SPECI FI CATI ON TI TLE OF THE | NVENTI ON Pl EZOELECTRI C THI N FI LM RESONATOR
Field [0001] A certain aspect of the present invention relates to a

pi ezoelectric thin filin resonator. Background [0002] Surface acoustic wave
(SAW filters, which are small and |ight, have been used for filters used
in nobile comruni cati on devices as typified by nobile phones. The SAW
filter includes a piezoelectric substrate and an IDT (InterDgital
Transducer) | ocated on the piezoelectric substrate, and operates at a
frequency depending on a pitch of electrode fingers of the IDT. [0003]In
recent years, the transm ssion rate of the nobile comruni cati on devi ce has
been increased. Thus, filters operating at a higher frequency have been
devel oped, but the frequency of IEM,&@I\LH depends on the el ectrode
finger pitch of the IDT and ther , is alimt on decreasing the
el ectrode finger pitch. Thus, it ]| i fficul meet the requirenent for

t he hi gher frequency. Thus, HTgoﬁg%ﬂ%fwﬁfi | mresonat ors have
attracted attention. The piezoelectric thin filmr 8 nator has a resonance
portion in which a |O\N£IIE£@%%]E:’?B%EC, TlémﬂiF%M‘@ ﬁi Im and an upper

el ectrode are stacked on a substrate, and the frequency thereof is

determ ned by the thickness of the resonance portion. Thus, it is easy to
make t he piezoelectric thin filmresonator operate at a higher frequency.

[ 0004]Heldal umi num nitride filmis used for the piezoelectric filmof the

pi ezoel ectric thin filmresonator, for exanple, but aluminumnitride has a
pi ezoel088tlr i ¢ Aentiinagspeci Rl tha preSPRICRYCHHRR FRAHNPLIRI2 Ri7@plertHg thib 1M iresoBer | ess
than those of other piezoelectric materials. To increase the piezoelectric
constant, there has been known a technique that adds scandium (Sc) to
alumnumnitride and a technique that provides alumnumnitride filns

havi ngBakérberdent content rates of Sc between the substrate and an al umi num
nitride filmto which Sc is added (e.g. Japanese Patent Application

Publ i cR00AN NSurfagosoggaEve ({S@W()sﬁﬁtm whightareomnall andight, bawrberpnasd fohat a

pi ezoel ectric -filmw th good crystallinity is obtained by formng and

t her nafiltyrs usedan modilacoimynicgiandseicesastypificd byrmehde plangs.t ebhei WyWdilisecond

pi ezoelectric filmon the first piezoelectric filmto formthe

pi ezoeinelutles apitidetecitis. sybstiigrades dDPdinserDigigb T ransduicem laeatsHioa &4 on No.
2007-277606). Furthernore, it has been known that a stress is rel eased and
good r@sorinti sohsrates ped dritesat arfeeqobtcaidaeanding anteepifsh of eletteaserfingersiefn il m
resonator by form ng the piezoelectric filmwhile changing filmform ng
condi tthemdT(e. g. Japanese Patent Application Publication No. 2003-60478).
It has been known that good tenperature characteristics and good resonance
char acfo@f3lst i ds rareet yehtsathe gdndpyisseraaic efghampbibyaeinewtiedtion e vins hvistbeern
positive tenperature coefficient of resonance frequency and a piezoelectric
fil m wintieasdne@hus, Giiets eppretiag atradighoe fibqueinenhavefbeeredaekomed biut gdsaesncy e. g.
Japanese Patent Application Publication No. 2001-203558). [0006] When an

al umi nofitheBAW filleerfdepands ontlai eldctrgdafinged giteh ofthe lRTremt thesfars ghiere dva lithi

pi ezoel ectric filmof the piezoelectric thin filmresonator, degradation of
char actreddcsdabing tielddrtrade Angoppth. ngrhoegf fsidiffienlt fo medthealeqarensmtifoE® ( Fi gur e
of Merit: product of the Qvalue and the coupling coefficient) is caused by
f act or bighatdteqascer | Entsapicarlcand thinl fiimstseps®roiavt herapied ateitiect r The f i | m and
adhesi veness between the piezoelectric filmand the el ectrode. SUMVARY OF
THE | NMEMEICNic[tBiRGTinAecmntd hes 4 es@anaspetdn infwhitlea fuves elettrodeyent i on, there
is provided a piezoelectric thin filmresonator including: a substrate; a
pi ezoepiesdetdcicffilmyutdat uppsr tleamide dreostackbbors albdistrate gandnioe frexplencletberaoffis r st
filmnmade of an alumnumnitride filmcontaining an additive el enent and
secondddiérhied 9ah dickasssai theppehasdérpoate. aMtiug if ioesy ts akathe pifzotlb@rié i r st
filmand made of an alum numnitride filmcontaining the additive el ement
at a CONCRI Fedbrialt dpenaerat bhauhet fiedueady. t he first film and a | ower el ectrode
and an upper electrode that are |ocated to sandwi ch the piezoelectric film

BRI EF [0B6OR! PTA A NufmuhtiE o iRANINGEsddQ0OBE blezoeltdrid Blndof 1P piczeedfic thiin FBAR i n
accordance with a first enbodinent, FIG IBis

1



a cross-sectional view taken along line AAAin FIG IA and FIG ICis a

cross-sectional view taken along line B-Bin FIG 1A FIG 2A
through FIG 2H are cross-sectional views illustrating a nmethod of’
fabricating the FBAR of the first enbodinent; FIG 3 is a diagram
illustrating a structure of undoped AIN used in a sinulation; FI G
4A and FIG 4B are diagrans illustrating an el ectronmechani cal coupling
coefficient of AINw th respect to a total of substitutional concentrations
of a divalent elenent and a tetraval ent el enent; FIG 5is a
cross-sectional view of an FBAR in accordance with a first conparative
exanpl e; FIG 6 is a diagramillustrating a filmstress of an AN

filmwith respect to a total of substjtutional concentrations of My and Zr;
FI G 7ilmsrego %JP&?HWHI%E’P?%{F‘PH’Q‘%WW dPeagicaaelsicestayt Hiddhoe| ectri ¢
constant of the AIN filmw.th respect to a total of substituytiqpal
concertlegiomsakanigal sayphpg cogflicient less thap)tapse gAothgppipraslects Iﬁ?t%”?[jf' agﬁoams
illustrating an increasing rate of a piezoelectric constant of AN with
r especinciegseghe pieznelesriccaopsiant; lierediaa beardiennariangg it addsgedndiun{Saienent
and a tetraval ent el enent; FIG 9.is a diagramillustrating an
el ect rdwsthamitide a0éaptohpigue Bat proyidenluginum Ntwetﬁmé@w@étdlff%enéw tHl of
substitutional concentrations of a divalent elenent and a pentaval ent
el enentates pf 8 bgwieen the svlsirgtegiad en alyainwym aiirids filimtopprd Sais addehg G
tenperature conpensation film . FIG 11A is a cross-sectional view of
an FBARpinesaByertdmpbeatignttublcationdo. ¢a09-20926h of t he enbodi nent, and FI G
11B is a cross-sectional view of an FBAR in accordance with a second
vari atf0605lor tihedditityods hes heen lenesvnrhaga pigzoplsctaic dilp gythsgned icomtlliniydsy of an
SVMR. DETAI LED DESCRI PTI ON [ 00091Herei nafter, a description will be given of
enbodi ohérined oy formimgpneé dennaliynvesting e dirstipidzoeledtae &g and dep famang Hieh
drawi ngs. First Enbodi nent [0010] A first enbodi nent describes an FBAR (Film
Bul k AveustacticRdsiomahefiyst piskoaddrtiic ilmtoeioamnpheariszopicetziodilmde.gi epatgsn il m
resonator, as an exanple. FIG IAis a top view of an FBAR in accordance
Wi t h t PegerftiAppticativh ®dbietivn Nel 20715 7686)a Fnobemees itihgnb¢enkinewn izt e stressong
line AAAin FIG 1A and FIG 1Cis a cross-sectional view taken along |ine
B- B i nisklGised #ud gwdirbdongtoe ahadctensties @e obinddrio tygtpi¢zodectticthinfiliFBAR 100 of
the first enbodi ment includes a substrate 10, a |ower electrode 12, a
pi ezoetesmtatdr by ffodming the pamdeleatric fjne whek ebangogdilmdormihg 0dnditions (sabstrat e 10
may be, for exanple, a silicon (Si) substrate, a gallium arsenide

Japanese Patent Application Publication No. 2003-60478). It has been known that good

temperature characteristics and good resonance characteristics are obtained by stacking a
piezoelectric film with a positive temperature coefficient of resonance frequency and a
piezoelectric film with a negative temperature coefficient of resonance frequency (e.g. Japanese
Patent Application Publication No. 2001-203558).

[0006] When an aluminum nitride film containing an additive element is used for the
piezoelectric film of the piezoelectric thin film resonator, degradation of characteristics such as a
coupling coefficient, a Q-value, and FOM (Figure of Merit: product of the Q-value and the
coupling coefficient) is caused by factors such as orientation and film stress of the piezoelectric

film and adhesiveness between the piezoelectric film and the electrode.



(GaAs) substrate, or an insulating material substrate such as a gl ass
substrate 100121The | ower electrode 12 is | ocated on the substrate 10. The
| ower el ectrode 12 may be, for exanple, a netal filmincluding at |east one
of alum num (Al'), copper (Cu), chrone (Cr), nolybdenum (M), tungsten (W,
tantalum (Ta), platinum (Pt), ruthenium (Ru), rhodium (Rh), and iridium
(I'r). The lower electrode 12 may be a single-layer filmor a nultilayered
film [0013] The piezoelectric film214 is |ocated on the substrate 10 and
the | ower el ectrode 12. The piezoelectric film14 is |located in contact
with, for exanple, the upper surface of the |ower electrode 12. The

pi ezoel ectric film 14 has a crystal structure having c-axis orientation in
which the c-axis is a main_axis. The,FiezoeIectric film214 includes a first
film 14a and second fil ms IAMMARYQUGTE INYENIPNA t h the upper surface and
the lower surface of the first film2l4a. The first film 14a is an al um num
ni t ri d80Q7AI N) Accodingdnerpsepiplahe Rrawnt inyentimethgretis prpyides iarpé‘?czo‘é‘ﬁ‘%ﬁlﬁ‘r\%nt
describes a case in which the first film2l4a is an AIN filmcontaining a

di val effin rsbanatoninchuriing atselpstratea siszocd¢ciiie Atm gt docsied fy)the supsigate aicbnd fi | m
14b is an AIN fil mcontaining an additive el enent at a concentration |ower
t han tiheltdesfa firsiefilf mede ¢fianmlunaigumieide fing cortpiag arsdditiye slepeplegdgeoade in
whi ch the second film14b is an AIN fil mnot containing an additive

el enerfilmsilo@tedam anngpprerfacamidial lnmverssusiacesizhe fiest filrpendpwgeof gypdmisp@ct r ode
16 is located on the piezoelectric film1l4 to have a region facing the

| oner mtrletflmdentbiinglthatdditve dermenyt at 2 benceutsion doeertthandbatiof thenarst ey upper

el ectrode 16 are located so as to sandwich at |east a part of the

pi ezoedndatlpiver dlédirmld dnd aheppapgledtroge gt prsdecatd! to sandydelt b picaodesitiaBim.wi t h,
for exanple, the upper surface of the piezoelectric film214. The region in
whi ch the |lower electrode 12 and the upper electrode 16 face each other
across the piezoelectric film1l4 is a resonance portion 18. The upper

el ectrode 16 nmay be al SRIEF PHSARIPTIOMOMEHEMRGYWVEIGEeast one of A, Cu,

C, Mo, W Ta, Pt, Ru, Rh, and Ir listed for the | ower electrode 12, and
may be0a0s]i nglFeG! laym top Viewarf aa FBAR inl syadade fwithm fifsOdtsidinerdi FlGs pPaice 20
havi ng a done-shaped bulge is | ocated between the substrate 10 and the

| ower gtreatdeot@al Licivitaltdnelangdimnanddn PG tliAgandlBIG. Thés dowes-shagediviowl ge is a
bul ge having a shape in which the height of the air-space 20 increases at
cl osertakkinsdlanclnet®-Btihé1Gelt;er portion fromthe peripheral portion of the

ai r-space 20. An introduction path 22 that is forned by introducing an

et chant to fRIGMA bheowhrFEMAT ere2bosssedtdoalteavuitidsratinh e niatwalrofdhteshtingle 12.
The vicinity of the tip of the introduction path 22 is not covered with the
pi ezoeheCBAIRCoffthé fitsldmbadighetithe ti p of the introduction path 22 is a hole
24. The hole 24 is an introduction port to introduce an etchant used in
form ng the @AG3 Bpatisr2Q ilhAradpes ftticaird 6f trdapedehBblieed ieh dotuldtiva] connecti on
with the lower electrode 12 is located in the piezoelectric film 14.

[ 0016] When &F1Gi ghadd El@I¢Beye dh@ans Hnatratiiggnalectromagphiceldooplivge@efiiceat | ower
el ectrode 12 and the upper electrode 16, an acoustic wave excited by

i nver sgr AINezRielespdcr iota @ 6Ciubstitueinahcontshirationfuta diapissicbidyens tmcha n due to

pi ezoel ectric effect is generated inside the piezoelectric film1l4

sandw ghedhidy clehent. onwer el ectrode 12 and the upper el ectrode 16. Such
acoustic waves are totally reflected at surfaces at which the | ower

el ectrode 12ranslisti@odsRpeional |ek oo ae FBARMREKecehcasithwiflrt camparating t hus
becone a thickness vibration wave having a primary displacenent in the

t hi ckngggpiid;rection. [0017] A description will next be given of a method of
fabricating the FBAR of the first enbodinment with reference to FIG 2A

through FI GF1ghs ikl dagrah illeratigha filnSstredPoBAEAIN 85 with ¢éspediso § tdlespondi ng
to the section taken along line AAAin FIG 1A and FIG 2E through FIG 2H

are CcrQssiSBstadl Sdzes@itiogs iaA@7t-0 the section taken along line B-Bin
FIG 1A [0018]As illustrated in FIG 2A and FIG 2E, a sacrifice | ayer 28

is formed _OrFIbh?iéd-’chg%rﬁlﬁti@ustr%Qné)% infRRsiSX A &) piSAOUILSIE cBigtak oLthaPONAt i on.
The sacrifice |ayer may be fornmed of, for exanple, a magnesi um oxide
(MO film and is forned so as to forma region in which the air-space 20
is to be formed. The sacrifice layer 28 may have a filmthickness of, for
exanple, 20 nm Then, a netal filmis forned on the substrate 10 and the
sacrifice |layer 28 by, for exanple, sputtering under an argon (Ar) gas

at nosphere. The netal filmis selected fromat |east one of Al, Cu, C, M,
W Ta, Pt, Ru, Rh, and Jr as described previously. Then, the | ower

el ectrode 12 is fornmed by, for exanple, photolithographing and etching the
metal filminto a desired shape. At this point, a part of the |ower

‘A o~ ~ o~



14 by, for exanple, sputtering under an Ar gas atnosphere. The netal film
is also selected fromat |east one of Al, Cu, &, M, W Ta, Pt, Ru, Rh,
and Jr as described previously. Then, the upper electrode 16 is forned by,
for exanple, photolithographing and etching the netal filminto a desired
shape. Then, the piezoelectric film214 is formed into a desired shape by,
for exanpl e, photorisography and etching. Further, the hole 24 is fornmed by
selectively etching the lower electrode 12 and the sacrifice |ayer 28.
[0022] As illustrated in FIG 2D and FIG 2F, an etchant is introduced from
the hole 24 to etch the sacrifice layer 28. Here, the stress on a
multilayered filmincluding the | ower electrode 12, the piezoelectric film

14, and the upper electrqde 16 .is prelimnpari set to a conpression
st r essilmrpityregpgehigs TtOF?éOﬁﬁH%ﬁWUHQ&I%I"CFW?HOPBOEL)K%@@C‘&%{ when the etching of

the sacrifice layer 28 1is conpleted, and thereby the air:s ?ce.zo havi ng a
done- shaped Tt eandsF 158 Brats dé@%%%ﬂluﬁtﬁémg@ﬂé‘?crr%ﬁsé‘gfﬁe Qﬁﬁl p’ceﬁge $Eer

el ectrode 12. In addition, the introduction path 22 coqpectin t he

ai r - spasgantef AN prith eEneat toa tpial off sybstitefiopabiconpetraipigofgrdiyalent ejepent and

enbodi nent is fornmed through the above-described fabrication process.

[ 0023] edasdant plemeri: wi | | be given of a reason why it is preferable to use
an AIN filmcontaining a divalent elenent and a tetravalent el ement for the
pi ezoel ect r iF6GFY ismdideram dluspang g efsotrgmeghagica] eayphipg Fecfficdent &f AHY “ithe
structure of undoped AIN used in the sinulation. The sinulation was
conducesngciip ratiotal efsubgiutione] exceiragons ofgxdiyalemn elepieat al amtevplent clomintods of
calculating an electronic state without using fining paraneters or the |ike
are col | ect ifFel i is afcensp-sertivnal asewy pleant FBAR ipslydieg plemperature campsatiaphi ch can
calculate the electronic state by using only atom c nunbers and coordi nates
of atoflm;constituting a unit lattice or a nolecule. As illustrated in FIG
3, undoped AIN used in the sinulation has sixteen alum num atons 30 and

si xt een ni t ridGeH Aais ewsosgBectiPhaltvigvs of an 3R in aconedanes Wik & Zirtt satigfisa ofr yst al
structure that is a supercell containing sixteen alum num atons 30 and

si xt eethe pinbodigent, atdlris. BB tbt @pssedctinpaboew|of ay FBARnntac¢aadanice withgrseeindi ng
two al umi num atons 30 and two nitrogen atonms 32 in a-axis, b-axis, and

c- axi svatliatiecof tbasmbdhment; pst princi ple calculation is peribrnmed to AINwith
the ),vurtzite-type crystal structure by noving an atom c coordinate, a
cel | vol une Flan ia aceisk-ssttiapa vséwrof ara5MdBusl y, and the el ectronic state of
undoped AIN in a stable structure is calculated. Then, a snmall strain is
forcibly applied to the crystal lattices of undoped MN in a stable
structure to calculate the piezoelectric constant, the elastic constant,
and the permttivity of undopsEdAALBDENGRIREIGNNnor change of the total
energy at that time by the first principle calculation. [0024] The first

pri nci[obeojcal dHerdhdfen a desalpsion pell bogiven of embaji@dntAbNheiptdserd imvepgomaivith
structure in which one of the alumnumatons 30 in FIG 3 is substituted by
a di valeésnénce keetire attachndl damatdser one of the al um numatons 30 is substituted
by a tetraval ent elenent as well as to undoped MN. That is to say,

cal cul Bite8@ndoéinteat eri al constants including the piezoelectric constant, the
el astic constant, and the permttivity of doped MNwith a wrtzite-type
cryst ajoose]r uctAafist @nbddanentrigsdribus areBBA RI(BiliorButk Ateussc Rosvmawhi)y avhhtis &1 enent |
one tetraval ent el enent, and sixteen nitrogen atons by the first principle
cal cul aeh@hry pler®lectr&f tt fleh fecomasor,aas anlsarmplat | Pidal A donweniavadf arFBARan
atom c concentration of an additive elenent when a total of the nunber of

al um niamcedr@d®e andl thdBrshebRiimenit, BICOMB i04 clobwseatichal viee teltteansbnig 1thefA-nes 100
atom c% Thus, the substitutional concentrations of the divalent el enment
and t hig fiet raval ene. 1€l ie arpdss-eéctidaglatevAlaherusiod it BlEindilGul At i &n are 6. 25
atomc% In the simulation, calcium(Ca), magnesium (M), strontium (Sr),

or zi ngutémdd inF1USevthasughFeG.dicy ah @B Re] (BraMmhe fidnembddiaitimolddes x, zi rconi um
(Zr), or hafnium (H') is used as the tetraval ent el enent. The dival ent

el emengybadde 1018 [HEE ANRo8E1 2,8 RERBIectit giliaddeshdadn dpper Gei@dé #6.i 0 in order to
secure the insulation property because both the dival ent el enent and the
tetraval ent el enent substitute a trivalent alum numsite. [0025] Here, the
rel ati onshi p anong a pi ezoel ectric coflstant e33, an el astic constant C33,
and a permttivity 633 in the c-axis direction and an el ectronechani cal
coupling coefficient k2 is expressed by the follow ng equation 1. [Equation
1] 2 K2-e33 x C 33'33 Thus, the el ectronechani cal coupling coefficients
of undoped AIN and doped AIN can be cal cul ated by calculating their

pi ezoel ectric constants, elastic constants, and permttivities by the first
principle calculation. [0026] Table 1 |ists the cal cul ated val ues of the



t he el ectronmechani cal coupling coefficients k2 cal culated fromthe equation
1 of undoped AIN and doped AIN. As presented in Table 1, AIN containing a
di valent clenent and a tetraval ent elenent (Case 1 to Case 10) has a

pi ezoel ectric constant e33 and an el ectronmechani cal coupling coefficient
1(2 greater than those of undoped AIN (Undoped AIN in Table 1). The

di valent elenent and the tetravalent elenment are not limted to those
presented in Table 1, and may be other elenents. [Table 1] Conbination

Di val ent el enent Tetraval ent el enment Piezoelectric constant e33 [ T nR]

El ectronechani cal coupling coefficient k2 [W Case 1 Ca Ti 1.77 9.68 Case 2
Ca Zr 1.85

[0011] The substrate 10 may be, for example, a silicon (Si) substrate, a gallium arsenide
(GaAs) substrate, or an insulating material substrate such as a glass substrate.

[0012] The lower electrode 12 is located on the substrate 10. The lower electrode 12 may
be, for example, a metal film 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). The lower electrode 12 may be a single-layer film or a multilayered film.
[0013] The piezoelectric film 14 is located on the substrate 10 and the lower electrode 12.
The piezoelectric film 14 is located in contact with, for example, the upper surface of the lower
electrode 12. The piezoelectric film 14 has a crystal structure having c-axis orientation in
which the c-axis is a main axis. The piezoelectric film 14 includes a first film 14a and second
films 14b located in contact with the upper surface and the lower surface of the first film 14a.
The first film 14a is an aluminum nitride (AIN) film containing an additive element. The first
embodiment describes a case in which the first film 14a is an AIN film containing a divalent
element and a tetravalent element as an example. The second film 14b is an AIN film
containing an additive element at a concentration lower than that of the first film 14a. The first
embodiment describes a case in which the second film 14b is an AIN film not containing an
additive element, i.e. an undoped AIN film as an example.

[0014] The upper electrode 16 is located on the piezoelectric film 14 to have a region facing
the lower electrode 12.  That is to say, the lower electrode 12 and the upper electrode 16 are
located so as to sandwich at least a part of the piezoelectric film 14. The upper electrode 16 is
located in contact with, for example, the upper surface of the piezoelectric film 14. The region
in which the lower electrode 12 and the upper electrode 16 face each other across the

piezoelectric film 14 is a resonance portion 18.  The upper electrode 16 may be also a metal



10.3 Case 3 Ca Hf 2.17 14.2 Case 4 Mgy Ti 2.09 12.9 Case 5 My Zr 2.13 13.5
Case 6 My fif 2.46 17.6 Case 7 Sr

film including at least one of Al, Cu, Cr, Mo, W, Ta, Pt, Ru, Rh, and Ir listed for the lower
electrode 12, and may be a single-layer film or a multilayered film.

[0015] An air-space 20 having a dome-shaped bulge is located between the substrate 10 and
the lower electrode 12 in the resonance portion 18. The dome-shaped bulge is a bulge having a
shape in which the height of the air-space 20 increases at closer distance to the center portion
from the peripheral portion of the air-space 20. An introduction path 22 that is formed by
introducing an etchant to form the air-space 20 is located under the lower electrode 12.  The
vicinity of the tip of the introduction path 22 is not covered with the piezoelectric film 14, and
the tip of the introduction path 22 is a hole 24.  The hole 24 is an introduction port to introduce
an etchant used in forming the air-space 20.  An aperture 26 that enables electrical connection
with the lower electrode 12 is located in the piezoelectric film 14.

[0016] When a high-frequency electrical signal is applied between the lower electrode 12
and the upper electrode 16, an acoustic wave excited by inverse piezoelectric effect or an
acoustic wave caused by strain due to piezoelectric effect is generated inside the piezoelectric
film 14 sandwiched by the lower electrode 12 and the upper electrode 16.  Such acoustic waves
are totally reflected at surfaces at which the lower electrode 12 and the upper electrode 16 make
contact with air, and thus become a thickness vibration wave having a primary displacement in
the thickness direction.

[0017] A description will next be given of a method of fabricating the FBAR of the first
embodiment with reference to FIG. 2A through FIG. 2H. FIG. 2A through FIG. 2D are
cross-sections corresponding to the section taken along line A-A in FIG. 1A, and FIG. 2E through
FIG. 2H are cross-sections corresponding to the section taken along line B-B in FIG. 1A.

[0018] As illustrated in FIG. 2A and FIG. 2E, a sacrifice layer 28 is formed on the substrate



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 Undoped AIN _ 1.55 7.12

10 by, for example, sputtering or evaporation. The sacrifice layer 28 may be formed of, for
example, a magnesium oxide (MgO) film, and is formed so as to form a region in which the
air-space 20 is to be formed. The sacrifice layer 28 may have a film thickness of, for example,
20 nm. Then, a metal film is formed on the substrate 10 and the sacrifice layer 28 by, for
example, sputtering under an argon (Ar) gas atmosphere. The metal film is selected from at
least one of Al, Cu, Cr, Mo, W, Ta, Pt, Ru, Rh, and Ir as described previously. Then, the lower
electrode 12 is formed by, for example, photolithographing and etching the metal film into a -
desired shape. At this point, a part of the lower electrode 12 is made to have a shape covering
the sacrifice layer 28.

[0019] As illustrated in FIG. 2B and FIG. 2F, the second film 14b that is an undoped AIN
film is formed on the substrate 10 and the lower electrode 12, of which surfaces are cleaned, by,
for example, sputtering an Al target under a mixed gas atmosphere of Ar and nitrogen (N>).
Then, the first film 14a that is an AIN film containing a divalent element and a tetravalent
element is formed on the second film 14b by simultaneously sputtering an Al target, a divalent
element target, and a tetravalent element target under a mixed gas atmosphere of Ar and N
without removing the substrate 10 from a chamber. Then, the second film 14b that is an
undoped AIN film is formed on the first film 14a by sputtering an Al target under a mixed gas
atmosphere of Ar and N without removing the substrate 10 from the chamber. This process
forms the piezoelectric film 14 including the first film 14a and the second films14b located on
the upper surface and the lower surface of the first film 14a. There may be a concentration
gradient of concentrations of the divalent element and the tetravalent element near the boundary
face between the first film 14a and the second film 14b.

[0020] As described above, the first film 14a and the second films 14b are preferably



[ 0027] A description will next be given of a substitutional concentration
dependency of the el ectronechanical coupling coefficient of AN containing
a divalent elenent and a tetraval ent el enment. The substitutional
concentrati on dependency of the el ectronmechani cal coupling coefficient was
eval uated by performng the first principle calculation to nmultiple doped
AI'N having different sizes of the supercell and different nunbers of

al um num atons substituted by a 11 divalent elenent and a tetraval ent
elenment in the wrtzite-type crystal structure in FIG 3. My is used as the
di valent elenent, and H or Ti is used as the tetravalent elenent, and a
rati o of the substitutional concentration of the divalent elenent is nade
to be equal to that of the tetraval ent elenment. [0028 FI?. 4A and FIG 4B
are dicaghauesshyifoiredrinthergmerbaabact Hordhramise 4l VROERISPG TROWFR Ptient k2 of
AIN with respect to a total of substitutional concentrations of th

di val enideiBheantbery cne o8 beineosned @) DDA face Bvesn Hs TR fiwe 4o

simulation result when is used for the divalent elenent, and Hf is used
for trraditles seaend fdim 140 e ilran filpisieee engnuopsly; tprmgs in Shessamg chambrathe §Fstr esul t
when is used for the divalent clenent and Ti is used for the tetraval ent

el enerfflm Fla@nd 4 sgpendrilm, 14benasebiiostinequalytipmped tyeadisting poplectHeipedp!
coupling coefficient k2 increases as the substitutional concentration

i ncr eaavplied to thodivaleatsdement tangat end g tefrryallent edemeony taigd oTppeaing ad¢ksingo Al N.
In FIG 4A and FIG 4B, the case in which My is used for the djval ent

el enershutiersltd the dpralemt elpmentdargetiapd theretravalanpelamenittargpteniiietal vaysdéssb#BB8d, but
the sane tendency is observed when other divalent elenment and tetraval ent
el errerthe At targesedn afldioine]the ess Gim péa and e pecondiimpEbghapebe formed & nul ati on
that exam ned the effective el ectromechanical coupling coefficient of an
FBAR akpaateiapparatosayplae &t anygeasgasp depparatuspes hrihalcpse pn axidofitnaini ng a

di val ent el enent and a tetraval ent elenment for the piezoelectric film FIG
5 i s doonabe serfacomnglossd tewirpindthuFBARXIda il doprgnady wintoyed beinfversegt
conparative exanple. As illustrated in FIG 5, the FF3AR of the first
conparspbitatngehefinplie film foonated. byn stdiki ayAhtakgsherdivllend eleowet Bi2et, and a

pi ezoelectric filmb54, and an upper el ectrode 56 on a substrate 50 in this
or der tttromenhelemuiigtnpetaee 6@dso Gem thhbrst Gled 4abetar Alddlos 2argel fermed|byi | ayer ed
metal filmformed by stacking & with a filmthickness of 100 nm and Ru
wi t h ainéludling thiivckmeslsmerfit €285 tetnavialent dlerserdrie Al frayipetubal. substrat e 50 si de.
The piezoelectric filmb54 is a single layer of an AIN filmcontaining a

di val €0028| enentillestdted it €16 2Cadnd I Gel(@ praretal dibd i$ fovinad)om theipigrotlhétok fidns of
1000 nm Ca, My, Sr, or Zn is used for the divalent elenent, and Ti, Zr, or
Hf i s usedfdrexarhple, dpetteringaindat anedegae ntmosaate.botlie el Slubis st ueleaedl
concentrations of the divalent elenent and the tetraval ent el enent are set
t o 6. AporAakoRhe Yne ¥BALES, CalMwVatTadPtbRut Rig ahd fists desdribed ptegioosly.c ullani dw ar e
used for the values of the material constants of the piezoelectric film54
such agppar gecmdell edd formedion sdramtmplanpletdshagraphorpsndrtchingribe metabfilm trto vi t y.
The upper electrode 56 is a nultilayered netal filmformed by stacking Ru
Wi th aa ddsired $tabe k nBes, bt p226elasnriafith Of isWotrhedsinfo d dastrtd slapeby fafexd@plem i n
this order fromthe substrate 50 side. A silicon dioxide (Si02) film#62

Wi t h aplotdri¥ogiapiokamdsschig. STFuniher the hole@udslfopmed b sdigpiecly etchigrtbaiowst. An

ai r-space 60 having a done-shaped bulge is |ocated between the substrate 50
and t hgedt@den?2 ehetk sad@icdPayen2® resonance portion 58 that is a region in
whi ch the | ower electrode 52 and the upper el ectrode 56 face each ot her

acr oss[obhy pi egaphetddiie Fid. 2m &4 FIGON3 01 Ackat exanbdiedd fas tinh@é beat i ve

el ectromechani cal coupling coefficient of an FBAR of a second conparative
exanpl &ci thakadidiRe 1dy6r BRMBEE, WE itk €ords muhBiyeedd ilheinEBARg afe 1bWer dlédustie
conparati ve exanpl e except that an undoped AIN filmwth a filmthickness
of 115() w8 fiszobREMic D 1uhamdnheapRk elettidde 1foiib prefithindriPPl Joladngprésslonst s
simulation results ofthe effective el ectromechani cal coupling coefficients
| cef f 2iRks. t gifBRRS 18f mbkgaybicdtimae Hﬁ]?%é 8hi WenaKasihig 8Nthe khgifce GBS
conparative exanple. As presented in Table 2, the FBARs of the first
conparative exanple using an AIN filmcontaining a divalent elenent and a
tetraval ent el enent for the piezoelec@ric filmb54 (Case 1 to Case 10) have
effective el ectronmechani cal coupling coefficients keff2 greater than that
of the FBAR of the second conparative exanple using an undoped AIN filmfor
the piezoelectric film54 (Undoped AINfilmin Table 2). The dival ent

el enent and the tetravalent elenment are not |imted to those presented in
Table 2, and may be other elenents. [Table 2] Conbination nival ent el enent
| f et nvgl ent el enent



Resonance frequency [ MHz] Anti-resonance frequency [ MHz] kerr2 [Vol Case 1
Ca Ti 1928.9 2011.9 9.77 Case 2 Ca Zr 1895.8 1983.2 10.4 Case 3 Ca Hf
1875.7

is completed, and thereby the air-space 20 having a dome-shaped bulge is formed between the
substrate 10 and the lower electrode 12. In addition, the introduction path 22 connecting the
air-space 20 to the hole 24 is also formed. The FBAR of the first embodiment is formed
through the above-described fabrication process.

[0023] A description will be given of a reason why it is preferable to use an AIN film
containing a divalent element and a tetravalent element for the piezoelectric film of the FBAR.
FIG. 3 is a diagram illustrating the structure of undoped AIN used in the simulation. The
simulation was conducted with a method called as 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 a molecule. As
illustrated in FIG. 3, undoped AIN used in the simulation has sixteen aluminum atoms 30 and
sixteen nitrogen atoms 32. That is to say, it has a wurtzite-type crystal structure that is a
supercell containing sixteen aluminum atoms 30 and sixteen nitrogen atoms 32 obtained by
doubling a unit lattice containing two aluminum atoms 30 and two nitrogen atoms 32 in a-axis,
b-axis, and c-axis directions. The first principle calculation is performed to 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 undoped AIN in a stable structure is calculated. Then,
a small strain is forcibly applied to the crystal lattices of undoped AIN in a stable structure to
calculate the piezoelectric constant, the elastic constant, and the permittivity of undoped AIN
from the minor change of the total energy at that time by the first principle calculation.

[0024] The first principle calculation is also performed to doped AIN with a crystal structure

in which one of the aluminum atoms 30 in FIG. 3 is substituted by a divalent element and another



1998.3 14.2 Case 4 My Ti 1930.3 2043.8 12.9 Cases My Zr 1911.9 2030.3 13.5
Case 6 Mgy Hf 1886.9 2043.9 17.5 Case 7 Sr | |If

one of the aluminum atoms 30 is substituted by a tetravalent element as well as to undoped AIN.
That is to say, calculated are material constants including the piezoelectric constant, the elastic
constant, and the permittivity of doped AIN with a wurtzite-type crystal structure containing
fourteen aluminum atoms, one divalent element, one tetravalent element, and sixteen nitrogen
atoms by the first principle calculation. Here, referred to as a substitutional concentration is an
atomic concentration of an additive element when a total of the number of aluminum atoms and
the number of atoms of the additive element defines 100 atomic%. Thus, the substitutional
concentrations of the divalent element and the tetravalent element of doped AIN used in the
simulation are 6.25 atomic%. In the simulation, calcium (Ca), magnesium (Mg), strontium (Sr),
or zinc (Zn) is used as the divalent element, and titanium (Ti), zirconium (Zr), or hafnium (Hf) is
used as the tetravalent element. The divalent element and the tetravalent element ére added at
the same ratio in order to secure the insulation property because both the divalent element and
the tetravalent element substitute a trivalent aluminum site.

[0025] Here, the relationship among a piezoelectric constant ess, an elastic constant Cj3, and
a permittivity €33 in the c-axis direction and an electromechanical coupling coefficient K is
expressed by the following equation 1.

[Equation 1]
K2 — e§3
&35 X Cy

Thus, the electromechanical coupling coefficients of undoped AIN and doped AIN can be
calculated by calculating their piezoelectric constants, elastic constants, and permittivities by the

first principle calculation.

[0026] Table 1 lists the calculated values of the piezoelectric constants es; and the values of
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1901.5 1998.3 11.4 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 Undoped AIN film

the electromechanical coupling coefficients k* calculated from the equation 1 of undoped AIN

and doped AIN.  As presented in Table 1, AIN containing a divalent element and a tetravalent

element (Case 1 to Case 10) has a piezoelectric constant es3 and an electromechanical coupling

coefficient k* greater than those of undoped AIN (Undoped AIN in Table 1).  The divalent

element and the tetravalent element are not limited to those presented in Table 1, and may be

other elements.

[Table 1]
_ Piezoelectric Electromechanical
Combination Divalent Tetravalent constant €33 coupling
element element 5 ] 5
[C/m7] coefficient k™ [%]
Case 1 Ca Ti 1.77 9.68
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
Undoped AIN - - 1.55 7.12
[0027] A description will next be given of a substitutional concentration dependency of the

electromechanical coupling coefficient of AIN containing a divalent element and a tetravalent

element. The substitutional concentration dependency of the electromechanical coupling

coefficient was evaluated by performing the first principle calculation to multiple doped AIN

having different sizes of the supercell and different numbers of aluminum atoms substituted by a

11




- 1963.0 2024.0 7.22 [0032] The above-described sinulation results reveal
that it is preferable to use an AIN filmcontaining a divalent el enent and
a tetravalent elenment for the piezoelectric filmof an FBAR to obtain an
FBAR having a | arge el ectromechani cal coupling coefficient. In addition,
FIG 4A and FIG 4B reveal that it is preferable to increase the
concentrations of the divalent elenent and the tetraval ent elenent to
obtain a |l arge el ectromechani cal coupling coefficient. [0033] However,

al t hough havi ng an advantage in obtaining a | arge el ectronmechani cal
coupling coefficient, the FBAR of the first conparative exanple also has a
di sadvant age. The foll owi ng descri bes the di sadvantage. In the FBAR of the
first conparative exanple, the piezoelectric filmb54 is a single |layer of
an Al Niivalpphelesmangpi %tggavadw slearsnt 1@|th?21%13%“¥%%&%tféeetarf‘elﬁtﬁg-| %né\ﬁ 1S and
thus the additive concentration of the whole of the piezoelectric film54
i ncr eassed anthedivalrat elsmerinandklf omki inpsed 9a theitetavalept deBminmndAtatio ﬂﬁthe
tetraval ent elenment are increased to obtain a | arge el ectronmechani ca

coupl i Hgstitaaeral eonsartration of e divabens slsmsnt is giade iybe sowalipdbas of Bedstravalepy m 54
on the upper surface of the lower electrode 52, it beconmes nore difficult

t o obtelmenthe pi ezoel ectric film54 having good c-axis orientation as the
concentration of the additive el ement increases. Thus, the degradation of
the col®P8lng dBEF4A aidAC. B arerhagrangiiosieating the deuwmeshasisab eouplifen an
element is added to an AINfilm the filmstress changes. A description

wi || beeffioien koof ANciegspest td 4 fotal of pubstituggnal sprrgnisations ef the divsiedh My and zr
are added to an AIN filmas an exanple. To exam ne the change of the film
st r ess¢lehabrnd dtegetravalentelenneN. f FIGndddHesdtates aginjaéamdrestlt whensMads wed iy, Mor e
specifically, AIN filns that have different concentrations of My and Zr
wer e fbdivelned emantaansiithtis nstdefobihedespranlantedlgmeit mbile e disillysteiites@har gi ng an
Al target, an Al-My alloy target, and a Zr target under a m xed gas

at nos péisuiatiof renlt avhdn N is asahfanthe davalek elementzald Tp pwsed &pphe teldavateneach
target. The filmstresses of the fabricated AIN filns were then neasured.
The fi ¢lemeritr e G WAsindd 36 WiBedkmvnstrate thahihe efdciromsthapiss! eouplingocivieaplar at us,
and the filmstress was evaluated fromthe quantity of warp of the

subst r mteafeshothe sabditwfonel conbatrbiibminteasemtn both cheOBEVRCh Mg drgl B @iMgr am
illustrating the filmstress of the AINfilmwth respect to a total of
subst i srut Tiarsddded oA, r dh iFéG st AodndNGadhl tir casd newhieh Mgialusaixfosthedivaledt 6
represents a filmstress by negative val ues, and the negative val ue neans
conpr edsimertt aat HE®s Ti Bsiséd foudtertettavdlennelfih@t isdestritedntag thd sade t¢radosgl iat e

val ue) of the conpression stress of the AINfilmto which My and Zr are
added otrervedsdsn athpr dixalomteddnyent hind@trbyalens cletvent ¢ atedof substit uti onal
concentrations of My and Zr increases within a range in which the total of
subst i fog29onal A desadptivinrail i rensbogivérbofandmuldtion thageaatierd théeffccove equal to at
| east 3 atom c% and | ess than or equal to 30 atomc% This reveals that the
conpr eslsétimdéhirdss cafplinh eodlidediti dfram F8 Abho hfitvycoangirafive ak@mjgld dadudee aones
greater than that of an undoped AIN film and the conpression stress

i Nncr eag@s figd comeainingtadivaéntelddsdnt bt 4 eravalanrlarht fot tlensezoblebic dihd. ZFIG.

i ncreases. [0036] The reason why the conpression stress is increased by
addi ngs Mn a@bsk-séetidnal aipwAlf bh FBIAR insiccardsicd erithdhalrsdasuparhnd ekamplbe As
following. That is to say, My and Zr substitute alum numsites of AN.

Consi dBluktigeSHATGOS) thoFB AR @ diclfstkdatpatanvaehingie BIooreddtyouickinggdowat r i c
structure of a crystal, the coordination nunber of an alumnumsite in AN
W t h aeldttrddéisbea biypRletricstilal 545 bhRdigd WiRr elsctfada s onhheubgnites(riadhis oafer My2+,
Zr4+, and Al 3+ en the coordi nation nunber is four are 0.57nm 0.59nm and

0. 39nnrbRSREGIbSYAL ¥0 sillBe BhdIdvatEedidde S0 $s SmbBlldyetddasediyiiMomtieddsy havi ng an
ionic radius greater than that of Al, and thereby the crystal lattice

expandgacldfct WRh & SR HESIE 0o ST008ES ald R & AE @FilmMaickAdsebt BXS rndirnt hR cgdse i n
which My and Zr are added to an AINfilm the film stress changes dependi ng

on t hergRNEENILsR4tE 90 siE. t g FeseldciR fRMETMERh sinBleliRr 6B&LAINIMDESHRiphper

el enents are added to the AN film [0037] Table 3 Iists nmeasurenent val ues
of the substitutional concentrations and the filmstresses of My and Zr at
each plot in FIG 6. Table 3 reveals {hat the conpression stress of an AIN
filmto which My and Zr are added increases as a total of substitutional
concentrations of My and Zr increases not only in a case in which a ratio
of substitutional concentrations of My to Zr is around 1:1 but also in a
case in which it is slightly displaced from1:1.



[ Table 3] Additive material conmposition [atomic% Filmstress [MPa] My Zr
My+Zr 13.2 13.7 26.9 -2889.5 13.2 13.1 26.3 -2898.4 13.5 12.0 25.5
-2750.2 13.6 11.2

a divalent element and a tetravalent element and having a film thickness of 1000 nm. Ca, Mg,
Sr, or Zn is used for the divalent element, and Ti, Zr, or Hf is used for the tetravalent element,
and both the substitutional concentrations of the divalent element and the tetravalent element are
set to 6.25 atomic%. Values calculated by the first principle calculation are used for the values
of the material constants of the piezoelectric film 54 such as a piezoelectric constant, an elastic
constant, and a permittivity. The upper electrode 56 is a multilayered metal film formed by
stacking Ru with a film thickness of 225 nm and Cr with a film thickness of 30 nm in this order
from the substrate 50 side. A silicon dioxide (SiO,) film 62 with a film thickness of 50 nm is
located on the upper electrode 56.  An air-space 60 having a dome-shaped bulge is located
between the substrate 50 and the lower electrode 52 in a resonance portion 58 that is a region in
which the lower electrode 52 and the upper electrode 56 face each other across the piezoelectric
film 54.

[0030] Also examined was an effective electromechanical coupling coefficient of an FBAR
of a second comparative example that has the same structure as that of the FBAR of the first
comparative example except that an undoped AIN film with a film thickness of 1150 nm is used
for the piezoelectric film 54.

[0031] Table 2 lists simulation results of the effective electromechanical coupling
coefficients ke of the FBARSs of the first comparative example and the second comparative
example. As presented in Table 2, the FBARSs of the first comparative example using an AIN
film containing a divalent element and a tetravalent element for the piezoelectric film 54 (Case 1
to Case 10) have effective electromechanical coupling coefficients keg® greater than that of the
FBAR of the second comparative example using an undoped AIN film for the piezoelectric film

54 (Undoped AIN film in Table 2). The divalent element and the tetravalent element are not
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24.8 -2849.3 111 1., ..J 12.6 25.9 -2769.3 13.2 14.9 28.1 -2879.5 13.0 15.0
28.0 -2822.2 4.2 6.5 10.7 -2478.1 4.5 5.6 10.1 -2269.3

limited to those presented in Table 2, and may be other elements.

[Table 2]
Resonance Anti-resonance
Divalent Tetravalent
Combination frequency frequency keffz [%%]
element element
[MHz] [MHZz]
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 7r 1911.9 2030.3 13.5
Case 6 Mg Hf 1886.9 2043.9 17.5
Case 7 Sr Hf 1901.5 1998.3 11.4
Case 8 /n Ti 1940.1 2050.4 12.6
Case 9 /n Zr 1888.3 1995.0 12.5
Case 10 7n Hf 1887.5 2027.7 15.9
Undoped
- - 1963.0 2024.0 7.22
AIN film
[0032] The above-described simulation results reveal that it is preferable to use an AIN film

containing a divalent element and a tetravalent element for the piezoelectric film of an FBAR to
obtain an FBAR having a large electromechanical coupling coefficient. In addition, FIG. 4A
and FIG. 4B reveal that it is preferable to increase the concentrations of the divalent element and
the tetravalent element to obtain a large electromechanical coupling coefficient.

[0033] However, although having an advantage in obtaining a large electromechanical
coupling coefficient, the FBAR of the first comparative example also has a disadvantage. The
following describes the disadvantage. In the FBAR of the first comparative example, the

piezoelectric film 54 is a single layer of an AIN film containing a divalent element and a
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4.3 8.2 12.5 -2605.1 4.8 4.0 8.8 3.4 13.8 27.2 -2885.0 4.8 3.1 7.9
0.

55.6
-2055.4 12.5 16.6 29.1 -2771.2 6 1.

-21 1
0 1. 6

tetravalent element, and thus the additive concentration of the whole of the piezoelectric film 54
increases when the concentrations of the divalent element and the tetravalent element are
increased to obtain a large electromechanical coupling coefficient. In the process of forming
the piezoelectric film 54 on the upper surface of the lower electrode 52, it becomes more difficult
to obtain the piezoelectric film 54 having good c-axis orientation as the concentration of the
additive element increases. Thus, the degradation of the coupling coefficient of the FBAR
occurs.

[0034] Moreover, when an element is added to an AIN film, the film stress changes. A
description will be given of a change of film stress by using a case in which Mg and Zr are added
to an AIN film as an example. To examine the change of the film stress, fabricated was an AIN
film containing Mg and Zr by sputtering. More specifically, AIN films that have different
concentrations of Mg and Zr were fabricated on a substrate by separately simultaneously
discharging an Al target, an Al-Mg alloy target, and a Zr target under a mixed gas atmosphere of
Ar and N to change an electrical power applied to each target. The film stresses of the
fabricated AIN films were then measured. The film stress was measured with a thin film stress
evaluation apparatus, and the film stress was evaluated from the quantity of warp of the substrate
before and after the film formation.

[0035] FIG. 6 is a diagram illustrating the film stress of the AIN film with respect to a total
of substitutional concentrations of Mg and Zr. The vertical axis of FIG. 6 represents a film
stress by negative values, and the negative value means compression stress. ~ As illustrated in
FIG. 6, the magnitude (absolute value) of the compression stress of the AIN film to which Mg
and Zr are added increases approximately linearly as the total of substitutional concentrations of

Mg and Zr increases within a range in which the total of substitutional concentrations of Mg and
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Zr is greater than or equal to at least 3 atomic% and less than or equal to 30 atomic%. This
reveals that the compression stress of the AIN film to which Mg and Zr are added becomes
greater than that of an undoped AIN film, and the compression stress increases as the total of
substitutional concentrations of Mg and Zr increases.

[0036] The reason why the compression stress is increased by adding Mg and Zr to an AIN
film is considered as described in the following. That is to say, Mg and Zr substitute aluminum
sites of AIN. Considering Shannon ionic radius used in a discussion about a geometric structure
of a crystal, the coordination number of an aluminum site in AIN with a wurtzite-type crystal
structure is four, the ionic radii of Mg2+, 7" and A1** when the coordination number is four are
0.57nm, 0.59nm, and 0.39nm respectively. The aluminum site is substituted by Mg or Zr
having an ionic radius greater than that of Al, and thereby the crystal lattice expands, and the
compression stress increases.  Not limited to the case in which Mg and Zr are added to an AIN
film, the film stress changes depending on the concentration of the additive element in the case
in which other elements are added to the AIN film.

[0037] Table 3 lists measurement values of the substitutional concentrations and the film
stresses of Mg and Zr at each plot in FIG. 6. Table 3 reveals that the compression stress of an
AIN film to which Mg and Zr are added increases as a total of substitutional concentrations of
Mg and Zr increases not only in a case in which a ratio of substitutional concentrations of Mg to

Zr is around 1:1 but also in a case in which it is slightly displaced from 1:1.

[Table 3]
Additive material composition [atomic%] Film stress
Mg Zr Mg+Zx [MPa]
13.2 13.7 26.9 -2889.5

16

.6 4.5 -1743.3 1.9 2.3 4.2 -1330.3 2.1 1.1
.5 3.1




1877.6 3.4 4.3 7.7 -1960.1 2.1 2.0 4.1 -1448.1 1.9 2.3 4.2 -1724.4 3.3
.3 -2080.8 3.3 5.8 9.1 -2035.6 3.2
13.2 13.1 26.3 -2898.4
13.5 12.0 25.5 -2750.2
13.6 11.2 24.8 -2849.3
13.3 12.6 25.9 -2762.3
13.2 14.9 28.1 -2879.5
13.0 15.0 28.0 -2822.2
4.2 6.5 10.7 -2478.1
4.5 5.6 10.1 -2269.3
4.3 8.2 12.5 -2605.1
4.8 4.0 8.8 -2155.6
134 13.8 27.2 -2885.0
4.8 3.1 7.9 -2055.4
12.5 16.6 29.1 -2771.2
0.0 1.6 1.6 -1481.9
2.0 2.0 4.0 -1739.3
1.9 2.6 4.5 -1743.3
1.9 2.3 4.2 -1330.3
2.1 1.1 3.2 -1723.3
3.4 3.4 6.8 -1945.7
3.5 3.1 6.6 -1877.6
3.4 4.3 7.7 -1960.1
2.1 2.0 4.1 -1448.1
1.9 2.3 4.2 -1724.4
3.3 5.0 8.3 -2080.8
3.3 5.8 9.1 -2035.6
32 7.4 10.6 -2346.9
32 8.4 11.6 -2349.8
[0038] As described above, when an AIN film containing an additive element is used for the

17



7.4 10.6 -2346.9 3.2 8.4 11.6 -2349.8 [0038] As described above, when an
AIN filmcontaining an additive elenent is used for the piezoelectric film
54, the filmstress changes dependi ng on the concentration of the additive
el ement. When the filmstress of the piezoelectric film54 is too high, the
resonance portion 58 is broken. On the other hand, when the film stress of
the piezoelectric filmb54 is too low, the air-space 60 having a done-shaped
bulge is difficult to be formed, and characteristics of the FBAR are not
obt ai ned. [0039] Furthernore, as the concentration of the additive el enent
of the piezoelectric filmb54 increases, the adhesiveness between the

pi ezoel ectric film54 and the | ower el ectrode 52 and the upper el ectrode 56
decreases. This causes | oss of the acoustic wave energy, and causes the
degr adeiticstecic fimatathedimstiessschangss dapending opdhe eongeniragiop glifhe jadgjtive
coefficient. [0040] Therefore, when the piezoelectric film54 is a single

| ayer démem. AMYeh ithenfilovtiteas ofi theypigzetiagticelilm & isriembighiibie senaneeRtien 8

el ement as described in the first conparative exanpl e, the degradation of
char acisérakshi cOn sheotihaand. @healtheefilamsiress efthp biereglectied filink f4istioq bws thesed by
the orientation and the filmstress of the piezoelectric film54 and the
adhesi aiensss 66 bavieendothe siyiped belge ist diffcultitd he Bumahdind keerpeieiesticepidbe r ode 52
and the upper electrode 56. [0041]On the other hand, in the first

enbodi ARAR,arasotiobtaustirated in FIG 1A through FIG IC, the piezoelectric
film 14 sandw ched by the | ower electrode 12 and the upper el ectrode 16

i ncl ud@e3elhe fhurthernford, ms thtaonwigraddn efithedbdditive elerocomvhiheipirgoeectaddim Pde

el enent and the second filnms 14b | ocated on the upper surface and the | ower
sur f acmcehses ke hdltesiverddss betivden thagiecoriecaiinfiimg 54 hed thd ddwdrelecebdanBhandghe a
concentration | ower than that of the first film 14a. Even when the
concentippat tlectrate Sbhiecrashds.t | Ties edvsesgngs afftha dveusticreavefenérgy, bddicauses ther eased to
obtain a | arge el ectromechani cal coupling coefficient, the second film 14b
havi ngderaaticest dhatacenstids stitteaseddivilueané b epmpiinglcowdicienthan t hat of the first
film1l4a is forned on the upper surface of the | ower electrode 12. Thus,

t he c- i) or iErtdbre owhaftht hiez@ilentefilacs4 isa sindleiaget of am ADE filimgpaamahg
conpared to a case in which the first filml4a is formed directly on the
upper suivhReecl@herithed h evavalettetdntcades deieritied imdadi firstaomphttativeexdinfpld,¢hd t t o
adjust the filmstress of an AIN filmcontaining an additive el ement by
film f @gradagos oNehiatacRAStiSWoth &% Qaslupraes a coeplingeneffieient is naushé by thest

enbodi ment, the piezoelectric film14 includes the first film 14a and the
secondofidntatioh4hd havilmgstudis dfahepiczoetmarnilmedd anshofdhchiecrrddbd e the emrent

and thus adjusting the concentrations of the additive el enent enables to
obt ai npidzdecg Mhest 4MdRe hart elatraWRland gheogptf ¢leitede S5and to make the film
stress have an appropriate nmagni tude. Furthernore, the second film 14b

cont ai ?iong] t heoghdiotiey Barkl, @NMBBfirdemdodianrae as Hakiraed indier 1 A thasughtfa6. I, t he
first filin l4a is fornmed on the upper surface of the |ower electrode 12
and t hgelppywBsle&ri fins @4 @Andiiehed PP elic Iohvecileatide 16 andihd upperssldchedathesi veness
bet ween the piezoelectric film1l4 and the | ower electrode 12 and the upper
el ect r pRRIdASthe Fnst Fiem i 19R FAVEBF anlheN Bhotitaihing ah hdditivesbacitmmathecacondr event

t he degradation of characteristics of the FBAR such as a Qvalue and a

coupl i AEnCRBf bt the L4 Adateadd e IoWer eube dffike fitst flm 14d anddataimek t he
second film 14b are filns conposed primarily of AIN. Wien the multil ayered

Fil mi gela@8iR6 clefnefli i hebRRhtrRRA6REEEET ihat dRhefifsafiin 14a. MEBARKEN eundar y
face is fornmed in terns of a crystal structure, the scattering of the

acoust i & WaVRioR ©F He2ddi@iRE eleR@nCdTahafilsEfiin$ 1 4Li8 iktegk@ri@biaipNRYRS , as
described in the first enbodi ment, when both the first film 14a and the

secondeibihdmekfibhiddi foGibicastiglnt thelRBednld!fiim 1‘4@'11’9@1%%@ cBiidei@ationyorefe Al N, this
makes the scattering of the acoustic wave at the boundary face difficult to

occur, a@cﬂ@YePééln&{t%&@é}tthainhﬁat%%{eafq@ttﬁlﬁnuﬁafis £hRE@6H Blel PheiCRrfBMCIT tRSlodveld val ue
and a coupling coefficient. [0043] To obtain a | arge el ectromechani cal

coupl i pg.ERRMHI CIrRIN thetdid bikatioh loMnkdRe D8R filn Nt GREbe GRRGRAL rati on of

t he adgggfve elene%f Sreféraélfiﬁag a #%fckness breater tﬁgﬁ that of the
second film 14b. For exanple, to obtain an FBAR wth 2 GHz band, the

t hi ckness of the 18



pi ezoelectric film14 is configured to be approxi mately 1000 nm and thus
the first film 1l4a may be configured to have a thickness of 400 nm and the
second film 14b is configured to have a thickness of 300 nm That is to
say, the piezoelectric film214 is configured to be a multilayered film of
the second film14b with a thickness of 300 nm the first film 14a of a

t hi ckness of 400 nm and the second film 14b of a thickness of 300 nm In
addition, the el ectronechanical coupling coefficient can be adjusted by
changing the filmthickness ratio of the first film 1l4a and the second film
14b. [0044] As described in the first enbodinment, it is preferable to use an
AIN filmcontaining a divalent elenment and a tetraval ent el enent for the

pi ezoelectric film14 to obtain a |arge el ectronechani cal coupling

coef f icompared tg A casgiin whighdhe tirselibm 4a i6 dermed shireely anide ppeer seifacavatient el enent
are not limted to those presented in Table 1 and Table 2, and may be other
el enerpwer dleptiadelil 2 o, addijien, inisehifichls toadivss hedlpy sisesiag ATN faoataining, g
Table 2 are used, the piezoelectric film14 may include two or nore of Ca,
My, Sran additivZalemsntbivmfosmingeoaditipns sughas gaspressutgor Howeverin thefissgnd H  as
a tetravalent elenent. That is to say, the piezoelectric film 14 may

i ncl udebtadimeashe pngoelsfctrgafilmViy ingludesathel figsh fits 142 and/hip sepond fibpd e hayieg at

| east one of Ti, Zr, and Hf as a tetraval ent elenent. [0045] Here, a

descr i differont aanddntrpgorgiof gre asiditive elexyeat, iand thus pdjastigihe Faweritatians @ithe fi | m
containing a divalent elenent and a tetraval ent el ement, and then neasured
t he piaddoekebhrehtenables testitaiofa largecla¢tionigchanicallseupding co¢ffimenioand 40 makigthg

di val ent elenent and a tetraval ent el ement was fabricated on a | ow

r esi stfiimceress hdave em apprbsriatatmegmiuda. aFurgwisoreyihe yeaond Ifibs 4 4 hemaioingdlepual to
0.002 Q by the nethod sane as that described in the neasurenent of the film
st r essadditivEkelentent FhewafantretionloNef thamthahaf/the girdifilhdée it foometomrihe appeons of My
and Zr were fabricated on the | ow resistance silicon substrate. Then, a

pl at i nurfaed &che boer tlavticlg 12 adil dredbeer wffa ofithangbeaclectrore Ibhirclkhestbe of 100
nm was fornmed on each of the AINfilnms by sputtering. After the platinum

el ect ralilesivasssfherweed thd iezaeleer@ellmcitdrand tholstactsral 12hed MeNpped s wer e
measured. The piezoel ectric constant was nmeasured with a piezoneter under

t he casgitiotd® NS cati hehingprdvedd DherBfoRS thY fastcbnebollinagu emcyrewdnt fhkQlegdadation@d46] FI G
7 is a diagramillustrating an increasing rate of the piezoelectric

const aghtraoferitthes oAt HBA Rrswdhtds ar@splee tind ocaupliog abefhéiergubst i t ut i onal
concentrations of Mg and Zr. The vertical axis of FIG 7 represents an

i ncregd9o4n] r afieadfitidr)@othitke i\t B i 4ccanciahs seannd fim pélr arefifagegmiased def i nes

t he piezoelectric constant of an undoped AIN filmas 100 % As illustrated
i N Fl Grinfarily BEAN.eZWRéEett hudtilapisd fAlnt isdbriddeof Al firérit lpiazodedtdad mategalvpa and Zr
is greater than that of the undoped AN filmw thin a range in which the
total mfsmatthbubdaty Poals fommeian termsiodn sryefal dncane s scaseratg df dastcogrtieat er
than or equal to 3 atom c% and | ess than or equal to 30 atomc% 1In

addi t i Wie dcb@s Ring ZipedhaskteristicaiRgladat Olovicher, A dNsédibethin therfesieabodiment,
approximately linearly with respect to the total of substitutional
concengkait Hodthe Frst Mimand add theistdvnd fdmriab@e: doafigived o b intsebmpoai
substitutional concentrations of My and Zr is at |east greater than or

equal fronailRbONIN Yhid RthkELHS séBfin 06T (REaRusticOwd@ Atiertioafdary 8R4 difflabi e 4
lists the substitutional concentrations of My and Zr and t he measurenent

val ue Qbut Bl RinGEARhEGE He @ adeios b tar@terR863tuph @ a QivahleGnd a chaplirg 4 reveal s
that the AINfilnms to which My and Zr are added have piezoel ectric

const apjeficneat er than that of the undoped AN filmnot only in a case in
which the ratio of substitutional concentrations of My to Zr is around 1:1
but al®g43n a 1638kl Nl GettiometPantabIuphifdcdef@dment; the filsT &h @44thavifidsli ti ve
material conposition atom c% Piezoelectric constant d33 [pC/ N | ncreasing

rate ofjoRi-@3Qeh®alidni of tkORRIRREIdnNEPRAG Y MsdahicRESs deater than that of the

second film 14b. For example, to obtain an FBAR with 2 GHz band, the thickness of the
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My Zr Mg+Zr 13.2 13.7 26.9 9.3 2.17 13.2 13.1 26.3 10.6 2.47 13.2 14.9
28.1 9.4 2.18 13.5 12.3 25.8

piezoelectric film 14 is configured to be approximately 1000 nm, and thus the first film 14a may
be configured to have a thickness of 400 nm, and the second film 14b is configured to have a
thickness of 300 nm. That is to say, the piezoelectric film 14 is configured to be a multilayered
film of the second film 14b with a thickness of 300 nm, the first film 14a of a thickness of 400
nm, and the second film 14b of a thickness of 300 nm. In addition, the electromechanical
coupling coefficient can be adjusted by changing the film thickness ratio of the first film 14a and
the second film 14b.

[0044] As described in the first embodiment, it is preferable to use an AIN film containing a
divalent element and a tetravalent element for the piezoelectric film 14 to obtain a large
electromechanical coupling coefficient. In this case, the divalent element and the tetravalent
element are not limited to those presented in Table 1 and Table 2, and may be other elements.

In addition, even when the elements presented in Table 1 and Table 2 are used, the piezoelectric
film 14 may include two or more of Ca, Mg, Sr, and Zn as a divalent element, and two or more
of Ti, Zr, and Hf as a tetravalent element. That is to say, the piezoelectric film 14 may include
at least one of Ca, Mg, Sr, and Zn as a divalent element and at least one of Ti, Zr, and Hf as a
tetravalent element.

[0045] Here, a description will be given of an experiment that fabricated an AIN film
containing a divalent element and a tetravalent element, and then measured the piezoelectric
constant of the AIN film. The AIN film containing a divalent element and a tetravalent element
was fabricated on a low resistance silicon substrate with a resistivity of less than or equal to
0.002 Q by the method same as that described in the measurement of the film stress in FIG. 6.
Therefore, AIN films having different concentrations of Mg and Zr were fabricated on the low

resistance silicon substrate. Then, a platinum electrode having a diameter of 3 mm and a film
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8.8 7.2 1.66 13.4

thickness of 100 nm was formed on each of the AIN films by sputtering. After the platinum
electrode was formed, the piezoelectric constants of the AIN films were measured. The
piezoelectric constant was measured with a piezometer under the conditions with a load of 0.25
N and a frequency of 110 Hz.

[0046] FIG. 7 is a diagram illustrating an increasing rate of the piezoelectric constant of the
AIN film with respect to a total of substitutional concentrations of Mg and Zr.  The vertical axis
of FIG. 7 represents an increasing rate of the piezoelectric constant in percentage, and defines the
piezoelectric constant of an undoped AIN film as 100 %. As illustrated in FIG. 7, the
piezoelectric constant of the AIN film containing Mg and Zr is greater than that of the undoped
AIN film within a range in which the total of substitutional concentrations of Mg and Zr is at
least greater than or equal to 3 atomic% and less than or equal to 30 atomic%. In addition, the
piezoelectric constant of the AIN film increases approximately linearly with respect to the total
of substitutional concentrations of Mg and Zr within a range in which the total of substitutional
concentrations of Mg and Zr is at least greater than or equal to 3 atomic% and less than or equal
to 30 atomic%.

[0047] Table 4 lists the substitutional concentrations of Mg and Zr and the measurement
value of the piezoelectric constant at each plot in FIG. 7.  Table 4 reveals that the AIN films to
which Mg and Zr are added have piezoelectric constants greater than that of the undoped AIN
film not only in a case in which the ratio of substitutional concentrations of Mg to Zr is around

1:1 but also in a case in which it is displaced from 1:1.

[Table 4]

21

4 4.2 6.510.7 8.4 1.954.55.6 10.17.31.70 4.3 8.2 12.58.21.91



13.8 27.2 9.2 2.15 4.8 3.1 7.9 6.9 1.60 12.5 16.6 29.1 7.7 1.78 2.0 2.0 4.0
6.5 1.52 1.9 2.6 4.5 6.4
Additive material composition [atomic%)] | Piezoelectric Increasing rate of
constant piezoelectric constant

Mg Zr Mg+Zr d33 [pC/N] (Undoped AIN defines
1)

13.2 13.7 26.9 9.3 2.17

13.2 13.1 26.3 10.6 2.47

13.2 14.9 28.1 9.4 2.18

13.5 12.3 25.8 8.8 2.04

4.2 6.5 10.7 8.4 1.95

4.5 5.6 10.1 7.3 1.70

4.3 8.2 12.5 8.2 1.91

4.8 4.0 8.8 7.2 1.66

13.4 13.8 27.2 9.2 2.15

4.8 3.1 7.9 6.9 1.60

12.5 16.6 29.1 7.7 1.78

2.0 2.0 4.0 6.5 1.52

1.9 2.6 4.5 6.4 1.48

1.9 2.3 4.2 5.9 1.36

2.1 1.1 3.2 6.3 1.47

3.4 34 6.8 7.4 1.71

3.5 3.1 6.6 5.7 1.33

3.4 43 7.7 7.2 1.67

2.1 2.0 4.1 5.8 1.35

1.9 2.3 4.2 6.7 1.55

33 5.8 9.1 6.6 1.53

3.2 7.4 10.6 7.3 1.71

3.2 8.4 11.6 7.4 1.72

0 0 0 4.3 1
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1.48 1.9 2.3 4 1.36 2.1 1.1 3.2 6.3 1.47 3.4 3.46.87.41.71 3.53.1
3

.2 5.9
6.6 5.7 1.33 3.4 4.3

[0048] A description will next be given of a substitutional concentration dependency of a
piezoelectric constant of AIN containing Mg or Zn as a divalent element and one of Hf, Ti, and
Zr as a tetravalent element.  The substitutional concentration dependency of the piezoelectric
constant was evaluated by the first principle calculation.

[0049] FIG. 8A and FIG. 8B are diagrams illustrating an increasing rate of the piezoelectric
constant of AIN with respect to a total of substitutional concentrations of the divalent element
and the tetravalent element. The vertical axis in FIG. 8A and FIG. 8B represents an increasing
rate of the piezoelectric constant in percentage, and defines the piezoelectric constant of undoped
AIN as 100 %. FIG. 8A illustrates a case in which Mg is added as the divalent element and one
of Hf, Ti, and Zr is added as the tetravalent element while FIG. 8B illustrates a case in which Zn
is added as the divalent element and one of Hf, Ti, and Zr is added as the tetravalent element.
As illustrated in FIG. 8A and FIG. 8B, the piezoelectric constant monotonously increases with
respect to the substitutional concentration in entire cases in which Mg or Zn is added as the
divalent element and one of Hf, Ti, and Zr is added as the tetravalent element. This result
suggests that the same tendency appears even when other divalent element and tetravalent
element are used although FIG. 7 illustrates only measurement results when Mg is used for the
divalent element and Zr is used for the tetravalent element.

[0050] The results presented in FIG. 7 through FIG. 8B demonstrate that the total of
substitutional concentrations of the divalent element and the tetravalent element of the
piezoelectric film 14 is preferably set to greater than or equal to 3 atomic% and less than or equal
to 30 atomic%. This enables to increase the piezoelectric constant of the piezoelectric film 14,
and thereby increase the electromechanical coupling coefficient of the FBAR. To further

increase the electromechanical coupling coefficient of the FBAR, the total of substitutional
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concentrations of the divalent element and the tetravalent element is more preferably greater than
or equal to 5 atomic% and less than or equal to 30 atomic%, and further preferably greater than
or equal to 10 atomic% and less than or equal to 30 atomic%. Here, it is desired that the second
film 14b of the piezoelectric film 14 has a low concentration of the additive element to prevent
the degradation of the coupling coefficient due to the degradation of the orientation and the like.
Thus, to increase the electromechanical coupling coefficient of the FBAR, the total of
substitutional concentrations of the divalent element and the tetravalent element of the first film
14a in the piezoelectric film 14 is preferably greater than or equal to 3 atomic% and less than or
equal to 30 atomic%, more preferably greater than or equal to 5 atomic% and less than or equal
to 30 atomic%, and further preferably greater than or equal to 10 atomic% and less than or equal
to 30 atomic%.

[0051] To prevent the degradation of characteristics of the FBAR due to the degradation of
the orientation of the piezoelectric film 14, the second film 14b preferably has a substitutional
concentration of the additive element less than 3 atomic%, and more preferably is an undoped
AIN film. When the second film 14b is an undoped AIN film, it is easy to form an undoped
AIN film with good c-axis orientation on the lower electrode 12, and thus the piezoelectric film
14 with good c-axis orientation can be obtained. In addition, the film stress of the undoped AIN
film can be made to be a tensile stress, and thus the film stress of the whole of the piezoelectric
film 14 can be easily reduced and made to have an appropriate magnitude even when the
concentration of the additive element of the first film 14a is high and the compression stress is
thereby high. Furthermore, the adhesiveness Between the electrode and the undoped AIN film
is favorable, and thus good adhesiveness can be obtained between the piezoelectric film 14 and

the lower electrode 12 and the upper electrode 16.
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3.2 84 11.6 7.4 1.72 0 0 0 4.3 1 [0048] A description will next be given
of a substitutional concentration dependency of a piezoelectric constant of
AN containing My or Zn as a divalent elenent and one of Hf, Ti, and Zr as
a tetravalent elenent. The substitutional concentration dependency of the
pi ezoel ectric constant was evaluated by the first principle calculation.
[0049] FIG 8A and FIG 8B are diagrans illustrating an increasing rate of

t he piezoelectric constant of AINwth respect to a total of substitutional
concentrations of the divalent elenent and the tetraval ent el enent. The
vertical axis in FIG 8A and FIG 8B represents an increasing rate of the
pi ezoel ectric constant in percentage, and defines the piezoelectric
constant of undoped AIN as 100%_ FIG 8A illustrates a case. in which My is
added [#85%Ihe dibgslearmnt addesimine AN fdmet die migzoelpptric ik 1Aris pet lipitddo s t he
tetravalent elenment while FIG 88 illustrates a case in which Zn is added
as t hedivilonfleéamentpieisievalend clsmenioandHmay g othgiderpents.s By guample a trgalent
tetravalent elenment. As illustrated in FIG 8A and HG 88, the

pi ezoetlementisacheasmsangintm A ot pidus (Y). ian elkeh swetalvintahkalicag b setal oriapddvalent
substitutional concentration in entire cases in which My or Zn is added as
the dislahenitnéhpentatalendlemsat iy be the Flditigmelement; s Exeidesingthoterpienieits Higal ent
element. This result suggests that the same tendency appears even when

ot her dffeeningnereasingthatleeirmnachbanieal sbemngspeffreiant efitee %/Bég iapbthisegh FIG 7
illustrates only neasurenent results when My is used for the dival ent

el ement00583ld zHdrs auseaiption withbe gioen alasionwlation drag abtaingd UBQjideleeteigul t s
presented in FIG 7 through FIG 8B denobnstrate that the total of

subst i ¢onttantreaid tooe eetrvneahanies cafpling eoadfiviahteit N centeimingandivalp elesanhval ent

el ement of the piezoelectric film14 is preferably set to greater than or
equal 4nd apeatavaliestélamaht] eBlse timalation wesjperformed 80daped Ailly 9ithThérystastrbéters t o

i ncrease the piezoelectric constant of the piezoelectric film 14, and

t her ebip which sase thh@umirent atome 3DanFIEaB acowpbtitnigd bp efdivatine plemeit, apgheFBAR.  To
further increase the el ectronechanical coupling coefficient of the FBAR

t he t otralofolfie Auwhsiunt atdmeBd@ls subsiitated by apewaxlaf clementdvilathedirsterionplet and t he
tetravalent elenent is nore preferably greater than or equal to 5 atom c%
and | esgculzhmn. oTh&duml say,ohSOmatation e parfictndfed td tared g fvathabivyrtgjteelaper t han
or equal to 10 atomc% and | ess than or equal to 30 atomc% Here, it is
desi r edyithiatruttoe @atdmniag thikem bilimiofim talvenspiver dieblentteldncents, bne dehtdvakna | ow
concentration of the additive elenment to prevent the degradation of the
coupl i glgmemedd sixtemt nidogentacntdweitld dgriastatinoipleafaldubegionr | ‘Emtsathie gubstindionile

| i ke. Thus, to increase the el ectronechanical coupling coefficient of the
FBAR, tdneciit@itiah obthe st élumbatndldopanti@hisedin thasinoflatidngs d2.9 atoant%eahénment

and the tetravalent elenent of the first film14a in the piezoelectric film
14 i s peehetiakioralgoaahahtidrh@mhoperegakint ¢éleméntat €05 etmdctd. | BesortZhdnued equal
to 30 atomc% nore preferably greater than or equal to 5 atom c% and | ess
t han o4s tB€uiahlche] @Rerat ditaialuan@a) niobher (NIY) edramakliym gVeatwed asthn or equal
to 10 atom c% and | ess than or equal to 30 atomc% [005 | ]To prevent the
degr adgdnitnalcaf clehaitacTee dishleasel@hent bed MBARtauttert olcinat degddedat i cmioall t he
orientation of the piezoelectric film14, the second film 14b preferably
has a zuhstdcutitheiRhlat@nNsepértebdcamte dbthithe diadidht dlstrere haedtpehtegdertthan 3
atom c% and nore preferably is an undoped AIN film Wen the second film
14b i selamentidpRde AN alldnk Blurmitunh Sit€asy to form an undoped MN filmw th good
c-axis orientation on the |lower electrode 12, and thus the piezoelectric
film 1lpposifth JRER Thsxvaduddlol efetiadoeRcteid Bomenes; atdiadated By dddirdtipeificiplehe film
stress of the undoped AIN filmcan be nade to be a tensile stress, and thus
the fildRuddRSHdbIubdE Mbhabardfechfcd gk esdffitients ki calddate@ftoleneasi |y
reduced and made to have an appropriate nagnitude even when the
concengi@tib© N oPlinddpsd AMhid ¥peWENENAS festi@l iniTable S AINCdiftaining ahiighlerdnd t he
conpression stress is thereby high. Furthernore, the adhesiveness between
the el gehkRdgd apdnthiiBetiRRARANCAN fd EMei6y hhaypeaRl@iricandsthlies, Haad

adhesi veness can be obtai ned between the piezoelectric film14 and the

| oner el ectrode 12 and the upper elecagode 16.
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[0055]

A description will next be given of a substitutional concentration dependency of an

electromechanical coupling coefficient of AIN containing a divalent element and a pentavalent

element.

The substitutional concentration dependency of the electromechanical coupling

coefficient was evaluated by the same method as that described in FIG. 4A and FIG. 4B. Mg is

used as the divalent element, Ta is used as the pentavalent element, and a ratio of the

substitutional concentrations of the divalent element to the pentavalent element is set to 2:1.

[0056]

FIG. 9 is a diagram illustrating the electromechanical coupling coefficient k? of AIN

with respect to a total of substitutional concentrations of the divalent element and the pentavalent

element. FIG. 9 reveals that the electromechanical coupling coefficient k* increases as the

substitutional concentration increases even when AIN contains Mg as a divalent element and Ta

as a pentavalent element as well as when AIN contains a divalent element and a tetravalent
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element in FIG. 4A and FIG. 4B. In FIG. 9, described is the case in which Mg is used for the
divalent element and Ta is used for the pentavalent element, but the same tendency is observed
when other divalent element and pentavalent element are used.

[0057] A description will be given of a simulation that examined an effective
electromechanical coupling coefficient of an FBAR in accordance with a third comparative
example that uses an AIN film containing a divalent element and a pentavalent element for the
piezoelectric film. The FBAR of the third comparative example has the same structure as that
of the first comparative example except that an AIN film containing a divalent element and a
pentavalent element and having a film thickness of 850 nm is used for the piezoelectric film 54
in FIG. 5. The values calculated by the first principle calculation are used for the values of the
material constants of the piezoelectric film 54 such as a piezoelectric constant, an elastic constant,
and a permittivity as well as those of the first comparative example. In addition, the
substitutional concentration of the divalent element is set to 12.5 atomic%, and the substitutional
concentration of the pentavalent element is set to 6.25 atomic%.

[0058] Table 6 lists simulation results of the effective electromechanical coupling coefficient
keffz of the FBAR of the third comparative example. In addition, it also lists the simulation
result of the effective electromechanical coupling coefficient kes of the FBAR of the
aforementioned second comparative example for comparison. As presented in Table 6, the
FBARs of the third comparative example using an AIN film containing a divalent element and a
pentavalent element for the piezoelectric film 54 (Case 1 to Case 6) have effective
electromechanical coupling coefficients kei” greater than that of the FBAR of the second
comparative example using an undoped AIN film for the piezoelectric film 54 (Undoped AIN

film in Table 6). The divalent element and the pentavalent element are not limited to those
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elements presented in Table 5 and Table 6 are used, the piezoelectric film 14 may include both

Mg and Zn as a divalent element and two or more of Ta, Nb, and V as a pentavalent element.

That is to say, the piezoelectric film 14 may include at least one of Mg and Zn as a divalent

element and at least one of Ta, Nb, and V as a pentavalent element.

[0060]

The FBAR 100 of the first embodiment may include a temperature compensation

film. FIG. 10 illustrates a cross-section of an FBAR including a temperature compensation film.
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presented in Table 4, and may be other elenments. [Table 6] Conbination
D val ent el enent Pent aval ent el enent Resonance frequency [ MHz]

Anti -resonance frequency [MHz] lca? [ Case 1 My Ta 1910.3 2086.1 17.6
Case 2 My Nb

As illustrated in FIG. 10, a temperature compensation film 40 is inserted into the piezoelectric
film 14. The temperature compensation film 40 is located in contact with the piezoelectric film
14. The temperature compensation film 40 is formed of a material having a temperature
coefficient of an elastic constant opposite in sign to that of the piezoelectric film 14. For
example, the piezoelectric film 14 has a negative temperature coefficient of an elastic constant,
the temperature compensation film 40 with a positive temperature coefficient of an elastic
constant is used. The provision of the above-described temperature compensation film 40
enables to improve temperature characteristics of the FBAR. A silicon dioxide (SiO) film is an
example of the temperature compensation film 40. Instead of an SiO, film, a film composed
primarily of silicon oxide may be used, and for example a silicon oxide film to which an element
such as fluorine (F) is added may be used. Here, a "film composed primarily of an element”
means that the film includes the element to the extent that the temperature coefficient of an
elastic constant of the temperature compensation film 40 is opposite in sign to that of the
piezoelectric film 14.

[0061] In FIG. 10, the temperature compensation film 40 is inserted into the piezoelectric
film 14, but may be located at other places as long as it makes contact with the piezoelectric film
14. For example, it may be located between the lower electrode 12 and the piezoelectric film
14 or between the piezoelectric film 14 and the upper electrode 16.

[0062] The first embodiment describes an example in which the air-space 20 is formed by a
dome-shaped bulge between the substrate 10 and the lower electrode 12 as illustrated in FIG. 1B,
but structures illustrated in FIG. 11A and FIG. 11B may be employed. FIG. 11A illustrates a
cross-section of an FBAR in accordance with a first variation of the embodiment, and FIG. 11B

illustrates a cross-section of an FBAR in accordance with a second variation of the embodiment.
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2096.9 14.2 Case 5 Zn Nb 1926.9 2047.1 13.6 Case 6 Zn

As illustrated in FIG. 11A, in the FBAR of the first variation of the embodiment, an air-space 20a
is provided by removing a part of the substrate 10 under the lower electrode 12 in the resonance
portion 18. As illustrated in FIG. 11B, in the FBAR of the second variation of the embodiment,
an air-space 20b is located so as to pierce through the substrate 10 under the lower electrode 12
in the resonance portion 18.

[0063] In addition, the piezoelectric thin film resonator is not limited to an FBAR, and may
be an SMR (Solidly Mounted Resonator). FIG. 12 illustrates a cross-section of the SMR.  As
illustrated in FIG. 12, in the SMR, instead of the air-space, an acoustic reflection film 42 formed
by alternately stacking a film with a high acoustic impedance and a film with a low acoustic
impedance to a film thickness of A/4 (A is the wavelength of the acoustic wave) is located under
the lower electrode 12.

[0064] Although the embodiments of the present invention have been described in detail, it
is to be understood that the various change, substitutions, and alterations could be made hereto

without departing from the spirit and scope of the invention.

30



V 2080.] 2179.4 10.7 Undoped AIN film- 1963.0 2024.0 7.22 [0059] The
above results denonstrate that the FBAR having a | arge el ectronechani cal
coupling coefficient can be obtained even when a dival ent el enent and a
pent aval ent el enent are added to the AIN filmof the piezoelectric film 14.
The el ectronmechani cal coupling coefficient can be further increased by
i ncreasing the concentrations of the divalent elenent and the pentaval ent
el enent. The dival ent el enent and the pentaval ent elenment are not limted
to those presented in Table 5 and Table 6, and nmay be other elenents. In
addi tion, even when the elenents presented in Table 5 and Table 6 are used,
the piezoelectric film14 may include both My and Zn as a dival ent el enent
and two or nore of Ta, Nb, and V as_a pentaval ent elenment. That is to say,
t he piezoelectric film14 may i ncl ddeMMS | east one of My and Zn as a
di val ent el enent and at |east one of Ta, Nb, and V as a pentaval ent
clenment. [0060] The FBAR 100 of the first enbodi nent may include a
t enperature conpensation film FIG 10 illustrates a cross-section of an
FBAR i Whptugirlaigned islenper at ure conpensation film As illustrated in FIG 10,
a tenperature conpensation film40 is inserted into the piezoelectric film
14. The tenperature conpensation film40 is located in contact with the
pi ezoel ectric film 14. The tenperature conpensation film40 is fornmed of a
mat eri al havi ng a/tiegselesirigreinddafrpsonplencoraprisiig: el asti ¢ constant opposite
in sign to that of the piezoelectric film 14. For exanple, the
pi ezoel ect riacsubstiata; 14 has a negative tenperature coefficient of an elastic
constant, the tenperature conpensation film40 with a positive tenperature
coef fi ci ent agfiezapleetrigdilinghat dnkotated on thegslestrateind ipaleie gifiost fidm mdde of an
above-descri bed tenperature conpensation film 40 enables to inprove
t enperatrmemohiaida ddmrcostainisg ayf addhiye BBARNt Mdsseboraloiimdil enatedeon(agivppyr filmi s
an exanpl e of the tenperature conpensation film40. Instead of an Sith
film sarfacd andednpeswidfapy ofithe fitsy fibh asd Madonl andldeinmaynitide didedontamechfthe
exanple a silicon oxide filmto which an el ement such as fluorine (F) is
added auditivbelensatiat alenegntratidif lover thenpes etithp firstdilin| gndof an el ement " neans
that the filmincludes the elenent to the extent that the tenperature
coef fici ent adbwareletmdt pnd omgpeacitctoile tha atednpeadad warelvadnthe peavdlentri¢ i | m 40
isS opposite in sign to that of the piezoelectric film214. [0061]In FIG 10,
t he t efifper at ure conpensation film40 is inserted into the piezoelectric
film14, but may be | ocated at other places as long as it nakes contact
with the piezoelectric film1l4. For exanple, it nmay be | ocated between the
| ower el ectrode 12 and the piezoelectric film 14 or between the
pi ezoel ectri2c fil ffhd picasdedifiethirpfiien resbrextdrraockedib to $106 2| Wheeeifi i r st
enbodi ment describes an exanple in which the air-space 20 is fornmed by a
done- shaped thuddgétivieed aneen istahdiva e stenahearih @travadne elemest; oed dictletde 12 as
illustrated in FIG IB, but structures illustrated in FIG 11A and FIG 11B
may beclangit aydda perfidv@lenidldmiehtl ustrates a cross-section of an FBAR in
accordance with a first variation of the enbodinent, and FIG 11B
illustrates a cross-section of an FBAR in accordance with a second
vari ation of the enbodi nent.

3. The piezoelectric thin film resonator according to claim 2, wherein

the additive element is a divalent element and a tetravalent element, the divalent
element includes at least one of calcium, magnesium, strontium, and zinc, and the tetravalent

element includes at least one of titanium, zirconium, and hafnium.

4. The piezoelectric thin film resonator according to claim 2 or 3,
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As illustrated in FIG 11A, in the MAR of the first variation of the

enbodi nent, an air-space 20a is provided by renpoving a part of the
substrate 10 under the |ower electrode 12 in the resonance portion 18. As
illustrated in FIG 11B, in the FBAR of the second variation of the

enbodi ment, an air-space 20b is located so as to pierce through the
substrate 10 under the |ower electrode 12 in the resonance portion 18.
[0063] I n addition, the piezoelectric thin filmresonator is not limted to
an FBAR, and may be an SMR (Solidly Myunted Resonator). FIG 12 illustrates
a cross-section of the SMR As illustrated in FIG 12, in the SMR instead
of the air-space, an acoustic reflection film42 formed by alternately
stacking a filmw th a high acoustic inpedance and a filmwth a |ow
acoustic i mpbeiadddéversienaent i adivaiprtiehratest yid dleirayajent clegiepha coRFFBITEIRA of t he
acoustic wave) is |ocated under the | ower electrode 12. [0064] Al though the
enbodi the additivf element i thedinst filmis atepishthampecdiebiy Tixewicban less tharenqquali ¢ j s
to be understood that the various change, substitutions, and alterations
coul d toé0rmtreicherlena tofal pbunundgsaf eliumdgnune atemsied thepidditive glemestcig plee BBt t he
invention. CLAIMS What is clainmed is: |I.A piezoelectric thin film

r esonafilor andlonpmitsi pfaluaigiobgomapéthe aluminum gitple fibe defites 180 plopme’phat i s

| ocated on the substrate and includes a first filmmade of an al um num
nitride filmcontaining an additive el ement and second filns | ocated on an
upper surface and a | ower surface of the first filmand made of an al um num
nitride fil . cont dhapiegodlédriathii filnv eesenagoremcordingdo cloine rwheatinon | ower t han
that of the first film and a | ower el ectrode and an upper el ectrode that
are | ocat ed thoadiincwilahent be givazuelaont argd £ pdntavalent elgment] the dpiaknbel ectri ¢
thin filmresonator according to claim1, wherein the additive elenent is a
di val esi¢mealt émduntes andasaotedfimamksnih aet eimendnd the pentdialeat dpmedliededss annd a
pent aval ent el enment. 3. The piezoelectric thin filmresonator according
t o cl ademt 2ne whtemtelium, niobium, ahthearmeddint.i ve el ement is a divalent elenent and a
tetraval ent elenent, the divalent elenment includes at |east one of calcium
magnesi um strontium and zinc, and the tetraval ent el enent includes at

| east one of titanium zirconium and hafnium 4. The piezoelectric
thin filmresonat dhe pizeosleitrigthiofibh sisonaorakcc@ding to any one dfbkiadtid 3,ve
element is a divalent elenent and a tetraval ent el enment, a concentration of
t he adghdreive clement in the first filmis greater than or equal to 3

atom c% and | ess than or equal to 30 atom c% when a total of a nunber of

al um num at ah®seabnd filen Bdgkideiof @n elueri®umh nitridd filen fiotreehtaiingnnaadditae elenteer. of

al um num atons of the alum numnitride filmdefines 100 atom c% 5.
The piezoelectric thin filmresonator according to claim?2, wherein

the additive elenment is a divalent elenment and a pentaval ent clenent, the
di val ent el enent includes at | east one of magnesium and zinc, and the

pent aval ent el ement includes at |east one of tantalum niobium and

vanadi um 6. The piezoelectric thin filmresonator according to any
one of clains 1 to 5, wherein the second filmis made of an al um num
nitride filmnot containing an additive el enent.
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