[0044] A fourth embodiment is an exemplary lattice type filter. FIG. 16 is a lattice type filter
in accordance with a fourth embodiment. Referring to FIG. 16, a lattice type filter 102 is
composed of series resonators S5 and S6 and parallel resonators P4 and P5. A series resonator
S5 is connected between terminals T3 and T5, and a series resonator S6 is connected between
terminals T4 and T6. A parallel resonator P4 is connected between the terminals T3 and T6,
and a parallel resonator P5 is connected between the terminals T4 and T5. The series resonators
S5 and S6 and the parallel resonators P4 and P5 may be any of the series resonators and the
parallel resonators of the first through third embodiments. The lattice type filter 102 thus
configured has a suppressed spurious level as in the case of the ladder type filter. Further, the
lattice type filter 102 has a wide frequency adjustable range. The resonators of the first through

third embodiments may be applied to filters other than the ladder type filter and the lattice type

filter.

Fifth Embodiment

[0045] A fifth embodiment is an exemplary RF (Radio Frequency) module for mobile
communications. FIG. 17 is a block diagram of the fifth embodiment. Referring to FIG. 17, a
module 70 has a duplexer 62 and a power amplifier 64. The duplexer 62 has a reception filter
62a and a transmission filter 62b.  The reception filter 62a is connected between an antenna
terminal 61 and reception terminals 63a and 63b. The reception filter 62a passes signals in a

reception band among signals received via the antenna terminal 61, and suppresses the remaining
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signals. The signals in the reception band are output via the reception terminals 63a and 63b as
balanced signals. The transmission filter 62b is connected between the power amplifier 64 and
the antenna terminal 61. The power amplifier 64 amplifies a signal received via a transmission
terminal 65, and outputs an amplified signal to the transmission filter 62b. At least one of the
reception filter 62a and the fransmission filter 62b may include the filter of any of the first
through fourth embodiments.

[0046]  As the piezoelectric thin-film resonator, the aforementioned first through third
embodiments employ the FBAR in which the cavity 30 is formed between the multilayered film
18 and the substrate 10 in the resonance portion 50.  Another type of piezoelectric thin-film
resonator may be used. For example, a hole is formed in the substrate and the multilayered film
18 is exposed to the hole. An acoustic reflection film may be substituted for the cavity in the
substrate. This kind of resonator is solidly mounted resonator (abbreviated as SMR). The
acoustic reflection film may be formed by alternately stacking a first film having a relative low
acoustic impedance and a second film having a relative high acoustic impedance so as to realize
a film thickness corresponding to the wavelength of the acoustic wave.

[0047] The present invention is not limited to the specifically described embodiments and
variations, but other embodiments and variations may be made without departing from the scope

of the claimed invention.
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CLAIMS

What is claimed is:

1. An acoustic wave device comprising:

a substrate;

a piezoelectric film formed on the substrate;

a lower electrode provided on a first surface of the piezoelectric film;

an upper electrode provided on a second surface of the piezoelectric film opposite
to the first surface; and

a mass loading film having a first pattern and a second pattern in a resonance
portion in which the lower electrode and the upper electrode face each other through the
piezoelectric film,

the first pattern having portions, which are arranged with spaces apart, and the
second pattern having portions interlinking the portions of the first pattern,

wherein the portions of the second pattern have a width smaller than that of the
portions of the first pattern,

wherein the first pattern and the second pattern in the resonance portion are defined
by a single pattern, and a complementary pattern of the first pattern and the second pattern
in the resonance portion are defined by a single pattern, and

adjacent portions of the first pattern among the portions of the first pattern are

interlinked by one of the portions of the second pattern.

2. The acoustic wave device according to claim 1, wherein the portions of

the first pattern are arranged regularly.

3. The acoustic wave device according to claim 1 or 2, wherein the portions

of the first pattern have an identical shape.

4. The acoustic wave device according to any one of claims 1 to 3, wherein

the portions of the second pattern have an identical width.

3. The acoustic wave device according to any one of claims 1 to 4, wherein
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the first pattern and the second pattern are defined by the mass loading film.

6. The acoustic wave device according to any one of claims 1 to 4, wherein

the first pattern and the second pattern are defined by openings formed in the mass loading
film.

7. The acoustic wave device according to any one of claims 1 to 6, wherein
the mass loading film is made of a material different from that of the lower electrode or the

upper electrode.

8. The acoustic wave device according to any one of claims 1 to 7, wherein
the mass loading film includes films, each of which has the first pattern and the second

pattern.

9. The acoustic wave device according to any one of claims 1 to 8, wherein
the lower electrode is formed so as to define a dome-shaped cavity between the lower

electrode and the substrate.

10. A filter comprising an acoustic wave device according to any one of

claims 1 to 9.

11. The filter according to claim 10, wherein the acoustic wave device
includes a plurality of resonators, and at least two of the plurality of resonators have
different occupying ratios of the first pattern and the second pattern to the resonance

portion.

12. The filter according to claim 11, wherein the at least two of the plurality of

resonators have an identical thickness of the mass loading film.
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