SPECI FI CATI ON TI TLE OF THE | NVENTI ON ACOUSTI C WAVE DEVI CE Field [0001] A
certain aspect of the present invention relates to acoustic wave devi ces.
Background [0002] Di ffusion of w reless comuni cati on devices i ncl udi ng
nobi | e phones has encouraged devel opnment of filters formed by conbining
acoustic wave devices using a surface acoustic wave (SAW or bul k acoustic
wave (BAW. The filter using a SAWor BAWhas a small outer shape and a
hi gh Q conpared to a dielectric filter, and thus is suitable for a
hi gh-frequency conponent in a wi reless comunication device such as a
nmobi | e phone required to be small in size and have a steep skirt
characteristic. Mreover, there has been suggested an acoustic wave device
using a Lamb wave as a devel opedPHEEVFICATIONt he acousti c wave device using a
SAWor BAW [0003]In recent years, filters are required to have high
performance. For exanpl e, aTanhd 0¥ THEINVEBITIONar acteristic is required to
be wi dened. The band of the filter characteristic can be w dened by
i ncreasi ng an el ect romechani £abUsOUPWAVE DE&MEECI ent of an acoustic wave
device used in the filter. Use of a piezoelectric filmwth a high
el ectromechani cal coupling coefficient can increase the el ectronechani cal
coupling coefficient of the acoustic wave device. [0004] When an al um num
nitrideellil mis used as the piezoelectric film the el ectronechani cal
coupling coefficient of the acoustic wave device can be inproved by
cont r gbba1ng aACceﬁ%ih%éﬁb’ci: SMh@pieSdht Hvehtith @latsTiagButiid wavdaielickdn as di scl osed
in Rajan S. Nai k, and 10 others, "Measurenents of the Bulk, C Axis
El ectronechani cal Coupling Constant as a Function of AIN Film Qality",
| EEE TRANSACTI ONS ON ULTRASONI CS, FERRCELECTRI CS AND FREQUENCY CONTROL,
2000, pHeterouftd, P. 292-296 (Non-Patent Document 1), for exanple. For
exanpl e, the el ectronechani cal coupling coefficient of the acoustic wave
devi cqog@) be DRt VEayikYess 8bMBiuAitaddnEy EMnRiudingGSotile pHbELRMEAI Ni ng an
al kali earth nmetal and/or a rare-earth netal for the piezoelectric filmas
di scl eaeshriddd JeRAGGESt PRHRGE foRRY b§ 8bhBiRinEaRbilfia a0 ddNGees 2HRE 2 304249
(Patent Docunent 1). Moreover, piezoelectric response of the acoustic wave
devi Cec&alc Ravé BUWYSChulY adbsbOwarRk BIAWY. NYRL Fildr dssies 4 SAW & WHR I NI _
scandiumat a content rate in a predeterm ned range for the piezoelectric

i1 m amalicbek 0RAE ahda ARATDESERR R aiARRAE ik ) RUDKLGRIIOR: No.  2009- 10926

(Patent Docunment 2). [ ] However, the art disclosed in Non-Patent

Doc umgidtn freieA® dothpoftH: G £ wiltR st RehiNERpA AR Cabuch QYR nidbYe pR&HeM b gliRAt Of
the alumnumnitride film and thus fails to obtain an el ectronechani ca

coupl ifhge GRET fnl Gl il O &Eer RAPcHDRterRBE 21 MR TEOMER HIBb&NisBbocsted an

characteristic of the alumnumnitride film In addition, the art discl osed

i N PateitsiPAGVEBRL celusHa B dnth WRY RV&ielOgp& cfe@rc@gffr&%emsﬁ@kvge@awiéeng

coefficient by increasing a bond concentration a grain boundary between
C- axi §sR6L&Med, glagwi num nitride particles, and thus fails to obtain an
el ectronechani cal coupling coefficient higher than that obtained froma

mat er i goa¢ har Blebdnt $EdrS tRbrstdrEreahidl BWAVIhikh blBorfdah®.  For example, a band

of a filter characteristic is required to be widened. The band of the filter characteristic can be
widened by increasing an electromechanical coupling coefficient of an acoustic wave device
used in the filter. Use of a piezoelectric film with a high electromechanical coupling coefficient
can increase the electromechanical coupling coefficient of the acoustic wave device.

[0004] When an aluminum nitride film is used as the piezoelectric film, the

electromechanical coupling coefficient of the acoustic wave device can be improved by
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[ 0006] The acoustic wave device grows in size and thus increases cost as a
resonance frequency decreases. SUMVARY OF THE | NVENTI ON [0007] According to
an aspect of the present invention, there is provided an acoustic wave
device including: a piezoelectric filmmde of an alumnumnitride film
containing a divalent elenment and a tetraval ent el ement, or a dival ent

el enent and a pentaval ent elenent; and an el ectrode that excites an
acoustic wave propagati ng through the piezoelectric film [0008]Accordi ng
to anot her aspect of the present invention, there is provided an acoustic
wave device including: a piezoelectric filmmde of an alum numnitride
filmcontaining an el enent that achieves at | east one of an increase in a

per m tehhirdilidg ABAxR oHEEHERPES thealamirAeOhishdeCfilMeds@edcloted RAMRhjans.elfig tahode t hat
excites an acoustic wave propagating through the piezoelectric film

wher i @thdr € SRaNeEnd i EIURNBYIKI 8-A8§Blcbdhedanied uplify Cofktdatds a BRI EF

E

DESCRI PTI ON OF THE DRAW NGS [0009]FIG 1 illustrates a structure of

al um it SHAGR Fseduiify”, SEPRIFRUWINEXGTIONS ON HLIRASANIGS,a top view of an
acoustic wave device in accordance with a first enbodinent, FIG 2B is a

Cr 0SS-[{EGORNEC TVICRM UBHREGTENA Y CORTROA, OOOEVE. 424, 29mdodiNon-Berit s a

cross-sectional view taken along line B-Bin FI G 2A, FI G 3A through

FI G 3hRumeht BSRr S£&5JIONor ¥k SNfe fiRE cl8XRInRicRAdA aodﬂhg bGettidian omatehod of the
acoustic wave ‘device of the first enbodinment; FIG 4A illustrates sinulation

resul t:5,0kic %l EQRANGR bE Mﬁll%%aeﬁ}' ShidLarPfluBinbibe Siride BAR coRBfifg 2 alidif

illustrates sinmulation results of a resonance characteristic of a second

FBAR; l%tﬁlétdl hAdISLd n_%%e@mirﬁ%l%ﬂ B plessdibduc Bfin & ReMbedid Mphndepabnd i st
a e; FIG 6

doped umnumnitride; FI iIlTustrates sinmulation results of a band

Fesul (P o DR S E ST R A DS alT %, ol pghRcklail ati on
pea al um num nitride;

response of the acoustic wave device can be improved by using an aluminum nitride film
containing scandium at a content rate in a predetermined range for the piezoelectric film as
disclosed in Japanese Patent Application Publication No. 2009-10926 (Patent Document 2).
[0005] However, the art disclosed in Non-Patent Document 1 aims to improve the
electromechanical coupling coefficient of the aluminum nitride film, and thus fails to obtain an
electromechanical coupling coefficient higher than that obtained from a material characteristic of
the aluminum nitride film. In addition, the art disclosed in Patent Document 1 aims to improve
the electromechanical coupling coefficient by increasing a bond concentration of a grain
boundary between c-axis oriented aluminum nitride particles, and thus fails to obtain an
electromechanical coupling coefficient higher than that obtained from a material characteristic of
the aluminum nitride film.

[0006] The acoustic wave device grows in size and thus increases cost as a resonance

frequency decreases.

SUMMARY OF THE INVENTION



FIG 8 illustrates a relationship between a piezoelectric constant en and
an el ectronechani cal coupling coefficient k2; FIG 9 illustrates a
rel ati onship between a ratio (c/a) of a lattice constant in a c-axis
direction to a lattice constant in an a-axis direction and an

el ect romechani cal coupling coefficient k2; FIG 10A illustrates a
dependence of an el ectronechani cal coupling coefficient k2 on
substitutional concentrations when magnesiumis used as a dival ent el enent
and hafniumis used as a tetravalent elenent, and FIG 10B illustrates a
dependence of an el ectronmechani cal coupling coefficient k2 on
substitutional concentrations when nmagnesiumis used as a dival ent el enent
and ti[b@oy um hgcdigiag (s &pt@lof théPr&@Bit ifVedtBRltthere is providéd 48 acbdsticSvate
cross-sectional view of an acoustic wave device in accordance with a first

var i atdeoie flchidi: b bleSécl@MRORINTRAES of an aluminfhGitrilié Alrh lebisininglefvaédrul ati on
results of a resonance characteristic of a third FBAR, and FI G 12B

i || usteletedsarid Melrdl @R clefStt bSa @l alent ESUMAREE vakchedlémédtCar@fana fourth
FBAR, FIG 13 illustrates simulation results of a resonance characteristic

of a felléctrbddi%%xcfés@n ablustil kasé fn%bﬁgatﬁ%m#bﬁ’éhltﬁél?ﬂéﬁﬁzﬂﬁcﬁﬁz ffn.a band structure

of fourth doped alum numnitrid IG 15 illustrates sinulation

resul tgogs] a Ranfdidk idsloMee agiectfdfftﬁérbxé@ateﬁ&va{tw D Oprlok1dde an Edoﬁsuch

illustrates a relatronship between a piezoelectric constant en and an

el ect OB ABARS mRludHQUPhieNGI AR fihCh&dd of Ba Zluminum nitrifi §im ddnthihingshr ates a
rel ationship between a ratio (c/a) of a lattice constant in a c-axis

di r ectelddibnt fafachfivEd £9B00RIARM idcRealingr Mﬁtlﬁw eﬁﬂtd d&@reﬁ&qn @hl acoustic
el ect romechani cal coupling coefficient K2; 18 illustrates a

dependeRegy:hd ah cRLESIRITR A AR LA %&oﬁﬁéjgﬁbéﬁﬁoﬁ%‘%ﬁﬁ g ﬁl'f(ﬁl%ﬁ theZpiSdelectric

substitutional concentrations when magnesium i's used as a dival ent el enent

and té}ﬂﬁlalvuépef%]e%qnesﬁe@ugf&gnméemo@ oept;s Ghe 19 illustrates

simul ation results of ance characteristic of a sixth FBAR
FIG 20A illustrates a relationship between a total of substitutional
concentrations of My and Zr and a nornmalized piezoelectric constant, and

FIG20B is a d|agran1tgﬁhﬂeﬁﬁg@§hﬁjg@$ gt i o of substitutiona
concentrations of My to Zr 1s around 1: ron1FIG. 20A; FI G 21A

|11 UStpgioes apfeh ghiaRbl Rehalesens ﬁu’ﬂl gl ua #H2Shdibitsonal

COHCG i on O Zr to atota Stl tutional concentrations of My and

2 and a nopyay 2Bl GEQS ORI CORY ADlce 1 RALohRe P, bk BmBbAGEAM  hat

extracts data o) a tota sti1tutional concentrati ons and

2t om (3T et R an L i o AR Shsyii 2r e 1o &

rel ati %§@{eo@n%n9%é4§§1ﬂe@%15ﬁé fB ﬁufq jAutl onal concentrations of a

di val e enment an ava ent e enent and a normalized piezoel ectric
constant;  gyg 34 through FIG. 3H are cross-sectional views for explaining a fabrication method

of the acoustic wave device of the first embodiment;

FIG. 4A illustrates simulation results of a resonance characteristic of a first FBAR, and
FIG. 4B illustrates simulation results of a resonance characteristic of a second FBAR;

FIG. 5 illustrates simulation results of a band structure of first doped aluminum nitride;

FIG. 6 illustrates simulation results of a band structure of second doped aluminum
nitride;

FIG. 7 illustrates simulation results of a band structure of third doped aluminum nitride;



FIG 23 illustrates a relationship between a total of substitutional
concentrations of My and Zr and a c/a rati o; FIG 24A illustrates a
rel ati onshi p between a resonance frequency and a normalized filmthickness
of a resonance portion of an FBAR of a third conparative exanple, and FIG
24B illustrates a relationship between a resonance frequency and a
normal i zed area of the resonance portion; FIG 25A illustrates a
rel ati onshi p between a substitutional concentration of Sc and a
permttivity 633, and FIG 25B illustrates a rel ationship between a
substitutional concentration of Sc and an acoustic velocity V; FI G
26A illustrates a relationship between a resonance frequency and a

normal i zed fidm iRkl aT8la@nsRipRERRAAGHEBOEE10 Bordfandsy; BRAR of .a fourth
enbodi ment, and FI G 26B |IIustrates a relationship between a resonance

fI‘equ%ﬁoﬁ@@haﬁlcgﬂj’oﬂﬂhﬂg&gﬁﬁq&akbf the resonance portion; FIG 27A is
a cross-sectional view of an acoustic wave device in accordance with a

first variapiQn 9fsttfs afrgﬂﬁéﬂ%hﬁrﬂéﬁgéeﬂﬁ%uo @nf oFh fatiZcbBohstad i h @9gissect i onal
vi ew of an acoustic wave devicé in accordance with a second vari ati on of

the f QiyeldtBRAs BB Hhstant in an a- aﬁlsﬁlreg@cﬁ drldl a1 dcBbBscHagicall doBpIRY PsfiRRiveen a
resonance frequency and a nornalized filmthickness of a resonance portion

in theg2first variation and the second variation of the fourth enbodinent;
and FIG 28Billustrates a rel ationship between a resonance frequency and a

normalized i€y nglllﬁslf‘l%ters %%9%@1@%6%@% ERPtromechanical thépl#3 Aok BicRnt k? on
cross-sectional view of BAR in accordance with a first variation of the

enbodiipiidio 351' ﬁnc&%@tlblﬁovgheﬁmgﬁeaaﬁag QRakhs ¥ HRMRS elaﬂe&%ﬁqmluﬁp@ Qsg@nce

with a second vari ation t he "enbodi ments, and FI G is a

cr oss ﬁi%&a%l%t BNt Oafnd?"ft} %PquuEéu%es%QleEam@n&rmﬁ eaetff&méaﬂakwaycs@lagw AR

IS atop viewol a surface acoustic wave device, and

Cr 055 "REFANEH on\ei 6Wele fdﬁ%fﬁo%k&ﬁ%bﬁﬂgheﬁ rﬁagn@mﬁﬁa%lznl?sled%s Eiv@}en@él&nbrﬁ afld

Cr oss- sectlonal V|em10 ove wave device, and

Cr 0ss- ry acousti c wave devi ce; and FIG 32 is a
| tQ dary u
Cross- ggglﬁlgnaedé% %t‘% aléh 'FJ{% Wave device. DETAI LED DESCRI PTI ON

e i T
EnbOdi\@aEQttion of the first embodiment;
FIG. 12A illustrates simulation results of a resonance characteristic of a third FBAR,
and FIG. 12B illustrates simulation results of a resonance characteristic of a fourth FBAR;
FIG. 13 illustrates simulation results of a resonance characteristic of a fifth FBAR;
FI1G. 14 illustrates simulation results of a band structure of fourth doped aluminum
nitride;
FIG. 15 illustrates simulation results of a band structure of fifth doped aluminum nitride;
FIG. 16 illustrates a relationship between a piezoelectric constant e33 and an
electromechanical coupling coefficient k;
FIG. 17 illustrates a relationship between a ratio (c/a) of a lattice constant in a c-axis

direction to a lattice constant in an a-axis direction and an electromechanical coupling coefficient

K



[ 0011] A description wll now be given of a sinmulation for alum numnitride
(AI'N) conducted by the inventors. The sinulation was conducted with a

nmet hod called a first principle calculation. Methods of calculating an

el ectronic state without using fitting paraneters or the like are
collectively referred to as the first principle calculation, which can
calculate the electronic state by using only atom c nunbers and coordi nates
of atoms constituting a unit lattice or nolecule. FIG 1 illustrates a
structure of AIN used for the sinulation. As illustrated in FIG 1, used
for the sinmulation is AINwith a wrtzite-type crystal structure that is a
supercel | containing sixteen alum num atoms 10 and sixteen nitrogen atoms

12 obt ai ned Fixy. 18QIaitg a@lepididbnde @ bih clectEdMdchbrita) godphag abeffitionk’ahoms 10 and
two nitrogen atons 12 in a-axis, b-axis, and c-axis directions. The first

pri ncispbRit@aineLdontdrdratibs »ﬁeahfr@argﬁesimh@s 908 add Mvaiehtelérhent whd tarialuen tsyped
crystal structure by noving an atom c coordinate, a cell volune, and a cel

shape 8iPhthd@fefiétnt;and the el ectronic state of the AAINin a stable
structurée is cal cul at ed. [0012] Table 1 presents a lattice constant in the

a- axi s di r e¢yd;0n,j|Idstlalk sinfifatfANSiuRB bf & FesbiiBcs clindcter@iic 6fd diB. FBAR] a ratio
(c/a) of the lattice constant in the c-axis direction to the lattice

constant i n G e0a-iudisied a6l dRRipARLth attedl dfisQRtiitPnel Ratdrdaiisnsfae of
the AIN in the stable structure obtalned by the first principle

cal cul 4hi7@9nd 4 ﬂ@rln?ahkec%l@%e%ﬁﬁ%ﬂﬁﬁarﬁxd?ﬁmlmls a\ipdgHes tabs.ajapedatabract ual |y
formng an AIN fil mby sputtering and nmeasuring the AINfilmby X-ray

diff rEW&HPQratlfo-[)@%&ti‘guhoni-l%%ﬁdeﬁﬁat%@%TR'%;[o'z@ idablddce| GepstiantoA;n c/a a-axis
direction [A] c-axis direction | cul ated val ue 3. 11

FIG. 21A illustrates a relationship between a ratio of a substitutional concentration of Zr
to a total of substitutional concentrations of Mg and Zr and a normalized piezoelectric constant;
and FIG. 21B is a diagram that extracts data of which a total of substitutional concentrations of
Mg and Zr is greater than or equal to 3 atomic% and less than or equal to 10 atomic% from FIG
21A;

FIG. 22A and FIG. 22B illustrate relationships between a total of substitutional
concentrations of a divalent element and a tetravalent element and a normalized piezoelectric
constant;

FIG. 23 illustrates a relationship between a total of substitutional concentrations of Mg
and Zr and a ¢/a ratio;

FIG. 24A illustrates a relationship between a resonance frequency and a normalized film
thickness of a resonance portion of an FBAR of a third comparative example, and FIG. 24B
illustrates a relationship between a resonance frequency and a normalized area of the resonance
portion;

FIG. 25A illustrates a relationship between a substitutional concentration of Sc and a

permittivity £33, and FIG. 25B illustrates a relationship between a substitutional concentration of



4.98 1.60 Experinmental value 3.11 4.98 1.60 [0013]As presented in Table 1,
both the cal culation value and the experinental value are 3.11 [A] with
respect to the lattice constant in the a-axis direction, 4.98 [A] with
respect to the lattice constant in the c-axis direction, and 1.60 with
respect to the c/a ratio. This result denonstrates that the above-descri bed
sinmulation using the first principle calculation is valid. [0014] A
description will now be given of a sinulation for doped AN doped with an
el ement other than alum num (Al') and nitrogen (N). Hereinafter, AIN that is
not doped with an elenent other than Al and Nis referred to as non-doped
AIN. The sinulation is perforned to doped AINwth a crystal structure

f or medcMd a4 BSdusticNdiagtyay;di val ent el ement in one of the al um num atons 10
and substituting a tetraval ent elenent in another one of the al um num atons

10 in non- depgdeAliiNistatel atrélﬁtldﬁnfdﬁ?ﬂ)'eﬁv@ehlﬁ@%oﬁéﬁrﬁé@‘ﬁ@hu@l&ik&ﬁ#ﬁ&rﬁﬁmrﬂlbﬁd in
FIG 1. That is to say, the sinulation is perforned to the doped AIN with

t he wWykitigies€ot YREonahdSIRliorSd T BN o £PTHuRN RINBEdIHRHET, LEEAIGRDSWTiINFABE #B, One
di val ent el enent, one tetraval ent elenent, and sixteen nitrogen atons

for mgelQﬂoxﬁHB%%&h'aQ@saﬁa@e‘ﬁ%ﬁﬁéﬁ: ﬁlll@ﬁrﬁ&trnaﬁﬂéﬁ ded SlthaMabRAte frgsBNt in a

part of alum numsites. Here, referred to as a substitutional concentration

is an atom @I@%Q@i@a ERkd- %tl@rtal @16&@%'&&5&1@ Wabd 8B In WeRRdaAcd AtRbh Rft t he
nunber of alum num atons and the nunmber of atons of the substitution

el ement;defi 1%k %Qﬁh BBt THBIG DS i &8dsettiRhERBR L A dedubi: Waler aval ent

el enent contain I'n the dopéd AIN for the sinulation have substitutional

gonceraferi%s R0 Shodh A, SIROAE Vil 6 HEYLERemiiBANART UM (M), St ront] um

Sr), or zinc is used as the divalent elenment, and titanium (Ti),

zi r coni um ( g, gy hmlfarys QS lseth FRsdifed £LGRN@ BBt rehAABRY fith 0015] As

is the case wth e non-doped the first principle calculation can

cal cul @EBT & fg—p{ I%I%Jaﬁ réfsl%%h@ﬁrs} fﬁa@leﬂsﬁd AL NdoRd {ASh 3Pl sidct ure, and

the ca ectr |c state allows a lattice constant in the a-axis

di r ectt, O indnt %}Il?r 'FR?F@BQﬁﬁs@ﬁ{es a@?lﬁth(ﬁls 8%{\?&2‘6{4 'aﬁ*@s%héxﬁ@ fre&ur@lcﬁaﬁ f ratio to

be calculate rst princip ulation can al so caltcul ate

pleZOqJgﬁ&k?ﬁaﬁ8§§P%Q&§nM%l%iﬁkﬁ constants, and permttivities of the

non- do from m nor change of total energy caused by

2 | il ”Zln:j tSL;% %r i% %lo?ésn t b ickiPorl AAGHEAN § ?clcoﬂdgﬁge'vﬁﬁtsa ﬁrfs} {eipeBr doped

e stabl e structure. rel ational expression

I
(Expr g@gé@@;&eﬁg €. JIBUE 2 2PR0%e ggm&&@hp&rm&mgemﬁceem aéé%ofr‘c!l astic

const apermttrvrty e C-axls rection and

el ectr %?gtﬁchlacf}‘tﬁ%e %\ﬂéﬂt?%ﬁ ?f(f‘v f2b 1?9&0%2?6%“8&‘?'\/@@;(&%5 Stl\fllgf err ed t 0 as k2).

Ther ef' ani’ca coup ng coefficients he non-doped Al N

and the dop I\N cal cul ating piezoelectric constants
e33, elastrgﬂgéﬁs gn Sngﬁ&&ﬁQ permttivities 33 of the non-doped AN and

the doped AlF'l\brﬁiqgg%pv\? er ‘of L Eﬁ&?a{cgﬁédugﬁc av]ave device, and FIG. 31B isa

cross-sectional view taken along line A-A in FIG 31A, FIG. 31C is a cross-sectional view of a

Love wave device, and FIG. 31D is a cross-sectional view of a boundary acoustic wave device;

and
FIG. 32 is a cross-sectional view of a Lamb wave device.
DETAILED DESCRIPTION
[0010] Hereinafter, a description will be given of embodiments of the present invention with

6



2 k2 33 633 X C33 [0016] Table 2 presents cal cul ated pi ezoel ectric constants
e33 and k2 cal cul ated from Expression 1 of the non-doped AN and the doped
AIN. As presented in Table 2, the obtained results denonstrate that the
doped AIN doped with a divalent elenent and a tetraval ent el enent (Case 1

t hrough Case 10) have piezoelectric constants e33 and el ect ronechani cal
coupling coefficients k2 greater than those of the non-doped AIN (Non-doped
AIN in Table 2). A conbination of the divalent elenent and the tetraval ent
el ement may be Ca-Ti, Ca-Zr, Ca-H, My-Ti, My-Zr, Mg-Hf, Sr-Hf, Zn-Ti,
Zn-Zr, or Zn-Hf as presented in Table 2, and rmay be ot her conbinations.

[ Tabl e 2] Conbi nation Dival ent Tetraval ent Piezoelectric

El ect ropRaOAB KA ttached drawings.
First Embodiment
[0011] A description will now be given of a simulation for aluminum nitride (AIN)
conducted by the inventors. The simulation was conducted with a method called a first
principle calculation. Methods of calculating an electronic state without using fitting
parameters or the like are collectively referred to as the first principle calculation, which can
calculate the electronic state by using only atomic numbers and coordinates of atoms constituting
a unit lattice or molecule. FIG. 1 illustrates a structure of AIN used for the simulation. As
illustrated in FIG. 1, used for the simulation is AIN with a wurtzite-type crystal structure that is a
supercell containing sixteen aluminum atoms 10 and sixteen nitrogen atoms 12 obtained by
doubling a unit lattice containing two aluminum atoms 10 and two nitrogen atoms 12 in a-axis,
b-axis, and c-axis directions. The first principle calculation is performed ;co the AIN with the
wurtzite-type crystal structure by moving an atomic coordinate, a cell volume, and a cell shape
simultaneously, and the electronic state of the AIN in a stable structure is calculated.
[0012] Table 1 presents a lattice constant in the a-axis direction, a lattice constant in the
c-axis direction, and a ratio (c/a) of the lattice constant in the c-axis direction to the lattice
constant in the a-axis direction calculated from the electronic state of the AIN in the stable
structure obtained by the first principle calculation. Table I also presents experimental values
obtained by actually forming an AIN film by sputtering and measuring the AIN film by X-ray
diffraction.

[Table 1]

Lattice constant in Lattice constant in )
c/a
a-axis direction [A] c-axis direction [A]




el emrent el enent constant e33 [ O n2] coupling coefficient k2 [9% Case 1 Ca
Ti 1.77 9.68 Case 2 Ca Zr 1.85

Calculated value 311 4.98 1.60
Experimental value 3.11 4.98 1.60
[0013] As presented in Table 1, both the calculation value and the experimental value are

3.11 [A] with respect to the lattice constant in the a-axis direction, 4.98 [A] with respect to the
lattice constant in the c-axis direction, and 1.60 with respect to the ¢/a ratio. This result
demonstrates that the above-described simulation using the first principle calculation is valid.
[0014] A description will now be given of a simulation for doped AIN doped with an
element other than aluminum (Al) and nitrogen (N). Hereinafter, AIN that is not doped with an
element other than Al and N is referred to as non-doped AIN. The simulation is performed to
doped AIN with a crystal structure formed by substituting a divalent element in one of the
aluminum atoms 10 and substituting a tetravalent element in another one of the aluminum atoms
10 in non-doped AIN with the wurtzite-type crystal structure described in FIG 1.  That is to say,
the simulation is performed to the doped AIN with the wurtzite-type crystal structure containing
fourteen aluminum atoms, one divalent element, one tetravalent element, and sixteen nitrogen
atoms formed by substituting a divalent element and a tetravalent element in a part of aluminum
sites. Here, referred to as a substitutional concentration is an atomic concentration of a
substitution element when a total of the number of aluminum atoms and the number of atoms of
the substitution element defines 100 atomic%. Thus, the divalent element and the tetravalent
element contained in the doped AIN for the simulation have substitutional concentrations of 6.25
atomic%. Calcium (Ca), magnesium (Mg), strontium (Sr), or zinc (Zn) is used as the divalent
clement, and titanium (Ti), zirconium (Zr), or hafnium (Hf) is used as the tetravalent element.
[0015] As is the case with the non-doped AIN, the first principle calculation can calculate an

electronic state of the doped AIN in the stable structure, and the calculated electronic state allows



103 Case 3 Ca Hf 2.17 14.2 Case 4 My Ti 2.09 12.9 Case 5 My Zr 2.13 13.5
Case 6

a lattice constant in the a-axis direction, a lattice constant in the c-axis direction, and a ¢/a ratio to
be calculated. The first principle calculation can also calculate piezoelectric constants, elastic
constants, and permittivities of the non-doped AIN and the doped AIN from minor change of
total energy caused by a small strain forcibly applied to the crystal lattices of the non-doped AIN
and the doped AIN in the stable structure. A relational expression (Expression 1) holds true
among a piezoelectric constant ess, an elastic constant Cs3, and a permittivity €33 in the c-axis
direction and an electromechanical coupling coefﬁc.ient k* (hereinafter, referred to as k%).
Therefore, electromechanical coupling coefficients k* of the non-doped AIN and the doped AIN
can be calculated by calculating piezoelectric constants €33, elastic constants Cs3, and
permittivities 13 of the non-doped AIN and the doped AIN respectively.

[Expression 1]

2
e
2
k — 33
£53%XCyy

[0016] Table 2 presents calculated piezoelectric constants €33 and k? calculated from
Expression 1 of the non-doped AIN and the doped AIN. As presented in Table 2, the obtained
results demonstrate that the doped AIN doped with a divalent element and a tetravalent element
(Case 1 through Case 10) have piezoelectric constants ¢33 and electromechanical coupling
coefficients k* greater than those of the non-doped AIN (Non-doped AIN in Table 2). A
combination of the divalent element and the tetravalent element may be Ca-Ti, Ca-Zr, Ca-Hf,
Mg-Ti, Mg-Zr, Mg-Hf, Sr-Hf, Zn-Ti, Zn-Zr, or Zn-Hf as presented in Table 2, and may be other
combinations.

[Table 2]

Combination Divalent Tetravalent Piezoelectric Electromechanical




My Hf 2.46 17.6 Case 7 Sr Hf 1.96 11.3 Case 8 Zn Ti 2.08 12.5 Case 9 Zn Zr

element element constant es; coupling
[C/m?] coefficient k? [%6]
Case 1 Ca Ti 1.77 0.68
Case 2 Ca Zr 1.85 10.3
Case 3 Ca Hf 2.17 14.2
Case 4 Mg Ti 2.09 12.9
Case 5 Mg Zr 2.13 13.5
Case 6 Mg Hf 2.46 17.6
Case 7 Sr Hf 1.96 11.3
Case 8 Zn Ti 2.08 12.5
Case 9 Zn Zr 2.01 12.4
Case 10 Zn Hf 2.32 11.1
Non-doped AIN - - 1.55 7.12

[0017] As presented above, the inventors have newly found that doped AIN containing a
divalent element and a tetravalent element has an electromechanical coupling coefficient k*
greater than that of non-doped AIN. Thus, a description will now be given of a first
embodiment capable of obtaining an acoustic wave device having a high electromechanical
coupling coefficient k* based on the above knowledge.

[0018] FIG. 2A is a top view of an acoustic wave device in accordance with the first
embodiment, FIG. 2B is a cross-sectional view take along line A-A in FIG. 2A, and FIG. 2C is a
cross-sectional view taken along line B-B in FIG. 2A. The first embodiment describes an
FBAR (Film Bulk Acoustic Resonator) that is one of piezoelectric thin film resonators. As
illustrated in FIG. 2A through FIG. 2C, an FBAR 20 includes a substrate 22, a lower electrode 24,
a piezoelectric film 26, and an upper electrode 28.

[0019] The substrate 22 may be an insulative substrate such as a silicon (Si} substrate, a
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2.01 12.4 Case 10 Zn Hf 232 11.1 Non-doped AIN - - 1.55 7.12 [0017]As
presented above, the inventors have newy found that doped AN containing a
di val ent elenent and a tetraval ent el ement has an el ectronechani cal
coupling coefficient k2 greater than that of non-doped AIN. Thus, a
description wll now be given of a first enbodi nent capabl e of obtaining an
acoustic wave device having a high el ectromechani cal coupling coefficient
k2 based on the above know edge. [0018]FIG 2A is a top view of an acoustic
wave device in accordance with the first enbodinent, FIG 2B is a
cross-sectional viewtake along line AAAin FIG2A and FIG2Cis a
cross-sectional view taken along line B-Bin FIG 2A The first enbodi nent

descr i%Pf@ sitRtrfBAR A ftinh BsBU& (RRRY SibsGalRasQrataati) sitidte] STIRIOwef
pi ezoel ectric thin filmresonators. As illustrated in FIG 2A through FIG

2C, an|&BAR 2Disiifeled $ashesudibat 1At eTRRAowsr dIQREe 4 fGY bodtheld fild

pi ezoel ectric film 26, and an upper el ectrode 28.
including at least one of aluminum (Al), copper (Cu), chrome (Cr), molybdenum (Mo), tungsten
(W), tantalum (Ta), platinum (Pt), ruthenium (Ru), rhodium (Rh), and iridium (Ir) for example.
The lower electrode 24 may have a single layer structure or a multilayer structure.
[0020] The piezoelectric film 26 is located on the substrate 22 and the lower electrode 24.
The piezoelectric film 26 is an aluminum nitride (AIN) film containing a divalent element and a
tetravalent element, and has a crystal structure with a c-axis orientation that has a c-axis as a
main axis. The divalent element and the tetravalent element are substituted in aluminum sites
of the aluminum nitride film. The upper electrode 28 is located on the piezoelectric film 26 so
as to have a region facing the lower electrode 24. A resonance portion 30 is a region where the
lower electrode 24 and the upper electrode 28 face each other across the piezoelectric film 26.
The upper clectrode 28 may be a metal film including at least one of Al, Cu, Cr, Mo, W, Ta, Pt,
Ru, Rh, and Ir described for the lower electrode 24.  The upper electrode may have a single
layer structure or a multilayer structure.
[0021] A dome-shaped air-space 32 is located between the substrate 22 and the lower
electrode 24 in the resonance portion 30. The dome-shaped air-space 32 has a height that
becomes higher as closer to a center of the air-space 32.  An introduction path 34 formed by
introduction of etchant for forming the air-space 32 is located below the lower electrode 24.
The piezoelectric film 26 or the like does not cover a vicinity of a tip of the introduction path 34,
and the tip of the introduction path 34 forms a hole portion 36.  The hole portion 36 is an inlet

for introducing etchant to form the air-space 32.  An aperture 38 is formed in the piezoelectric

film 26 to provide an electrical connection with the lower electrode 24.
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[ 0019] The substrate 22 may be an insul ative substrate such as a silicon
(Si) substrate, a glass substrate, a gallium arsenide (GaAs) substrate, or
a ceram c substrate. The |ower electrode 24 is |ocated on the substrate 22.
The | ower el ectrode 24 may be a nmetal filmincluding at | east one of

al um num (Al'), copper (Cu), chrone (Cr), nolybdenum (M), tungsten (W,
tantalum (Ta), platinum (Pt), ruthenium (Ru), rhodium (Rh), and iridium
(I'r) for exanple. The | ower electrode 24 may have a single |layer structure
or a nmultilayer structure. [0020] The piezoelectric film26 is |ocated on
the substrate 22 and the | ower el ectrode 24. The piezoelectric film26 is
an alumnumnitride (AIN) filmcontaining a divalent elenent and a

tetravahent eleEBRAthigheehubRs decticdBlignal 5§ Apuhédibedwwén the Powler aitioderayent at i on
that has a c-axis as a main axis. The divalent elenent and the tetraval ent

el ementd dcuppdabdutodt 28 dnhcalsuBWAVEL:&ik8 by fe ih@scalichvbiativ Riftdtiotlen f i1 m  The
upper electrode 28 is |ocated on the piezoelectric film26 so as to have a

regi onychRic Revt BRiskPWES siBlifGld BUfe FidzocclrRIMRANS SerRPiidd iANhSPedctlediricedi On
where the | ower electrode 24 and t'he upper el ectrode 28 face each ot her
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I f Al, Cu, C, M, WTa, Pt, Ru, Rh

filmincluding at | éast one o , and Jr

descr i pgeit Wavt ReullPVBlecel SCLFAER e2fosed REAIHPNBRE I e ClebRslR 2XBMd RdVippdr Singl e

| ayer structure or a multilayer structure. [0021] A done-shaped air-space 32
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resonance portion 30. The done-shaped air-space 32 has a hei ght that
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el ectr E above-descri bed acoustic wave is fully reflected at
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nitride (AIN) filmis formed on the substrate 22 and the | ower el ectrode 24
by sputtering an Al alloy target formed by incorporating a dival ent el enent
and a tetravalent elenent into Al in a m xed gas atnosphere of argon and
nitrogen. Instead of sputtering the Al alloy target forned by incorporating
a divalent elenent and a tetravalent elenment into Al, an Al target, a
divalent elenent target, and a tetraval ent el enent target nay be

simul taneously sputtered by multiple sputtering. In this case, atomc
concentrations of the divalent elenent and the tetraval ent el enent
contained in the piezoelectric film26 can be controlled by changing

el ectrical power applied to each target. [0026]As illustrated in FIG 3C
and Flifarid AN fiTRtiaborinedl 61 kife subgrtd I iRidhORwWeh ele@itcie 0@ |b§ Ghiiticging bh K1 26 by
sputtering in an argon gas atnosphere for exanple. The netal filmis

sel ectgdy th@Mfdinet 89 $icofioeatRls allivaldat elefreont MMd.a tfaviRnt demerihto Rdin &and 11 as
descri bed previously. The netal filmis then shaped into a desired shape by
EXPOSUhiRe@psh Bh6dPhBE off BrebR bRA A8 gdi P efist@ldRE kHIden2 the A1R118FRkdet RFmed he

pi ezoelectric film26 is also shaped into a desired shape by exposure and
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sel ectively etching the | ower el ectrode 24 and the sacrlﬁ%ce | ayer 39.
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24, the piezoelectric film26, and the upper electrode 28 is set to a
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etching of the sacrifice layer 39 is conpleted, the nultilayered film
bulgegmﬁm&ﬂbgggrﬁ « done-shaped air-space 32 is forned between the
substrate 22 and the | ower electrode 24. The introduction path 34

conneqghpyg t hasaifsHsRAGEFRZ3EAnd PR, Bf@ﬂ RO ﬁin‘?'& 125 fopméd &Pk g{&séiecﬂ@e

above ‘descCri bed fabrication process fornms the acoustic wave device
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first FBAR, and FIG 4B illustrates sinulation results of a resonance
characteristic of the second FBAR Ajsolid line indicates the resonance
characteristic of the first FBAR in FIG 4A and the resonance
characteristic of the second FBAR in FIG 4B, and dashed lines indicate a
resonance characteristic of the first conparative exanple. As illustrated
in FIG 4A and FIG 4B, an interval between a resonance frequency and an
anti-resonance frequency is wide in the first FBAR and the second FBAR
conpared to that in the first conparative exanple. Effective

el ectromechani cal coupling coefficients keff2 of the first FBAR the second



[0033] I n addition, sinulated are FBARs using various kinds of elenents for
the divalent elenment and the tetraval ent el enent contained in the

pi ezoelectric film26 in the sane manner. Table 3 presents sinulation
results. Substitutional concentrations of the divalent elenent and the
tetraval ent elenent are set to 6.25 atom c% and configurations other than
the kinds of the divalent elenent and the tetraval ent el enent are made to
be the sane as those of the first FBAR and the second FBAR. [ Table 3]

Combi nation Dival ent el ement Tetraval ent el ement Resonance frequency [ MHz]
Anti -resonance frequency [MHz] kefT2 [N. Case 1 Ca

[0028] A description will now be given of a simulation conducted to investigate an effective
electromechanical coupling coefficient ke” (hereinafter, referred to as kea”) of the FBAR of the
first embodiment. The simulation uses calculated values by the first principle calculation for
the piezoelectric constant, the elastic constant, and the permittivity of the piezoelectric film 26
made of an aluminum nitride film containing a divalent element and a tetravalent element. A
description will now be given of a simulation performed to a first FBAR and a second FBAR
having the following configuration.

[0029] The first FBAR uses a multilayered metal film including Cr with a film thickness of
100 nm and Ru with a film thickness of 225 nm stacked in this order from the substrate 22 side
for the lower electrode 24. The piezoelectric film 26 is an aluminum nitride film that contains
Mg as a divalent element and Hf as a tetravalent element and has a film thickness of 1000 nm.
Substitutional concentrations of Mg and Hf are set to 6.25 atomic%. The upper electrode 28 is
a multilayered metal film including Ru with a film thickness of 225 nm and Cr with a film
thickness of 30 nm stacked in this order from the substrate 22 side. In addition, a silicon
dioxide (Si0;) film with a film thickness of 50 nm is located on the upper electrode 28.

[0030] The second FBAR uses an aluminum nitride film having a film thickness of 1000 nm
and containing Mg as a divalent element and Ti as a tetravalent element for the piezoelectric film
26. Other configurations are the same as those of the first FBAR. Substitutional
concentrations of Mg and T1i are set to 6.25 atomic%.

[0031] For comparison, the simulation is also performed to a first comparative example that
has the same configuration as those of the first FBAR and the second FBAR except that a
non-doped aluminum nitride film with a film thickness of 1150 nm is used for the piezoelectric

film.
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Ti 1928.9 2011.9 9.77 Case 2 Ca Zr 1895.8 1983.2 10.4 Case 3 Ca Hf 1875.7
1998.3 14.2 Case 4

[0032] FIG. 4A illustrates simulation results of a resonance characteristic of the first FBAR,
and FIG. 4B illustrates simulation results of a resonance characteristic of the second FBAR. A
solid line indicates the resonance characteristic of the first FBAR in FIG 4A and the resonance
characteristic of the second FBAR in FIG. 4B, and dashed lines indicate a resonance
characteristic of the first comparative example. As illustrated in FIG. 4A and FIG. 4B, an
interval between a resonance frequency and an anti-resonance frequency is wide in the first
FBAR and the second FBAR compared to that in the first comparative example. Effective
electromechanical coupling coefficients kes” of the first FBAR, the second FBAR, and the first
comparati\.fe example are 17.5%, 12.9%, and 7.22%, respectively.

[0033] In addition, simulated are FBARs using various kinds of elements for the divalent
element and the tetravalent element contained in the piezoelectric film 26 in the same manner.
Table 3 presents simulation results. Substitutional concentrations of the divalent element and
the tetravalent element are set to 6.25 atomic%, and configurations other than the kinds of the

divalent element and the tetravalent element are made to be the same as those of the first FBAR

and the second FBAR.
[Table 3]
Resonance Anti-resonance
) Divalent Tetravalent 3
Combination frequency frequency kest™ [%e]
element element
' [MHz] [MHz]
Case 1 Ca Ti 1928.9 2011.9 9.77
Case 2 Ca Zr 1895.8 1983.2 104
Case 3 Ca Hf 1875.7 1998.3 14.2
Case 4 Mg Ti 1930.3 2043.8 12.9
Case 5 Mg Zr 1911.9 2030.3 13.5
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My Ti 1930.3 2043.8 12.9 Case 5 My Zr 1911.9 2030.3 13.5 Case 6 My Hf
1886. 9

Case 6 Mg Hf _ 1886.9 2043.9 17.5
Case 7 Sr Hf 1901.5 1998.3 114
Case 8 Zn Ti 1940.1 2050.4 12.6
Case 9 Zn Zr 1888.3 1995.0 12.5
Case 10 Zn Hf 1887.5 2027.7 15.9
Aluminum
L - - 1963.0 2024.0 7.22
[0034] As presented in Table 3, the obtained results demonstrate that the acoustic wave

devices using an aluminum nitride film containing a divalent element and a tetravalent element
for the piezoelectric film (Case 1 through Case 10) have effective electromechanical coupling
coetticients ke’ greater than that of the acoustic wave device using a non-doped aluminum
nitride film for the piezoelectric film (Table 3: Aluminum nitride). A combination of the
divalent element and the tetravalent element may be Ca-Ti, Ca-Zr, Ca-Hf, Mg-Ti, Mg-Zr, Mg-Hf,
Sr-Hf, Zn-Ti, Zn-Zr, or Zn-Hf as presented in Table 3, and may be other combinations.

[0035] The first embodiment demonstrates that an acoustic wave device having a high
electromechanical coupling coefficient can be obtained by using an aluminum nitride film
containing a divalent element and a tetravalent element for the piezoelectric film 26.

[0036] The piezoelectric film 26 contains one of Ca, Mg, Sr, and Zn as the divalent element
in the simulation results presented in Table 3, but may contain two or more of these divalent
elements. Moreover, the piezoelectric film 26 contains one of Ti, Zr, and Hf as the tetravalent
element, but may contain two or more of these tetravalent elements. That is to say, the
piezoelectric film 26 may contain at least one of Ca, Mg, Sr, and Zn as the divalent element and
at least one of Ti, Zr, and Hf as the tetravalent element. In addition, the piezoelectric film 26

may contain a divalent element and a tetravalent element other than those cited in Table 3.
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2043.9 17.5 Case 7 Sr Hf 1901.5 1998.3 11.4 Case 8 Zn Ti 1940.1 2050.4 12.6
Case 9 Zn Zr

[0037] A description will now be given of an insulation property of doped AIN doped with a
divalent element and a tetravalent element (hereinafter, referred to as first doped AIN). The
insulation property was evaluated by calculating an electronic state of the first doped AIN by the
first principle calculation, and drawing a band diagram. For comparison, evaluated were an
insulation property of doped AIN doped with only a divalent element (hereinafter, referred to as
second doped AIN) and an insulation property of doped AIN doped with only a tetravalent
element (hereinafter, referred to as third doped AIN) in the same manner. The first doped AIN,
the second doped AIN, and the third doped AIN have the following crystal structures.

[0038] The first doped AIN is doped AIN formed by substituting a divalent element in one of
the aluminum atoms 10 and substituting a tetravalent element in another one of the aluminum
atoms 10 in the non-doped AIN with the wurtzite-type crystal structure described in FIG. 1.
Thus, a ratio of substitutional concentrations of the divalent element to the tetravalent element is
1:1. Mg is used as the divalent element, and Hf is used as the tetravalent element.

[0039] The second doped AIN is doped AIN formed by substituting a divalent element in one
of the aluminum atoms 10 in the non-doped AIN with the wurtzite-type crystal structure
described in FIG. 1. Mg is used as the divalent element.

[0040] The third doped AIN is doped AIN formed by substituting a tetravalent element in
one of the aluminum atoms 10 in the non-doped AIN with the wurtzite-type crystal structure
described in FIG. 1. Hf is used as the tetravalent element.

[0041] FIG. S illustrates simulation results of a band structure of the first doped AIN. FIG.
6 illustrates simulation results of a band structure of the second doped AIN. FIG. 7 illustrates
simulation results of a band structure of the third doped AIN. In FIG. 5 through FIG. 7, solid

lines indicate energy levels, a band of energy levels at a lower side represents a valence band,
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1888.3 1995.0 12.5 Case 10 Zn Hf 1887.5 2027.7 15.9 Alum numnitride - -
1963.0 2024.0 7.22

and a band of energy levels at an upper side represents a conduction band. A forbidden band is
between the valence band and the conduction band. A dashed line indicates Fermi energy
(hereinafter, abbreviated as Ef).

[0042] When AIN is doped with only Mg as a divalent element, the Fermi energy Ef is
located below a top of the valence band, and thus lies in the valence band as illustrated in FIG. 6.
This reveals that the insulation property degrades when AIN is doped with only a divalent
element. When AIN is doped with only Hf as a tetravalent element, the Fermi energy Ef is
located above a bottom of the conduction band, and thus lies in the conduction band as illustrated
in FIG. 7. This reveals that the insulation property also degrades when AIN is doped with only
a tetravalent element.

[0043] On the other hand, when AIN is doped with Mg as a divalent element and Hf as a
tetravalent element at a ratio of 1:1, the Fermi energy Ef lies in the forbidden band between the
top of the valence band and the bottom of the conduction band as illustrated in FIG. 5. This
reveals that the insulation property can be maintained by doping AIN with a divalent element and
a tetravalent element, and making a ratio of substitutional concentrations of the divalent element
to the tetravalent element 1:1.  This is because an electric property of the doped AIN can remain
neutral by making a ratio of substitutional concentrations of the divalent element to the
tetravalent element 1:1 because both the divalent element and the tetravalent element are
substituted in trivalent aluminum sites. FIG 5 illustrates a case where Mg is used as the
divalent element and Hf is used as the tetravalent element, but the insulation property can be also
maintained when other divalent elements and tetravalent elements are used.

[0044] Therefore, an acoustic wave device that can maintain the insulation property of the

piezoelectric film 26 and have a high electromechanical coupling coefficient can be obtained by
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[ 0034] As presented in Table 3, the obtained results denonstrate that the
acoustic wave devices using an alumnumnitride film containing a dival ent
el enent and a tetraval ent elenment for the piezoelectric film(Case 1

t hrough Case 10) have effective el ectronmechani cal coupling coefficients
keff2 greater than that of the acoustic wave device using a non-doped
alumnumnitride filmfor the piezoelectric film (Table 3: Al um num
nitride). A conbination of the divalent elenment and the tetraval ent el enent
may be Ca-Ti, Ca-Zr, Ca-H, My-Ti, My-Zr, My-H, Sr-H, Zn-Ti, Zn-Zr, or
Zn-Hf as presented in Table 3, and may be ot her conbinations. [0035] The
first embodi ment denpnstrates that an acoustic wave device having a high
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Ca, My, , and Zn as the divalent elenent in the sinmulation results
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at | eaggsspne ﬂtextcﬁldes'yﬂﬂtuﬂ wil BB F% rElQﬁorﬁhff)adeﬁﬁEen %';ﬁ‘éf%él%ctﬁﬁ doritant east one

of Ti, zr, and Hf as the tetravalent elenent. In addition

pi 620%% %hrah%1&:&&{1&%9111%%09@;1{5%@&@@% wﬁebe&AWd I Aditptdcdaleant

el enment” ot her than those ci in Table 3. [003 description wll now be

gi ven 0§ a%"fra'v St e%tn?é?l'f' PHRAREI¥ ek ic Q&E&@ﬁtg‘%lﬂf dRrRded st aldhMaldenhe! ﬁl)m?nt

and a tetrava ent enent (‘hereinafter erred to as first dopéd A

The i ngy tp?ltgbfg rcaﬁ%ﬁ YanaiRe éyﬁﬂoﬁﬁkﬁﬁléayc&@hﬁ%&&tfﬁa&t@{hlseéaregtafeqm&n st ate of

the firs by the first principle cafculation, and draw ng a band

di agr resbn § OPRY. B%lﬂ{}traéygkéfﬁfo%ghl?‘%ﬁve@@a f&%b@l@&t‘l@&n@{aﬁﬂﬁg ing £f doped AIN

doped t only a divalent elenent (hereinafter, referred to as second

doped @5!‘%31%5’1 doﬂ;?lweg?téogeﬁg étﬁggp@ftﬁ %’es? gﬂ’ﬂ@ goﬁd%lﬂﬂﬁ%s@ﬂl o @’as@

tetraval 6Rt nment to as third doped Al t he

sare %g;'?{éﬁntef?_ hﬂ' dbld BinARPRGh- @{:&d AiRe ﬁ??@? 92?(91#6110!% in@Rsed Qﬁesﬁlhbf d doped

Al N hav ow ng crystal ‘structures irst doped AINis

doped A\Jmf gﬁyanatﬁ?a%k'cweg nglc%te%gi@t's%p{he%gémw msqnﬁstatedtlﬁmlsum num

at ons Oan st|tut|ngatetrava ent el enent 1 n another one of

) T s o G O ottt
C once Q:E)ﬁ&%{tg é;;? %fatel‘ n ﬂ{aYE#ﬁP hoff: ldgﬁT&mINt %F& {he efe@fr(gﬁé@lhﬁgﬁl cglé[tﬂ H%val is 11

i s use val en enent use the t ent

el S e rric 1%9&?1 gé}@asésegsqngpeg@e?&tﬁ A}&ngtﬁmdeo %Qreésfg' B: eﬁé’th%{"ﬁ%“ﬁg%%' ng a

di val enen n1nun1 i n the non-dope Nwth
RIS S R MM R et g
ﬁiitn’sé'oéé DR mﬁﬁr%"%g{eﬁﬁ ”5%‘6@%%@? ey %%f%ﬁﬁﬁ%?ﬂﬂa‘d*?ﬁ' FoT
o B A OB i i o

configuration allows the piezoelectric film 26 to have a high electromechanical coupling

coefficient, and accordingly allows an acoustic wave device having a high electromechanical

coupling coefficient to be obtained.

[0046] As illustrated in FIG. 8, the piezoelectric film 26 preferably has a piezoelectric

constant e3; greater than 1.6, more preferably 1.8 because the electromechanical coupling
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6 illustrates sinulation results of a band structure of the second doped
AIN. FIG 7 illustrates sinulation results of a band structure of the third
doped AIN. In FIG 5 through FIG 7, solid lines indicate energy |levels, a
band of energy levels at a | ower side represents a val ence band, and a
band of energy |levels at an upper side represents a conduction band. A
forbi dden band is between the val ence band and the conduction band. A
dashed line indicates Ferm energy (hereinafter, abbreviated as Ef).

[ 0042] Whien AIN is doped with only My as a divalent elenent, the Ferm
energy Ef is |ocated below a top of the val ence band, and thus lies in the
val ence band as illustrated in FIG 6. This reveals that the insul ation

Pr opeihyticieal IdGRgeabon thd NetcelddoRednhitk Antiyasas.di val ent el ement. When AN
is doped with only Hf as a tetravalent elenment, the Ferm energy Ef is
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conduction band as illustrated’'in FIG 7. This reveals that the insul ati on
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[ 0043] On the ot her han when AIN is doped with My as a dival ent el enent

and Hieiagand @dhayal Bt crfdif B uRtof he dpb@ AN islevaluatel evitheriiio engrogy Ef lies
in the forbidden band between the top of the val ence band and the bottom of

the coRgucddn@ntaame dsxié hllréL%Bﬁ & £htice cglllsﬁmt # thd Blagisdeée@dnScaldifited By@he

i nsul ation property can be maintained by doping AIN with a dival ent el ement
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contaiF g (% val ent el enent and a tetraval ent el enent and having a

pi ezodlet] F?@ 61781°4nt e33 greater than 1.55, mhlch is the piezoelectric
const al unlnu n|tr|de r the ctric |In126 .The above
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el ect romechani cal coupling coefficient, and accordlngly all ows an acoustic
wave devi ce having a high electronechanical coupling coefficient to be
obtai ned. [0046]As illustrated in FIG 8, the piezoelectric film 26
preferably has a piezoelectric constant e33 greater than 1.6, nore
preferably 1.8 because the el ectronmechani cal coupling



coefficient k2 increases as the piezoelectric constant e33 increases.

[ 0047] A description will now be given of a relationship between a crystal
structure and an el ectromechani cal coupling coefficient k2 of doped AIN
doped with a divalent elenent and a tetraval ent el enent. The crystal
structure of the doped AINis evaluated with a ratio (c/a) of a lattice
constant in the c-axis direction to a lattice constant in the a-axis
direction calculated by the first principle cal culation. The

el ect romechani cal coupling coefficient k2 is cal cul ated by assigning
cal cul ated val ues of the piezoelectric constant and the |i ke of the doped
AN by the first principle calculation to Expression 1. FIG 9 illustrates
a rel abeffiokhi if dhetbsrutimaktdoncemitationsaofdopet AlNeddped néthadivadalt claepl indg:
coefficient k2 with respect to the doped AIN of Case 1 through Case 10

pr esentedvalent labim. 2TRndbpbiinoosttieoplectroddsharienl EOBIDg codtiiciomen ofi r cl e
indicates a result of the non-doped AIN, and black circles indicate results
of t hgub@ipgibnAll d¥ncaratibisus evakiaasd bycaldulatin®a siak bf dhepestrAliNfagped with a

di val ent elenent and a tetraval ent el enent have c/a ratios |ess than that
of t hevuiedte dgRedystil Nrudkitd dedteibed RAICONBRhAieaic sespIfidbgedcaal kitlci ent k2
increases as the c/a ratio decreases. This reveals that the FBAR of the

first defidrediniBibbrsr efueiiaih ¥tousesbsaifuted bya divalehd digrhéhe afd 4 fraedmieRivag: a
di val ent el enent and a tetraval ent el enent and having a c/a ratio | ess than
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26. The above configuration allows the piezoelectric film26 to have a high

el ect naprakaNd6adnt aRURIdNE b 8Qfal tordaehbthePidUnAC R &bt MropértiBy\sf tAO acousti ¢
wave device having a high el ectronechani cal coupling coefficient to be
obt ai Rded APOASIAE il lustrated in FIG 9, the piezoelectric film 26
preferably has a c/a ratio less than 1.595, nore preferably 1.59 because
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substitutional concentrations is evaluated by cal cul ating a size of the
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el ectronic states of doped AINwith different nunbers of al um num at ons

subst iysed KAnddetrdvAlint dlchiRht. ©IFeTEIDA AAFIQ. 0B Rl he lBRERLHRYicAIne Tirst
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electronechanlcal coupllng coeff|C|ent can be obtained by controlling
substitutional concentrations of the2dival ent el enent and the tetraval ent

el enent contained in the piezoelectric film26 in the FBAR of the first
enbodi ment. [0052] A description will now be given of an acoustic wave
device in accordance with a first variation of the first enbodinent. FIG

11 illustrates a cross-sectional view of the acoustic wave device of the
first variation of the first enbodinment. As illustrated in FIG 11, an FBAR
40 of the first variation of the first enbodi ment includes a tenperature
conpensation film42 inserted so as to be sandw ched by piezoelectric filns



tenperature characteristic of the FBAR 40 to be inproved. A silicon oxide
(Si02) filmis an exanple of the tenperature conpensation film42. Instead
of the SI2 film a filmmainly containing silicon oxide, e.g. a silicon
oxide filmdoped with an el enent such as fluorine (F), may be used. Here,
"a filmminly containing ..." nmeans a filmthat contains an elenment to the
extent that the tenperature coefficient of the elastic constant of the
tenperature conpensation film42 becones opposite in sign to those of the
pi ezoelectric filnms 26a and 26b. [0054] A description will be given of a
simul ati on conducted to investigate an effective electronmechanica

coupling coefficient Ic" of the FBAR 40 of the first variation of the first
enbodichEfitientA%in bk bbtatrlde bl costolepadititetidnal édneemation dtikddivalbnieteniint t he

first principle calculation are used for the piezoelectric constants, the
el ast iafd gRN&tAAlE: cl@ncht th@aiped i thé piékddi@Eicof Ind IeinpheEBAReF I st i | N5 26a
and 26b that are alumnumnitride filnms containing a divalent elenent and a
t et r avapeditnegt. enent. A description will be given of a sinulation perforned
to a third FBAR and a fourth FBAR having the foll ow ng configurations.

[ 0055][(‘1’65@% hi AdieEca@Bowﬁ%@w Bl bivieh oy af fAudiRividve devite innetordamig with afirkth @
filmthickness of 100 nmand Ru with a filmthickness of 225 nm stacked in

this Qhfffon{dre fikCentidaghdrl eFIE2 1 BilRGirdiey a érb&-debtidial GERGF BRAROGSHc The
pi ezoel ectric filnms 26a and 26b are alum numnitride filnms having a film

t hi ckRess 46ficA0nOMAPi6oRbAIRIME cMboditnett. di A8t I8 FERL 1 adFBKR aS a
tetraval ent el enent. Substitutional concentrations of My and Hf are set to
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tenperature conpensation film42. The upper electrode 28 is a multilayered
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[ 0056] The fourth FBAR uses an aluminumnitride filmhaving a filmthickness
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el enment for the piezoelectric filnms 26a and 26b. Other configurations are
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[0054] A description will be given of a simulation conducted to investigate an effective
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Di val ent el enent Tetraval ent el ement Resonance frequency [ MHz]
Anti-resonance frequency [IVIlIz] keff2 [Vol Case 1 Ca Ti 1973.7 2029.8 6.63

electromechanical coupling coefficient k.i* of the FBAR 40 of the first variation of the first
embodiment. As with the first embodiment, the calculated values by the first principle
calculation are used for the piezoelectric constants, the elastic constants, and the permittivities of
the piezoelectric films 26a and 26b that are aluminum nitride films containing a divalent element
and a tetravalent element. A description will be given of a simulation performed to a third
FBAR and a fourth FBAR having the following configurations.

[0055] The third FBAR uses a multilayered metal {ilm including Cr with a film thickness of
100 nm and Ru with a film thickness of 225 nm stacked in this order from the substrate 22 side
for the lower electrode 24. The piezoelectric films 26a and 26b are aluminum nitride films
having a film thickness of 400 nm and containing Mg as a divalent element and Hf as a
tetravalent element.  Substitutional concentrations of Mg and Hf are set to 6.25 atomic%. A
Si0; film with a film thickness of 50 nm is used for the temperature compensation film 42. The
upper electrode 28 is a multilayered metal film including Ru with a film thickness of 225 nm and
Cr with a film thickness of 30 nm stacked in this order from the substrate 22 side. A SiO- film
with a film thickness of 50 nm is located on the upper electrode 28.

[0056] The fourth FBAR uses an aluminum nitride film having a film thickness of 400 nm
and containing Mg as a divalent element and Ti as a tetravalent element for the piezoelectric
films 26a and 26b.  Other configurations are the same as those of the third FBAR.
Substitutional concentrations of Mg and Ti are set to 6.25 atomic%.

[0057] For comparison, the simulation is also performed to a second comparative example
that has the same configuration as those of the third FBAR and the fourth FBAR except that a
non-doped aluminum nitride film with a film thickness of 475 nm is used for the piezoelectric

film.
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Case 2 Ca Zr 1948.0 2007.2 7.05 Case 3 Ca Hf 1938.8 2018.9 9.40 Case 4 My
Ti 1978.5 2054. 4

[0058] FIG. 12A illustrates simulation results of a resonance characteristic of the third FBAR,
and FIG. 12B illustrates simulation results of a resonance characteristic of the fourth FBAR. A
solid line indicates the resonance characteristic of the third FBAR in FIG. 12A and the resonance
characteristic of the fourth FBAR in FIG. 12B, and a dashed line indicates a resonance
characteristic of the second comparative example. As illustrated in FIG. 12A and FIG. 12B, an
interval between a resonance frequency and an anti-resonance frequency is wide in the third
FBAR and the fourth FBAR compared to that in the second comparative example. The
effective electromechanical coupling coefficients kes” of the third FBAR, the fourth FBAR, and
the second comparative example are 12.0%, 8.78%, and 5.01%, respectively.

[0059] Also simulated are FBARs using various kinds of elements for the divalent element
and the tetravalent element contained in the piezoelectric films 26a and 26b in the same manner.
Table 4 presents simulation results. Substitutional concentrations of the divalent element and
the tetravalent element are set to 6.25 atomic%, and the configurations other than the kinds of the

divalent element and the tetravalent element are the same as those of the third FBAR and the

fourth FBAR.
[Table 4]
Resonance Anti-resonance
Divalent Tetravalent )
Combination frequency frequency ket [%0]
element element
[MHZz] [MHz]
Case 1 Ca Ti 1973.7 2029.8 6.63
Case 2 Ca Zr 1948.0 2007.2 7.05
Case 3 Ca Hf 1938.8 2018.9 9.40
Case 4 Mg Ti 1978.5 2054.4 8.78
Case 5 Mg Zr 1964.4 2043.9 9.22
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8.78 Case 5 My Zr 1964.4 2043.9 9.22 Case 6 My Hf 1949.0 2054.3 12.0 Case
7 Sr Hf

Case 6 Mg Hf 1949.0 2054.3 12.0
Case 7 Sr Hf 1953.8 2019.1 7.71
Case 8 Zn Ti 1986.1 2059.6 8.49
Case 9 Zn Zr 1944.0 20164 8.53
Case 10 Zn Hf 1947.5 2041.8 10.9
Aluminum
. - - 1965.3 2007.0 5.01
[0060] As presented in Table 4, even when the temperature compensation film 42 is

provided, the acoustic wave devices using an aluminum nitride film containing a divalent
element and a tetravalent element for the piezoelectric film (Case 1 through Case 10) have
effective electromechanical coupling coefficients kez” greater than that of the acoustic wave
device using a non-doped aluminum nitride film for the piezoelectric film (Table 4: Aluminum
nitride). A combination of the divalent element and the tetravalent element may be Ca-Ti,
Ca-Zr, Ca-Hf, Mg-Ti, Mg-Zr, Mg-Hf, Sr-Hf, Zn-Ti, Zn-Zr, or Zn-Hf as presented in Table 4, but
may be other combinations.

[0061] The first variation of the first embodiment demonstrates that an acoustic wave device
having a high electromechanical coupling coefficient can be obtained by using an aluminum
nitride film containing a divalent element and a tetravalent element for the piezoelectric films
26a and 26b even when the temperature compensation film 42 is included.

Second Embodiment

[0062] A second embodiment is an exemplary acoustic wave device that uses an aluminum
nitride film containing a divalent element and a pentavalent element for the piezoelectric film.
A description will first be given of a simulation performed to doped AIN doped with a divalent

element and a pentavalent element with the first principle calculation. The simulation is
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1953.8 2019.1 7.71 Case 8 Zn Ti 1986.1 2059.6 8.49 Case 9 Zn Zr 1944.0
2016.4 8.53 Case 10 Zn

performed to doped AIN with a crystal structure formed by substituting a divalent element in two
of the aluminum atoms 10 and substituting a pentavalent element in another one of the aluminum
atoms 10 in the non-doped AIN with the wurtzite-type crystal structure described in FIG. 1.

That is to say, a part of the aluminum sites is substituted by a divalent element and a pentavalent
element, and simulated is the doped AIN with the wurtzite-type crystal structure containing
thirteen aluminum atoms, two divalent elements, one pentavalent element, and sixteen nitrogen
atoms. Therefore, the substitutional concentration of the divalent element is 12.5 atomic%, and
the substitutional concentration of the pentavalent element is 6.25 atomic%. Mg or Zn is used
as the divalent element, and tantalum (Ta), niobium (Nb), or vanadium (V) is used as the
pentavalent element.

[0063] Table 5 presents calculated values of piezoelectric constants e33 and
electromechanical coupling coefficients k? calculated from Expression 1 of the non-doped AIN
and the doped AIN. As presented in Table 5, the obtained results demonstrate that the doped
AIN doped with a divalent element and a pentavalent element (Case | through Case 6) have
piezoelectric constants es; and electromechanical coupling coefficients K greater than those of
the non-doped AIN (Table 5: Non-doped AIN). A combination of the divalent element and the
pentavalent element may be Mg-Ta, Mg-Nb, Mg-V, Zn-Ta, Zn-Nb, or Zn-V as presented in Table

5, but may be other combinations.

[Table 5]
Piezoelectric Electromechanical
o Divalent Pentavalent )
Combination constant e33 coupling
element element ) 5
[C/m7] coefficient k™ [%]
Case 1 Mg Ta 2.52 19.3
Case 2 Mg Nb 222 14.4
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Hf 1947.5 2041.8 10.9 Aluminumnitride - - 1965.3 2007.0 5.01 [0060]As
presented in Table 4, even when the tenperature conpensation film42 is
provi ded, the acoustic wave devices using an alumnumnitride film
containing a divalent elenent and a tetraval ent elenent for the

pi ezoel ectric film (Case 1 through Case 10) have effective

el ectronmechani cal coupling coefficients keff2 greater than that of the
acoustic wave device using a non-doped alum numnitride filmfor the

pi ezoel ectric film (Table 4: Alum numnitride). A conbination of the

di val ent eI enment and the tetraval ent el enent may be Ca-Ti, Ca-Zr, Ca-Hf,
My- Ti — M2 My-Hf— S Hf 2~ T—Zn-Zr —oF  Zn as-presented—+n—TFabl e 4,
but may be*&fher conbi i ons| [0061) The filrst v%l:’% atioh of th&lfirst
enbodimeng,dgmonstrategthat an acougti ¢ wave deypge haying ajpggn
el ectironechani cal{ coupling coefficient can pe obtained by using an alum num
nitrilde f(iiasm5cont ai ni ngna di val ent &bement |and a2.i2traval ent é3.6nent for

t he FI €70, e s 26a—and—26b——even—w A—the—t epet e APEnS ati on
film|a2 | aSFF?m uded. SéPond Embodi neht 212 168
Non-doped AIN - - 1.55 7.12

[0064] As described above, the inventors have newly found that doped AIN containing a
divalent element and a pentavalent element also has an electromechanical coupling coefficient k*
greater than that of non-doped AIN. A description will now be given of the second embodiment
capable of obtaining an acoustic wave device having a high electromechanical coupling
coefficient k* based on the above knowledge.

[0065] The acoustic wave device of the second embodiment has the same configuration as
that of the first embodiment except that the piezoelectric film 26 is an aluminum nitride film
containing a divalent element and a pentavalent element, and thus a description thereof is
omitted. The divalent element and the pentavalent element are substituted in aluminum sites of
the aluminum nitride film. The piezoelectric film 26 has a crystal structure having a c-axis
orientation as with that of the first embodiment.

[0066] A fabrication method of the acoustic wave device of the second embodiment is the
same as tﬁat of the first embodiment except that the piezoelectric film 26 is formed with an Al
alloy target formed by incorporating a divalent element and a pentavalent element into Al, and
thus a description thereof is omitted . As described in the first embodiment, the multiple
sputtering technique that sputters an Al target, a divalent element target, and a pentavalent
element target simultaneously may be used.

[0067] A description will now be given of a simulation conducted to investigate an effective

electromechanical coupling coefficient kex” of an FBAR of the second embodiment. The
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[ 0062] A second enbodi nent is an exenplary acoustic wave device that uses an
alumnumnitride filmcontaining a divalent el enent and a pentaval ent

el enent for the piezoelectric film A description will first be given of a
sinmul ation performed to doped AIN doped with a divalent elenent and a

pent aval ent element with the first principle calculation. The sinulation is
performed to doped AIN with a crystal structure formed by substituting a

di valent elenent in two of the alum numatons 10 and substituting a

pent aval ent el ement in another one of the alum numatons 10 in the
non-doped AIN with the wrtzite-type crystal structure described in FIG 1.
That is to say, a part of the alumnumsites is substituted by a dival ent

el emertm@datbrauspesil avatEdiues Ibe Mefirst pritdige calbditRa fostht PrRzek@etk Andlatd, t h t he
wurtzite-type crystal structure containing thirteen alum num atons, two

di val efid elgdtic ¥Bidtmt, 00 ehddRihaNdtedTithepierRMctricailth 3 thhtdein Auir@eRitrdleons.
Therefore, the substitutional concentration of the divalent elenent is 12.5

at om gffn candinidles SiviIsiticldiidnOnal a sRRGARK dbhenR. OA defiipRentvAYBd gRén e £MENt 1S
6.25 atomic% M or Zn is used as the divalent elenent, and tantalum (Ta),

ni obi um&ﬁdhﬂn,speeﬂonﬂ@n@céi futh KBARIhavidg & f8Howing cheidudanent el enent .
[ 0063] Tabl e presents cal cul ated val ues of piezoelectric constants e33 and

el ect tougt hanTeafiftk PBARI Res &iﬁlﬂftﬂ%&@i’éﬂ%@calkfﬂrrpiﬁblﬁﬂﬁhg@dvitﬂh%‘[hﬁlﬁﬁ:kﬁ@ﬁioi)n 1 of
t he non-doped AIN and the doped AIN. As presented in Table 5, the obtained

resul t190 dermaRy @it a A thitiRsAAned nf hhdted arkhiv drifer Frod thakeRtraRllenRRAt and a
pent aval ent el enent (Case 1 through Case 6) have piezoelectric constants

e33 angh Bt Riter CRBEARMACAITHE PR COR] 24 &iagRtutnikvm GitBad BIm hiaR: 4 hpse of
t he non-doped AIN (Table 5: Non-doped AIN). A conbination of the dival ent

el emepticiafes $ES0RENRAVRhEHInEME T8 AldiviRNt BRmbMtahé Ta MBa DbhtaWinVeledBatl @,
Zn-Nb, or Zn-V as presented 1n Table 5, but nmay be other conbinations.

[ Tabl epekutisatiponaldrinlhic &g &l BNk FaphRYALED -8l 8RR onkll €z0el ectric

constant e33 [ ClnR] Electronec%anlcal
concentration of Ta is set to 6.25 atomic%. The upper clectrode 28 is a multilayered metal film
including Ru with a film thickness of 225 nm and Cr with a film thickness of 30 nm stacked in
this order from the substrate 22 side. A SiO, film with a film thickness of 50 nm is located on
the upper electrode 28.
[0069] FIG. 13 illustrates simulation results of a resonance characteristic of the fifth FBAR.
A solid line indicates the resonance characteristic of the fifth FBAR. For comparison, a dashed
line indicates the resonance characteristic of the first comparative example described in F1G. 4A
and FIG. 4B. As illustrated in FIG. 13, an interval between a resonance frequency and an
anti-resonance frequency is wide in the fifth FBAR compared to that in the first comparative
example. The effective electromechanical coupling coefficient k.s” of the first comparative
example is 7.22%, whereas the effective electromechanical coupling coefficient kg of the fifth
FBAR is 17.6%.

[0070] Also simulated are FBARSs using various kinds of elements for the divalent element

and the pentavalent element contained in the piezoelectric film 26 in the same manner. Table 6
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coupling coefficient k2 [9%9 Case 1 My Ta 2.52 19.3 Case 2 Mg Nb 2.22 14.4
Case 3 My V

presents simulation results.  The substitutional concentration of the divalent element is set to
12.5 atomic%, the substitutional concentration of the pentavalent element is set to 6.25 atomic%,
and the configuration other than the kinds of the divalent element and the pentavalent element is

the same as that of the fifth FBAR.

[Table 6]
Resonance | Anti-resonance
o Divalent Pentavalent 5
Combination frequency frequency kett” [%0]
element element
[MHz] [MHz]
Case 1 Mg Ta 1910.3 2086.1 17.6
Case 2 Mg Nb 1977.0 2107.6 14.3
Case 3 Mg v 1835.5 19934 16.8
Case 4 Zn Ta 1968.3 2096.9 14.2
Case 5 Zn Nb 1926.9 2047.1 13.6
Case 6 Zn \% 2080.1 21794 10.7
Aluminum
o - - 1963.0 2024.0 7.22
nitride
[0071] As presented in Table 6, the acoustic wave devices using an aluminum nitride film

containing a divalent element and a pentavalent element for the piezoelectric film (Case 1
through Case 6) have effective electromechanical coupling coefficients keg” greater than that of
the acoustic wave device using a non-doped aluminum nitride film for the piezoelectric film
(Table 6: Aluminum nitride). A combination of the divalent element and the pentavalent
element may be Mg-Ta, Mg-Nb, Mg-V, Zn-Ta, Zn-Nb, or Zn-V as presented in Table 6, but may
be other combinations.

[0072] The second embodiment demonstrates that an acoustic wave device having a high

electromechanical coupling coefficient can be also obtained by using an aluminum nitride film
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2.33 18.1 Case 4 Zn Ta 2.22 14.3 Case 5 Zn Nb 2.12 13.6 Case 6 Zn V 2.12
10. 8

containing a divalent element and a pentavalent element for the piezoelectric film 26.

[0073] In Table 6, the piezoelectric film 26 contains Mg or Zn as the divalent element, but
may contain both of them. In addition, the piezoelectric film 26 contains one of Ta, Nb, and V
as the pentavalent element, but may contain two or more of them. That is to say, the
piezoelectric film 26 may contain at least one of Mg and Zn as the divalent element, and contain
at least one of Ta, Nb, and V as the pentavalent element. Furthermore, the piezoelectric film 26
may contain a divalent element and a pentavalent element other than those cited in Table 6.
[0074] A description will now be given of an insulation property of doped AIN doped with a
divalent element and a pentavalent element (hereinafier, referred to as fourth doped AIN). The
insulation property is evaluated by calculating an electronic state of the fourth doped AIN by the
first principle calculation and drawing a band diagram.  For comparison, an insulation
property of doped AIN doped with only a pentavalent element (hereinafter, referred to as fifth
doped AIN) is also evaluated in the same manner. The fourth doped AIN and the fifth doped
AIN have the following crystal structures.

[0075] The fourth doped AIN is doped AIN formed by substituting divalent elements in two
of the aluminum atoms 10 and substituting a pentavalent element in another one of the aluminum
atoms 10 in the non-doped AIN with the wurtzite-type crystal structure described in FIG. 1.
Thus, a ratio of the substitutional concentration of the divalent element to that of the pentavalent
element is 2:1. Mg is used as the divalent element, and Ta is used as the pentavalent element.
[0076] The fifth doped AIN is doped AIN formed by substituting a pentavalent element in
one of the aluminum atoms 10 in the non-doped AIN with the wurtzite-type crystal structure
described in FIG. 1. Ta is used as the pentavalent element.

[0077] FIG. 14 illustrates simulation results of a band structure of the fourth doped AIN.
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Non-doped AIN - - 1.55 7.12 [0064] As descri bed above, the inventors have
new y found that doped AIN containing a divalent el enent and a pentaval ent
el enent al so has an el ectronechani cal coupling coefficient k2 greater than
t hat of non-doped AIN. A description will now be given of the second

enbodi nent capabl e of obtaining an acoustic wave device having a high

el ectronmechani cal coupling coefficient k2 based on the above know edge.

[ 0065] The acoustic wave device of the second enbodi nent has the sane
configuration as that of the first enbodi nent except that the piezoelectric
film26 is an alumnumnitride filmcontaining a divalent elenent and a
pent aval ent el enent, and thus a description thereof is omtted. The

di val G B dhetrdtesssirdulatien eeuitsadfalband stalcane of thafidhslopst ANt et descriedm num
sites of the alumnumnitride film The piezoelectric film26 has a crystal
st r uctfur BIGh8vtha Fe@nienengy BT Hed ie miicaddlaide BsndMnidhhd inadlatidn driygerfyidegiada@nbodi nment .
[ 0066] A fabrication nmethod of the acoustic wave device of the second

embodi wigsmtA INsis Ubgedseitieordg Mdwata difaléhelelienst saitiodiarsinh FEX depihdnhalN khe

pi ezoelectric film26 is formed with an Al alloy target formed by

i ncor pfhad vty oalydiavis lagehtaedl @R tincar) thoF @ néRYB] ENTE loehtedretive it bt ofand
thus a description thereof is omtted . As described in the first
enbodithieadnduttig il dngltigusIRbid Be cagliuvceehbingu e ThRabves R Wi BfeSnaiatidh target, a
di val ent el enent target, and a pentaval ent el ement target sinultaneously
may berbysed-aldo(RBralids WiemGXINAE depedWik orﬂ?Wp&ﬂa@léﬂ? Blefen@ Si nul ation
conducted to investigate an effective el ectronechani cal coupling

coef f i[@bﬂt k efriftBe BihettiinERARNO{IN B dosRICOREINVRIR Q@i ViR elerhBf angiTAUL @t | On uses
cal cul ated values by the first principle calculation for the piezoelectric
const gg'éhuavmaﬁ_ Bt hiCa 1606 2N the BBGhilcheroP 8F Med thithd fovbidenttifd BétRegehect ric
film26 that is an alumnumnitride filmcontaining a divalent el enent and

a pentiay af @BalRh@ BN and\thd 85€drh RF tHREoWlckioR Bardl A58y Phted i$ FIBI AL | PRl
performed to a fifth FBAR having the foll ow ng configuration. [0068] The

fifth ERAR tHfaeBe Asilbtidn froye@fy@dn BB hRlntdihdd by dpirtbdA IROWHE a WivhRneelhbiand

t hi ckness of
a pentavalent element, and making a ratio of substitutional concentrations of the divalent element

to the pentavalent element 2:1.  This is because an electric property of the doped AIN can
remain neutral by making a ratio of substitutional concentrations of the divalent element to the
pentavalent element 2:1 because both the divalent element and the pentavalent element are
substituted in trivalent aluminum sites as described in the first embodiment. FIG. 14 illustrates
a case where Mg is used as the divalent element and Ta is used as the pentavalent element, but
the insulation property can be maintained even when other divalent elements and pentavalent
elements are used.

[0079] Therefore, an acoustic wave device that maintains the insulation property of the
piezoelectric {ilm 26 and has a high electromechanical coupling coefficient can be obtained by
using an aluminum nitride film containing a divalent element and a pentavalent element at a ratio
of 2:1 for the piezoelectric film 26 in the FBAR of the second embodiment. A ratio of

substitutional concentrations of the divalent element to the pentavalent element is preferably 2:1
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100 nmand Ru with a filmthickness of 225 nm stacked in this order from
the substrate 22 side for the |lower electrode 24. The piezoelectric film 26
is an alumnumnitride filmhaving a filmthickness of 850 nm and
containing My as a divalent elenent and Ta as a pentaval ent el ement. The
substitutional concentration of My is set to 12.5 atom c% and the
substitutional concentration of Ta is set to 6.25 atom c% The upper

el ectrode 28 is a multilayered nmetal filmincluding Ru with a film

t hi ckness of 225 nmand G with a filmthickness of 30 nmstacked in this
order fromthe substrate 22 side. A Si02 filmwith a filmthickness of 50
nmis |ocated on the upper electrode 28. [0069]FIG 13 illustrates

si mul a4 tReRxteatlhi the Okctaic pRPOAADLAE plasdedes filki tah @fmainheudalf t h FBAR. A solid
| ine indicates the resonance characteristic of the fifth FBAR For
conpanpese), aAdieshptoh WlEbé HeSatt £21atibRshies@waiCEpishRleaticebhSirt@;;ehdt he
first conparative exanple described in FIG 4A and FIG 4B. As illustrated

i n Fl @k bBdoped AINRpY¥Rith 8 dWRRMAt dlehefAnaBpenthvA6HI@RE¥nANTha Ricandléctii€sonance
frequency is wide in the fifth FBAR conpared to that in the first

conparahitie e LAl Rlea’ of 1R RHERAIN M@ cBlesiaict anRRRamnt 6ol astunldsitea @efid. ci ent
lceff2 of the first conparative exanple is 7.22% ereas the effective

el ect Rorecd iR Gabodinetl! | P €O afkirgbenteldtRhidp 8érwehiepibidelddtricBARtirds 7. 6%
[ 0070] Al so sinul ated are FBARs using various kinds of elenments for the

di val gp KelyRRRRbec@Rftht RBpdIheMat 881 1RbEITEDAse 6PEsRtBE th Tdbld Havdrhezoel ectric
film26 in the sane nanner. Table 6 presents sinmulation results. The

subst inBH-tdbﬁ&ﬁ&H\Q ong end rat i Bp&f citdieindickial £Rlsur bLEMe AbnldspRIedING Ondldadk
atom c% the substitutional concentration of the pentaval ent elenment is set

to 6. 25cR! AAiGMoread of i d%?élfAEW atd iA0stRkdEh FOaB, fiD8ogel AYS dehed WEh di val ent

el enrent and the pentavalent elenent is the sane as that of the fifth FBAR

[ Tabl qi@en@a@m}eﬂ%hsarbegava&rﬁ@Ienfehﬁ%etpie%amﬁ@k&manﬁl S BBleRRRONAYTE

frequency [ MHz] Anti-resonance
the non-doped AIN, and the electromechanical coupling coefficient k* increases as the

piezoelectric constant es; increases. This reveals that the FBAR of the second embodiment
preferably uses an aluminum nitride film containing a divalent element and a pentavalent
element and having a piezoelectric constant es; greater than 1.55, which is the piezoelectric
constant 33 of aluminum nitride, for the piezoelectric film 26 in. The above-described
configuration allows the piezoelectric film 26 to have a high electromechanical coupling
coefficient, and accordingly allows an acoustic wave device having a high electromechanical
coupling coefficient to be obtained.

[0081] As illustrated in FIG. 16, the piezoelectric constant es; of the piezoelectric film 26 is
preferably greater than 1.6, more preferably 1.8 because the electromechanical coupling
coefficient k> increases as the piczoelectric constant e3; increases.

[0082] A description will now be given of a relationship between a crystal structure and an
electromechanical coupling coefficient k* of doped AIN doped with a divalent element and a

pentavalent element. The crystal structure of the doped AIN is evaluated with a c/a ratio as
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frequency [MHz] keff2 [9% Case 1 My Ta 1910.3 2086.1 17.6 Case 2 My Nb
1977.0 2107.6 14.3 Case 3 My

described in FIG. 9 of the first embodiment. The electromechanical coupling coefficient k” is
calculated in the same way as that described in FIG. 9 of the first embodiment. FIG. 17
illustrates a relationship between a ¢/a ratio and an electromechanical coupling coefficient 'S
with respect to the doped AIN of Case 1 through Case 6 presented in Table 5 and the non-doped
AIN. InFIG 17, the open circle indicate a result of the non-doped AIN, and black circles
indicate results of the doped AIN.  As illustrated in FIG. 17, all doped AIN doped with a
divalent element and a pentavalent element have c/a ratios less than that of the non-doped AIN,
and the electromechanical coupling coefficient k? increases as the c/a ratio decreases.

Therefore, the FBAR of the second embodiment preferably uses an aluminum nitride film
containing a divalent element and a pentavalent element and having a ¢/a ratio less than 1.6,
which is the ¢/a ratio of aluminum nitride, for the piezoelectric film 26 . The above-described
configuration allows the piezoelectric film 26 to have a high electromechanical coupling
coefficient, and thus allows an acoustic wave device having a high electromechanical coupling
coefficient to be obtained.

[0083] As illustrated in FIG. 17, the piezoelectric film 26 preferably has a c/a ratio less than
1.595, more preferably 1.59 because the electromechanical coupling coefficient k* increases as
the c/a ratio decreases.

[0084] A description will be given of a dependence of an electromechanical coupling
coefficient k* on substitutional concentrations of doped AIN doped with a divalent element and a
pentavalent element. The dependence of the electromechanical coupling coefficient k* on
substitutional concentrations is evaluated in the same way as that described in FIG. 10A and FIG
10B of the first embodiment. The ratio of substitutional concentrations of the divalent element

to the pentavalent element is set to 2:1 so that the electric property of the doped AIN is neutral.
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V 1835.5 1993.4 16.8 Case 4 Zn Ta 1968.3 2096.9 14.2 Case 5 Zn Nbo 1926.9
2047.1 13.6 Case 6

[0085] FIG. 18 illustrates a dependence of an electromechanical coupling coefficient k*on
substitutional concentrations when Mg is used as the divalent element and Ta is used as the
pentavalent element. FIG. 18 reveals that the electromechanical coupling coefficient K
increases as the substitutional concentrations increase. This reveals that the electromechanical
coupling coefficient k* of the doped AIN can be controlled to be a desired value by controlling
the substitutional concentrations as is the case with the first embodiment. For example, doped
AIN with an electromechanical coupling coefficient k* of 10% can be obtained by controlling the
total of substitutional concentrations of Mg and Ta to be approximately 7 atomic%. The
simulation uses Mg as the divalent element and Ta as the pentavalent element, but other divalent
elements and pentavalent elements may be used.

[0086] Therefore, an acoustic wave device with a desired electromechanical coupling
coefficient can be obtained by controlling the substitutional concentrations of the divalent
clement and the pentavalent element contained in the piezoelectric film 26 in the FBAR of the
second embodiment.

[0087] A description will now be given of an acoustic wave device in accordance with a first
variation of the second embodiment. The acoustic wave device of the first variation of the
second embodiment uses an aluminum nitride film containing a divalent element and a
pentavalent element for the piezoelectric films 26a and 26b.  Other configurations are the same
as those of the first variation of the first embodiment, and thus a description thereof is omitted.
[0088] A description will be given of a simulation conducted to investigate an effective
electromechanical coupling coefficient ke of an FBAR of the first variation of the second
embodiment. As is the case with the second embodiment, calculated values by the first

principle calculation are used for the piezoelectric constants, the elastic constants, and the
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Zn V 2080.1 2179.4 10.7 Aluminumnitride - 1963.0 2024.0 7.22 [0071]As
presented in Table 6, the acoustic wave devices using an alumnumnitride
filmcontaining a divalent el enent and a pentaval ent el enent for the

pi ezoel ectric film (Case 1 through Case 6) have effective el ectronechani cal
coupling coefficients lIceff2 greater than that of the acoustic wave device
using a non-doped alum numnitride filmfor the piezoelectric film (Table
6: Alumnumnitride). A conbination of the divalent elenent and the

pent aval ent el ement nmay be My-Ta, My-Nb, M-V, Zn-Ta, Zn-Nb, or Zn-V as
presented in Table 6, but nmay be other conbinations. [0072] The second
enbodi nent denonstrates that an acoustic wave device having a high

el ect remeidtesclthesityleicogicddab RoLarminobahst abealahBomalitrale fidels byhtaigingg an

alumnumnitride film
divalent element and a pentavalent element. A description will now be given of a simulation
performed to a sixth FBAR having the following configuration.
[0089] The sixth FBAR uses a multilayered metal film including Cr with a film thickness of
100 nm and Ru with a film thickness of 225 nm stacked in this order from the substrate 22 side
for the lower electrode 24. The piezoelectric films 26a and 26b are aluminum nitride films
having a film thickness of 375 nm and containing Mg as a divalent element and Ta as a
pentavalent element. The substitutional concentration of Mg is set to 12.5 atomic%, and the
substitutional concentration of Ta is set to 6.25 atomic%. A $10, film with a film thickness of
50 nm is used for the temperature compensation film 42. The upper electrode 28 is a
multilayered metal film including Ru with a film thickness of 225 nm and Cr with a film
thickness of 30 nm stacked in this order from the substrate 22 side. A $i0, film with a film
thickness of 50 nm is located on the upper electrode 28.
[0090] FIG. 19 illustrates simulation results of a resonance characteristic of the sixth FBAR.
A solid line indicates the resonance characteristic of the sixth FBAR. A dashed line indicates
the resonance characteristic of the second comparative example described in FIG. 12 for
comparison. As illustrated in FIG. 19, an interval between a resonance frequency and an
anti-resonance frequency is wide in the sixth FBAR compared to the second comparative
example. The effective electromechanical coupling coefficient k.s” of the second comparative
example is 5.01%, whereas the effective electromechanical coupling coefficient keﬁ‘2 of the sixth
FBAR is 13.1%.

[0091] Also simulated are FBARSs using various kinds of elements for the divalent element

and the pentavalent element contained in the piezoelectric films 26a and 26b in the same manner.
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contai ning a divalent elenent and a pentaval ent el enent for the
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as illustrated in FIG 14. This reveals that the insulation property can be
mai Nt @bnetindyh Aol Wd Hpaataulal @aherttfeBO picaselbcaid®ini @sasd £nt el enent,
and making a ratio of substitutional concentrations of the divalent elenent
t 0 t hehpest exrley RiveadtREBW elerbmediinfeal SoupHERUSEi @k FCireiter tREDMardfy of the
doped AIN can remain neutral by making a ratio of substitutional

concefhd @bharsvAk detiee dlivah 8oH-deledMRiMint@ nitige AN AR SiBZocRlcRTEE i 2: 1
because both the divalent el enent and the pentaval ent el enent are

subst i(TafIes AlQmirunY At efdnUhdAUmR &hipesinas c@lﬁ%fs@tbﬁdnmztib ehchides! A
enbodinent. FIG 14 illustrates a case where is used as the dival ent

el emerbmdhdtidifof e HSARNASerh&R aREHePéAtaOAEntRl BN Eay BaIMot e MdIS) MakivgNn
property can be nmaintai ned even when other divalent elenents and
pent aval eNizan @l BB 2hSv & StedéfiRE in Table 7, but may be other combinations.

[0093] The first variation of the second embodiment demonstrates that an acoustic wave

device having a high electromechanical coupling coefficient can be obtained by using an
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[ 0079] Therefore, an acoustic wave device that maintains the insulation
property of the piezoelectric film26 and has a hi gh el ectronechani cal
coupling coefficient can be obtained by using an alum numnitride film
containing a divalent elenent and a pentaval ent elenment at a ratio of 2:1
for the piezoelectric film26 in the FBAR of the second enbodinent. Aratio
of substitutional concentrations of the divalent elenent to the pentaval ent
elenent is preferably 2:1 to the extent that the electric property of the
pi ezoel ectric filmcan remain neutral. [0080] A description will be given of
a relationship between a piezoelectric constant e33 and a k2 of doped AN
doped with a divalent elenent and a pentaval ent el enent. The piezoelectric

const animifa3 nafde ﬁmecdﬁﬁaimh?fafaevaqimpadméhtl‘dnala@eﬂta{zaleﬂtateﬁﬁni fortlae sanme way as
that described in FIG 8 of the first enbodinment. FIG 16 illustrates a

r el at ipRRedldridBINERIA 2Rl 280 BV RAGHHch GhSRMPEATS cEPpensdiidn FlmWRtiflinkR@RECt to the
doped AIN of Case 1 through Case 6 presented in Table 5 and the non-doped

AN Irgodl G s filsh@rRBSMNofthE Gk emboliifRhE@mddhd RSN driaQbn bhBe RRBngloped Al N,
and black circles indicate results of the doped AIN. As illustrated in FIG

16, alshbegnrd: Hid HeRShemithd cBmPénsatiintintd erRRterafé pRzReRiRV@hRY6a el ement
have pi ezoel ectric constants e33 greater than that of t he non-doped Al N,

and t hgq b bhf @FRGNRMGR comBsRbhMriIGOeS xfnayb@matls@m ARErIEHBENAS 16iikhs it
pi ezoel ectric constant e33 increases. This reveals that the FBAR of the

second,aaletie FabelBiAE BIAD! FordgSRpRNthakdtPeidife Rbhplfsidn filf £0RhpbdI N a
di val ent el enent and a pentaval en% el ement and having a pi ezoelectric

const mtea%éw&reﬁa{eqrgpsmtédéés aMhGB1e'z§elédﬁ¢c ﬁln?%&%%ét{vb& HONstant e33 of

alumnumnitride the piezoelectric fil in. The above-descri bed
confi Qjkabdedm ﬁh'tﬁ’é"ﬁxei&&f‘eoﬂlc@‘ﬂﬂeﬂﬁm ric film 26 to have a high

el ectronechani cal coupling coefficient, and accordingly allows an acoustic
wave ﬁh g &g a high el ect ronechani cal coupling coefficient to be

obt ai ne %?bo M?As illustrated in FIG 16, the piezoelectric constant e33

of 1 hﬁo@sgzoe M érﬁbéalﬁlgat%@ an%egoatneéx@m&m éﬁffﬁﬁﬁé%lrto LR aRmmfn nﬁmeemm

prefera ecause t ectrone hani c coupling coefficient k2

'ncre%&ﬁ% 8 al REoRlA g%%k/@nl%ﬁm&n P05 %{ytra@ﬁc%t ef&ﬁ{eﬁé‘s%e alfehAirlgscri ption

wi |l now e grven of a relatio et ween crystal structure and an

I I f
el ect rﬁ?rﬁ%ﬁ?tgﬁg%aé %ﬁ%&g e'le!f'&n?&}g\ efe ﬂﬁg}h e’latnt Kidm@ht 1% PR AL %llg%e%éﬂ\bédhxlﬁl

di valent e pentav enent e crysta structure of the

dOpedffﬁhﬂ%‘uAﬁd%@éﬁ@h tEJ?ls%f gaanﬁ%'fécougj&ﬁ ﬁcoe a!n@\l':ég% M&f the

first |nent ctrone hani ca fi1clen

cal cu ltz%é dand%] %lgr%%tas:ﬁﬁﬂ%&@sfy 151 Ql%lxg(? g&rdulﬂg hE:l% 0'% A@an@N?(mlj-t hr?ir

enbod ustrat'es a reldtionship between a c o and an

el ect r.p i fficient k2 with respect to the doped Al N of
Case f @E 3ﬂh&%a@ggg9$%%%éﬁg§d in Table 5 and the non-doped AIN. In FIG

CI r cl E gln c%ltdg&lrr tlb 9;‘.1?@% ?1 Vgnegﬁg ‘éir % N[ljaﬁﬁ{g% %’E@d&&n ntgllg—}?&? h%Ck al |
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ratlos ess t at of non- ronmec anlcal
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cont ai

rati ObP gnflﬁ ?’sﬁbsttl Vbﬁx concetnﬁ‘atloC a r an%lz%%nd n%HEﬂitze@ P]{é %ctr acl/a

0 of allumnumn or the

i 2;;&%@ Tl Cd&i#%ﬂ%ewg?%%%% °V%tr§§t%§% b 2F SRR DA n.aﬁgs L“e
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coefficient k2 on substitutional concentrations of doped AN doped with a
dival ent elenent and a pentaval ent el enent. The dependence of the

el ectromechani cal coupling coefficient k2 on substitutional concentrations
is evaluated in the sane way as that described in FIG 10A and FIG 10B of
the first enmbodiment. The ratio of substitutional concentrations of the
divalent elenent to the pentavalent elenent is set to 2:1 so that the

el ectric property of the doped AINis neutral. [O085]FIG 18 illustrates a
dependence of an el ectronmechani cal coupling coefficient k2 on
substitutional concentrations when My is used as the divalent el enent and
Ta is used as the pentavalent elenent. FIG 18 reveals that the

el ect ristrketeddiopal AlRDiipdsi NG ecardléd aiiemnt ckulhthoreadesf ds firkeprimipit i t ut i onal
concentrations increase. This reveals that the el ectronmechani cal coupling
coef f icalcentiok s ofefdrfiredoped AIN can be controlled to be a desired val ue by
controlling the substitutional concentrations as is the case with the first
embodi[o®aT]. Fak ilaxaned & FIdDped add NGAMROB thdd@lee Al aRe banhigmk Mol 7ng
coefficient k2 of 10% can be obtained by controlling the total of

subst ikaté pieRrlectRNoAsthitablealasthed tHboRe nddéged RaNaRRhAke TRV Eh Yotal ofit OM c%
The sinmul ation uses My as the divalent elenent and Ta as the pentaval ent

el enentibstipiionall dd@EenttaNEH s M EARITE Hréaté@MhnRR RE PN & 8 Blonftys ARMeSs Ay obe used.
[ 0086] Therefore, an acoustic wave device with a desired el ectromechani cal

coupl ieqgal €08$ hfomi@0! BaddRRN Ot 3h&eheR YhCafib bOSULEMEL SN cHiebStdtond donal
concentrations of the divalent elenent and the pentaval ent el enent

cont aimgeh Zr'is hidvend 1 82Dk la8GtwHed if ik kifié®frbA 1t hehdRORRkirlcteng 8t W ¥gh as
enbodi ment. [0087] A description will now be given of an acoustic wave

devi CQorghsACOtAaNaBstiutibhaBcdiceStativas bAUL aRd 2F isth@iS WRNA cgidpesis ment . The
acousti ¢ wave device of the first variation of the second enbodi nent uses

an al Wpniibem sk idsk 6n ol balat R AdithRe.2 di val ent el ement and a pentaval ent
el ement for the piezoelectric filnms 26a and 26b. O her configurations are

the sap®sqs thrselRfidshftef A Fe¥uoiMip BLinRbn Rfatibh® alslibsitutRARAhEBRhtiordstd t hus

a description thereof is omtted. [0088]A description will be given of a
si mul a4 k@R RARE YHsBRibRal IcONR iRk 6f MY £HT786hd ¥ Bodh£iGLd ]?gfo%hz@ﬁ'icc al coupling
coefficient keff2 of an FBAR of the first variation of the second

enbodichRdn, H G 2tlE‘9lsﬁﬂr°agra\M fnb @8 959 R WRIRQAALIEH subGifthiifdapt €d val ues by
the first principle calculation are used for the piezoelectric constants,

the elgsdehGatfo ot MMYlahd 78t hE hBPEMghbil oY BlatdRsicAfanti s MR ZPe4REL foc il S
26a and 26b that are alumnhumnitride filnms containing a dival ent el enent

and a ,pRNtAVRIEPLG 81 &Ml FicR AeS Fief b 0! Mrnﬁﬁ%dqﬁezglel\é%cggns?a gi mul ation
performed to a sixth FBAR having the follow ng configuration. & 89] The
Si Xt h (AR He8Sis 8 f@ibélbétﬁé’%ﬁ%ﬁf@rlﬁa:alli%d{%thf oHflldagticTonthitdbrhel | | M

t hi ckness of 100 gn1and Ru wt ckness of 225 nm stacked in this

or der nf)ﬁ—gtﬂﬁ";éd%l\]s U%ﬁ&rﬁ%ﬁta?ﬁﬁig%gﬁesérﬁg a fatﬁ%_olt‘QWSIiﬁJtﬁgéeirc??%rr%s ion'd1¥r to a

pi ezoel ectric filnms 26a an are alumnumnitri aving a film

LI ok RS Rloddmion BfcknGaRE! MG Sl Ecc AR 2200l B 25 2

pent aval ent el'ement. The substitutional concentration o to 12.5

at om ¢%.+; F i | ncentration of Ta is set to 6.25 atom c%
%L@S{UFHEGWSI QSH&HP%{‘ dnl%ts ;6?; Mgz%él 5 0

A SO mwth a ss”of 50 nmis used for the tenperature

?ES‘F GOSN 2 At DA HIAGPREI AN DY dlbch An M, LY ??%n&@%fflzlkfnie's? h
o s PR 5 ifcknes:
o 30180 SLASKE il Ll LT o SERTAITNE FRy Sy BORGGLY m o
19 || LRALER Shb Al 255U S 26 AERRNA0EE AR AGT /I S5 Bl e

si xth ne i'ndi cates the resonanceé charac I

i xth ' di ; h i sti.c of th
i}efféngfa?’é%%@é?ﬂf@gg AT ?%"&?8:?‘5 BRI, %éi%%ﬁ%ﬁ%ﬁt]‘fw&%nﬂ; ’

[ in_F 1 ' .
ant 1 PRRRaisEs P g 2y Mt heahef S S Ao ARG B B BRI e one

conpar ati ve exanple. The effective el ectromechani cal coupling coefficient
|ceff2 of the second conparative exagple is 5.01% whereas the effective
el ectromechani cal coupling coefficient keff2 of the sixth FBAR is 13. 1%

[ 0091] Al so sinul ated are FBARs using various kinds of elenments for the
di val ent el enent



and the pentaval ent el enent contained in the piezoelectric filns 26a and
26b in the sane manner. Table 7 presents sinmulation results. The
substitutional concentration of the divalent elenent is set to 12.5
atom c% the substitutional concentration of the pentaval ent elenment is set
to 6.25 atomc% and the configuration other than the divalent el enent and
the pentaval ent elenent is the sane as that of the sixth FBAR [Table 7]
Conmbi nati on Dival ent el ement Pentaval ent el enent Resonance frequency [ MHz]
Anti -resonance frequency [MHz] keff2 PA] Case 1

atomic%, the piezoelectric constant is almost constant as long as the ratio of a substitutional.

concentration of Zr to a total of substitutional concentrations of Mg and Zr is greater than or

equal to 0.35 and less than or equal to 0.75.

[0100] Here, a description will be given of a dependence of a piezoelectric constant on

substitutional concentrations of doped AIN doped with Mg or Zn as a divalent element and Hf, Ti,

or Zr as a tetravalent element. The dependence of the piezoelectric constant on substitutional

concentrations is evaluated by calculation by the first principle calculation. FIG 22A and FIG

228 illustrate relationships between a total of substitutional concentrations of a divalent element

a‘nd a tetravalent element and a normalized piezoelectric constant. In FIG 22A and FIG. 22B,

the normalized piezoelectric constant (vertical axis) is a piezoelectric constant normalized by the

piezoelectric constant of the non-doped AIN. FIG. 22A illustrates cases where AIN is doped

with Mg as .a divalent element and Hf, Ti, or Zr as a tetravalent element, and FIG. 22B illustrates

cases where AIN is doped with Zn as a divalent element and Hf, Ti, or Zr as a tetravalent

element.

[0101] As illustrated in FIG. 22A and FIG. 22B, the piezoelectric constant ﬁonotonically

increases with increase in substitutional concentrations whether Mg or Zn is used as the divalent

element and Hf, Ti, or Zr is used as the tetravalent element to dope AIN.  This result dictates

that the same tendency will be obtained when other elements are used although FIG. 20A through

FIG. 21B illustrate measurement results when Mg is used as the divalent element and Zr is used

as the tetravalent clement.

[0102] Therefore, when an aluminum nitride film containing a divalent element and a

tetravalent element is used for a piezoelectric film in an acoustic wave device, a total of

substitutional concentrations of the divalent element and the tetravalent element is preferably
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My Ta 1895.3 2008.2 13.1 Case 2 My Nb 1941.8 2024.8 9.69 Case 3 My V 1832.8
1936.6 12.5

greater than or equal to 3 atomic% and less than or equal to 35 atomic% as illustrated in FIG
20A and FIG 20B. The above-described configuration can make the piezoelectric constant of
the piezoelectric film large, and thus allows the acoustic wave device to have a high
electromechanical coupling coefficient. To make the piezoelectric constant of the piezoelectric
film large, the total of substitutional concentrations of the divalent element and the tetravalent
element is preferably greater than or equal to 5 atomic% and less than or equal to 35 atomic%,
and more preferably greater than or equal to 10 atomic% and less than or equal to 35 atomic%.
[0103] As illustrated in FIG. 21A and FIG. 21B, the ratio of the substitutional concentration
of the tetravalent element to the total of substitutional concentrations of the divalent element and
the tetravalent element is preferably greater than or equal to 0.35 and less than or equal to 0.75.
The above configuration can make the piezoelectric constant of the piezoelectric film large, and
allows the acoustic wave device to have a high electromechanical coupling coefficient. To
maintain the insulation property of the piezoelectric film, the ratio of the substitutional
concentration of the tetravalent element to the total of substitutional concentrations of the
divalent element and the tetravalent element is preferably greater than or equal to 0.4 and less
than or equal to 0.6, and more preferably greater than or equal to (.45 and less than or equal to
0.55, and further preferably equal to 0.5.

[0104] A description will now be given of measurement results of a ratio (c¢/a) of a lattice
constant in the c-axis direction to a lattice constant in the a~axis direction in the fabricated doped
AIN films. FIG 23 illustrates a relationship between a total of substitutional concentrations of
Mg and Zr and a c/a ratio.  Circles indicate measurement results of the fabricated doped AIN
films. For comparison, a rectangle indicates a calculation result of ¢/a of non-doped AIN by the

first principle calculation. FIG. 23 demonstrates that the doped AIN films containing Mg and Zr
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Case 4 Zn Ta 1935.0 2016.7 9.59 Case 5 Zn Nb 1901.3 1978.6 9.26 Case 6 Zn V
2018. 4 2078.8

have c/a ratios less than that of the non-doped AIN when they have a total of substitutional -
concentrations of Mg and Zr greater than or equal to 3 atomic% and less than or equal to 35
atomic%.

[0105] Thus, the total of substitutional concentrations of the divalent element and the
tetravalent element is preferably greater than or equal to 3 atomic% and less than or equal to 35
atomic% to make the c/a ratio of the piezoelectric film small and the electromechanical coupling
coefficient of the acoustic wave device high.

Fourth Embodiment

[0106] A fourth embodiment first describes a relationship between a resonance frequency
and a size of a resonance portion of an acoustic wave device. For example, an acoustic wave
device with an impedance of 50 Q has a relationship between a resonance frequency fr and a
capacitance C expressed with fr = 1/(2axCx50). As described above, the capacitance increases
as the resonance frequency becomes lower in the acoustic wave device. The capacitance is
proportional to an area of the resonance portion, and accordingly the resonance portion becomes
larger as the resonance frequency becomes lower. In addition, a frequency f and a wavelength A
of an acoustic wave have a relationship of = V/A. V represents the acoustic velocity of the
acoustic wave. The wavelength X is equal to a period of a comb-shaped electrode when a
surface acoustic wave is used, and is equal to the double of total film thickness of a multilayered
film of the resonance portion when a bulk acoustic wave is used. The acoustic velocity V of the
acoustic wave depends on a material to be used, and accordingly, the wavelength becomes longer
and the resonance portion becomes larger as the resonance frequency becomes lower.

[0107] A description will now be given of a simulation conducted to investigate a

relationship between a resonance frequency and a size of a resonance portion in an acoustic wave
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6.96 Alumnumnitride - - 1965.3 2007.0 5.01 [O0092]As presented in Table
7, the acoustic wave devices using an alumnumnitride filmcontaining a

di val ent el enent and a pentaval ent el enent for the piezoelectric film (Case
1 through Case 6) have effective el ectronmechani cal coupling coefficients
kel2 greater than that of the acoustic wave device using a non-doped
alumnumnitride filmfor the piezoelectric film (Table 7: Al um num
nitride) even when the tenperature conpensation film42 is included. A
conbi nati on of the divalent elenment and the pentaval ent el enment may be

My- Ta, My-Nb, My-V, Zn-Ta, Zn-Nb, or Zn-V as presented in Table 7, but my
be ot her conbinations. [0093] The first variation of the second enbodi nent

denonsikviat.eSTHhulRflodR PYbintedWa YL FBAR 6f2: thind batgpaathicghaableelidt assehani cal
coupling coefficient can be obtained by using an alumnumnitride film

cont aingh Rigp&l ANV Bine fir 18] RERBlec@0dilA 266 HRVIE AR hawheieRirudttre illixerated in
pi ezoel ectric filnms 26a and 26b even when the tenperature conpensation film

42 i s Fiaci Atgheshonh FOQ.24] dinBe fikst ShbotBmkbmt | The Adn-HHRJIAINSS aRitBediomRE aand t he
first variation of the second enbodi ment insert the tenperature

conpengmhitt@ityfeld dNsdR2 gt iegNatd e RoedRekRElY Vofflil40mmASaTAAd vAkbs arlBuUt t he

t enperat ure conpensation film 42 may be located in other |ocations as |ong

as it cﬁl@ﬂlﬁ@ﬁﬂ?_tﬁé‘ﬁspﬁlﬂﬁﬂﬁé egélatfon§ | WPesdn@ficeSXRNBICS is 2 GEIVATERRLAK K &
conpensation film42 may be | ocated between the upper el ectrode 28 and the

pi ezoehigkdekd & F40lnM B8Red RF HRALNEectB8e DAURT heLifsd ERERRA 8o ot he

pi ezoel ectric film 26a.
non-doped AIN film with a thickness of 1300 nm is used for the piezoelectric film 26 to
configure the resonance portion 30. An area of the resonance portion 30 is 2.455x10°® m* when
the FBAR has an impedance of 50 €. Here, to investigate a relationship between a resonance
frequency and a film thickness of the resonance portion, a resonance frequency is varied by
changing a total film thickness with keeping a ratio of film thicknesses of the lower electrode 24,
the piezoelectric film 26, and the upper electrode 28 the same. In addition, to investigate a
relationship between a resonance frequency and an area of the resonance portion, the area of the
resonance portion 30 is changed so that the FBAR has an impedance of 50 2 at each resonance
frequency.
[0108] FIG. 24A illustrates a relationship between a resonance frequency and a normalized
film thickness of a resonance portion of the FBAR of the third comparative example, and FIG.
24B illustrates a relationship between a resonance frequency and a normalized area of the
resonance portion. In FIG. 24A and FIG. 24B, the normalized film thickness and the
normalized area (vertical axis) are a film thickness and an area normalized by a film thickness
and an area when a resonance frequency is 2 GHz, respectively. As illustrated in FIG 24A and

FIG. 24B, a film thickness and area of the resonance portion become larger as the resonance

frequency becomes lower.  As described above, the acoustic wave device grows in size as the
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Third Enbodi ment [0095] A third enbodi nent describes an experinent perforned
to an alumnumnitride filmformed so as to contain a divalent el enent and
a tetravalent elenment. The alum numnitride filmcontaining a dival ent

el ement and a tetravalent elenent is fornmed as follows. Doped AIN filns
with different concentrations of My and Zr are formed by sputtering an A
target, a My target, and a Zr target sinmultaneously in a m xed gas

at nrosphere of Ar and N2 with varying electrical power applied to each
target. [0096] A description will be given of measurenent results of

pi ezoel ectric constants of the fabricated doped AIN filns. A piezoelectric
constant is neasured with a piezoneter under a condition that a load is

0. 25N radgdelarie ffFeq Qe G¥contes lohkerHZEspetidly, 2@hen itd rdsinbiddedfeqlencd i alessahahd
between a total of substitutional concentrations of My and Zr and a

nor meldgagido PisEZIL REAdLQicOAVE daVTte dragittally @od@Bh kise,andwWagh Bl réddaincext ract s
data of which a ratio of substitutional concentrations of Mg to Zr is

ar oundrehiidncl iR Sthén &0Rualltd 110l GHz, AR a0 icRbdve OB filrlher Maswally ZWs in

pi ezoel ectric constant (vertical axis) is a piezoelectric constant

nor malgizged by the piezoelectric constant of the non-doped AIN. Crcles

i ndi cate neasurenent results of the fabricated doped AIN filns. Rectangl es

i ndi cgproogal cukAbicPBed Buvk! Scpheilalbe fkfetdes AE b RGLRARe ﬁ@g@éﬁbﬁbmﬁl@%v@a
reference. [0097]As illustrated in FIG 20A and FIG 20B, the doped AIN

filnms erhmichiia ii\gﬁamoxﬂ tOAY e PbORO B8t fortioN o ABLSIGHERWRS ddvitan t hat
of the non-doped Al N when they have a total of substitutional

concenhi & 4@ srofrtiblhl 8NElpEhiGh RAS Sthe %ﬁ@&l&&ri@ﬁh@hseﬁ@n theab Qi ¥ngnd | ess
than or equal to 35 atomc% In addition, not only when the ratio of

subst ideiioh ONPlerGORCRRLIT %tpiié%BeﬁecQIfic lin Rw@th%%iélﬁpéi%ﬁﬂ@i@y thitlhe aubticAla@ when it
is shifted from1:1, the piezoelectric constant is high as long as the

total fbicsbhsteltddlan QA oraRNEEREER PR 1Blobi¥th 28 irdd cdpaciBh8aLRI pritian or
equal to 3 atomc% and | ess than or equal to 35 atomc% [009§%FIG. 21A

L1 uStf Al B8stR WeleWel RO BBIMRArOSYES 8.2 MableBy &S thé‘laﬁdtlé%éctri‘%& RitRional
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extracts data of which a total of s titution concentrations” of My and
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t hey have a a substitutional concentration of
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the normalized piezoelectric constant (vertical axis) is a piezoelectric
constant nornalized by the piezoelectric constant of the non-doped AIN
FIG 22A illustrates cases where AIN is doped with My as a dival ent el enent
and Hf, Ti, or Zr as a tetravalent elenent, and FIG 22B illustrates cases

where AIN is doped with Zn as a divalent elenent and Hf, Ti,

tetraval ent elenment. [0101]As illustrated in FIG 22A and FIG 22B,
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and a size of a resonance portion of an acoustic wave device. For exanple,
an acoustic wave device with an inpedance of 50 Q has a relationship

bet ween a resonance frequency ft and a capacitance C expressed with fr =

1/ (2axCx50). As descri bed above, the capacitance increases as the resonance
frequency becones lower in the acoustic wave device. The capacitance is
proportional to an area of the resonance portion, and accordingly the
resonance portion becones |arger as the resonance frequency becones | ower.
In addition, a frequency f and a wavel ength k of an acoustic wave have a

relationship of f= V/k. V represents the acoustic velocity of the acoustic
wave. The waveael enath k i.e aal tn A art nd nf eonmbh-chan nl nl ectr nnl men
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devi ce drastlcally grows in size, and when the resonance frequency is |ess
than &t ®qual to 1.0 GHz, the acoustic wave device further drastically
grows in S|ze 9] As descri bed above, a _capacitance increases as a
resondRblé] f reéa@%gﬁ%@femlqecﬁﬁébe forpmp eBpdimentdias ghejsamg COPEREAIORAP b an
area of the resonance portion of the acqustic wave device, and is_al so

pr oportlisyaied it BIG 2fdhnengh FiFi £¢ abthe firet egabod eang exaepicthat therpigaestectrie filpe
acousti c wave device, Therefore, use of a piezoelectric filmwth_a high
per mi £26iiva glumpunheitidedilayqoatajpnga Hapleatelement, ad e adesanirsionshereqfds
resonance portion to obtain a desired capacitance and prevent the acoustic
wave device fromgrowing in size. Mreover, the above described rel ationa
expression of f= V/A suggests that use of a piezoelectric filmwith a | ow
acoustic velocity can shorten the wavelength A, to obtain a desired
frequency f, and prevent the acoustic wave device fromgrowi ng in size.
Accordingly, a description will now be given of a sinulation conducted to
obtain a piezoelectric filmhaving a high permttivity and a | ow acoustic
velocity. [0110] The sinmulation is performed to doped AIN with a crystal
structure fornmed by substituting a trivalent elenment in one of the alum num
atons 10 in the non-doped AINwith the wirtzite-type crystal structure




[ Tabl e 8] Conbination Divalent elenent Trival ent el ement Tetraval ent
element Permttivity 633 [x 10-11 F/m Acoustic velocity V[ms] Case 1 -
Sc

omitted . The piezoelectric film 26 has a crystal structure with a c-axis orientation.

[0114] A description will be given of a simulation conducted to investigate a relationship
between a resonance frequency and a size of a resonance portion of an FBAR of the fourth
embodiment. Simulated is an FBAR using Ru for the lower electrode 24 and the upper
electrode 28, and an aluminum nitride film containing Sc with a substitutional concentration of
30 atomic% for the piezoelectric film 26.  As with the simulation described in FIG. 24A and
FIG. 24B, the resonance frequency is varied to investigate the relationship between the resonance
frequency and the film thickness of the resonance portion 30 by changing a total film thickness
with keeping a ratio of film thicknesses of the lower electrode 24, the piezoelectric film 26, and
the upper electrode 28 the same. In addition, the relationship between the resonance frequency
and the area of the resonance portion 30 is investigated by varying the area of the resonance
portion 30 so that the FBAR has an impedance of 50 Q at each resonance frequency. The
doped AIN doped with Sc with a substitutional concentration of 30 atomic% is assumed to have a
permittivity €33 of 1.18x 107'° F/m and an acoustic velocity V of 8646 m/s. These values are
calculated values by the first principle calculation.

[0115] FIG. 26A illustrates a relationship between a resonance frequency and a normalized
film thickness of a resonance portion of the FBAR of the fourth embodiment, and FIG. 26B
illustrates a relationship between a resonance frequency and a normalized area of the resonance
portion.  Solid lines indicate simulation results of the fourth embodiment, and for comparison,
dashed lines indicate simulation results of the third comparative example. In FIG. 26A and FIG
26B, the normalized film thickness and the normalized area (vertical axis) are a film thickness
and an area normalized by a film thickness and an area when a resonance frequency is 2 GHz in

the FBAR of the third comparative example, respectively. As illustrated in FIG. 26A and FIG.
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26B, at the same resonance frequency, the resonance portion 30 of the fourth embodiment has a
smaller film thickness and a smaller area than that of the third comparative example. For
example, when the resonance frequency is 700 MHz, the normalized film thickness of the
resonance portion is 2.84 in the third comparative example, whereas that of the fourth
embodiment is 2.15 and reduced by approximately 24%. The normalized area of the resonance
portion is 8.07 in the third comparative example, whereas that of the fourth embodiment is 4.40
and reduced by about 45%.

[0116] The fourth embodiment uses an aluminum nitride film containing a trivalent element
that increases a permittivity £33 and decreases an acoustic velocity V for the piezoelectric film 26.
This configuration allows the resonance portion to have a small film thickness and a small area
as illustrated in FIG. 26A and FIG. 26B, and can prevent the acoustic wave device from growing
in size even when the acoustic wave device has a resonance frequency less than or equal to 1.5
GHz.

[0117] As presented in Table 8, the permittivity £33 increases and the acoustic velocity V
decreases when AIN is doped with a divalent element and a tetravalent element. Therefore, an
aluminum nitride film containing a divalent element and a tetravalent element may be used for
the piezoelectric film 26.  When an aluminum nitride film containing the trivalent ejement
presented in Table 8 is used for the piezoelectric film 26, at least one of Sc and Y may be
contained. When an aluminum nitride film containing the divalent element and the tetravalent
clement presented in Table 8 is used, at least one of Ca, Mg, Sr, and Zn may be contained as the
divalent element, and at least one of Ti, Zr, and Hf may be contained as the tetravalent element.
[0118] The acoustic wave device can be prevented from growing in size by achieving at

least one of an increase in the permittivity £33 and a decrease in the acoustic velocity V in the
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piezoelectric film 26. Therefore, the piezoelectric film 26 is not limited to an aluminum nitride
film containing a trivalent element, or a divalent element and a tetravalent element, and may be
an aluminum nitride film containing an element that can achieve at least one of an increase in a
permittivity €33 and a decrease in an acoustic velocity V.  Moreover, when a trivalent element,
or a divalent element and a tetravalent element are contained, elements other than the elements
presented in Table 8 may be contained.

[0119] When the resonance frequency is less than or equal to 1.5 GHz, the acoustic wave
device drastically grows in size, and when the resonance frequency is less than or equal to 1.0
GHz, the acoustic wave device further drastically grows in size. This fact leads a conclusion
that an aluminum nitride film containing an element that contributes to at least one of an increase
in the permittivity £33 and a decrease in the acoustic velocity V is preferably used for the
piezoelectric film 26 of the acoustic wave device with a resonance frequency less than or equal
to 1.0 GHz.

[0120] To prevent the acoustic wave device from growing in size, the permittivity £33 of the
piezoelectric film 26 is preferably greater than 8.42x 10" F/m, which is the permittivity of the
non-doped AIN. The acoustic velocity V is preferably less than 11404 m/s, which is the
acoustic velocity of the non-doped AIN.

[0121] A description will now be given of acoustic wave devices in accordance with a first
variation and a second variation of the fourth embodiment. FIG 27A is a cross-sectional view
of the acoustic wave device in accordance with the first variation of the fourth embodiment, and
FIG. 27B is a cross-sectional view of the acoustic wave device in accordance with the second
variation of the fourth embodiment.  As illustrated in FIG. 27A, an FBAR of the first variation

of the fourth embodiment includes the temperature compensation film 42 located between the
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piezoelectric film 26 and the upper electrode 28 and contacting the piezoelectric film 26 and the
upper electrode 28.  An aluminum nitride film containing a trivalent element is used for the
piezoelectric film 26. Other configurations are the same as those of the first variation of the
first embodiment, and thus a description thereof is omitted.
[0122] As illustrated in FIG. 27B, an FBAR of the second variation of the fourth
embodiment includes the upper electrode 28 including a lower layer 28a and an upper layer 28b.
- The temperature compensation film 42 is located between the lower layer 28a and the upper
layer 28b.  As described above, the upper electrodes 28 are formed on the top surface and the
bottom surface of the temperature compensation film 42, and mutually electrically
short-circuited. Accordingly, a capacitance of the temperature compensation film 42 fails to
electrically contribute, and the effective electromechanical coupling coefficient can be made high.
An aluminum nitride film containing a trivalent clement is used for the piezoelectric film 26 as is
the case with the first variation of the fourth embodiment. Other configurations are the same as
those of the first variation of the first embodiment, and thus a description thereof is omitted.
[0123] A description will be given of a simulation conducted to investigate a relationship
between a resonance frequency and a size of a resonance portion in the FBARs of the first
variation and the second variation of the fourth embodiment. Simulated is an FBAR using Ru
for the lower electrode 24 and the upper electrode 28, an aluminum nitride film containing Sc
with a substitutional concentration of 30 atomic% for the piezoelectric film 26, and a SiO; film
for the temperature compensation film 42.
[0124] In the first variation of the fourth embodiment, the resonance frequency is 2 GHz
when the lower electrode 24 has a thickness of 160 nm, the piezoelectric film 26 has a thickness

of 870 nm, the temperature compensation film 42 has a thickness of 100 nm, and the upper
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electrode 28 has a thickness of 160 nm. In addition, the area of the resonance portion 30 is -
1.595x10™ m* when the FBAR has an impedance of 50 Q.

[0125] In the second variation of the fourth embodiment, the resonance frequency is
approximately 40 MHz lower than that in the first variation of the fourth embodiment when the
lower electrode 24 has a thickness of 160 nm, the piezoelectric film 26 has a thickness of 870 nm,
the temperature compensation film 42 has a thickness of 100 nm, the lower layer 28a of the
upper electrode 28 has a thickness of 20 nm, the upper layer 28b has a thickness of 160 nm.
[0126] As with the simulation described in FIG. 24A and FIG. 24B, the resonance frequency
is varied to investigate a relationship between the resonance frequency and the film thickness of
the resonance portion 30 by changing a total film thickness with keeping a ratio of film
thicknesses of layers constituting the resonance portion 30 the same. In addition, the area of the
resonance portion 30 is varied so that the FBAR has an impedance of 50 €2 at each resonance
frequency in order to investigate a relationship between the resonance frequency and the area of
the resonance portion 30.

[0127] FIG. 28A illustrates relationships between a resonance frequency and a normalized
film thickness of a resonance portion in the first variation and the second variation of the fourth
embodiment, and FIG. 28B illustrates relationships between a resonance frequency and a
normalized area of the resonance portion. In FIG. 28A and FIG. 28B, the normalized film
thickness and the normalized area (vertical axis) are a film thickness and an area normalized by a
film thickness and an area when a resonance frequency is 2 GHz in the FBAR of the first
variation of the fourth embodiment, respectively. Solid lines indicate simulation results of the
first variation of the fourth embodiment, and dashed lines indicate simulation results of the

second variation of the fourth embodiment. FIG 28A and FIG. 28B demonstrate that the film
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thickness of the resonance portion 30 is almost the same in the first variation and the second
variation of the fourth embodiment at the same resonance frequency, but the area of the
resonance portion 30 is small in the second variation of the fourth embodiment compared to that
in the first variation. For example, when the resonance frequency is 700 MHz, the normalized
area of the resonance portion is 8.20 in the first variation of the fourth embodiment, whereas that
of the second variation of the fourth embodiment is 5.90 and reduced by approximately 28%.
[0128] The first variation of the fourth embodiment demonstrates that an effect of
temperature compensation can be obtained and the acoustic wave device can be prevented from
growing in size by using an aluminum nitride film containing an element that achieves at least
one of an increase in the permittivity £33 and a decrease in the acoustic velocity V for the
piezoelectric film 26, and including the temperature compensation film 42. The second
variation of the fourth embodiment demonstrates that both a temperature compensation and an
increase in the effective electromechanical coupling coefficient can be achieved and the acoustic
wave device can be prevented from growing in size by including conductive films that are
formed on the top surface and the bottom surface of the temperature compensation film 42 and
mutually short-circuited.

[0129] In the first variation of the fourth embodiment, the temperature compensation film 42
may be inserted into the piezoelectric film 26, or may be located between the lower electrode 24
and the piezoelectric film 26. In addition, the second variation of the fourth embodiment uses
the upper electrodes 28 as conductive films that are formed on the top surface and the bottom
surface of the temperature compensation film 42 and mutually short-circuited, but may use the
lower electrode 24.  When the temperature compensation film 42 is inserted into the

piezoelectric film 26, new conductive films that are mutually electrically short-circuited may be
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- - - 8.42 11404 [O0112] As presented previously, the inventors have found
that the doped AIN containing a trivalent elenent and the doped AN
containing a divalent elenent and a tetraval ent el enent have high
permttivities 33 and | ow acoustic velocities V conpared to the non-doped
AIN. Here, a description will be given of dependences of a permttivity 33
and an acoustic velocity V on a substitutional concentration of doped AN
doped with a trivalent elenment. The dependences of the permttivity cB and
the acoustic velocity V on the substitutional concentration are eval uated
by cal culation by the first principle calculation using Sc as the trival ent
element. FIG 25A illustrates a relationship between a substitutional
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frequenc resonance portion o t he
enbodlnent Slnul ed AR using Ru for the | ower el ectrode 24 and
t he uﬁ%%PdVF”%% gh“§§?§§ﬁ3“§5 alumnumnitride filmcontaining Sc with a

b film 26.
aewi (RETS" Sl SRNRROMCALLR, By e aiEhG s & R oagafl S ik (| 20
f t
1 equaneyat raf“f%ﬁ?m e SR el P AR LB, DRI e nor g a
total film k k I
oLl TS RLFRG Ralt | ick S5l SR el bR SRRl | over
t h | at t dth
S o, 05 S 85 AR B PO, ks, e
t,i. 30 that the F h
e B8 o het A5 AR A b REGRRE SuBlonl Ah RS
f .30 at % | t h 33 of
O ot Rtror Pt A R Sl BT SRl (BT e R T ltbben B0 O
f?: ﬁg{[ﬁ;ﬁg 57}1%1]? %gn@% a%ét%ﬁf&ég%geg\!u%ég aelagﬁejlle%)teleg&']c t{ug]f']h%] 40%{8%&#‘ i zed
fil he FBAR o nbodi
ahdef@f%pfqu{E?x}ag% éltegﬂryg? a?ﬁrlggng@il@s%%?s\%e%ﬂss SeCtéon Oggnce fr eqﬁengyI gﬁgt a
ljzed t, S d t | at
resul gt h&ﬁ@amaﬁ CREdAT e r°{pdéz?)§1rectg§sﬁdaﬂhgﬁ%%n%rgg%fa e N oat e
| at f the t d 26 FI G
268, (ORGP RE T3 S FrsPRR T CHRSEL RS P rormml s 06" Bisaacrody (i ER o s)
are a f|In1th|ckPess and an argg ornallzegﬁgﬁﬁﬁaflIn1HF|cknes and an area

when detwaionanEeludesing dovesy elegtr the PigAog 261 #id the, FRRST &S at i ve

exanpl e, respectively. As illustrated i | G
P 28. The Fgecond plezoelectrlc th&n fu Im resonator 92 in hg%les the lower electrode 24, the
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26B, at the sane resonance frequency, the resonance portion 30 of the
fourth enbodi nent has a smaller filmthickness and a smaller area than that
of the third conparative exanple. For exanple, when the resonance frequency
is 700 MHz, the normalized filmthickness of the resonance portion is 2.84
in the third conparative exanple, whereas that of the fourth enbodi nent is
2.15 and reduced by approximately 24% The nornalized area of the resonance
portion is 8.07 in the third conparative exanple, whereas that of the
fourth enbodiment is 4.40 and reduced by about 45% [0116] The fourth

enbodi nent uses an alumnumnitride filmcontaining a trival ent el enent
that increases a permttivity 833 and decreases an acoustic velocity V for
t he pipazeegkeasit fild 26] dndiRbuppthélecttan 28 gunaletcuplod il o withe: diggohssde portion
to have a small filmthickness and a snall area as illustrated in FIG 26A
and Fligzated@Brwan theaipePEleaiat 28 betha aRit pidzeelvatie e fing esbidddn Qrapwiieg i n si ze
even when the acoustic wave device has a resonance frequency | ess than or

equal 1éwerlel®trott24 b0hd ddcbid pletseittr@thinFilkaebdha®r 94 heTededbigldr\ilinyo0833
increases and the acoustic velocity V decreases when AIN is doped with a

di val eidy 1l eBontitingsitiedd NS, ith £1a8RBA oxilib &lB e Eificorddkiad FIM num ni tri de
f|In1conta|n|ng a divalent element and a tetraval ent el enent may be used

for tRenhin®zosl fAalifvkelehdehin 26. When an alum numnitride film containing the
trivalent elenment presented in Table 8 is used for the piezoelectric film

26, atp]L3st PRCa@ustRCwARMeYicEB4y BE aGRTARI DAt WASHdAiccalr U RInBUavaI tri de
f|In1conta|n|ng the divalent elefent and the tetraval ent el ement presented

in Table@ic8 IMAUSELis Abp VRASI Q0Ea&S acgﬁ’st]c'%ve Svic2BRd FIG. TRy iPe cont ai ned as
the divalent elenent, and at |east one of Ti, Zr, and H may be contai ned

as t herdseltaahiaRdw Pah(&{rﬁﬂﬁ%h]ﬂ@m&m@ PGOUSHGC3 1‘@%% HauiseRionaAni&eops event ed
fr0n1grOMAng in size y acni evil ng at | east one of an increase in the

per m il inhye 833c2 Rk Brcdens %&oés&e&%aﬂﬁ@&%ﬁ%oﬁﬁﬁia%calc@)i{sﬁ\é wdleldBfce.
pi ezoel ectric film26. Therefore, the piezoelectricfilm26 is not limted

to an gl 1HH§tﬁ‘tl%H‘ i 'F'{di'sci% ahli 'Fm; aqpt Qbi’éké@eo@rlé ﬁhﬁ/@ %%m’f‘éd%ﬁea@u p&f subsihry al ent
el ement and a tetraval ent el enent, and may be an alunlnun1n|tr|de film

cont als@hﬁ%e%@aﬁhfs‘ g&e éuget}at@%haagalsﬁfmséstelaeglégs s%l;@rafefa@é}alhf&(éﬁﬁﬁl%?e bp a
permttivity 633 an ecrease I n an acoustic velocity V. Mreover, when a

tri va'a%Q%prﬁJe%nﬁg@fate Ofrp@ g%ef@}ém fifh BIRUn ARFinBmtRtiavifh eilaiflgnEnt are

cont ai ne el ements other than the elenents presented in Tablé 8 may be

gggt aign&tnt ERAE Maened 1e5@a ancs o &u&nﬁ%ld\am%@ﬁta&m Alaiggual to 1.5

, he acoustic wave eV|ce rastically grows in size, ‘and when the

res On%fb?ﬂ?elpg %@f&g&?&@akﬁt 4[1 Sl dran aﬂfmﬁﬁl‘d%‘cﬂf} fifm ?O%Vngtagﬁvﬁ&ﬁ Whleht yave

devi ce rastically grows in size s a concl usion that

an al um DU b ! if48s Hahﬂbﬁﬂ@gﬁﬁé]ﬁlglgrlé’ﬁsgig gFﬁll p§£§éle&1‘?@ﬁfrﬁ Buhesrib&y iat | east

one of an Increase in t ermttrvit a decrease In the acoustic

vel ocid ¥ éxﬁbcﬂ{]ﬁ&ﬁraﬂﬁ’ sHéo%g eh{%rodﬁﬁb%t %:r%%br‘ﬁ{:érﬁbéhu%bﬁtm %@n&%l %Hﬁs acoustic

wave device wt a resonance frequency ess than or equal

[ 0120]1q, Dﬁ"g% it f&‘bpz%& BH%ﬁ l‘é@trig?\f#l%?m gg@hﬂgfaﬁ)ﬂ’lnﬁ' 94 kR rdfectdr 80,

permt IVIt e p|e ctrlc I's prefera greater t han

2cgﬁé#gcé%éF@%?¥9g0%?Ed%F& rab%ﬁh&gg%h% apiﬁ%ﬁ%ﬂpﬁﬁgﬂqahléﬁ B t
aCO”Sth?O‘{Fch?cF tt\¥0 9$m15 Qlﬁag@@gfe&%)a%gtﬁé‘l Ny Qﬁtﬁélﬁ{.ﬁﬁﬁaﬁa& Qlte Pl [ “OW be

gi ven of "acous I'n accordance |rs variation and a
d.v he f t I
Vi ew SPURE éﬁ;ﬂﬂ%u o tgﬁe@%%ﬁhﬁ% o R et e Rl lBE g o T o of
the f h b B | f th
e Tom & gi\?ﬁ%@ her?ugnélégapaglﬁgﬁo fIOII'nill e)ft%mglscsonnec on%}% aYs! V¥ €

acousf?c S RLBART Y A" %N 'OF the fourth

Theod is%cﬁofaﬁﬁ&m okt kehidks of s IR Pkt Sadindiftfud aihe ¥R Do oot e

betmeen the

The comb-shaped electrodes 66 and the reflectors RO include electrode fingers arranged
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pi ezoelectric film 26 and the upper el ectrode 28 and contacting the

pi ezoel ectric film 26 and the upper electrode 28. An alum numnitride film
containing a trivalent elenment is used for the piezoelectric film26. O her
configurations are the sane as those of the first variation of the first
enbodi ment, and thus a description thereof is omtted. [0122]As illustrated
in FIG 27B, an FBAR of the second variation of the fourth enbodi nent

i ncl udes the upper electrode 28 including a | ower |ayer 28a and an upper

| ayer 28b. The tenperature conmpensation film42 is | ocated between the

| ower | ayer 28a and the upper |ayer 28b. As described above, the upper

el ectrodes 28 are forned on the top surface and the bottom surface of the

t enperafinireals oomepsiingn thd Wivedehgthanesl theihevaktigwalee c The adluktyc wave excited
short-circuited. Accordingly, a capacitance of the tenperature conpensation
film 42 thalD ) propae tHrbsa thy siefiat bi B pRzodddrid Hikn 61,faa6 id réBected by the
electronechanicaf coupling coefficient can be nmade high. An al um num

ni tri gendctdreROONTRIsAIIBGs the lshiifiRlaAstie Wat® BdvideSo Weemhté &a kdiRemiyezoel ectric
film26 as is the case with the first variation of the fourth enbodi nent.

Qt her BRBIHoAENAT BB WvaRElIBndth R of BRBIcAStE RAse Ofhat kao bdyl B cumbisadpean of the
first enbodi nent, and thus a description thereof is omtted. [0123] A

descr igpctraflesdsl bcddgl @ M8 Piebeltrfd Ml 60 FRBLHGORAUEHEEstRat eRRIEE FRUSIA
rel ati onshi p between a resonance frequency and a size of a resonance

portiq&wg@r BatiBARDuSH thk PR bdisdttic ¥l bat i on and the second variation of the
fourth enbodinent. Sinulated is an FBAR using Ru for the | ower el ectrode 24

and t hgr3urer peheidwsasithe2Boveathya et OB i b irdaryldcbubtic QAL HAHATarStheW th a
substitutional concentration of 30 atom c% for the piezoelectric film 26,

and a 503 fid. M A0Andih& 4 &P Rh UG SQBaRRAt | Abe Lol divdve ddvitbaddiddes hhe

first variation of the fourth enbodi ment, the resonance frequency is 2 GHz

when tfi8edtQNRIm 88 ethle@98 2l 32S tRe tbBlaf KME 88 atf cohBRt B Yo Nl &zRE! ectric
film26 has a thickness of 870 nm the tenperature conpensation film 42 has

a thi SiecAb rhA G2 ARunARsed HErIEPPRE. BlARLIEQRE ik 6D s Rntdunclkness of 160
nm |In addition, the area of the resonance portion 30 is 1.595x10-8 nR2 when

the F%%grgr@&rﬂ&%%ﬁl%ﬁn%eégleqﬁelé&é@ﬁinh B8 {8 & dnataidl ahiigpaof the

fourth I ment, the resonance frequency is approxi mately 40 | ower

than thatehdd Ddeecidn bf HAARE Qe ophRitd B4 &io SRR QEtHIRZ0MB&A: FillR 6b Over

k
el ectrode 24 has a thickness of 1600nn1 the piezoelectric film26 has a

thi Ckm%iaéctﬁgﬁlnm nfap%ewﬁm%ﬁw eEntERAIRANRAH QM khdns4Zohasrig thi ckness

of 100 nm the lower |ayer 28a of “the upper electrode 28 has a thickness of

20 . ' f i h
20 n plg@topg(garg g@?gﬁléb\g%x%{dﬁ%%@ &lﬂﬂ%ﬁﬁlcma'eé:g BRRRRIIHER Bfhed GBS AImt he

and FIG 24B, the resonance frequency is

var i edsl il (el igRie sfo! Sl bieRsi RGBS LI ACIFRORANER dikaguency and
II'mthickn

the f ess of the resonance portion 30 by changing a total film

thi ckngsspi t g %&%ﬂieﬂﬂes%otﬁﬂw Wafin tqe'ndiaé%%}ighnm,ﬁﬁe Sticb @Y eis 7oMashi t uting

t he resonance portion e sane. 1t1on, e area of the resonance

POrt | o \olAr st 38y ek d0EKEAR Masen | mmedance of 50 Q at each

resonance Frequen In o r to investigate a relationship between the

reson fre i G2 b3 th Ak F! G
28A iﬁpggﬁratggﬁ?gﬁéﬁggﬂiﬁ?%gigzwgégﬁqgaégggﬁgﬁgel 3Lquency andlﬁ%
nor nal sh%&gte 60, but the piezoelectric film 62 may be made to have a large thickness so that it has a
supporting function as a substrate instead of the support substrate 60.
[0136] FIG. 32 is a cross-sectional view of a Lamb wave device. The Lamb wave device

includes a second support substrate 82 located on a first support substrate 80. The second

support substrate 82 is bonded to the top surface of the first support substrate 80 by surface
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filmthickness of a resonance portion in the first variation and the second
variation of the fourth enbodinment, and FIG 28B illustrates rel ationships
bet ween a resonance frequency and a nornalized area of the resonance
portion. In FIG 28A and FIG 28B, the normalized filmthickness and the
normal i zed area (vertical axis) are a filmthickness and an area normalized
by a filmthickness and an area when a resonance frequency is 2 G-z in
the FBAR of the first variation of the fourth enbodi nent, respectively.
Solid lines indicate sinulation results of the first variation of the
fourth enbodi nent, and dashed lines indicate sinulation results of the
second variation of the fourth enbodi nent. FI G 28A and FI G 28B denonstrate
t hat tabgvdidd tBndindios keraslondingtfbeeaepnamhe fipdkiippor s3bstiate A didshe debendsame in
the first variation and the second variation of the fourth enbodi nent at

t he SaIFHIreHBRANE .2 MhHe M Biulatil subfifit@fiRR aOh St fidsties Qs eulehie] on 30 is
small in the second variation of the fourth enbodi nent conpared to that in

the ficesiniy aibsRdtt, Ut a shphi@xabdar. WiRekobReric FRasans Beiltean@Rreycond 700 Mz,
the normalized area of the resonance portion is 820 in the first variation

of t hayufi dubstenderi MeRtpic WbieEEa Filh Batis &f altfBuseEenRd Maldoakingiy 0f the
fourth enbodi nent is 5.§b and reduced by approxinmately 28% [0128] The first

vari atdi@iler®@tlehir dnaartbthavarhoslenBat andMimnsh BtRS Mikabn@nidfd @edlem§
t enper ature conpensati on can be obtai ned and the acoustic wave device can

be prey&ineshd 4 SRALRWM &8, &ah A1intha nREdafi1R bouthiRiRaRi{ A @lefdehir
containing an el enent that achieves at |east one of an increase in the

per m thief biethedd, Hads malE6f B SSnd MateRA RN ST Ihe pObACIHEY filvh DOBedtABed in
pi ezoel ectric film 26, and including the tenperature conpensation film 42.

The serofd: %Abd@heRAnd thel BRGNP od iraphrud amuEhER! eBloldhtidgth a

t enperature conpensation and an increase in the effective el ectronechani ca

coupl wﬂaciﬁg%ﬁ@i 80 becbANspPoRSTHsEYR B230 9 ttibfig e RCAHS b ark@y e N GR: KA De
prevented fromgrow ng 1 n size by including conductive filns that are

for meq,,afnk AghclioR . SHE-ERES @b OR ROELPpPHL bRGRaR 0lhE t%eqm%ae&&a& e

conpensation film42 and nutually short-circuited. [0129]1'n the first

vari atgiarg0f Alffed QU ggisqa&% cgﬁgéc Piem@echfmﬁ{ &4 M{ﬁn%%%grpﬁ)@&tie@ﬁb(;vy m 42

may be i1 nserted into the piezo ric film26, or may | ocat ed bet ween

the | qner:. el86d § d]ﬁ"h%%le@i?gdet $¥6is Bh B3 PS8 ¢dfidctord inbMiidGrardd) aRAEdd LR bothh e

second variation of the fourth enbodi nent uses the upper electrodes 28 as

conductdey 6r frlb . t fifd ac%ﬁﬁicf&m%q%@éa tyNfe L1eBradidshACRpaRdi RALA) bamesyr f ace
of the tenperature conpensation film42 and nutually short-circuited, but

may usg, Eoggn& BURSm SheBRE LPHR p?é’zoelmﬁ? Pfrﬁq@%%ﬁﬂﬁgéﬁ%é{é@th?mwEi-ogféctfriicl m 42

is insert Into the piezoelectric onducti've filns that are
mut ualdy, &ligatsbspbilosishport-circuited may be fornmed on the top surface and
t he bottonfsur%acelé%ltﬂe t enperature conpensation film42. [0130] As

i1 USt[Bfgﬁd i Thg L&f’nb %ﬁve g%ﬁ?eg¢l{l?é%scﬁlmggé Hﬁf&ﬁecﬁmfﬁh@%fﬁn&%o}ca@% E&e@f@gdi ment

describes 't he alr-space y a done- shaped ge between t
R R R S R S I L AP

cross- %%ﬁélé’e‘?rié’ﬁln?@an'zﬁﬁﬁioﬂfatsﬁté&ﬁe?&tuﬁé%{g@%g%ﬂmgﬁhﬁ NeesMBORLAEN S, and FIG

29B illTustrates a cross-section of an second vari ation of the

o8 | | . o BARGra secofid. vartati on of
¢ e haffe bmRbA L ER ek S i Rrlh GRBER JSAn SaPOORE, BY

resonangc d@ﬁﬁé%ﬂgggo in the FBAR of the first variation of the enbodi nents.
As i | IS € in B G 29B, an air-space 32b is forned so that it pierces

por 11 R0 1 n Y RaU RS0 bE B a Rl RREN B ek el R R RENT O Loy 1
addi ti.op,

h i e devi i.S.. i mt.ed i I i hi
Tl m roRrgr i Rishber DrSus Gae allhng, pid FaicRs Bally RE RBOT RGP e onat or
of SMR, So* i dl é l\/g.untﬁ]% Re on(ftor% %%ge. _ FtI.G 29C il lustrat es a
cr oss-"% depagne sl sPIRE and y0Rt PLYRIVERUS G 29C, the SMR i ncl udes an

acoustic reflection film50 fornmed by alternately stacking a film52 having
a high acoustic inpedance and a fil m3#34 having a | ow acoustic inpedance
with a filmthickness of Al4 (Xis the wavel ength of the acoustic wave)
under the |lower electrode 24. [0132] Furthernore, the acoustic wave device
may be a piezoelectric thin filmresonator of CRF (Coupled Resonator
Filter) type. FIG 30 illustrates a cross-section of a CRF. As illustrated
in FIG 30, the CRF includes a first piezoelectric thin filmresonator 92
and a second piezoelectric thin filmresonator 94 stacked on the substrate
22. The first piezoelectric thin filmresonator 92 includes the | ower,




[ 0133] The acoustic wave device nmay be a surface acoustic wave device or
Lanmb wave device. FIG 31Ais a top view of a surface acoustic wave devi ce,
and FIG 31B is a cross-sectional view taken along line A-Ain FIG 31A

FIG 31Cis a cross-sectional view of a Love wave device, and FIG 31D is a
cross-sectional view of a boundary acoustic wave device. As illustrated in
FIG 31A and FIG 31B, a piezoelectric film62 is formed on a support
substrate 60 nade of an insulative substrate such as a Si substrate, a

gl ass substrate, a ceram c substrate, or a sapphire substrate. The

pi ezoelectric film®62 is an alumnumnitride filmcontaining a dival ent

el enment and a tetravalent elenent, an alumnumnitride filmcontaining a

di val ent el enent and a pentaval ent (@lAdMdnt, or an aluminumnitride film
containing a trivalent elenment or other elenents, and is made of the sane
material as that of the piezoelectric film26 described in the first

enbodi rent and the second enbodi nent, or the fourth enbodi nent. A netal

fil m e¥hafugelaimedAs: or Cu is forned on the piezoelectric film62. The neta
filme64 fornms reflectors RO, an IDT (Interdigital Transducer) |IDTO an
input termnal Tin, and an output term nal Tout. The IDTO includes two
conb-shaped el ectrodes 66. One of the conb-shaped el ectrodes 66 is coupl ed
to the inputl-ter nAnakoukiin wamndevideecootphisingone i s coupl ed to the out put
termnal Tout. The input terminal Tin and the output term nal Tout form

ext ernal commezbéloriric Eimimdé sf arldlemimef EotderfdmRohainingd Ddistled okimdnohdd si des
of the IDTOin the propagation direction of the acoustic wave. The

conb- sitetpvdlest denesdes GGlandlientzet arelfd patavalentRRrianclande el ectrode fingers
arranged at intervals corresponding to the wavel ength X of the acoustic
wave. The aewnebktiraievbatexdiesiah ecbusyic tvhes profddapnopegeh es gibdoeleghictthe. sur f ace
of the piezoelectric filme62, and is reflected by the reflectors RO This
al l ows the surface acoustic wave device to resonate at a frequency
corresponding to the wavel ength X of the acoustic wave. That is to say, the
conb- shaped2el ect Thdesuk waoedrede acotdify pickiad, aderirc fil m 62 function as
el ectrodes that excite the acoustic wave propagating through the

pi ezoel ect r ite fi¢Zoate@ic filid 18« Phaimuti wwkledfimtdoptalodimen deventdimaeamng t he
boundary acoustic wave device are the sane as FIG 31A, and thus a

descr itgtavalantt dienanfanid somaint hidldast dieofltdmdumpaieofied, aed hateluudesh@ di el ectric
filme68 fornmed so as to cover the netal film 64 and contact the top surface
of t heetpavazaedlaudnti ¢ film 62 as illustrated in FIG 31C The dielectric
film®68 can function as a tenperature conpensation filmwhen the dielectric
film68 is formed of a material having a tenperature coefficient of an

el astic constant opposite in sign to that of the piezoelectric film®62. The
dielectric Bilm 6Bhaamypudiie veavkidevivaRicotdingotlaxh 2 Mersinl | con oxi de such as

Si 02. The boundary acoustic wave device further includes a dielectric film
70 formed othetpioeletie @i konthink 80 1668t 8% bfl daledini, ak e ediin FGnddR: anfighe
dielectric film70 nmay be an al um num oxide filmfor exanple. To confine

t he asothsidivalenavlemen. t he dielectric film68, the dielectric film70 has an
acoustic velocity faster than that in the dielectric film@®68. [0135]FI G
31A through FIG 31D illustrate the piezoelectric film®62 |ocated on the
support substrate 60, but the piezoelectric film62 may be nade to have a

l'arge thickmess sphddiaistictwadeAcSMRPRLd BG1ahHNCHvhaRinas a substrate instead
of the support substrate 60. [0136]FIG 32 is a cross-sectional view of a

Lanb wave dg¥ipigoclddie BB AaN@nHeM G@ide Mith YERSinthSERPNht SHRRAT dngSHbst rat e
82 located on a first support substrate 80. The second support substrate 82

i s bopeeabalent LRk dEddhtaRtat Rhastdd® of bk URRRH, SHARShiALA sStheby surface
activated bonding or resin bonding for exanple. The first support substrate
80 an%ﬂﬁagkgeg@ﬂgm§upport substrate 82 may be an insulative substrate such
as a Si substrate, a glass substrate, a ceram c substrate, or a sapphire
substrate. A piezoelectric film84 is |ocated on the second support
substrate 82. The piezoelectric film84 is an alumnumnitride film
containing a divalent elenent and a tetraval ent el enent, an al um num
nitride filmcontaining a dival ent efenent and a pentaval ent el enent, or an
alumnumnitride filmcontaining a trivalent elenent or other elenents, and
is made of the sane nmaterial as that of the piezoelectric film 26 described
in the first enbodi mrent and the second enbodi ment, or the fourth

enbodi nent. Hol e portions piercing through the second support substrate 82
in a thickness direction are fornmed, and the hole portions function as

ai r-spaces 86 between the first support substrate 80 and the piezoelectric
film84. An-electrode 88 is |located on the piezoelectric film84 and in a



CLAI M5 What is clainmed is: 1. An acoustic wave device conprising: a
pi ezoel ectric filmmade of an alumnumnitride filmcontaining a dival ent

el enent and a tetraval ent elenment, or a divalent el enent and a pentaval ent
el ement; and an el ectrode that excites an acoustic wave propagating through
t he piezoelectric film 2. The acoustic wave device according to claiml1,
wherei n the piezoelectric filmis an alumnumnitride film
containing a divalent elenent and a tetraval ent el enent, and contai ns at

| east one of titanium zirconium and hafniumas the tetraval ent el enent.

3. The acoustic wave device according to claim2, wherein t he

pi ezoel ectric filmcontains at | east one of calcium nmagnesium strontium
and zinc assthe dTheddbiticalaeRetice decorthg BRAM, whyrelne device according to
claiml1, wherein the piezoelectric filmis an alumnumnitride film
contai ni ng eegdiidzatiedtic Gt ¥BMbing Adledt PRNGfANAInesimehe ARBhs thelidvatepnt ai ns at

| east one of tantalum niobium and vanadi um as the pentaval ent el enent.

5. Theleasatsti ¢ wave device according to claim4, wherein the piezoelectric
filmcontains at | east one of nmagnesium and zinc as the dival ent el enent.

6. The acoustic wave device according to any one of clainms 1 through 5,
wherein the divalent elenent and the tetraval ent el enent, or the dival ent

el enent andgt he perd avadiRRbaveldeB iccafdnSdREY bﬁ@&ﬂﬂlalmmaﬁroagmsnmlﬁl te of
the alumnumnitride film

the divalent element and the tetravalent element, or the divalent element and the

pentavalent element are substituted in an aluminum site of the aluminum nitride film.

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

the piezoelectric film has a piezoelectric constant es;3 greater than 1.55 C/m?.

8. The acoustic wave device according to any one of claims 1 through 7, wherein
the piezoelectric film has a ratio of a lattice constant in a c-axis direction to a lattice

constant in an a-axis direction less than 1.6.

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

the piezoelectric {ilm is an aluminum nitride film containing a divalent element and a
tetravalent element, and

a total of concentrations of the divalent element and the tetravalent element is greater
than or equal to 3 atomic% and less than or equal to 35 atomic% when a total number of atoms
of the divalent element, the tetravalent element, and aluminum in the aluminum nitride film

defines 100 atomic%.
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7. The acoustic wave device according to any one of clainms 1 through 6,
wherein the piezoelectric filmhas a piezoelectric constant e33 greater
than 1.55 C/ n2. 8. The acoustic wave device according to any one of
claims 1 through 7, wherein the piezoelectric filmhas a ratio of a lattice
constant in a c-axis direction to a lattice constant in an a-axis direction

| ess than 1. 6. 9. The acoustic wave device according to any one of
claims 1 through 3, wherein the piezoelectric filmis an alum numnitride
filmcontaining a divalent element and a tetraval ent el erent, and a

total of concentrations of the divalent elenent and the tetraval ent el enent
is greater than or equal to 3 atom c% and | ess than or equal to 35 atom c%
when a t ot allonunbehe abusticonms c@bvithaccdidirgd ©Rhy ohenfitdims 1 Rerotigh  avpd,ent

el enent, and alum numin the alumnumnitride filmdefines 100 atom c%

10. Thehegswusti c wave device according to any one of clains 1 through 3 and
9, wherein the piezoelectric filmis an alumnumnitride film

contai ni ng eediidrablentic Elif iE4H alafthum dieldeaNalcoffaindleN@Ndlent@thentanda a ratio
of a concentration of the tetravalent elenment to a total of concentrations
of theetthivi@hIdm&kement and the tetravalent elenent is greater than or
equal to 0.35 and less than or equal to 0.75 when a total nunber of atons

of the di vahedio &la@@BntrafidiCofttRd fefial @R bleflefitE AttotaPdTd oAt datrhiivhRNoF thet he
alumnumnitride filmdefines 100 atom c% 11. An acoustic wave

devi CelivaRmPElembMding the tetravafenPélBROR|i £tk Cthhn bR 0055 A0 1&k UhRYM ni tri de
filmcontaining an el enent that achieves at | east one of an increase in a

per m tetialitd ¥.780MheRa UREMRATRr bihtdhs HOAY AvhRnVaER&L He tedBthiaN eRhREL hde t hat
excites an acoustic wave propagati ng through the piezoelectric film

wher eigRinfniie $PRAARh A DHEDE Vi SefirRE 306 ABMI®%. equal to 1.5 GHz. 12. The
acoustic wave device according to claim1ll, wherein the piezoelectric film

has a permttivity s33 greater than 8.42x10-11F/ m 13. The acoustic wave
device according to claim1l or 12, wherein the piezoelectric filmhas an

acoustic velpcityal gssustibdtyveldeAQ4 Bhrising: 14. The acoustic wave device
according to any one of clains 11 thr oug% 13,

a piezoelectric film made of an aluminum nitride film containing an element that
achieves at least one of an increase in a permittivity and a decrease in an acoustic velocity; and

an ¢lectrode that excites an acoustic wave propagating through the piezoelectric film,
wherein

a resonance frequency is less than or equal to 1.5 GHz.

12 The acoustic wave device according to claim 11, wherein

the piezoelectric film has a permittivity £33 greater than 8.42x10™! F/m.

13. The acoustic wave device according to claim 11 or 12, wherein

the piezoelectric film has an acoustic velocity less than 11404 m/s.

14, The acoustic wave device according to any one of claims 11 through 13,
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wherein the piezoelectric filmcontains a divalent elenent and a
tetraval ent el enent as the elenent. wherein 15. The acoustic wave device
according to claim 14, wherein the divalent elenent is at |east one of

cal cium magnesium strontium and zinc, and the tetraval ent elenent is at

| east one of titanium zirconium and hafnium 16. The acoustic wave

devi ce according to any one of clains 11 through 13, the piezoelectric film
contains a trivalent elenment as the elenment. 17. The acoustic wave device
according to claim 16, wherein the trivalent elenent is at |east one of

yttrium and scandi um 18. The acoustic wave device according to
any one of clainms | through 17, wherein the piezoelectric filmhas a
cryst athesfimructure with a c-axis orientation. 19. The acoustic wave

devi ce according to any one of clainms 1 through 18, further conprising

a tenper at uthe piezogendatilno tordthihia Bddiengelanée apes atravdea@hiencasehé of an

el astic constant opposite in sign to a tenperature coefficient of an

el ast eknranst ant of the piezoelectric film 20. The acoustic wave device
according to claim 19, wherein the tenperature conpensation film contacts

t he piezoelectric film 21. The acoustic wave device according to claim19
or 20, wherein the tenperature conpensation filmmainly contains silicon

oxi de. 15. 22TheldeBuddic kst deviv@amRodiei 16 elagh ¢9/ whadgint 0 any one of cl ai s
1 through 21, wherein
the divalent element is at least one of calcium, magnesium, strontium, and zinc, and

the tetravalent element is at least one of titanium, zirconium, and hafnium.

16. The acoustic wave device according to any one of claims 11 through 13,
wherein

the piezoelectric film contains a trivalent element as the element.

17. The acoustic wave device according to claim 16, wherein

the trivalent element is at least one of yttrium and scandium.

18. The acoustic wave device according to any one of claims 1 through 17,
wherein

the piezoelectric film has a crystal structure with a c-axis orientation.

19. The acoustic wave device according to any one of claims 1 through 18, further
comprising
a temperature compensation film having a temperature coefficient of an elastic constant

opposite in sign to a temperature coefficient of an elastic constant of the piezoelectric film.
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the el ectrode includes an upper electrode and a | ower el ectrode facing each
ot her across the piezoelectric film 23. The acoustic wave device
according to claim?22, further conprising: a tenperature conpensation film
having a tenperature coefficient of an elastic constant opposite in sign to
a tenperature coefficient of an elastic constant of the piezoelectric film
and conductive filnms that are |located on a top surface and a bottom surface
of the tenperature conpensation filmand nutually electrically short
circuit. 24. The acoustic wave device according to any one of
claims 1 through 21, further conpri sing: a first piezoelectric thin
filmresonator and a second piezoelectric thin filmresonator, each

i ncluding the piezoelectric filmand the el ectrode that includes an upper

el ectrode and a | ower electrode facing each other across the piezoelectric
film whereif. The acoubte Wwaveskvipe exoeliegtordlamt iI9i whénelnm r esonat or and t he
second piezoelectric thin filmresonator are stacked, and a
decoupl er f ithenteimperhincatoathehetive @hm chetactphepiebdedtriodni ncl uded in the first
pi ezoel ectric thin filmresonator and the | ower electrode included in the
second piezoelectric thin filmresonator. wherein 25. The acoustic wave
devi ce according to any one of clains 1 through 21, the electrode is a
conb- shaped?2él ect Thdsohgraved devict heopliez peallamt 9oz 20) Wherein26. The acoustic
wave device according to claim25, wherein the acoustic wave excited by the
el ectrode i sheaemperfaaecoapensitive fivaveindy conthiastilivaveide.

22, The acoustic wave device according to any one of claims 1 through 21,
wherein
the electrode includes an upper electrode and a lower electrode facing each other across

the piezoelectric film.

23. The acoustic wave device according to claim 22, further comprising:

a temperature compensation film having a temperature coefficient of an elastic constant
opposite in sign to a temperature coefficient of an elastic constant of the piezoelectric film; and

conductive films that are located on a top surface and a bottom surface of the

temperature compensation film and mutually electrically short circuit.

24, The acoustic wave device according to any one of claims 1 through 21, further
comprising:

a first piezoelectric thin film resonator and a second piezoelectric thin film resonator,
each including the piezoelectric film and the electrode that includes an upper electrode and a

lower electrode facing each other across the piezoelectric film, wherein
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the first piezoelectric thin film resonator and the second piezoelectric thin film resonator
are stacked, and

a decoupler film is located between the upper electrode included in the first
piezoelectric thin film resonator and the lower electrode included in the second piezoelectric thin

film resonator.
25. The acoustic wave device according to any one of claims 1 through 21,
wherein

the electrode is a comb-shaped electrode located on the piezoelectric film.

26. The acoustic wave device according to claim 25, wherein

the acoustic wave excited by the electrode is a surface acoustic wave or a Lamb wave.
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