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FI LTER, AND DUPLEXER Fi el d [0001] A certain aspect of the present invention
relates to a piezoelectric thin filmresonator, a filter, and a dupl exer.
Background [ 0002] Acoustic wave devices using a piezoelectric thin film
resonat or have been used as filters and dupl exers of w rel ess devices such
as nobi |l e phones. The piezoelectric thin filmresonator is structured to
have a | ower el ectrode and an upper el ectrode facing each other across a

pi ezoelectric film t00031Rapid spread of wireless systens results in usage
of many frequency bands. This
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PIEZOELECTRIC THIN FILM RESONATOR, FILTER, AND DUPLEXER

Field
[0001] A certain aspect of the present invention relates to a piezoelectric thin film resonator,

a filter, and a duplexer.

Background

[0002] Acoustic wave devices using a piezoelectric thin film resonator have been used as
filters and duplexers of wireless devices such as mobile phones. The piezoelectric thin film
resonator is structured to have a lower electrode and an upper electrode facing each other across
a piezoelectric film.

[0003] Rapid spread of wireless systems results in usage of many frequency bands.  This
requires the skirt characteristics of a filter or a duplexer to be steep. Increasing the Q value of
the piezoelectric thin film resonator is one of measures for making the skirt characteristics steep.
One of the reasons that the Q value of the piezoelectric thin film resonator deteriorates is leakage
of acoustic wave energy from a resonance region to the outside.

[0004] Japanese Patent Application Publication No. 2006-109472 (Patent Document 1)
discloses that a Q value is improved by providing a circular band to a surface of the lower
electrode or the upper electrode.

[0005] However, the structure disclosed in Patent Document 1 cannot sufficiently reduce the

acoustic wave energy leaking from the resonance region to the outside. Therefore, the



requires the skirt characteristics of a filter or a duplexer to be steep.
I ncreasing the Q value of the piezoelectric thin filmresonator is one of
measures for nmaking the skirt characteristics steep. One of the reasons
that the Q value of the piezoelectric thin filmresonator deteriorates is
| eakage of acoustic wave energy froma resonance region to the outside.
100041Japanese Patent Application Publication No. 2006-109472 (Patent
Docunent 1) discloses that a Qvalue is inproved by providing a circular
band to a surface of the |ower electrode or the upper el ectrode.
100051However, the structure disclosed in Patent Docunent 1 cannot
sufficiently reduce the acoustic wave energy | eaking fromthe resonance

region.to the outside  Therefeor the inprovenent of the Qvalue is
insuffWEPgﬁwﬁngﬂb@ié a&f‘%h%”ﬁﬁ%ENTICN [ 0006] According to an aspect of the

present invention, there is provided a piezoelectric thin filmresonator
including: a substrate; a piezoelectric filmlocated on the substrate; a
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electrode and an upper electrode facing each other across at least a part of the piezoelectric film;

and an insertion film that is inserted into the piezoelectric film, is located in at least a part of an

outer periphery region in a resonance region in which the lower electrode and the upper electrode

face each other across the piezoelectric film, and is not located in a center region of the

resonance region.

[0007] According to an aspect of the present invention, there is provided a filter including

the above described piezoelectric thin film resonator.

[0008] According to an aspect of the present invention, there is provided a duplexer

including: a transmit filter; and a receive filter, wherein at least one the transmit filter and the

receive filter is the above described filter.

BRIEF DESCRIPTION OF THE DRAWINGS
[0009] FIG. 1A is a plan view of a piezoelectric thin film resonator in accordance with a first
embodiment, FIG. 1B is a plan view of an insertion film, and FIG. 1C and FIG. 1D are
cross-sectional views taken along line A-A in FIG. 1A;
FIG. 2A through FIG. 2C are cross-sectional views illustrating a method of fabricating a
series resonator in accordance with the first embodiment;

FIG. 3A is a diagram illustrating a Q value at an anti-resonance point with respect to a



resonance region. [0007] According to an aspect of the present invention,
there is provided a filter including the above described piezoelectric thin
filmresonator. [0008] According to an aspect of the present invention,
there is provided a duplexer including: a transmt filter; and a receive
filter, wherein at |least one the transmt filter and the receive filter is
t he above described filter. BRI EF DESCRI PTI ON OF THE DRAW NGS [0009]FIG I A
is a plan view of a piezoelectric thin filmresonator in accordance with a
first enbodinent, FIG IBis a plan view of an insertion film and FIGIC
and FIG 1D are cross-sectional views taken along line AAAin FIG IA

FIG 2A through FIG 2C are cross-sectional views illustrating a nmethod of

fabricating a rie tor. | it i . i t;
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res pecct:oetff?cigit K2eff with respect to a Young's modulus;

FIG. 4 is a diagram illustrating FOM with respect to T1/T2;

FIG. 5 is a diagram illustrating FOM with respect to T1/T2;

FIG. 6 is a diagram illustrating FOM with respect to a normalized width of the insertion
film;

FIG. 7A and FIG. 7B are enlarged schematic views around an edge portion of a
resonance region;

FIG. 8A is a plan view of a piezoelectric thin film resonator in accordance with a second
embodiment, FIG. 8B is a plan view of an insertion film, and FIG. 8C and FIG. 8D are
cross-sectional views taken along line A-A in FIG. 8A;

FIG. 9A is a plan view of a piezoelectric thin film resonator in accordance with a third
embodiment, FIG. 9B is a plan view of an insertion film, and FIG. 9C are cross-sectional views
taken along line A-A in FIG. 9A;

FIG. 10A is a plan view of a piezoelectric thin film resonator in accordance with a
fourth embodiment, FIG. 10B is a plan view of an insertion film and an additional film, and FIG.
10C and FIG. 10D are cross-sectional views taken along line A-A in FIG. 10A;

FIG. 11A is a plan view of a piezoelectric thin film resonator in accordance with a fifth
embodiment, FIG. 11B is a plan view of an insertion film and an aperture, and FIG. 11C and FIG.
11D are cross-sectional views taken along line A-A in FIG. 11A;

FIG. 12A is a cross-sectional view of a piezoelectric thin film resonator in accordance
with a sixth embodiment, and FIG. 12B is a cross-sectional view of a piezoelectric thin film

resonator in accordance with a variation of the sixth embodiment;



Young's nodulus, and FIG 38 is a diagramillustrating an effective

el ectromechani cal coupling coefficient keff with respect to a Young's
nodulus; FIG 4 is a diagramillustrating FOMwith respect to 1111-2; FIG
5is adiagramillustrating FOMw th respect to T1 /T2; FIG 6 is a diagram
illustrating FOMw th respect to a nornmalized width of the insertion film
FIG 7A and FIG 7B are enlarged schematic views around an edge portion of
a resonance region; FIG 8A is a plan view of a piezoelectric thin
filmresonator in accordance with a second enbodinment, FIG 88 is a plan
view of an insertion Film and FIG 8C and FIG 8D are cross-sectional
views taken along line A-Ain FIG 8A FIG 9A is a plan view of a
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a plan vi ew 0 ect sonator in accordance wt
fourth_ enb /F%m §I1 10B is a plan view of an insertion filmand an
addi tl%ﬂ ;ﬁ [ IOC and FIG | OD are cross-sectional views taken

along Iine AFIé Hqislglp%n v]ig"\e‘;of an insertion film of the transmit filter;

FIG. 16 is a cross-sectional view of a fabricated piezoelectric thin film resonator in
accordance with the second embodiment;

FIG. 17 is a diagram illustrating a Q value in cases of existence and non-existence of
cracks with respect to a frequency;

FIG. 18A and FIG. 18B are enlarged views of edge portions of insertion films in
accordance with a fourth comparative example and an eighth embodiment, respectively;

FIG. 19 is a diagram illustrating a production ratio of crack with respect to an angle o;

FIG. 20 is a diagram illustrating a Q value with respect to a frequency in cases of o =
30°and o =75%;

FIG. 21A through FIG. 21C are plan views of a piezoelectric thin film resonator (No. 1);

and
FIG. 22A through FIG. 22B are plan views of the piezoelectric thin film resonator (No.
2).
DETAILED DESCRIPTION
[0010] Hereinafter, a description will be given of embodiments of the present invention with

reference to the attached drawings.
First Embodiment

[0011] FIG. 1A is a plan view of a piezoelectric thin film resonator in accordance with a first



FIG 11A is a plan view of a piezoelectric thin filmresonator in
accordance with a fifth enbodinment, FIG 11B is a plan view of an insertion
filmand an aperture, and FIG | IC and FIG 11D are cross-sectional views
taken along line A-Ain FIG 11A | 2A is a cross-sectional view
of a piezoelectric thin filmresonator in accordance with a sixth

enbodi ment, and FIG 128 is a cross-sectional view of a piezoelectric thin
filmresonator in accordance with a variation of the sixth enbodi nent;

FIG 13 is a circuit diagram of a duplexer in accordance with a seventh
enbodinment; FIG 14A is a plan view of a transmt filter, and FIG 14B is a
cross-sectional view taken along line AAAin FIG [4A; FIG 15 is a plan
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1A and FIG. 1C. A lower electrode 12 is located on a substrate 10 that is a silicon (Si) substrate.

An air-space 30 having a dome-shaped bulge is formed between the flat principal surface of the

substrate 10 and the lower electrode 12.  The dome-shaped bulge is a bulge having a shape in

which the height of the air-space 30 is low near the periphery of the air-space 30 and the height

of the air-space 30 increases at closer distances to the center portion of the air-space 30.  The

lower electrode 12 includes a lower layer 12a and an upper layer 12b.  The lower layer 12a is,

for example, a Cr (chrome) film, and the upper layer 12b is, for example, a Ru (ruthenium) film.

[0013] Located on the lower electrode 12 is a piezoelectric film 14 composed mainly of

aluminum nitride (AIN) having a main direction of (002) direction. ~An insertion film 28 is

located in the piezoelectric film 14.  An upper electrode 16 is located on the piezoelectric film

14 so as to have a region (resonance region 50) facing the lower electrode 12 across the

piezoelectric film 14. The resonance region 50 has an elliptical shape, and is a region in which

an acoustic wave in a thickness extension mode resonates.  The upper electrode 16 includes a

lower layer 16a and an upper layer 16b.  The lower layer 16a is, for example, an Ru film, and

the upper layer 16b is, for example, a Cr film.

[0014] A silicon oxide film as a frequency adjusting film 24 is formed on the upper electrode

16. A multilayered film 18 in the resonance region 50 includes the lower electrode 12, the

piezoelectric film 14, the insertion film 28, the upper electrode 16, and the frequency adjusting



FIG 21A through FIG 21C are plan views of a piezoelectric thin film
resonator (No. 1); and FI G 22A through FIG 22B are plan views of the

pi ezoel ectric thin filmresonator (No. 2). DETAI LED DESCRI PTI ON

10010] I lereinafter, a description wll be given of enbodi ments of the
present invention with reference to the attached draw ngs. First Enbodi nent
10011]FIG 1A is a plan view of a piezoelectric thin filmresonator in
accordance with a first

film 24. The frequency adjusting film 24 may act as a passivation film.

[0015] As illustrated in FIG. 1A, an introduction path 33 used to etch a sacrifice layer is
formed in the lower electrode 12. The sacrifice layer is a layer used to form the air-space 30.
The piezoelectric film 14 does not cover the vicinities of the tips of the introduction path 33, and
the lower electrode 12 has hole portions 35 at the tips of the introduction path 33.

[0016] A description will be given of a structure of a parallel resonator P with reference to
FIG. 1A and FIG. 1D. The parallel resonator P includes a mass load film 20 made of a Ti
(titanium) layer between the layers of the upper electrode 16 in comparison with the series
resonator S.  Thus, the multilayered film 18 includes the mass load film 20 formed across the
whole surface in the resonance region 50 in addition to the multilayered film of the series
resonator S.  Other structures are the same as those of the series resonator S illustrated in FIG.
1C, and will not be described.

[0017] The difference in resonance frequency between the series resonator S and the parallel
resonator P is adjusted with the film thickness of the mass load film 20. Resonance frequencies
of the series resonator S and the parallel resonator P are adjusted by adjusting the film thickness
of the frequency adjusting film 24.

[0018] When the piezoelectric thin film resonator has a resonance frequency of 2 GHz, the
lower layer 12a made of a Cr film has a film thickness of 100 nm and the upper layer 12b made
of an Ru film has a film thickness of 250 nm in the lower electrode 12.  The piezoelectric film
14 made of an AIN film has a film thickness of 1100 nm. The insertion film 28 made of an Al
(aluminum) film has a film thickness of 150 nm. In the upper electrode 16, the lower layer 16a
made of an Ru film has a film thickness of 250 nm, and the upper layer 16b made of a Cr film

has a film thickness of 50 nm. The frequency adjusting film 24 made of a silicon oxide film has



enbodinment, FIG 1B is a plan view of an insertion film and FIG 1C and
FIG 1D are cross-sectional views taken along line AAAin FIG IA FIG 1C
is a cross-sectional viewillustrating a series resonator of, for exanple,
a |ladder-type filter and FIG IDis a cross-sectional viewillustrating a
paral |l el resonator of, for exanple, a |adder-type filter. [0012] A
description will be given of a structure of a series resonator Swth
reference to FIG IAand FIG IC. A lower electrode 12 is located on a
substrate 10 that is a silicon (Si) substrate. An air-space 30 having a
done- shaped bulge is fornmed between the flat principal surface of the
substrate 10 and the I ower electrode 12. The done-shaped bulge is a bul ge
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region 52 to the outside of the resonance region 50. Hole portions 34 corresponding to the hole
portions 35 are located in the insertion film 28.

[0020] The substrate 10 may be a quartz substrate, a glass substrate, a ceramic substrate, or a
GaAs substrate instead of an Si substrate. The lower electrode 12 and the upper electrode 16
may be made of a single-layer film of Al (aluminum), Ti (titanium), Cu (copper), Mo
(molybdenum), W (tungsten), Ta (tantalum), Pt (platinum), Rh (thodium), or Ir (iridium) or a
multilayered film of them instead of an Ru film and a Cr film. When the upper electrode 16 is
made of a multilayered film, the insertion film 28 may be located on a boundary face of the
multilayered film. For example, the lower layer 16a of the upper electrode 16 may be made of
Ru, and the upper layer 16b may be made of Mo. The piezoelectric film 14 may be made of
ZnO (zinc oxide), PZT (lead zirconate titanate), or PbTiOs (lead titanate) instead of aluminum
nitride. In addition, the piezoelectric film 14 may be composed mainly of aluminum nitride,

and include other elements to improve resonance characteristics or improve piezoelectricity.



f00151As illustrated in FIG 1A, an introduction path 33 used to etch a
sacrifice layer is fornmed in the |Iower electrode 12. The sacrifice |ayer is
a layer used to formthe air-space 30. The piezoelectric film 14 does not
cover the vicinities of the tips of the introduction path 33, and the | ower
el ectrode 12 has hole portions 35 at the tips of the introduction path 33.

[ 0016] A description wll be given of a structure of a parallel resonator P
with reference to FIG | A and HG 1D. The parallel resonator P includes a
mass load film20 made of a Ti (titaniunm) |ayer between the |layers of the
upper electrode 16 in conparison with the series resonator S. Thus, the
multilayered film 18 includes the mass |load film 20 fornmed across the whole
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electrode 16 instead of between the layers of the upper electrode 16.  The mass load film 20
may be larger than the resonance region 50 as long as it is formed so as to include the resonance
region 50.
[0022] FIG. 2A through FIG. 2C are cross-sectional views illustrating a method of
fabricating a series resonator in accordance with the first embodiment.  As illustrated in FIG.
2A, a sacrifice layer 38 for forming the air-space is formed on the substrate 10 having a flat
principal surface. The sacrifice layer 38 has a film thickness of, for example, 10 to 100 nm, and
the material thereof is selected from materials such as MgO, ZnO, Ge, and SiO, that easily
dissolve in an etching liquid or an etching gas. Then, the sacrifice layer 38 is patterned into a
desired shape by photolithography and etching. The sacrifice layer 38 has a shape that
corresponds to a planar shape of the air-space 30 and includes a region to become the resonance

region 50. Next, the lower layer 12a and the upper layer 12b are formed on the sacrifice layer

38 and the substrate 10 as the lower electrode 12.  The sacrifice layer 38 and the lower



[0019] As illustrated in FIG 1B, the insertion film28 is located in an
outer periphery region 52 in the resonance region 50 and not located in a
center region 54. The outer periphery region 52 is a region in the
resonance region 50, and is a region including an outer periphery of the
resonance regi on 50 and being along the outer periphery. The outer
periphery region 52 is, for exanple, ring-shaped with a width. The center
region 54 is a region in the resonance region 50, and is a region including
the center of the resonance region 50. The center does not need to be a
geonetric center. The insertion film28 is continuously | ocated fromthe
outer periphery region 52 to the outside of the resonance region 50. Hole
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the sacrifice layer 38. Especially, the etching medium is preferably a medium that does not etch
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el ectrode 12 are formed by, for exanple, sputtering, vacuum evaporation, or
CVD (Chem cal Vapor Deposition). Then, the |ower electrode 12 is patterned
into a desired shape by photolithography and etching. The | ower el ectrode
12 may be fornmed by liftoff 10023]As illustrated in FIG 2B, a

pi ezoel ectric filml4a and the insertion film28 are fornmed on the | ower

el ectrode 12 and the substrate 10 by, for exanple, sputtering, vacuum
evaporation, or CVD. The insertion film28 is patterned into a desired
shape by photolithography and etching. The insertion film 28 nmay be forned
by liftoff 100241As illustrated in FIG 2C, a piezoelectric film 14b and
the lower layer 16a and the upper |ayer 16b of the upper electrode 16 are
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zﬁﬁegfﬁl aeleﬁeﬁlm%a;e{e"f"’*fﬁ s R Y T
arallel . reso t F
by, f of AR %%f*mslgl}f) tbﬁ 4 i t%%ec{]ogn% %bs&*e&fﬂ%“%ﬁm 1%%%95 (bt | oF e

I
over e, Ll IR0 LMVRE AR erdha 2 desired
E)OOZG] (t]n%.']ér e%ﬁg\r}}g%tsad ggfisdtplgp geﬁtl;x It l%enl})\%érzel gctgo(a g??mcp %ﬁe l?srﬁ X3P lTﬁe segr%gt tering

er ned 5 'a desire shape

lS)g.CPih ]9 {eg(ét%altt%&g %@qc@g%hﬁtlcm @%&Glﬁgéﬁtﬁgsg% %lq?eso%tgth’ r]QlSJ étgdjlnqubolgt ch the

and FIG. 1D are fabricated through the above described process.

[0028] A Q value at an anti-resonance point was simulated with a finite element method

while changing the material of the insertion film 28. The finite element method was performed

by a two-dimensional analysis with respect to the cross-section illustrated in FIG. 1C.  The film

thickness and the material of each film of the multilayered film 18 were assumed to be the same

as those of the corresponding film in the piezoelectric thin film resonator having a resonance

frequency of 2 GHz described in FIG. 1A to FIG. 1D.  That is to say, the piezoelectric film 14

was assumed to be made of AIN.  The insertion film 28 was assumed to have a film thickness of

150 nm, and a width W of the insertion film 28 overlapping with the resonance region 50 was

assumed to be 2 um. The insertion film 28 was assumed to be located in the middle position in

the film thickness direction of the piezoelectric film 14.

[0029] FIG. 3A is a diagram illustrating a Q value at an anti-resonance point with respect to

a Young's modulus, and FIG. 3B is a diagram illustrating an effective electromechanical coupling

coefficient keff with respect to a Young's modulus.  The first comparative example corresponds

to a resonator not including the insertion film 28. The Q value and the effective

electromechanical coupling coefficient K2eff were calculated with respect to Al, SiO,, Ti, Cr, AIN,

Ru, and W as the material of the insertion film 28.
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| ayer 38 under the | ower electrode 12 through the hole portion 35 and the

i ntroduction path 33 (see FIG 1A). This process renoves the sacrifice

| ayer 38. The nmediumused to etch the sacrifice layer 38 is preferably a
medi um t hat does not etch the material of the resonators except the
sacrifice |layer 38. Especially, the etching mediumis preferably a nedi um
that does not etch the |lower electrode 12 that nakes contact with the
etching nedium The stress of the nultilayered film18 (see FIG IC, FIG
ID) is set to a conpression stress. This causes the nultilayered film18 to
bul ge out to the opposite side of the substrate 10 so as to separate from
the substrate 10 when the sacrifice layer 38 is renbved. The air-space 30

havi ng[gﬁ?r at Alsgﬁ!tjjﬁ%tetaqllx 9% b3 h%o(:ﬂg%lug&éﬁ\@ﬁh 1eE'(%ah@éQ?dhxt‘%&%s@Qﬂ%@-z a ld

the su € series res ustrated in FIG |A and FIG IC

? a(tj)r It 21%3 gaal%ﬁylgg 6 g\%/f% r\(%u s mogulllyﬁt & £ Hendelfdn 1fg§\2%i\ﬁllxeﬁthé Do

escri ed process. val ue at” an

anti - r es?@ﬁsng%g@ réﬁ t]%}? thﬁi}%lﬁit ﬁld val@e% gﬁcof]ﬁg%él%aiﬁnl t%?f?ﬁltat Qiet'h%]ﬁgt whi | e

changi 1§ nsert nite el enent nethod
o ose- CuuTae AHp Rty a BT e o Q0 st M ERREE LR R 2o er
Chose. o1 TameRoYEEs Bhdl e P aﬁ% Db SRR IR Pl 28 oo
o Qggcgygt?cf\ﬁ%ae&%iozﬁéfﬁwﬁwZh RIS reggg%""’%f SRl & e
W dth e he@erebptras f?gﬁ%oé%w%i‘eé?qlﬁspof fehiy e P BhgRER Bl s
he 2‘1533?%‘3gs%%c?eﬁ&hﬂxe?w%sm%!| FidrBenoeTi Peeri oo o T Sserect ric |
ant - SaARHG 15'&‘3“}4936@%&6@@%%2 G %%13%@5%3%95@6%1 a&hssian, ¢ 4
2ol RS Pegpey M ooty LMt rTe eTrae rep kSR e o e dia e
and 1 e an e BRSToR ditet fran e PO Batar e“‘égﬁ’feoﬁ*fé‘?8ﬂ{“‘e&’%?$e%%g‘“’g value
calculated w th respect Cr, AIN, Ru, and Was the materi al

of t he lHri@d lyiihsspy ‘1‘?}91285 eq”@d@ﬁb%ﬁ%ﬂ’?‘? m@trat ed in FIG 3A the Q value at
the anti -resonance poi nt increases_as the mat ei[;'I al haV| .n afhg\éﬁrz ung S
" hY

modul udV83d] ysetys ¥ ]HF“"F%“HFH@&% ctfechivg Sectrofes "E‘Fi‘éCWdH €' Fecomes
| ess than that of AILN, _the Qvalu bec f [ eat ¢ d rhethat Qlthetflrst
conpar Atghvdiea ghgrpsestionfilan 28 isapaleio aé&et a“T éi‘te t% Jod ARt hgRASE i he
insertion film 28 haV|n anwYo sm)dulu is |located.in the outer

peri ph&eld dggpyipnss] “et%@‘lsé’ﬁé’fat"éﬂ’i ﬁr‘iff’mir}‘i%r% begOREY H SR IRSE WSl | i n
the outer periphery region 52 of the resonance region 50. This nakes the
out er PEEItORETR 28fis mRde plesBpdhce region 50 act as a fixed end, and thereby

t he acoustic wave is reflected at the fixed end. Therefﬁr% gﬂuced is the
ener gy [4B2f he HEothard ElGdve diagrinmgussatingd QUedigssnset Hd Tesoiiince regi on

50. This makes the Q value high. The insertion
horizontal axis represents T1/T2 when the insertion film 28 has a film thickness of T1 and the

multilayered film 18 in the center region 54 in the resonance region 50 has a film thickness of T2.
The vertical axis represents FOM calculated from effective electromechanical coupling
coefficientxy” (Q value at the resonance pointxQ value at the anti-resonance point). The
simulation was conducted to a case in which the insertion film 28 is made of Al or SiO;, as

illustrated in FIG. 4. The loss of the filter decreases as FOM increases. When T1/T2 is made
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film28 preferably has a Young's nodulus |ess than the Young's nodul us of
the piezoelectric film1l4, nore preferably is equal to or | ess than 90% of

t he Young's nodul us of the piezoelectric film214, and further preferably is
equal to or |less than 80% 100311As illustrated in FIG 3B, the effective

el ect romechani cal coupling coefficient k'effis high when the insertion film
28 is made of a netal. This is attributed to the fact that the electric
field distribution of the acoustic wave in the resonance regi on 50 becones
uni form when the insertion film28 is nade of a metal. 100321FIG 4 and

FIG 5 are diagranms illustrating POMwith respect to T I/ T2. The hori zont al
axis represents TlI/ T2 when the insertion film28 has a filmthickness of T1

and the mylJ i ayersd L11m 18| 0l he, cenlehl S ORPAA AR Lgsqpance

regi on®® Vertical axi's represents FOM

cal cul fro f i ve el ectronechani oupl i ng, coef fi ghent xr (Q val ue
at the?pggﬁﬂﬁﬁ 55%%§ﬁ§QtFWhW&@“BFI?ﬂgmghﬁﬁiP@%%naﬁ%%kﬁﬁﬁh?§ﬁbﬁﬂe si mul ati on
was condyqt?d bg a case in which the insertion film28 is nade of Al or
Si 07, HEEMNLPP I EATn FIG 4. The loss of the filter decreases as FOM

increases, Wen TUT2 is nmade .to be 0.2 or |es an _be 0 .be
greateﬁﬁgﬂan 5ﬂ§t§QEBW%%“¥PV@?mbﬁﬁﬁﬁﬁﬁFw6¥3%%%ﬁ%}émlgéﬁfﬁﬁwgﬁggg éﬁggly
0.15 or_| ess, and nore ,referg%% 0.1 or.less. dn.addition  TI/[T2 is
or of er gl o weosheogarbr crogsterdes Seineign Aned EHaRloSh et ts when
the insertion film28 is assu o be made aof Al . A second conparative
exanpl Eetb’?%\/tihﬂéhez?%@“i“hglé"r f f@ﬁeﬁ?'%’%glef%ocﬁﬁg' bOURBEAFYTPALL GSEE R N t he
pi ezoelectric film14 and the |lower electrode 12. At Lrg C arative
exanpl@Dﬁﬁ@%ﬂﬁé@”ﬂﬁﬁfﬂWé@ﬁPﬂEH“W%@HY%@eggyFﬁ%ﬂﬁéﬁﬁﬂgF ”?’ngggPaﬁﬁn t he
pi ezoel ectric film 14 and the upper el ectrode_ 16 described in the first
enbodi HAfE clepiepdedan B dpseel @é@@geﬁﬁ%ﬁ“PﬂémFﬁsg$Wpﬁﬁ i HYD ngT@Eated in
the mddle pasition in the fi[n1thicknessgﬁjreft'on ﬁf t he ?iezoelectric
1] m LinscrpB Am g 1§ BCrehAReRIANRPeHOBD s Im irass FEeqBaat B8 i n ¢ he
m ddl e position_of the piezoelectric film 14. Thg insertion fikg*ZB IS
pr ef er alsreelecyialilon 4 n Gracsivh@M whanthe nseign film &§ énlopateq i themigsiie | oo at ed
in the mddle position of the piezoelectric film 14. TE}S nakis FOM gr eat er
than t ResEorotf thaaiezqedestits THAYI4 hilha inseroari i 23ds Bl locakdgbdsri G 6 is a
diagramillustrating FOMwW th respect to a normaliz i dth of the
J piezoelectric film légeven if it is not locat%d in the middle posrlrt?on ofetﬂe \}g\fezoelectrlc Ttllln 14.

This makes FOM greater than those of the second and third comparative examples.

[0034] FIG. 6 is a diagram illustrating FOM with respect to a normalized width of the

insertion film. The width W of the insertion film 28 is a width in a direction perpendicular to

the outer periphery in the resonance region 50 (see FIG. 1B).  As illustrated in FIG. 6, the

simulation was conducted to a case in which the insertion film 28 is made of Al and has a film

thickness of 150 nm.  The width W is normalized by a wavelength X of an acoustic wave in a

thickness extension mode. Here, the wavelength A is twice as long as the film thickness T2 of

the multilayered film in the center region 54 in the resonance region 50.  When W/X is 2.5 or

less, FOM is greater than that of the first comparative example. As described above, the width

W of the insertion film 28 in the resonance region 50 of the insertion film 28 is preferably equal

to or less than 2.5 times the wavelength A of the acoustic wave. The width W is more
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insertion film The width Wof the insertion film28 is a width in a
direction perpendicular to the outer periphery in the resonance region 50
(sec FIG 1B). As illustrated in FIG 6, the sinulation was conducted to a
case in which the insertion film28 is made CAl and has a filmthickness of
150 nm The width Wis normalized by a wavel ength 2, of an acoustic wave in
a thickness extension node. Here, the wavelength 2, is twice as long as the
filmthickness T2 of the nmultilayered filmin the center region 54 in the
resonance region 50. Wen WA is 2.5 or less, FOMis greater than that of
the first conparative exanple. As described above, the width Wof the
insertion film28 in the resonance region 50 of the insertion film28 is

pref er ab#e\},‘/\%b V)eequ.?,lnttg%w%%?{gla ntOh‘atﬂngs a%d tlésgﬁi%nt]hﬁtnwgsvtﬁ%: %%l&gﬁa »of iche

acoust '€ I'snor e pre erabl'y equal to or greater than 0.3

prer Zé%ﬁai@ B L R B 1%@**?%eeme?a%“§%?h“kw [0035] I n ¢ he
MR Y s R G e
| ocat el "é‘é‘q‘%ﬁﬂe&egl%%fp?aggo?ﬁw &g %9“1?@%‘38&22%&”@?%5% 51*6‘3”?%5#%@ 280‘? Bsent s
E)B'?SIaggt lgl;l%aglﬂ ?éggﬂgﬁgg t’g@ﬁgrb% lq\scapgﬁ] ¢ %reatﬁr 1%' rogé%l o?ﬂle rgs%mn c%?%d&g?(so the

addi t , FOMIis roved conpared to ert | m 28
s Lrﬁﬂa@&\’%t'stﬂ}{ea wﬁwsP@&@“B%Pmshﬁ?fﬁ‘ed‘i68§A%} *‘%‘P ‘“&}e?'lz B o

| ectrode 16 and t e oelectric fil d %kb ﬁ,%tEQ An FIG. 5.
[0036] E’IC@SO‘?WCSH‘EE‘% -7 uéfrt nf d%’di“péﬁ‘fféirra'?% ar oun e edge

ortion of the resonance region. 5 FIG . 7A er 28 is
Ir[:ot pr BUTRASEH CORESS Bak H@bthS “Sﬁ‘ﬁ‘é’“%‘&‘B@gt‘F Rroyided t‘? ﬁ’Sﬁ\O‘f‘}%ryr%%e eé‘ﬁ%eélnt}]%gl on 50
is prevented by renpvin th i e ic f| a 0 i e

F esonalibeT Fgrals 1507 (e geperge B 48 B e Pt ﬁ“é”‘f ot B gL

illustrated in FIG 7A and FIG 7B, Be ajr-space 30.is,larger t an t he
r esonaHi¥80} egi TR 5 arbFIGHEB slreenigresdschemafis Vi Our?dn“’ff?@e Ontg}{

multilayered filmof the resonance re 50 i s su Iomer
eIectr8é@“¥2€ﬁﬁ“§begﬂ%ﬁ“%éArWeNﬁFEW“Qh@qﬁ‘%Eﬂﬁ?%%@%? Hﬁ ¥§(i§‘?ennved

Thus, cracks are easily produced in the |ower el ectrode.12. ¥he é ﬁﬁ
el ect r BERASHOWRYE Foi Megiaancs egion A fsseysnied Darape Y e MERiOF S PR dRat or
supporting high frequency, and _thus cracks are easi qQ%ced [8037 ] As

i |l ust fegeied OPﬁldFIt]QE remanqenr@glﬁp 890l e PicarrespPdsia tlEn%‘ {)% HEEY i OA film 28
are provided in the region 58 in addition to the | ower electrogg

provi dilfisiretee in F&e? 2 FK?Vﬁ}@@auﬁﬁgﬁédeB“g%F%%R@aﬁﬁgmB?€$@ﬁP t‘?rombelng

produced in the Iomer el ectrode 12 rt her cracks areg§é$%ﬁ%ted from

bei ng prpgue s Q@ Halbhe Wiuezpédiedy ike myl Fl%ﬁyi@gg‘léfﬁﬁé%@d egoganged

supported by the lower electrode 12 in a region 58 in which the piezoelectric film 14 is removed.
Thus, cracks are easily produced in the lower electrode 12.  The lower electrode 12 is thin
especially in the piezoelectric thin film resonator supporting high frequency, and thus cracks are
easily produced.

[0037] As illustrated in FIG. 7B, the piezoelectric film 14 and the insertion film 28 are
provided in the region 58 in addition to the lower electrode 12 by providing the insertion film 28.
Therefore, cracks are prevented from being produced in the lower electrode 12.  Furthermore,

cracks are prevented from being produced in the piezoelectric film 14 compared to a case in

13



which the insertion film28 is not provided and the piezoelectric film 14
is provided in the region 58. [0038] As descri bed above, the insertion film
28 is preferably located fromat |east a part of the outer periphery region
52 to the outside of a resonance region 59. This prevents cracks from bei ng
produced in the piezoelectric film14 in the outer periphery of the
resonance region 50. The insertion film28 is preferably | ocated above the
ai r-space 30 and outside the resonance region 50. The effect to prevent
crack production described above is effective especially to a case in which
the filmthickness is thin to support a high frequency band greater than or
equal to 2.5 G+E [0039] As illustrated in FIG 3A, the Young's nodul us of

t he |ns rtion fi - Pr ; , Ql Ri C
o SRR R B GLERL I R PRci ol T BGERRI BB o
t he efgfctlve electronechanical coupling coefficient can be inproved by

meki ng"the insertion film28 formed of a nmetal film Furthernmore, when the
P o SURRY o USRS S A R e 5o
v ieWTﬁ%le(%Ef 89‘60@%?%10%5? fﬁ% vaﬁeroggaeﬁgb D5 PR tor dMhak SR 2 08"
FlG eBoa et rBr e ot § eefrﬁe'**ﬁf’e‘w B 1Bt B e, 875
2”1 daeh tvf?ﬁﬁ%%w’mn A el 3R BE e S oRar 5‘5&@%‘&9.‘11%%%%?@%?%'2
paral | el on exa strated in

f . a. i
FI G 8ﬁgtqli’r ug ‘FF@“ W‘g{%‘éCWH@B‘P@F%W“@??%"E%X 5 eIlsoecaetc{%le éﬁ ‘%%1 r ésonance

regi on 50 : .
g case in which the film thickness is thin to support a high frequency band greater than or equal to

2.5 GHz.

[0039] As illustrated in FIG. 3A, the Young's modulus of the insertion film 28 is preferably
less than that of the piezoelectric film 14. This improves the Q value. In addition, as
illustrated in FIG. 3B, the effective electromechanical coupling coefficient can be improved by
making the insertion film 28 formed of a metal film.  Furthermore, when the piezoelectric film
14 is composed mainly of aluminum nitride, the insertion film 28 is preferably composed mainly
of at least one of Al, Au, Cu, Ti, Pt, Ta, Cr, and silicon oxide.

Second Embodiment

[0040] FIG. 8A is a plan view of a piezoelectric thin film resonator in accordance with a
second embodiment, FIG. 8B is a plan view of an insertion film, and FIG. 8C and FIG. 8D are
cross-sectional views taken along line A-A in FIG. 8A. FIG. 8C is a cross-sectional view
illustrating a series resonator of, for example, a ladder-type filter, and FIG. 8D is a
cross-sectional view illustrating a parallel resonator of, for example, a ladder-type filter. ~ As
illustrated in FIG. 8A through FIG. 8D, the insertion film 28 is located in the resonance region 50

and is not located outside the resonance region 50.  Other structures are the same as those of the
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and is not |ocated outside the resonance region 50. OQher structures are
the sane as those of the first enbodinent, and will not be descri bed.

[ 0041] The Q val ue can be inproved even when the insertion film28 is not
| ocat ed outside the resonance region 50 as described in the second
enbodi nent. Third Enbodi nent 10042]FIG 9A is a plan view of a

pi ezoel ectric thin filmresonator in accordance with a third enbodi nent,
FIG 9B is a plan view of an insertion film and FIG 9Cis a
cross-sectional view taken along line AAAin FIG 9A. FIG 9Cis a
cross-sectional viewillustrating a series resonator of, for exanple, a
| adder-type filter. As illustrated in FIG 9A through FIG 9C, the

|nserth pemg&ﬂ%éﬁ %%\hﬂgggﬁgmkalﬁﬁpart of the outer periphery region 52,

nd the | Aser not located in a part 55 of the outer

per! ph 1]r egl"l%e Galud ne})%ql'n LSRR I dASlNSAL é:moxt file @8 dof1dcAedbididen @
g o iy

regli on surroundl ng onance redgl on tion to in the outer

D ot o et sogétosthc{%%aﬁm%g SnfES Bééfg%\,g@ne as those of the second

eggogl f escri described in the third
enbodi ufficient if the insertion film28 is located in a part
of the¥EU§§WhB@TFB§ery region 52. Even when the insertion film28 is

o BT TR B L
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:: ??Imog gpiglPat(‘g;%sfpg%éa}/lﬁ)Eﬁ% zézﬁdglggqsoig tgrm g 1lntgst1g{e8 uﬁl%d 9Athoug% IQIIGe 68?Jh%0t ric

insertion film 28 is located in a part of the outer periphery region 52, and the insertion film 28 is

not located in a part 55 of the outer periphery region 52.  In addition, the insertion film 28 is

located in a region 56 surrounding the resonance region 50 in addition to in the outer periphery

region 52.  Other structures are the same as those of the second embodiment, and will not be

described.

[0043] As described in the third embodiment, it is sufficient if the insertion film 28 is

located in a part of the outer periphery region 52.  Even when the insertion film 28 is located in

a part of the outer periphery region 52, the leakage of the acoustic wave to the outside of the

resonance region 50 can be prevented. The insertion film 28 is preferably located in 50% or

more of the outer periphery of the resonance region 50, more preferably 75% or more, and

further preferably 90% or more. The insertion film 28 is preferably located so as to include a

region of the air-space 30 located outside the resonance region 50.  This prevents cracks from

being produced in the piezoelectric film 14 or the lower electrode 12.

Fourth Embodiment

[0044] FIG. 10A is a plan view of a piezoelectric thin film resonator in accordance with a
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Fourth Enbodi nent [0044]FIG 10A is a plan view of a piezoelectric thin
filmresonator in accordance with a fourth enbodinent, FIG 10B is a plan
view of an insertion filmand an additional film and FIG 10C and FIG 10D
are cross-sectional views taken along line AA-Ain FIG 10A FIG 10Cis a

cross-sectional viewillustrating a series resonator of, for exanple, a
| adder-type filter, and FIG 10D is a cross-sectional viewillustrating a
paral l el resonator of, for exanple, a |adder-type filter. As illustrated in

FIG 10A through FIG 10D, the insertion film28 is located in the outer
periphery region 52 that overlaps with the |ower electrode 12. An
additional film26 is |ocated on the upper electrode 16. The additi onal

film2g I8 emgcfm%e b¥IC§ §k§ {'ﬁla?vpékv Jf{abg\s%ﬂgmqﬂm%{d ah b@ititha RIS, a‘?l'aqffprf rom

fgnggOPO?dfﬁ si de o:‘tl (r)\e re IIn[mneq prgvga gqt e ;ngztic wa?/e ilm 26
{nﬁ)e/ Ibﬁz(ﬁa?léo ﬁ m%ﬁﬁ C}%fg?cbtn%gg%%e% ]cfl r!nbed 7 FEEeofou?t egén\tl)%gl ;rent
{ﬁgl ?gcrg(?gnsei&tt‘fa]a h‘g‘vé@‘&t‘taf/’%%felﬁ‘el [y ‘%Or Ofafoﬁg!a? deaf e%% grﬁletéj)lf E(‘)An ot her than
e one81 e’ TS B e P - SRBLhPE AR Pher
Sut U eSOl R 4556, BRLHRIRI Oé‘eﬁ“hfgsﬁ‘%ouné g"’%{éﬁf Yot TP he
;f%f%nﬁ{p%d?;i{ o 7 L3beEhby i ﬁ%ﬂ?\“’?fﬁlijﬁiﬁ aEgb a%:‘ffft‘?%@ e nce‘@d Q?a%nllA '
ﬂog; t ZP% leer%]t‘ﬁlazel‘r—eﬁe@m‘i% #g’ellg?@’o‘l%l %I’ar‘é 1%?"6’%’53@% (5?%32} ?\r}; ewsp taé]kr)\en al ong
seri esf! ﬁ’égbﬁlﬂi‘tog‘?e‘% m ‘IhS:bOE‘%B Fe, Tg ?C@gtifiﬁ fCtJ)g?remngsrt%e gﬁodlsﬁuf(fs‘t@ééea%ﬂgl s a
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L aer el W i olieide gL el rga e reion 51 e SgRORATB g, e s TR :
|nsert|mcgtrésf| Im?28 is located in the outer

[0045] As described in the fourth embodiment, the insertion film 28 may be located in a part
of the outer periphery region 52, and the additional film 26 may be located in a region other than
the region in which the insertion film 28 is located of the outer periphery region 52.  The
insertion film 28 and the additional film 26 preferably surround the whole of the outer periphery
of the center region 54. The insertion film 28 and the additional film 26 may surround a part of
the outer periphery of the center region 54.

Fifth Embodiment

[0046] FIG. 11A is a plan view of a piezoelectric thin film resonator in accordance with a
fifth embodiment, FIG. 11B is a plan view of an insertion film and an aperture, and FIG. 11C and
FIG. 11D are cross-sectional views taken along line A-A in FIG. 11A. FIG. 11Cisa
cross-sectional view illustrating a series resonator of, for example, a ladder-type filter, and FIG.
11D is a cross-sectional view illustrating a parallel resonator of, for example, a ladder-type filter.

As illustrated in FIG. 11A through FIG. 11D, the insertion film 28 is located in the outer
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peri phery region 52 that overlaps with | e upper electrode 16. The

pi ezoel ectric film 14 on the lower electrode 12 is renoved to form an
aperture 36. The piezoelectric film1l4 is renoved so that the upper

el ectrode 16 forns an cave. The aperture 36 prevents the acoustic wave from
| eaking to the outside of the resonance region 50. The aperture 36 may be

| ocated on other than the | ower electrode 12 as long as it is |ocated
out si de the resonance region 50. [0047]As described in the fifth

enbodi ment, the insertion film28 nay be located in a part of the outer

peri phery region 52, and the aperture 36 of the piezoelectric film 14 may
be | ocated outside of a region other than the region in which the insertion

film 28, £¢h 0f §RAQULRE tHRHhRREICHodEH. OMHE PiczdhIEcthiOI SR 14 of tfd | m 28
and th%ﬂ%%gbgﬁgg 36 p?efe?%%ly ghr?gundctﬂe mholé %thhe 5uter peri phery of

the ceplRl ¢It&HdeN 2 2embl& 11585E b ARkriuld 18, 28 HaDkbAEtAPRE 1 & 136 oV@Yso

)
surround a part of the outer periphery of the center region 54. Sixth

Erbod 8ithe 0RIGLA Sl SADALIENTIENOARS 38 pRAEHE I oRlic e Aot Space.

FIG 1 1S cross-sectional view o [ectric thin filmresonator
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formed I'n the upper “sur e substrate 10. The [ower electrode 12 is
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t he re&essed

Lo | pbfle ohPp L aRonNaS: E2AhOM aBer i ABLEALIHELULARC AR 11 hEy BATRAAY | DOSE

of the’firSt e ot "be descr e air-space 30 may be

]‘: o ggo@%dé‘%f {9 pleles t}%}a@ﬁ@%ﬂ%%ob Eﬁvﬁ%ﬂ%@e{ @E&Ti&?ﬁ?ﬁb‘% isr1§&é![tcﬁte(if{?lge ik mRY be

as t1o°nmake cont a om surface o ower el ectrode

and ¢ neoiniEe SePRg2e | I M REPREAT Y AP Bl SFEh Bsdpat o 8 10
st Pitai P 26 el sSR ¢ AR B RO ekt Be e e
31" e gyl ternlt Sy R LR T B A Sba aving Tow acoustic
305 haVT P TR neases of | for oxanpl e, 214 (K 1o i he wavel ength of he

e P ) AL AU EE R T A IaATR L 300,
first %1%289&0%193% \/ie%vn(gf aV\gilezloelrggttric%%n %?%%ésioge%gf in accordance with the sixth

embodiment, and FIG. 12B is a cross-sectional view of a piezoelectric thin film resonator in

accordance with a variation of the sixth embodiment. As illustrated in FIG. 12A, a recessed

portion is formed in the upper surface of the substrate 10.  The lower electrode 12 is formed on

the substrate 10 so as to be flat.  This forms the air-space 30 in the recessed portion of the

substrate 10.  The air-space 30 is formed so as to include the resonance region 50.  Other

structures are the same as those of the first embodiment, and will not be described. The

air-space 30 may be formed so as to pierce through the substrate 10.  An insulating film may be

formed so as to make contact with the bottom surface of the lower electrode 12.  That is to say,

the air-space 30 may be formed between the substrate 10 and the insulating film making contact
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[0050] In the sixth enbodi nent and the variation thereof, the insertion film
28 may be |l ocated only in the resonance region 50 as with the second
enbodinent. In addition, as with the third enbodi ment, the insertion film
28 may be located only in a part of the outer periphery region 52. As with
the fourth enbodi nent, the additional film 26 may be provided, and as with
the fifth enbodi nent, the aperture 36 nay be provided. [0051] As descri bed
in the first through sixth enbodi nents, the piezoelectric thin film
resonator may be an FBAR (Fil m Bul k Acoustic Resonator) including the

ai r-space 30 fornmed between the substrate 10 and the | ower electrode 12 in
the resonance region 50. In addition, as described in the variation of the
si xth epbodioRitelecdB P e20RliRelding fthjﬁln{hyftid o} EesPIatehlurENuhaittde SMR
(Solidly Munted Resonator) including the acoustic reflection film 31
reflecging the acoustic wave propagating through the piezoelectric film14
under the |l ower electrode 12 in the resonance region 50. 10052]1n the first

t hrougfygepxt h A%WT?QQ{a{E%% $1@N9Rt Qﬁac\ﬁ@é’tlc%ﬂ&ﬂoﬁ heh 80fs folh& hrRIBPMBIGSer’ €gi ON
50 has an elllptlca shape, but may have ot her shapes. For exanple, the

resonapcg Jiegh Y& . Pghyganalic feRRnSHAD 188 f@medadr angul ar
shape %%ﬁgﬂggn?gggggoaﬁﬁa%% Sevent h Enbgélnentn[0053]A séven?h enbodi nent

is an Q%%ﬁ‘ﬂngtﬁ lgr'ﬁggé fsﬁeﬁsentlﬁvﬁ%gﬁ abSusfic Qhﬁ&i'éhcte aqH%gTﬁ@OBflaﬁn%H@hexer in

accordance i ment . [ lustrated in FI t he

dupl eX?Jou%tQCilnggc‘?aZ%@ RS Bo %1 i b 1#h0e ‘ff’inﬁi tfﬁcl{n@@s@% Y€ fdrl elxﬁxﬁﬁle‘bg% (Xrﬁei he

transmt 1S connect e et ween comon term nal Ant and

trans m\f%veAeﬁmlgmaﬁgLe 5usti\EaVe§ efl%esta\fckilg% %ﬁm B! o? th%qmﬁeg@é 8Rd %tfwﬁeﬁ)btl ; conmon

term na a recelrve termna An i nduct or as a mat chi ng

circu B% Ar itx{aﬁ@%eﬁ%m&%ﬁ%@)ﬂleﬁ Q@uc?ﬁ?g@@ th k%ﬁ‘i‘e QQ 10@@%f g ﬁrs@ e;ﬂB&Hﬁ‘l@nt die

transm passes a Signa transmt out of signals input
fron1taﬁl&g%p%n&ﬁm5£rn1naI Tx to the common term nal Ant as a transm ssion
resses signals with other frequencies. The receive filter

42 pas @%g}at s Ig n]?ehSIti e%bo?%%%xya%]dl%ﬁé]?al %)&(ﬁm 8’]:61 e%'f gﬂ@irﬁer QIPH}:TTI Bg ﬁ{gytbpe conmon

termn e recelrve ecet|0n S| gna

SUPPT €r28Rd § Oan/rl] {Pe rﬁSMl%lQe éohgr{ 56 £Se\91ld$ﬁ|,%' ]?c%{\d m%oalﬂ{é%t ?é‘ a(!idltlﬂwaﬁe 1 ansmit

|npedance SO € 531 0on Si g ransmtted roug

ecety thequfem 1511‘[ he msglt?%n(f?imr}né}’q{e%&%d doﬁn)t in'4 I;ali]todﬂ hd GRY ﬂéﬂpﬁé}yt he

receive

region 52.  As with the fourth embodiment, the additional film 26 may be provided, and as with
the fifth embodiment, the aperture 36 may be provided.

[0051] As described in the first through sixth embodiments, the piezoelectric thin film
resonator may be an FBAR (Film Bulk Acoustic Resonator) including the air-space 30 formed
between the substrate 10 and the lower electrode 12 in the resonance region 50. In addition, as
described in the variation of the sixth embodiment, the piezoelectric thin film resonator may be
an SMR (Solidly Mounted Resonator) including the acoustic reflection film 31 reflecting the
acoustic wave propagating through the piezoelectric film 14 under the lower electrode 12 in the
resonance region 50.

[0052] In the first through sixth embodiments and the variation thereof, the resonance region

50 has an elliptical shape, but may have other shapes. For example, the resonance region 50
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[ 0054] The transmt filter 40 is a |ladder-type filter. One or nore series
resonators S 1 through S4 are connected in series between the transmt
termnal Tx (input termnal) and the common termnal Ant (output termnal).
One or nore parallel resonators Pl through P3 are connected in parall el
between the transmt termnal Tx and the common term nal Ant. G ound side
ends of the parallel resonators Pl through P3 are unified and grounded

t hrough the inductor L2. The nunber of the series resonators, the parall el
resonators, and the inductors or the connection thereof can be arbitrarily
changed to obtain desired transmt filter characteristics. At |east one of
the series resonators Sl through S4 and the parallel resonators Pl through
P3 may, RenABY pBRGoRdl shdpe sRiezQ u@@ttaﬁ&&artshéﬁ%&w %té&ﬁﬁﬂﬁffagﬁf.s of the first

t hr ough "si xth e odiments and t vari ation ther eof [0055]FIG 14A is a
plan\@éﬂ%ﬁmaﬁ&ﬁ“ﬁ&@nsnlt filter, and FIG 14B is a cross-sectional view
taken along line AAAin FIG | 4A FIG 15 is a plan view of an insertion

film O[IO ok3je ik %ﬂt% efbbdifient i§8n Eién’aﬁ&r?@ﬁﬁgxéx n FEG 144 @Rbit fla@amld the

pi ezoel ectric t I'mresonators he first enbodinment aré forned on

the si d]ﬂ)lleg(eﬁl{ﬁba\%&d’r@gn% 1Pnte Jegé fﬂw @mk)@{ﬂg\%ﬁf t YRa1ddolateBlin FI-@Q3 apeahpeLer 36 is

formed I'nt |ezoe ectric an aperture 37 is fornmed in the

' n sert llnglgdgds F?ngl‘?ht th'%ﬁa,@ hecd lrekéi% ﬁg&%ec i, Qaﬁsﬁnﬂt Higer liovetonfl&&d b@dBenl 2 can

provi e apertures her structures are the sane

as t ho?@on?{]?ﬁ {%ﬁe nalrzéllit SredL 05 'ﬁeﬁm@%p ¥V' lhlerl% \téeﬁ fesstd badectd®rwbge and

t he sha resonance region each the resonators Sl through

84 ?‘rgdthg Icox“%%%? dggﬁ"rf ?Ag?ﬂp%ﬁ el t%{fn%bl' ngﬁgct?r[lploéﬁj IIQE@]IY]&G@&LM@IS.': ilter

ter or node ter | east one of the

t r ans nfo%até ﬂ)ett\% nAES% @&gmg{\]?e]t 1§1ﬁﬁfzk\{f3anfd'al gtnglld42 TR alhifil Itéi‘qggassteé( Qngwé l'ter or

a Iattlce ype one of°resonators 1 n at t one of the

transmt falnlsrtn rbﬁn Lﬁ%‘fj 51gnaq§ O%ﬁfﬁ S5 tltéf t,]r%nﬁﬁm‘%guﬂm t’[ﬁqo HYcoRMEO ki HEQ é& Nt s

nat
pl ezoell rrc I m°re firrst roug h SIXth e

and thes avt?arn's%es'sg)ﬂ Spar S BBl Ig%a Lk Bnel HE4HABES. aheQ0& ik a2

pi ezoel'e 't i resbnat i
passes a signal in a receive band out of signals input from the common terminal Ant to the
receive terminal Rx as a reception signal, and suppresses a signal with other frequencies. The
inductor L1 matches impedance so that the transmission signal transmitted through the transmit
filter 40 is output from the common terminal Ant without leaking to the receive filter 42.
[0054] The transmit filter 40 is a ladder-type filter. One or more series resonators S1
through S4 are connected in series between the transmit terminal Tx (input terminal) and the
common terminal Ant (output terminal). One or more parallel resonators P1 through P3 are
connected in parallel between the transmit terminal Tx and the common terminal Ant.  Ground
side ends of the parallel resonators P1 through P3 are unified and grounded through the inductor
L2. The number of the series resonators, the parallel resonators, and the inductors or the
connection thereof can be arbitrarily changed to obtain desired transmit filter characteristics. At

Jeast one of the series resonators S1 through S4 and the parallel resonators P1 through P3 may be

any one of the piezoelectric thin film resonators of the first through sixth embodiments and the
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t hrough si xth enbodi nents and the variation thereof This inproves the Q

val ue of the resonator, and thereby the skirt characteristics of the filter
can be inproved. 100581In addition, at |least one of the transmt filter 40
and the receive filter 42 may be a filter including any one of the

pi ezoel ectric thin filmresonators of the first through sixth enbodi nents
and the variation thereof Ei ghth Enbodi nent 100591An ei ght h enbodi nent
makes the side surface of the insertion film28 tapered. FIG 16 is a
cross-sectional view of the fabricated piezoelectric thin filmresonator of
t he second enbodi nent. The filmthicknesses of the |layers are as foll ows.
In the I ower electrode 12, the lower |layer 12a nade of a Cr filmhas a film
t hi cknessiigf (hkRBrnit and the upper layer 12b made of an Ru filmhas a film
thi ckness of 200 nm The piezoelectric film 14 made of an AIN filnn has a

filmt mﬂgg]nessF 16f 140209 pncintwev:r Bﬁt he ﬂ‘%@{lﬁll Bherf dldP188) 4 e cRfss-Bediohhicaaw oxi de
filmhas filmthickness of . I'n the upper el ectrode 16, the | ower

layer t%@éh BaeiRfA an@}'(}flulAm fp@@ 1) 1§ b b e kngsasepionZPith &ithe trafichit he upper
| ayer 16b made of a Cr filmhas a filmthickness of 50 nit. The frequency

adj ust jpg. f Ns nﬂL%éat@@qul@f 1@\ §1ﬂd FI@OWE’)%éjﬁeideleml Qalﬁmeﬁ fii b Onhldicdmes srsef 50

nm A crack 60 1s produced he piezoel ectric | m14 fromthe edge of

the i .nélﬁwdngglt fabd & 019@@\,\}3;%% 535 BB oemes Ta@ﬁ& -1Qfe ftillf@ CTRCperthREQ val ue

was Ssinu |n cases iIn i"ch t e crack 60 exists and does not exist in

the stygt g, kid ﬁztolé@:tﬁgélﬁ 15' §id ah6: elT\E}g ﬁ'lsnf‘dhﬁ‘éd AMhARSeGONHcbed with a

finite el ement Is a |agran1| lustrating a Q value in cases

of exi gf encs iafl g?xg%@ti(gﬂo%eel%% AbctfJadSg E%al%é ﬂo@ﬁ@ﬁﬁ?&ugﬁﬁh@aﬁeﬁ@&%‘ 8BGHd As

illustrated I n ue 1n the case in a crack exists is

vt PR LD BESFL R RS ool o e &0l ve [
the r e%f?@?l%:ﬁidp[ﬁé Eﬁape of the resonance region 50 of each of the resonators S1 tlnough S4 and P1
through P3 can be arbitrarily changed.
[0056] The receive filter 42 may be a ladder-type filter or a multimode filter. At least one
of the transmit filter 40 and the receive filter 42 may be a ladder-type filter or a lattice-type filter.
At least one of resonators in at least one of the transmit filter 40 and the receive filter 42 may be
any one of the piezoelectric thin film resonators of the first through sixth embodiments and the
variation thereof.
[0057] The filter includes any one of the piezoelectric thin film resonators of the first
through sixth embodiments and the variation thereof. This improves the Q value of the
resonator, and thereby the skirt characteristics of the filter can be improved.
[0058] In addition, at least one of the transmit filter 40 and the receive filter 42 may be a
filter including any one of the piezoelectric thin film resonators of the first through sixth
embodiments and the variation thereof.

Eighth Embodiment

[0059] An eighth embodiment makes the side surface of the insertion film 28 tapered. FIG.
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100611FI G 18A and FIG 18B are enlarged views of edge portions of
insertion filns in accordance with a fourth conparative exanple and the

ei ght h enbodi nent, respectively. As illustrated in FIG 18A, when a side
surface 74 of the insertion film28 is formed so as to be approxi mately
per pendi cular to a bottom surface 70 and an upper surface 72, the crack 60
is produced froma corner 76 at which the side surface 74 intersects with
t he upper surface 72. As illustrated in FIG | 8B, the side surface 74 is
formed so as to have a tapered shape so that the upper surface 72 is
smal l er than the bottom surface 70. A taper angle a between the side
surface 74 and the bottom surface is an acute angle. That is to say, an

angl e helweesskhgiofhidgevs Hf 112 e rilde@ PRz MR uHPRRY filfticl AeRr 62the Sed@ndObt use
angl e. Thus, production of cracks fromthe corner 76 can be prevented.

[ 0062] ém&fﬁnkgﬁ i ﬁ‘ﬁ@ﬁfnﬁ anckfxﬁsE@ (?f%aé ByR 288 3abwsN ih@e Rver ekBirodd, iitser tion

film28 Is processed he side surface 74 thereof has a tapered
shape. lowéfalaB Q‘_Slﬁﬁtiﬂagg 0“1 bmﬁﬁg’ hh§a ﬁﬁi‘?@l‘?@(ﬁ@g oPY00 Bxﬂrang)ﬂﬁar(ﬂ)lp@n lafirM28hfdk ng or
wet etching taper angle a can be arbitrarily set by properly changi ng

et chi nge a(?lqﬂghﬁﬂ 92@ H @lckBLS B B6D HRSKTR giotelegf‘rc f[lgolaﬁvhﬂe%f atAINgilA di agram
o ey Bek W

illustrating a uction ratio crac h respect to an angle a.

Sanpl e§as"¥' fglnu tﬂl(:f({)e%g ﬁf'i?otoad?f?r B gllfeﬁl & B xfng&rdfcd%ti f‘c@n o‘:‘\lﬁ'ig ﬁhlﬂ@)as a film

Cross-sections o e Tabricated sanples were observed wth an SEM

( scanngﬁ]&nggs%?ti é@ AmM &f tﬂgﬁg;pe?)e ec@@dg)lléeﬁle NME}%? 18 ALK a8 QRsRIved are

defined as crack produce es anong the sanples. Aratio of the crack

d
pr oducg |ne 3 Tftvgl)@fx ng%@ﬁg}ﬁe% AMLGRadeS cmfﬁ&gg&mnrumes%fﬁack-

The sol' a prOX|nate I'1 ne measur ement points. As

H US” e%e Redile e> Aoy e NS ARROL ARG BxiBe RARERIP ROy m@sbswf%@tm.i on

ratio o crac hus, the taper angle a Is pre era 600 or

| ess. ek t § ta edl gxl ?peézgel%&l?'ﬁhk ?5%’01 ttjﬂge %’00(}%&159&15 fnpﬁt?).f crack is

k6
approxmaC ’ﬁ@% ere s nore preferably 40" or

less. i %@]g] xé%%ogheg %r::]ftggc:tigf tth IQiC tfl@b %ﬁl%n@ats?fn% RaY &G sdsNf whidhusit ur e

il ust

crack 60 exists and does not exist in the structure illustrated in FIG. 16. The simulation was
conducted with a finite element method. FIG. 17 is a diagram illustrating a Q value in cases of
existence and non-existence of cracks with respect to a frequency. As illustrated in FIG. 17,2 Q
value in the case in which a crack exists is lower than that in the case in which a crack does not
exist. A Q value is low due to a crack especially in frequencies higher than the frequency of the
resonance point.

[0061] FIG. 18A and FIG. 18B are enlarged views of edge portions of insertion films in
accordance with a fourth comparative example and the eighth embodiment, respectively. As
illustrated in FIG. 18A, when a side surface 74 of the insertion film 28 is formed so as to be
approximately perpendicular to a bottom surface 70 and an upper surface 72, the crack 60 is
produced from a corner 76 at which the side surface 74 intersects with the upper surface 72.  As
illustrated in FIG. 18B, the side surface 74 is formed so as to have a tapered shape so that the

upper surface 72 is smaller than the bottom surface 70. A taper angle o between the side
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taper angle a of 30and 75 were fabricated, and the Q value thereof were
nmeasured. Cracks are produced in the sanple with a taper angle a of 75, and
cracks are not produced in the sanple with a taper angle a of 30. Each film
thickness is as described in FIG 16. The resonance region 50 has an

el liptical shape having 225 umof a main axis and 140 tun of a secondary
axis. Wk is 0.7. FIG 20 is a diagramillustrating a Q value with respect
to a frequency when a is 30 and 75. As illustrated in FIG 20, the Q val ue
of the sanple with a taper angle a of 30 is high conpared to the sanple
with a taper angle a of 75. The Q value of the sanple with a taper angle a
of 30 is inproved especially in frequencies equal to or higher than that of

the r eﬁx%@é"ﬁ@mﬁ‘%h@ﬁottd% sﬂ%%@ sl RGEute hAGe Pr A Glib QRY, B adi@bdtSedSthpEiReENt ed
and the Qvalue Is inproved by nmeking the taper angle a 60 or |ess.

[ 0065] £l £z e %@&thg F’;ﬁﬁp kG 722Bak8sPhadle Vi BWR, QbdRki8A @Ph@@l@srﬂ(ﬁn i n film

resonat ors. rough FI'G 22B correspond to FIG |B of the first

enbod|&§&£q6 bg gt(pe second enbodi ment, FIG 9B of the third
enbodi nent , Eﬁ%i QS%rlé the fourth enbodlnent and FIG 11B of the fifth

embodi @6@%] r QFRGGhHE | Yl?él“yo? ﬁf&@ggs i0dds@dlih 'ﬂ% Iﬁé 7’I§9ﬁ@1§n§éﬁ1§n filhqbg {she si de

surfac the i nsertion I's tapere lustrated in FIG 21A,

the ei %%E%%se%rg&(%ﬁ nigenstldé s%rf%pefﬂ t%gléglohatsggaegeﬁerdss%aﬁer?%'e MRRionds Jghe side

surfac erture forne I nser I'm28 is tapered. As

| 1 ust
N e e Tt T

red 1n addition'to the

si de_syy Lag8Aliang,f BeAPELid %ﬁamg %dmﬁc MRgpiion film 28, hs

illustr rd e i men e side surface along t he

R R S AR L
insertion f1) ﬁ%gg’feae 0t agrr]? ! efjes Q. we[lé]kale%t&ﬁtaﬁ“cﬁtheQnr L %cél%ﬁ&nc t'hEI fafbpigatgff th

enbodi HERRIS ¥ insert tapered. | 00661As
descr i ba?ndpk?sb\hge\{gbbgepv%d%n anrhm&:gxlml lee&%@) 1&1%0%9(%6 .edSatn% éshﬁ Wiidisf through

si xth

crack was observed are defined as crack produced samples among the samples. A ratio of the
crack produced samples to the observed samples is a production ratio of crack. ~ The solid line
of FIG. 19 is an approximated line of measurement points. As illustrated in FIG. 19, when the
taper angle a exceeds 60°, the production ratio of crack exceeds 80%. Thus, the taper angle o is
preferably 60° or less. When the taper angle is 40° or less, the production ratio of crack is
approximately 0%. Therefore, the taper angle o is more preferably 40° or less.

[0064] The piezoelectric thin film resonators having the structure illustrated in FIG. 16 and a
taper angle o of 30°and 75° were fabricated, and the Q value thereof were measured. ~ Cracks
are produced in the sample with a taper angle o of 75°, and cracks are not produced in the sample
with a taper angle o of 30°.  Each film thickness is as described in FIG. 16.  The resonance
region 50 has an elliptical shape having 225 um of a main axis and 140 um of a secondary axis.
W/kis 0.7. FIG. 20 is a diagram illustrating a Q value with respect to a frequency when a is

30° and 75°.  As illustrated in FIG. 20, the Q value of the sample with a taper angle o of 30° is
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enbodi ments. Cracks produced in and near the resonance region 50 cause
probl enms. Thus, the side surface of the insertion film28 in and near the
resonance region 50 is tapered, and the rest of the side surface of the
insertion film28 may be not tapered. The piezoelectric thin filmresonator
of the eighth enbodi mrent may be used for a filter or a dupl exer.

[ 0067] Al t hough t he enbodi nents of the present invention have been descri bed

in detail, it is to be understood that the various change, substitutions,
and alterations could be nade hereto w thout departing fromthe spirit and
scope of the invention. CLAIMS Wat is clainmed is: 1. A piezoelectric

thin filmresonator conprising: a substrate; a piezoelectric film]located
on t hehi%h' Q&%ﬁaﬁ%@io the sample with a taper angle o of 75°.  The Q value of the sample with a

taper angle o of 30° is improved especially in frequencies equal to or higher than that of the
resonance point. As described, the production of cracks is prevented and the Q value is
improved by making the taper angle a. 60° or less.

[0065] FIG. 21A through FIG. 22B are plan views of piezoelectric thin film resonators.  FIG.
21A through FIG. 22B correspond to FIG. 1B of the first embodiment, FIG. 8B of the second
embodiment, FIG. 9B of the third embodiment, FIG. 10B of the fourth embodiment, and FIG.
11B of the fifth embodiment, respectively. A bold solid line 62 represents that the side surface
of the insertion film 28 is tapered.  As illustrated in FIG. 21A, the eighth embodiment is applied
to the first embodiment, and the side surface along the aperture formed in the insertion film 28 is
tapered. As illustrated in FIG. 21B, in the second embodiment, the side surface along the outer
periphery of the insertion film is tapered in addition to the side surface along the aperture formed
in the insertion film 28.  As illustrated in FIG. 21C, in the third embodiment, the side surface
along the part 55 in which the insertion film 28 is not located is tapered. ~ As illustrated in FIG.
22A, in the fourth embodiment, the side surface of the insertion film 28 is tapered. ~As
illustrated in FIG. 22B, in the fifth embodiment, the side surface of the insertion film 28 is
tapered.

[0066] As described above, the eighth embodiment can be applied to the first through sixth
embodiments. Cracks produced in and near the resonance region 50 cause problems.  Thus,
the side surface of the insertion film 28 in and near the resonance region 50 is tapered, and the
rest of the side surface of the insertion film 28 may be not tapered. The piezoelectric thin film
resonator of the eighth embodiment may be used for a filter or a duplexer.

[0067] Although the embodiments of the present invention have been described in detail, it
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a lower el ectrode and an upper el ectrode facing each other across at | east
a part of the piezoelectric film and an insertion filmthat is
inserted into the piezoelectric film is located in at |east a part of an
outer periphery region in a resonance region in which the | ower el ectrode
and the upper electrode face each other across the piezoelectric film and
is not located in a center region of the resonance region. 2. The

pi ezoel ectric thin filmresonator according to claim1, wherein the
insertion filmis located fromthe at |east a part of the outer periphery
region to an outside of the resonance region. 3. The piezoelectric thin
filmresonator according to claiml1l or 2, wherein the insertion filmhas a

Young' (1Bt ddsstd RS Rat A iduyY ARG, SulRAILES afd alidiRidk e8nebealatié Berbid M
4. The piezoelectric thin filmreéesonator according to any one of clains 1

t hr ougRih ot dm'?trix%qf?olﬁ!ﬂ?e (RZRELBL bf MefilJeMids conposed mainly of al um num
nitride. 5. e piezoelectric thin filmresonator according to claim4,
wherein the insertion filmis conposed nainly of at |east one of A, Au,
Cu, Ti, Pt, Ta, Cr, and silicon oxide. 6. The piezoelectric thin film

resonator according to any one of clains 1 through
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4, wherein the insertion filmis a netal film 7.The piezoelectric thin
filmresonator according to any one of clains 1 through 6, wherein T 1 /T2
< 0.2 where Tl represents a filmthickness of the insertion film
and 12 represents a filmthickness of a nmultilayered filmin the center
region. 8.The piezoelectric thin filmresonator according to any one of
clainms 1 through 7, wherein a wdth of the insertion filmin the
resonance region of the insertion filmis equal to or less than 2.5 tines a
wavel ength of an acoustic wave in a thickness extension node of the

pi ezoel ectric thin filmresonator.

CLAIMS

What is claimed is:

1. A piezoelectric thin film resonator comprising:

a substrate;

a piezoelectric film located on the substrate;

a lower electrode and an upper electrode facing each other across at least a part of the
piezoelectric film; and

an insertion film that is inserted into the piezoelectric film, is located in at least a part of
an outer periphery region in a resonance region in which the lower electrode and the upper
electrode face each other across the piezoelectric film, and is not located in a center region of the

resonance region.

2. The piezoelectric thin film resonator according to claim 1, wherein
the insertion film is located from the at least a part of the outer periphery region to an

outside of the resonance region.

3. The piezoelectric thin film resonator according to claim 1 or 2, wherein
the insertion film has a Young's modulus less than a Young's modulus of the

piezoelectric film.

4. The piezoelectric thin film resonator according to any one of claims 1 through
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9. The piezoelectric thin filmresonator according to any one of clains 1

t hrough 7. wherein a wdth of the insertion filmin the resonance
region of the insertion filmis equal to or less than 1.5 tines a

wavel ength of an acoustic wave in a thickness extension node of the

pi ezoel ectric thin filmresonator. 10, The piezoelectric thin filmresonator

according to any one of clainms 1 through 9, wherein an air-space is
formed between the substrate and an insulating filmnmaking contact with the
| ower el ectrode or the |ower electrode in the resonance region. 11.
The piezoelectric thin filmresonator according to any one of clains 1
through 9, further conprising: an acoustic reflection film
refl ect i@ acoustic wave propagating through the piezoelectric film
under the | ower electrode in the resonance region. 12. The

pi ezoel ectr 'tﬁe biBidal efchlcrﬁlﬁq‘%@&ﬁé&@d ALY 8f Neni@madividene of claims 1 through
11, wherei a side surface of the insertion filmis tapered so that

an upper surface of the insertion filmis smaller than a bottom surface
t her eof .

5. The piezoelectric thin film resonator according to claim 4, wherein
the insertion film is composed mainly of at least one of Al, Au, Cu, Ti, Pt, Ta, Cr, and

silicon oxide.

6. The piezoelectric thin film resonator according to any one of claims 1 through
4, wherein

the insertion film is a metal film.

7. The piezoelectric thin film resonator according to any one of claims 1 through
6, wherein
T1/T2<0.2

where T1 represents a film thickness of the insertion film and T2 represents a film

thickness of a multilayered film in the center region.

8. The piezoelectric thin film resonator according to any one of claims 1 through
7, wherein

a width of the insertion film in the resonance region of the insertion film is equal to or
less than 2.5 times a wavelength of an acoustic wave in a thickness extension mode of the

piezoelectric thin film resonator.
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13. The piezoelectric thin filmresonator according to claim 12, wherein an
angl e between the bottom surface of the insertion filmand the side surface
t hereof is 14. Afilter conprising: a piezoelectric thin filmresonator
according to any one of clainms 1 through 13. 15. A duplexer conprising: a
transmt filter; and a receive filter, wherein at |east one the transmt
filter and the receive filter is a filter according to claim 14.

9. The piezoelectric thin film resonator according to any one of claims 1 through
7, wherein

a width of the insertion film in the resonance region of the insertion film is equal to or
less than 1.5 times a wavelength of an acoustic wave in a thickness extension mode of the

piezoelectric thin film resonator.

10. The piezoelectric thin film resonator according to any one of claims 1 through
9, wherein
an air-space is formed between the substrate and an insulating film making contact with

the lower electrode or the lower electrode in the resonance region.

11. The piezoelectric thin film resonator according to any one of claims 1 through
9, further comprising:
an acoustic reflection film reflecting an acoustic wave propagating through the

piezoelectric film under the lower electrode in the resonance region.

12. The piezoelectric thin film resonator according to any one of claims 1 through
11, wherein
a side surface of the insertion film is tapered so that an upper surface of the insertion

film is smaller than a bottom surface thereof.

13. The piezoelectric thin film resonator according to claim 12, wherein

an angle between the bottom surface of the insertion film and the side surface thereof is
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60° or less.

14. A filter comprising:

a piezoelectric thin film resonator according to any one of claims 1 through 13.

15. A duplexer comprising:
a transmit filter; and
a receive filter, wherein

at least one the transmit filter and the receive filter is a filter according to claim 14.



