
1 DESCRIPTION PIEZOELECTRIC THIN-FILM RESONATOR, COMMUNICATION MODULE AND
COMMUNICATION DEVICE 5 Technical Field [0001] The disclosure of the present
application relates to a piezoelectric thin-film resonator, a communication
module, and a communication device. 10 Background Art [0002] In recent
years, with the rapid spread of radio equipment as typified by a mobile
phone, a filter device for high frequency communication has been developed,
which transmits only electric signals in a specific frequency band and is
obtained by combining two or more resonators that are made of piezoelectric
materials and use 15 surface acoustic waves (SAW) or bulk acoustic waves
(BAW). So far, a dielectric filter and a SAW filter have been mainly used.
However, a filter composed of a piezoelectric thin-film resonator has
recently attracted much attention because the piezoelectric thin-film
resonator exhibits good performance particularly at high frequencies, and
also can be formed as a small monolithic device. 20 [0003] In the
piezoelectric thin-film resonator, the vibration that propagates in a
direction perpendicular to an electrode surface is defined as a fundamental
mode of vibration. In some cases, there may be another mode of vibration
that propagates in a direction parallel to the electrode surface. Such a
vibration that propagates in the direction parallel to the electrode
surface is called "transverse mode spurious", which is 25 noise for the
fundamental mode of vibration. [0004] Patent Document 1 discloses a
piezoelectric thin-film resonator in which a plurality of holes are
provided in a portion of an upper electrode that is located opposite a
lower electrode across at least a part of a piezoelectric thin film The
plurality of holes are irregularly arranged and have irregular sizes or
shapes, so that the 30 transverse mode spurious can be suppressed. Prior
Art Documents  2 



Patent Documents [0005] Patent Document 1:3? 2007-184816 A Disclosure of
Invention 5 Problem to be Solved by the Invention [0006] However, in the
piezoelectric thin-film resonator disclosed in Patent Document 1, it is
difficult to provide an arrangement method of the holes or a pattern design
to suppress the transverse mode spurious. 10 Means for Solving Problem
[0007] A piezoelectric thin-film resonator disclosed in the present
application includes a substrate, a lower electrode provided on the
substrate, a piezoelectric film provided on the lower electrode, and an
upper electrode that is located opposite the lower electrode across at
least a part of the piezoelectric film. The upper electrode includes 15 a
plurality of concave or convex patterns in at least a region that faces the
lower electrode. The plurality of concave or convex patterns are densely
arranged in a central portion of the region and are sparsely arranged in a
peripheral portion of the region. [0008] A piezoelectric thin-film
resonator disclosed in the present application includes 20 a substrate, a
lower electrode provided on the substrate, a piezoelectric film provided on
the lower electrode, and an upper electrode that is located opposite the
lower electrode across at least a part of the piezoelectric film A mass
load film is provided on the upper electrode. The mass load film includes a
plurality of concave or convex patterns in at least a region that faces the
lower electrode. The plurality of concave or 25 convex patterns are densely
arranged in a central portion of the region and are sparsely arranged in a
peripheral portion of the region. Effects of the Invention      [0009]
According to the disclosure of the present application, unwanted spurious
can 30 be easily reduced. Brief Description of Drawings  3 



[0010] [FIG. 1A] FIG.1A is a plan view of an upper electrode having holes
at irregular positions.        [FIG. 1B] FIG. 1B is a plan view of an upper
electrode having holes with irregular shapes. 5[FIG. 10 FIG. 1C is a plan
view of an upper electrode having holes with irregular sizes.        [FIG.
2A1 FIG. 2A is a plan view of a piezoelectric thin-film resonator of an
embodiment. [FIG. 2B] FIG. 2B is a cross-sectional view taken along the
line A-A in FIG. 10 2A.        [FIG. 3A] FIG. 3A is a cross-sectional view
showing a manufacturing process of a piezoelectric thin-film resonator.
[FIG. 3B] FIG. 3B is a cross-sectional view showing a manufacturing process
of a piezoelectric thin-film resonator. 15[FIG. 30 FIG. 3C is a
cross-sectional view showing a manufacturing process of a piezoelectric
thin-film resonator.        [FIG. 3D] FIG. 3D is a cross-sectional view
showing a manufacturing process of a piezoelectric thin-film resonator.
[FIG. 4] FIG. 4 is a plan view of a mass load film of Example 1. 20[FIG. 5]
FIG. 5 is a characteristic diagram showing the resonance characteristics of
a piezoelectric thin-film resonator.     [FIG. 6] FIG. 6 is a plan view of
a mass load film of Comparative Example 2. [FIG. 7] FIG. 7 is a
characteristic diagram showing the resonance characteristics of a
piezoelectric thin-film resonator. 25[FIG. 8] FIG. 8 is a plan view of a
mass load film of Comparative Example 3. 



[FIG. 9] FIG. 9 is a characteristic diagram showing the resonance
characteristics of a piezoelectric thin-film resonator. [FIG. 10] FIG. 10
is a plan view showing a modified example of a mass load film 30[FIG. 11]
FIG. 11 is a cross-sectional view of a piezoelectric thin-film resonator of
Example 2. [FIG. 121 HG. 12 is a circuit diagram of a ladder filter of
Example 3.  4 [FIG. 13] FIG. 13 is a circuit diagram of a lattice filter of
Example 3. [FIG. 14] FIG. 14 is a block diagram of a communication module.
[FIG. 151 FIG. 15 is a block diagram of a communication device. [FIG. 161
FIG. 16 is a plan view showing a modified example of a mass load 5film.
Description of the Invention [0011] (Embodiments) [1. Configuration of
piezoelectric thin-film resonator] 10There are two types of piezoelectric
thin-film resonators:1113AR, (film bulk acoustic resonator) and SMR
(solidly mounted resonator). 



[0012] The former has a structure of upper electrode/piezoelectric
film/lower electrode on a substrate as the main components. A cavity is
formed under the lower electrode and located in a region where the upper
electrode and the lower electrode face each 15 other. In this case, the
cavity may be formed by wet etching a sacrificial layer that is formed
between the surface of the substrate and the lower electrode. Alternately,
the cavity may be formed by wet etching or dry etching the substrate from
the back side The latter has a structure in which films with a high
acoustic impedance and a thickness of 214 (2: the wavelength of an acoustic
wave) and films with a low acoustic 20 impedance and a thickness of 214 are
alternately laminated, and the laminated film is used as an acoustic
reflection film and as a substitute for the cavity. [0013] The electrode
films of the piezoelectric thin-film resonator may be made of, e.g.,
aluminum (AD, copper (Cu), chromium (Cr), molybdenum (1\,/fo), tungsten
(W), tantalum (Ta), platinum (Pt), ruthenium (Ru), rhodium (Rh), or iridium
(Ir). The 25 piezoelectric film may be made ot e.g., aluminum nitride (MN),
zinc oxide (Zn0), lead zirc,onate titanate (PZT), or lead titanate
(PbTiO3). The substrate may be made of, e.g., silicon (Si), glass, or
ceramics. [0014] When a high frequency voltage is applied as an electric
signal between the upper electrode and the lower electrode of the
piezoelectric thin-film resonator, an 30 acoustic wave is excited in the
piezoelectric film sandwiched between the upper electrode and the lower
electrode due to the inverse piezoelectric effect. Moreover, a distortion
caused by the acoustic wave is converted into an electric signal by the  5
piezoelectric effect. Such an acoustic wave is totally reflected from the
surface of the upper electrode film that is in contact with the air and the
surface of the lower electrode film that is in contact with the air.
Therefore, the acoustic wave is a longitudinal oscillatory wave in which
the main displacement is in the thickness 5 direction of the piezoelectric
film The use of this resonance phenomenon can provide a resonator having
desired frequency characteristics (or a filter formed by connecting a
plurality of the resonators). 1100151 For example, in the case of the
FBAR-type piezoelectric thin-film resonator, resonance occurs at a
frequency when the equation H = nAJ2 holds, where H 10 represents a total
thickness of the laminated structure including the upper electrode film,
the piezoelectric film, and the lower electrode film that are formed on the
cavity as the main components, A. represents a wavelength of the acoustic
wave, and n is an integer. That is, the resonance occurs at a frequency
when the total thickness H is an integral multiple (n times) of onethalf
wavelength A. (112 wavelength) of the acoustic 15 wave. The resonance
frequency F can be determined by 



F = nV/2H where V represents a propagation velocity of the acoustic wave
that depends on the material of the piezoelectric film Thus, the resonance
frequency F can be controlled by the total thickness H of the laminated
structure. 20 [0016] In the piezoelectric thin-film resonator, the
vibration that propagates in a direction perpendicular to the electrode
surface is defined as a fundamental mode of vibration. In some cases, there
may be another mode of vibration that propagates in a direction parallel to
the electrode surface. Such a vibration that propagates in the direction
parallel to the electrode surface is called "transverse mode spurious",
which is 25 noise for the fundamental mode of vibration. [0017] JP
2007-184816 A discloses the piezoelectric thin-film resonator in which a
plurality of holes are provided in the portion of the upper electrode that
is located opposite the lower electrode across at least a part of the
piezoelectric thin film. This piezoelectric thin-film resonator suppresses
the transverse mode spurious by adjusting 30 the arrangement, size or shape
of the holes. FIG. lA is a schematic diagram of an upper electrode 101
having a plurality of holes 102 that are irregularly arranged. FIG. 1B is a
schematic diagram of the upper electrode 101 having a plurality of holes  6
103 with irregular shapes. FIG. 1C is a schematic diagram of the upper
electrode 101 having a plurality of holes 104 with irregular sizes.
[0018] However, in the piezoelectric thin-film resonator disclosed in JP
2007-184816 A, it is difficult to provide an arrangement method of the
holes or a pattern design to 5 suppress the transverse mode spurious.
[0019] (Example 1)         FIG. 2A is a plan view of a piezoelectric
thin-film resonator (Example 1) of an embodiment. FIG. 2B is a
cross-sectional view taken along the line A-A in FIG. 2A [0020] As shown in
FIG. 24, the piezoelectric thin-film resonator of Example 1 10 includes a
substrate 41, a lower electrode 43, a piezoelectric film 44, an upper
electrode 45, a mass load film 51, and a frequency adjustment film 62 The
substrate 41 is made of, e.g., Si. The lower electrode 43 has, e.g., a
two-layer structure of Ru/Cr. 



The piezoelectric film 44 is made of, e.g., MN. The upper electrode 45 has,
e.g., a two-layer structure of a first layer 45a (Ru) and a second layer
45b (Cr). The lower 15 electrode 43, the piezoelectric film 44, and the
upper electrode 45 can be formed on the substrate 41 by a film forming
method such as sputtering. [0021] For example, in the case of the
piezoelectric thin-film resonator having a resonance frequency of 2 GHz,
the thickness of each layer may be approximately determined as follows: the
Ru film of the lower electrode 43 is 250 nm; the Cr film of 20 the lower
electrode 43 is 100 nm; the piezoelectric film 44 (MN) is 1150 nm; the
second layer 45b (Cr) of the upper electrode 45 is 20 nm; and the first
layer 45a (Ru) of the upper electrode 45 is 250 am The mass load film 51 is
made of, e.g., Ti with a thickness of 50 mm The mass load film 51 is formed
on the second layer 45b of the upper electrode 45 and located in at least a
region where the upper electrode 45 and 25 the lower electrode 43 face each
other. The frequency adjustment film 52 is formed above the second layer
45b so as to cover the mass load film 51 The frequency adjustment film 52
is made of, e.g., Si02. [0022] The thickness of each layer can be adjusted
according to the requirements specification of the filter. Therefore, the
lower electrode 43, the upper electrode 45, 30 the piezoelectric film 44,
the mass load film 51, and the frequency adjustment film 52 can have
configurations other than the above. Although the lower electrode 43 and
the upper electrode 45 have the two-layer structure in Example 1, they may
have a  7 single-layer structure. The mass load film 51 is formed on the
second layer 45b of the upper electrode 45 in Example 1, but may be
sandwiched between the first layer 45a and the second layer 45b. A
dome-like cavity (raised portion) is formed between the lower electrode 43
and the substrate 41 and located in the region where the upper 5 electrode
45 and the lower electrode 43 face each other. The "dome-like cavity" has a
shape that protrudes from the substrate 41 so that the height of the cavity
is low at the periphery and increases toward the center. [0023] FIGS. 3A to
3D are cross-sectional views showing manufacturing processes of the
piezoelectric thin-film resonator of Example 1. First, as shown in FIG. 3A,
a 10 sacrificial layer 49 including, e g., a magnesium oxide (MgO) is
formed on the Si substrate 41, e.g., by sputtering or vapor deposition. The
substrate 41 may be a quartz substrate, a glass substrate, a ceramics
substrate, or a GaAs substrate other than the Si substrate. In particular,
the substrate that is not easily etched is preferred so as to prevent the
substrate 41 from being etched with an etchant used for 



15 etching the sacrificial layer 49 in a cavity forming process, as will be
described later. Moreover, it is preferable that the sacrificial layer 49
is made of a material such as ZnO, Ge, Ti, or Cu that can be easily
dissolved in the etchant or etching gas. After the formation of the
sacrificial layer 49, it is processed into a desired shape using the
exposure technique and the etching technique. 20 [0024] Next, as shown in
FIG. 3B, the lower electrode 43 is formed on the substrate 41 and the
sacrificial layer 49. In this case, Ru/Cr can be deposited by sputtering or
the like to form the lower electrode 43. Then, the lower electrode 43 is
patterned into a desired shape to cover the sacrificial layer 49 using the
exposure technique and the etching technique. At this time, it is
preferable that a guide path 48 and guide holes 25 47 (see FIG. 2A) are
formed in the lower electrode 43 in order to introduce an etching medium
for the sacrificial layer 49. Next, the piezoelectric film 44 (MN) is
formed on the substrate 41 and the lower electrode 43 by sputtering or the
like. Subsequently, the first layer 45a (Ru) of the upper electrode 45 is
formed on the piezoelectric film 44, and the second layer 45b (Cr) is
formed on the first layer 45a. 30 [0025] Next, as shown in FIG. 3C, the
mass load film 51 (Ti) is formed on the second layer 45b by sputtering or
the like. Then, the mass load film 51 located in at least the region where
the upper electrode 45 and the lower electrode 43 face each other is  8
patterned into a desired shape using the exposure technique and the etching
technique. In this case, as shown in FIG. 4, the mass load film 51 is
formed as a plurality of patterns having an island structure (referred to
as island patterns 51a in the following) on the upper electrode 45, and the
island patterns 51a are located in at least the region 5 where the upper
electrode 45 and the lower electrode 43 face each other. The configuration
of the island patterns 51a will be described later. [0026] Next, the upper
electrode 45 is patterned into a desired shape using the exposure technique
and the etching technique. Then, the piezoelectric film 44 is patterned
into a desired shape using the exposure technique and the etching 10
technique. [0027] Next, as shown in FIG. 3D, the frequency adjustment film
52 (Si02) is formed by sputtering or the like The frequency adjustment film
52 is not limited to SiO2, and may use other insulating films such as a
metal oxide film and a metal nitride film, with which a part of excitation
energy can be gradually reduced. Subsequently, the 15 frequency adjustment
film 52 located on the upper electrode 45 is removed by the exposure
technique and the etching technique, and a bump pad (not shown) is formed
on that portion of the upper electrode 45 after removal of the frequency
adjustment film 52. Finally, the frequency adjustment film 52 located on
the guide holes 47 (see FIG. 2A) that are formed in the lower electrode 43
is removed by the exposure 20 technique and the etching technique, and then
the etching medium for the sacrificial layer 49 is introduced from the
guide holes 47 through the guide path 48 to the area under the lower
electrode 43, so that the sacrificial layer 49 is removed. Thus, a cavity
42 defined by the dome-like raised portion is formed under the region where
the upper electrode 45 and the lower electrode 43 face each other. The
etchant used for 25 etching the sacrificial layer 49 preferably has a
composition such that the materials 



constituting the piezoelectric thin film resonator other than the
sacrificial layer 49, particularly the electrode materials on the
sacrificial layer 49, which are to come into contact with the etchant, are
not etched. [0028] lb obtain the effect of this example, the materials for
each of the substrate, the 30 electrode films, and the piezoelectric film
are not limited to the above materials, and other materials also may be
used. Moreover, an acoustic reflection film may be formed by alternately
laminating films with a high acoustic impedance and a  9 thickness of 2J4
(2..: the wavelength of an acoustic wave) and films with a low acoustic
impedance and a thickness of 2J4 as a substitute for the physical cavity as
described above. [0029] FIG. 4 is a plan view showing a central portion in
the vicinity of an opposing 5 region of the upper electrode 45. As shown in
FIG. 4, the island patterns 51a are densely arranged (high density) in the
central portion (containing a point of intersection of two lines Li andl 9)
of the opposing region, and the island patterns 51a are sparsely arranged
(low density) in the peripheral portion of the opposing region. In this
example, the pitch of the island patterns 51a between the central portion
and 10 the peripheral portion is varied at a constant rate so that the
island patterns 51a are densely arranged in the central portion and
sparsely arranged in the peripheral portion of the opposing region. In the
context of the present invention, the "island pattern" or the "island
structure" indicates that the mass load film 51 is formed as a plurality of
dot patterns on a resonator. The mass load film 51 (Ti) can be etched by 15
either dry etching or wet etching. However, the dry etching is preferred
because it can easily achieve a fine pattern shape, and also can reduce
under-etching. The height of the pattern of the mass load film 51 may be
lower than the thickness of the mass load film 51 before patterning. By
making the height of the pattern of the mass load film 51 comparable to the
thickness, etching variations can be reduced during the 20 pattern
formation. Moreover, when a combination of the material of the mass load
film 51 and the material of the upper electrode 45 is selected so as to
have etching selectivity, damage to the other films can be reduced, and
thus an acoustic wave device having excellent characteristics can be stably
provided. [0030] FIG. 5 shows the resonance characteristics of the
piezoelectric thin-film 25 resonator of Example 1. In FIG. 5, the solid
line represents the resonance characteristics of the piezoelectric
thin-film resonator of Example 1, and the broken line represents the
resonance characteristics of a piezoelectric thin-film resonator that does
not include a mass load film. The resonance frequency is equal to or around
2015 MHz. The resonance characteristics shown in FIG. 5 are obtained using
the 



30 piezoelectric thin-film resonator in which the island patterns 51a of
the mass load film 51 are densely arranged in the central portion of the
region where the upper electrode 45 and the lower electrode 43 face each
other (i.e., the opposing region), and the island  10 patterns 51a are
sparsely arranged in the peripheral portion of the opposing region, as
shown in FIG. 4. In this case, the planar shape of an island pattern 51a
is, e.g., circular with a diameter of 2 pin. The island patterns 51a are
arranged in the following manner. For example, one island pattern 51a is
placed in the center (i.e., 5 the point of intersection of two lines Li and
L2 in FIG. 4) of the opposing region (referred to as a "center pattern" in
the following). Then, the island patterns 51a are arranged to be adjacent
to the center pattern in both vertical and horizontal directions with a
pitch of 7 pm (referred to as "first adjacent patterns" in the following).
Moreover, the island patterns 51a are arranged to be adjacent to the first
adjacent 10 patterns in both vertical and horizontal directions, e.g., with
a pitch of 8 gm, which is increased by a predetermined amount (1 gm) from
the pitch (7 pm) between the center pattern and any of the first adjacent
patterns (referred to as "second adjacent patterns" in the following).
Further, the island patterns 51a are arranged to be adjacent to the second
adjacent patterns in both vertical and horizontal directions with a pitch
of 9 pm. 15 In other words, the pitch of the island patterns 51a is
increased in predetermined increments from the initial pitch (i.e., the
pitch between the center pattern and any of the first adjacent patterns)
from the central portion to the peripheral portion of the opposing region.
[0031] The above arrangement of the island patterns 51a can provide the
mass load 20 film 51 that is capable of reducing unwanted spurious in a
simple manner with excellent design performance, compared to the irregular
arrangement of patterns as disclosed in Jr 2007-184816A. Arranging the
island patterns 51a of the mass load film 51 densely in the central portion
and sparsely in the peripheral portion of the opposing region is equal to
the fact that the pseudo-density of the film is made high in 25 the central
portion and low in the peripheral portion. Thus, this arrangement can
reduce the confinement effect of a transverse acoustic wave that is other
than the thickness longitudinal vibration (principal vibration) and causes
unwanted spurious, which results in a reduction in unwanted spurious.
[0032] FIG. 5 also shows the resonance characteristics of the piezoelectric
thin-film 30 resonator that does not include a mass load film (Comparative
Example 1) for comparison with the resonance characteristics in Example 1.
FIG. 5 shows the bandpass characteristics of the piezoelectric thin-fi]m
resonator in the vicinity of the  



11 resonance frequency and the loss is minimized at about the resonance
frequency (2015 MHz) and increased as the frequency is shifted away from
the resonance frequency Comparing the resonance characteristics of the two
piezoelectric thin-film resonators, the piezoelectric thin-film resonator
of the comparative example generates the 5 transverse mode spurious at
frequencies lower than the resonance frequency while the piezoelectric
thin-film resonator of this example can reduce the transverse mode spurious
that occurs at frequencies lower than the resonance frequency When a filter
device is composed of the piezoelectric thin-film resonator of the
comparative example, due to the spurious generated at frequencies lower
than the resonance frequency the 10 loss is increased as ripple in a band,
and thus the filter characteristics can be degraded. [0033] FIG. 6 is a
plan view of a mass load film 151 in which island patterns 151a are
periodically arranged (Comparative Example 2). FIG. 7 shows the resonance
characteristics of a piezoelectric thin-film resonator that includes the
mass load film 15 151 in FIG. 6, and the resonance characteristics of the
piezoelectric thin-film resonator that does not include a mass load film As
shown in FIG. 6, the piezoelectric thin-film resonator of Comparative
Example 2 includes the mass load film 151 including a plurality of island
patterns 151a that are uniformly and periodically arranged on the upper
electrode 145. As shown in FIG. 7, the level of spurious in the
piezoelectric 20 thin-film resonator of Comparative Example 2 is not
significantly changed from that in the piezoelectric thin-film resonator
that does not include a mass load film (Comparative Example 1). [0034] FIG.
8 is a plan view of a mass load film 251 in which island patterns 251a are
sparsely arranged in the central portion (containing a point of
intersection of two lines 25 Li and L2) of the opposing region, and the
island patterns 251a are densely arranged in the peripheral portion of the
opposing region (Comparative Example 3). FIG. 9 shows the resonance
characteristics of a piezoelectric thin-film resonator that includes the
mass load film 251 in FIG. 8 (Comparative Example 3), and the resonance
characteristics of the piezoelectric thin-film resonator that does not
include a mass load 30 film (Comparative Example 1). As shown in FIG. 8,
the piezoelectric thin-film resonator of Comparative Example 3 includes the
mass load film 251 including a plurality of island patterns 251a that are
sparsely arranged in the central portion and  12 densely arranged in the
peripheral portion of the opposing region. As shown in FIG. 9, the level of
spurious in the piezoelectric thin-film resonator of Comparative Example 3
is not changed from that in the piezoelectric thin-film resonator that does
not include a mass load film (Comparative Eta mple 1). 5 [0035] The
plurality of patterns of the mass load film 51 are not limited to the
island patterns, and may be hole patterns. Moreover, in addition to the
above method for 



arranging the plurality of patterns, as shown in FIG. 10, the center
position (i.e., a point of intersection of two lines L11 and L12) of the
arrangement of the patterns may be displaced from the center (i.e., the
point of intersection of two lines Li and L2) of the 10 region where the
upper electrode and the lower electrode face each other. In this example,
the pitch of the plurality of patterns of the mass load film is increased
at a constant rate so that the patterns are densely arranged in the central
portion and sparsely arranged in the peripheral portion of the opposing
region. However, the pattern structure may be formed by a method with
different regularity. 15 [0036] 'lb obtain the effect of this embodiment,
the materials for each of the substrate 41, the upper electrode 45, the
lower electrode 43, the piezoelectric film 44, and the mass load film 51
are not limited to the above materials, and other materials also may be
used. The above film configuration includes only the main components of the
piezoelectric thin-film resonator. For example, a dielectric film may be
provided 20 under the lower electrode 43 or on the upper electrode 45. The
dielectric film provided under the lower electrode 43 serves, e.g., as a
reinforcing material or an etching stop layer. The dielectric film provided
on the upper electrode 45 serves, e.g., as a passivation film or a
frequency regulator. [0037] The dome-like cavity 42 protrudes from the
substrate 41 toward the composite 25 film. Therefore, the substrate 41 does
not need to be etched, and the productivity can be improved. Moreover,
since the substrate 41 is not etched, it is also possible to prevent the
degradation of mechanical strength of the substrate 41. Further,
integration can be achieved because only a small area is required to form
the cavity 42. [0038] In this embodiment, the region where the upper
electrode 45 and the lower 30 electrode 43 face each other (i.e., the
opposing region) is in the form of an ellipse, as shown in FIG. 2A.
However, the opposing region may be in the form of a polygon in which the
opposing sides are not parallel to each other. When the opposing region is
13 in the form of a polygon with non-parallel sides, the acoustic wave
reflected from the side edge of the electrode is not likely to be a
transverse standing wave in a resonance portion due to the absence of
parallel sides. Thus, the occurrence of ripple in a pass band can be
suppressed. 5 [0039] In this example, the cavity 42 is formed on the flat
principal surface of the substrate 41. However, a similar effect to that of
this example also can be obtained with a piezoelethic thin-film resonator
having the cavity 42 in the substrate 41 under the lower electrode 43. The
cavity 42 under the lower electrode 43 can be formed by dry etching the
substrate 41 after the upper electrode 45, the piezoelectric film 44, and
10 the lower electrode 43 have been formed. [0040] (Example 2)         FIG.
11 is a cross-sectional view of a piezoelectric thin-film resonator
(Example 2) of this embodiment. In the piezoelectric thin-film resonator
shown in FIG. 11, the same components as those of the piezoelectric
thin-film resonator of 



15 Example 1 are denoted by the same reference numerals, and the detailed
explanation will not be repeated. In FIG. 11, the piezoelectric thin-film
resonator includes an upper electrode 53 having a mass load portion 53c as
a substitute for the upper electrode 45 in Example 1. [0041] The substrate
41 is made of Si. The lower electrode 43 has a two-layer 20 structure of
Ru/Cr. The piezoelectric film 44 is made ofAll\T. The upper electrode 53
has a two-layer structure of a first layer 53a (Ru) and a second layer 53b
(Cr). The lower electrode 43, the piezoelectric film 44, and the upper
electrode 53 can be formed by a film forming method such as sputtering. For
example, in the case of the piezoelectric thin-film resonator having a
resonance frequency of 2 GHz, the thickness 25 of each layer may be
approximately determined as follows: the Ru film of the lower electrode 43
is 250 nin; the Cr film of the lower electrode 43 is 100 nm; the
piezoelectric film 44 (AIN) is 1160 nm; the first layer 53a (Ru) of the
upper electrode 53 is 250 urn; and the second layer 53b (Cr) of the upper
electrode 53 is 20 urn. Moreover, the frequency adjustment film 52
including Si02 is provided as an uppermost layer in the 30 opposing region.
The thickness of each layer can be adjusted according to the requirements
specification of the filter. Therefore, the electrode films, the
piezoelectric film, and the frequency adjustment film can have
configurations other  14  than the above. Although the lower electrode 43
and the upper electrode 53 have the two-layer structure in this example,
they may have a single-layer structure. [0042] In this example, a portion
of the upper electrode 53 is used to provide the mass load portion 53c that
includes a plurality of concave or convex patterns so that the 5 concave or
convex patterns are densely arranged in the central portion of the region
where the upper electrode and the lower electrode face each other (i.e.,
the opposing region), and the concave or convex patterns are sparsely
arranged in the peripheral portion of the opposing region, as shown in FIG.
4. As shown in FIG. 11, when the mass load portion 53c including the
plurality of concave or convex patterns is formed 10 in a portion of the
upper electrode 53, spurious can be reduced at a low cost without using an
additional film [0043] (Example 3)         FIG. 12 is a circuit diagram of
a ladder filter. In the ladder filter shown in FIG. 12, series resonators
Si to S3 are connected between an input terminal 22 and an 15 output
terminal 24 (i.e., series arms). A parallel resonator P1 is connected
between the node between the series resonators Si, S2 and the ground. A
parallel resonator P2 is connected between the node between the series
resonators S2, 53 and the ground. The series resonators Si to S3 and the
parallel resonators Pi, P2 can be achieved with the use of the
piezoelectric thin-film resonators. In this case, at least one of the
series 



20 resonators Si to S3 and the parallel resonators P1, P2 can be the
piezoelectric thin-film resonator of Example 1. [0044] The resonance
frequency of each of the resonators can be controlled by providing the mass
load film 51 of Example 1 or the mass load portion 53c of Example 2 with
the island structure or the hole structure, controlling the area of the
mass load 25 film in each of the resonators, and arranging the patterns of
the resonators with the same pitches. Moreover, the positions (frequencies)
at which spurious occurs in each of the resonators can be scattered.
Accordingly, an acoustic wave device including a plurality of piezoelecLiic
thin-film resonators can reduce spurious and have excellent
characteristics. 30 [0045] In Example 3, the piezoelectric thin-film
resonators of Example 1 and Example 2 are used for the ladder filter.
However, they may be used for other acoustic wave devices such as a lattice
filter. In the lattice filter, as shown in FIG. 13,  15 a series resonator
S4 is connected between an input terminal 22a and an output terminal 24a,
and a series resonator S5 is connected between an input terminal 22b and an
output terminal 24k A parallel resonator P3 is connected between the input
terminal 22a and the output terminal 24b. A parallel resonator P4 is
connected 5 between the input terminal 22b and the output terminal 24a. In
this case, at least one of the series resonators S4, S5 and the parallel
resonators P3, P4 can be the piezoelectric thin-film resonator of Example 1
or Example 2. [0046] 112. Configuration of communication module] FIG. 14
shows an example of a communication module including the 10 piezoelectric
thin-film resonator of this embodiment. As shown in FIG. 14, a duplexer 62
includes a receiving filter 62a and a transmitting filter 62b. The
receiving filter 62a is connected to, e.g., receiving terminals 63a, 63b
provided fir balanced output. The transmitting filter 62b is connected to a
transmitting terminal 65 via a power amplifier 64. The receiving filter 62a
and the transmitting filter 62b include the 15 piezoelectric thin-film
resonators of this embodiment.  [0047] For a receiving operation, when
reception signals are input via an antenna terminal 61, the receiving
filter 62a transmits only the signals in a predetermined frequency band and
outputs the signals from the receiving terminals 63a, 63b to the outside.
For a transmitting operation, when transmission signals are input from the
20 transmitting terminal 65 and then amplified by the power amplifier 64,
the transmitting filter 62b transmits only the signals in a predetermined
frequency band and outputs the signals from the antenna terminal 61 to the
outside. [0048] In this embodiment, a communication module capable of
reducing spurious can be provided at a low cost. 



25 [0049] The configuration of the communication module shown in HG. 14 is
an example, and a similar effect also can be ob ained by incorporating the
piezoelectric thin-film resonator of this embodiment into the communication
modules having other configurations. [0050] [3. Configuration of
communication device] 30FIG. 15 shows an RF block of a mobile phone
terminal as an example of a communication device including the
piezoelectric thin-film resonator of this embodiment or the communication
module as described above. The communication  16 device shown in FIG. 15
indicates the configuration of a mobile phone terminal that is compatible
with the GSM (global system for mobile communications) system and the
W-CDMA (wideband code division multiple access) system. The GSM system in
this embodiment uses a 850 MHz band, a 950 MHz band, 1.8 GHz band, and 19
GHz band. 5 Although the mobile phone terminal includes a microphone, a
speaker, a liquid crystal display, etc. other than the configuration shown
in FIG. 15, those components are not necessary in the description of this
embodiment, and therefore are omitted from FIG. 15. In this case, receiving
filters 73a and 77 to 80 and a transmitting filter 73b include the
piezoelectric thin-film resonators of this embodiment. 10 [0051] First,
reception signals are input to an antenna switching circuit 72 via an
antenna 71. The antenna switching circuit 72 selects an LSI to be used for
an operation depending on whether the communication system of the reception
signals is the W-CDMA system or the GSM system. If the input reception
signals conform to the W-CDMA system, switching is performed so that the
reception signals are output 15 to a duplexer 73. The reception signals
input to the duplexer 73 are limited to a predetermined frequency band by
the receiving filter 73a, and then the balanced reception signals are
output to an LNA 74. The LNA 74 amplifies the input reception signals and
outputs them to an LSI 76. The LSI 76 performs demodulation based on the
input reception signals to produce sound signals, and controls the
operation of each 20 unit in the mobile phone terminal. [0052] On the other
hand, in the case of signal transmission, the LSI 76 generates transmission
signals. The generated transmission signals are amplified by a power
amplifier 75 and then input to the transmitting filter 73b. The
transmitting filter 73b transmits only the signals of the received
transmission signals that are within a 25 predetermined frequency band. The
transmission signals from the transmitting filter 73b are output to the
outside from the antenna 71 via the antenna switching circuit 72.  [0053]
If the input reception signals conform to the GSM system, the antenna
switching circuit 72 selects any one of the receiving filters 77 to 80 in
accordance with 30 the frequency band, and outputs the reception signals to
the selected receiving filter. 



After the frequency band of the reception signals has been limited by one
of the receiving filters 77 to 80, the reception signals are input to an
LSI 83. The LSI 83  17 performs demodulation based on the input reception
signals to produce sound signals, and controls the operation of each unit
in the mobile phone terminal. On the other hand, in the case of signal
transmission, the LSI 83 generates transmission signals The generated
transmission signals are amplified by a power amplifier 81 or 82 and 5 then
output to the outside from the antenna 71 via the antenna switching circuit
72. [0054] In this embodiment, a communication device capable of reducing
spurious can be provided at a low cost. [00551 [4. Effects of this
embodiment and others] In this embodiment, the island patterns 51a of the
mass load film 51 are 10 densely arranged as they get closer to the central
portion of the region where the upper electrode 45 and the lower electrode
43 face each other (i.e., the opposing region), and the island patterns 51a
are sparsely arranged as they get closer to the peripheral portion of the
opposing region. With this configuration, a piezoelectric thin-film
resonator that reduces unwanted spurious and has excellent characteristics
can be 15 provided at a low cost. Arranging the island patterns 51a of the
mass load film 51 densely in the central portion and sparsely in the
peripheral portion of the opposing region is equal to the fact that the
pseudo-density of the film is made high in the central portion and low in
the peripheral portion. Thus, this arrangement can reduce the confinement
effect of a transverse acoustic wave that is other than the thickness 20
longitudinal vibration (principal vibration) and causes unwanted spurious,
which results in a reduction in unwanted spurious.  [0056] In Example 1,
the mass load film 51 includes the island patterns 51a, as shown in FIG. 4.
However, the mass load film 51 may include hole patterns. FIG. 16 is a plan
view of the mass load film 51 including hole patterns 51b. As shown in 25
FIG. 16, the hole patterns 51b of the mass load film 51 are sparsely
arranged as they get closer to the central portion (containing a point of
intersection of two lines Li and L2) of the opposing region, and the hole
patterns 51b are densely arranged as they get closer to the peripheral
portion of the opposing region. A piezoelecttic thin-film resonator
including the mass load film Si with the above configuration can have the
30 same resonance characteristics as those shown in FIG. 5, and also can
reduce unwanted spurious. 



[0057] The following notes are disclosed with respect to this embodiment.
18 [00581 (Note 1)        A piezoelectric thin-film resonator includes a
substrate, a lower electrode provided on the substrate, a piezoelectric
film provided on the lower electrode, and an upper electrode that is
located opposite the lower electrode across at least a part of the 5
piezoelectric film The upper electrode includes a plurality of concave or
convex patterns in at least a region that faces the lower electrode. The
plurality of concave or convex patterns are densely arranged in a central
portion of the region and are sparsely arranged in a peripheral portion of
the region. [0059] If the region where the upper electrode and the lower
electrode face each other 10 (i.e., the opposing region) is in the form of
a square, a transverse mode acoustic wave that propagates from a certain
point on any side of this region is reflected from the opposite parallel
side at right angles and returns to the original point. When a plurality of
acoustic waves travel back and fourth along the same resonance path as
described above, unwanted spurious occurs. In this case, however, the upper
15 electrode includes the plurality of concave or convex patterns in the
opposing region so that the pitch is varied at a constant rate. Therefore,
the transverse mode acoustic wave that propagates from a certain point is
reflected from the boundary between the concave or convex patterns.
Moreover, since the concave or convex patterns are densely arranged in the
central portion and sparsely arranged in the peripheral 20 portion of the
opposing region, the same resonance path is hardly formed. Accordingly, the
occurrence of a transverse mode standing wave can be suppressed, and thus
spurious can be reduced. [0060] (Note 2) A piezoelectric thin-film
resonator includes a substrate, a lower electrode 25 provided on the
substrate, a piezoelectric film provided on the lower electrode, and an
upper electrode that is located opposite the lower electrode across at
least a part of the piezoelectric film. A mass load fihn is provided on the
upper electrode. The mass load film includes a plurality of concave or
convex patterns in at least a region that faces the lower electrode. The
plurality of concave or convex patterns are densely 30 arranged in a
central portion of the region and are sparsely arranged in a peripheral
portion of the region. With this configuration, a piezoelectric thin-film
resonator that reduces spurious can be provided.  



19 [0061] (Note 3) The piezoelectric thin-film resonator according to note
1 or 2, wherein a pitch of the concave or convex patterns is regularly
varied so that the concave or convex patterns are densely arranged in the
central portion of the region and are sparsely 5 arranged in the peripheral
portion of the region. This configuration can reduce the transverse mode
spurious in a manner with excellent design performance. [0062] (Note 4)
The piezoelectric thin-film resonator according to any one of notes 1 to 3,
wherein the concave or convex patterns are formed in a portion of the upper
electrode. 10 This configuration can suppress an increase in electrode
resistance, so that a piezoelectric thin-film resonator that has low loss
and reduces spurious can be provided. [0063] (Note 5) The piezoelectric
thin-film resonator according to any one of notes 1 to 4, 15 wherein the
concave or convex patterns are island-like or hole-like dot patterns. With
this configuration, a piezoelectric thin-film resonator that reduces
spurious can be provided. [0064] (Note 6) The piezoelectric thin-film
resonator according to any one of notes 1 to 5, 20 wherein a mass load film
is formed on the concave or convex patterns of the upper electrode. With
this configuration, a piezoelectric thin-film resonator that reduces
spurious can be provided. [0065] (Note 7)              The piezoelectric
thin-film resonator according to note 2, wherein a height of 25 the shape
of the mass load film is comparable to a thickness of the mass load film.
With this configuration, the height of the patterns can be properly
controlled, so that a piezoelectric thin-film resonator that reduces
spurious can be stably provided. 



[0066] (Note 8) The piezoelectric thin-film resonator according to note 2,
wherein a material of 30 the mass load film differs from a material of the
upper electrode. With this configuration, the height of the patterns can be
properly controlled, so that a piezoelectric thin-film resonator that
reduces spurious can be stably provided.  20 [00671 (Note 9)        The
piezoelectric thin-film resonator according to note 2, wherein a
combination of a material of the mass load film and a material of the upper
electrode is a combination of materials with etching selectivity With this
configuration, the 5 height of the patterns can be properly controlled, so
that a piezoelectric thin-film resonator that reduces spurious can be
stably provided. [006E41 (Note 10)         The piezoelectric thin-film
resonator according to note 2, wherein another mass load film is provided
between the mass load film and the upper electrode. With 10 this
configuration, a piezoelectric thin-film resonator that reduces spurious
can be provided. [0069] (Note 11)         The piezoelectric thin-film
resonator according to note 2, wherein another mass load film is provided
on the mass load film. With this configuration, a 15 piezoelectric
thin-film resonator that reduces spurious can be provided. [0070] (Note 12)
The piezoelectric thin-film resonator according to note 1 or 2, wherein an
overlapping region of the upper electrode and the lower electrode is in the
form of an ellipse. This configuration can prevent the acoustic wave
reflected from the outer 20 edge of the piezoelectric thin film from being
a transverse standing wave in a resonator, so that a piezoelectric
thin-film resonator that reduces spurious further can be provided. [00711
(Note 13) 



The piezoelectric thin-film resonator according to note 1 or 2, wherein an
25 overlapping region of the upper electrode and the lower electrode is in
the foim of a polygon with non-parallel sides. This configuration can
prevent the acoustic wave reflected from the outer edge of the
piezoelectric thin film from being a transverse standing wave in a
resonator, so that a piezoelectric thin-film resonator that reduces
spurious further can be provided. 30 [0072] (Note 14)         An acoustic
wave device includes at least one piezoelectric thin-film resonator
according to any one of notes 1 to 13. This configuration can provide a
small   21 high-performance acoustic wave device. [0073] (Note 15)
A filter device includes at least one piezoelectric thin-film resonator
according to any one of notes 1 to 13. This configuration can provide a
small high-performance 5 filter device. [0074] (Note 16)         A duplexer
includes at least one piezoelectric thin-film resonator according to any
one of notes 1 to 13. This configuration can provide a small
high-performance duplexer. 10 [0075] (Note 17) A communication module
includes at least one piezoelectric thin-film resonator according to any
one of notes 1 to 13. This configuration can provide a small
high-performance communication module. 



[0076] (Note 18) 15A communication device includes at least one piezoelecn
thin-film resonator according to any one of notes 1 to 13. This
configuration can provide a small high-performance communication device.
Industrial Applicability 20 [0077] The present application is useful for a
piezoelectric thin-film resonator, a communication module, and a
communication device. Description of Reference Numerals [0078] 41Substrate
2542Cavity 43Lower electrode 44Piezoelectric film 45Upper electrode
46Membrane portion 3050Mass load film 51Mass load fdm  22 CLAMS    [1] A
piezoelectric thin-film resonator comprising: 



a substrate; a lower electrode provided on the substrate; 5a piezoelectric
film provided on the lower electrode; and        an upper electrode that is
located opposite the lower electrode across at least a part of the
piezoelectric film, wherein a mass load film is provided on the upper
electrode,              the mass load film includes a plurality of concave
or convex patterns in at 10 least a region that faces the lower electrode,
and        the plurality of concave or convex patterns are densely arranged
in a central portion of the region and are sparsely arranged in a
peripheral portion of the region.    [2] The piezoelectric thin-film
resonator according to claim 1, wherein the upper 15 electrode has a
plurality of concave or convex patterns that are to be fitted into the
concave or convex patterns. [31The piezoelectric thin-film resonator
according to claim 1, wherein a pitch of the concave or convex patterns is
regularly varied so that the concave or convex 20 patterns are densely
arranged in the central portion of the region and are sparsely arranged in
the peripheral portion of the region.  [4] The piezoelectric thin-film
resonator according to claim 1, wherein the concave or convex patterns are
island-like or hole-like dot patterns. 25  [5] A communication module
comprising the piezoelectric thin-film resonator according to claim 1 or 2.


