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| NVENTI ON The presentiinvention relates to acoustic r d nore
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One class of filter elements that has the potential for meeting these needs is constructed
15 from acoustic resonators. These devices use bulk longitudinal acoustic waves in thin film
piezoelectric material. In one simple configuration, a layer of piezoelectric matenal is
sandwiched between two metal electrodes. The sandwich structure is suspended in air by
supporting it around the perimeter. When an electric field is created between the two electrodes
via an impressed voltage, the piezoelectric material converts some of the electrical energy into
-7 mechanical energy in the form of sound waves. The sound waves can propagate longitudinally
in the same direction as the electric field and reflect off the electrode/air interface. In addition,
the sound waves also propagate in a direction transverse to the electric field and reflect off the

various discontinuities at the edges of the electrodes or the structure.

The device is a mechanical resonator which can be electronically coupled. Hence, the

25  device can act as a filter. For a given phase velocity of sound in the material, the mechanical
resonant frequency is that for which the half-wavelength of the sound wave propagating

longitudinally in the device is equal to the total thickness of the device. Since the velocity of

sound is four orders of magnitude smaller than the velocity of light, the resulting resonator can
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‘be quite conpact. Resonators for applications in the Giz range may be
constructed with phy&ical dinmensions |ess than 100 nicrons in dianeter and
a fewmcrons in thickness. Thin filmbul k acoustic resonators (FBARs) and
stacked thin filmbul k wave acoustic resonators (SBARs) include a thin
sputtered pi ezoel ectric filmhaving a thickness on the order of 5 one to
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sound waves travelling parallel to the plane of the electrodes and bouncing off of the walls of the
acoustic cavity or the discontinuity at the edge of the electrode layers. Once in these lateral

20  modes, the mechanical energy is lost as heat. This loss of energy affects the quality of the
FBAR. Reducing the energy loss from lateral mode resonances will improve the quality factor
(Q) of the FBAR and permit the design of sharper frequency response filters, duplexers and

oscillators with lower phase noise.

It is an object of the present invention to provide an improved, high Q bulk acoustic

25  resonator with reduced energy loss from lateral mode resonances.
SUMMARY

In accordance with one embodiment of the present invention, an acoustic resonator
includes a substrate, first and second electrodes, and a piezoelectric material. The substrate has a

depression formed in a top surface thereof. The first electrode, which is disposed over the
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-2 | "depression in the top surface of the substrate, to provide an

el ectrode/air interfate, extends beyond the edges of(the depression by a
first distance to define a first region therebetween. The piezoelectric
material is disposed on the top surface of the substrate and over the first
el ectrode. The second electrode is disposed on the piezoelectric materi al
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the first electrode or structures disposed on the piezoelectric material above the depression and
20  around the second electrode. An example of the former includes a structure located a
predetermined distance from an edge of the first electrode corresponding to an edge of the
L second electrode that is offset from a corresponding edge of the depression. A third region
extends from that edge of the first electrode to the structure. The third region has an impedance
that differs from that of the second region, and the predetermined distance is approximately
25  equal to a quarter-wavelength of a sound wave travélling laterally across the third region. The
structure itself defines a fourth region having an impedance different from that of the third

region, and the width of the fourth region is approximately equal to a quarter-wavelength of a

sound wave travelling laterally across the fourth region.

A example of the latter structure is one disposed on the piezoelectric material above the
30  depression and located a predetermined distance from an edge of the second electrode that is

offset from a corresponding edge of the depression. A third region extends from that edge of the
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sound wave travelling laterally across the fourth region. A exanple of the
| atter structure is ofie disposed on the piezoelectric material above the

30 depression and | ocated a predeternm ned di stance from an edge of the
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laterally across the respective region, and the first and second regions form Bragg reflectors.
Additional structures, such as those described above, can also be added to reflect more sound

20  waves from lateral mode resonances back to the acoustic cavity of the resonator.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention may be better understood, and its numerous object, features, and
advantages made apparent to those skilled in the art by referencing the accompanying drawings,

wherein like reference numerals are used for like parts of the various drawings.
25 Figure 1 is a cross-sectional view of an FBAR resonator.
Figure. 2 1s a cross-sectional view of an SBAR resonator.

Figure 3 is a top view of an FBAR in accordance with one embodiment of the present

invention.



wherein like reference nunerals are used for |like parts of the various
drawi ngs. 25 Figure 10is a cross-sectional view of arf FBAR resonator.
Figure. 2 is a cross-sectional view of an SBAR resonator. Figure 3 is a top
view of an FBAR i n accordance with one enbodi nent of the present

invention. -4 Figure 4 is a cross-sectional view taken generally along the

line 4-4 offikirgU4li€a 3ross-5é@iehfl View Paken GERYSH P EGhE MRaIne\W-£Yf FpkfRsB. general |y
along the line 5-5 of Figure 3. Figure 6 is a top view of an FBAR in
accordance with another enbodi ment of the present invention. 5 Figure 7 is
a cross- sedigwnilis § ceas-segkienalgaeve faken gersﬂr@iﬂgalph&thei live 575 pf BRUE Jyur e 6.
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may also be used. The electrodes 14 and 18 are preferably made of molybdenum; however,
15 embodiments employing other materials may also be constructed. A coordinate system 22 is
oriented such that the z-axis corresponds to longitudinally directed waves of any mode type,
while the x-axis and y-axis refer to transversely directed waves of the compression, shear or

plate-mode type.

- These devices are designed to use bulk compression or shear acoustic waves propagating
20  in a direction parallel to the z-axis in the thin film piezoelectric material as the desired resonator
mode. When an electric field is created betweén the two electrodes via an impressed voltage, the
piezoelectric material converts some of the electrical energy into mechanical energy in the form
of sound waves. The sound waves propagate in the same direction as the electric field shown at

24 and reflect off of the electrode/air interface.

25 At the mechanical resonance, the device appears to be an electronic resonator; hence the
device can act as a notch filter. The mechanical resonant frequency is the frequency for which
the half-wavelength of the sound waves travelling in the device is equal to the total thickness of

the device for a given composite phase velocity of sound in the material. Since the velocity of
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24 and reflect off of the electrode/air interface. 25 At the nechani cal
resonance, the devicelappears to be an electronic resbnator; hence the
device can act as a notch filter. The nechani cal resonant frequency is the
frequency for which the half-wavel ength of the sound waves travelling in
the device is equal to the total thickness of the device for a given
conpo r i of
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reduces the quality factor (Q) of the FBAR.

Figures 3-5 illustrate an embodiment of an FBAR 50 in accordance with one embodiment
20  of the present invention. Figure 3 is a top view of the FBAR, and Figures 4 and 5 are cross-

. sectional views taken generally along lines 4-4 and 5-5, respectively. The FBAR 50 is formed
on a top surface 52 (Figs. 4 and 5) of a substrate 54 and is situated above a depression 56 in the
substrate 54 to provide an electrode/air interface for the bottom of the FBAR. The FBAR 50
includes a top electrode layer 58, a layer of piezoelectric material 60 and a bottom electrode

25  layer 62. In Figure 3, the bottom electrode layer 62 and the depression 56 are indicated by
dashed lines, as both are located underneath the layer of piezoelectric material 60. The top
electrode layer 58 includes a portion 64 that extends over the depression 56 in the top surface 52
of the substrate 54. An overlap of the portion 64 of the top electrode layer 58, the piezoelectric
material 60 and the bottom electrode layer 62 defines the acoustic cavity of the FBAR.



includes a top electrode layer 58, a |ayer of piezoelectric material 60 and
a bottom el ectrode 25 | ayer 62. In Figure 3, the bott'omel ectrode | ayer 62
and the depression 56 are indicated by dashed |ines, as both are | ocated
underneath the | ayer of piezoelectric material 60. The top electrode |ayer
58 includes a portion 64 that extends over the depression 56 in the top
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depression 56 and a second reg(l)on 72 that extends from edges 70a, 70b and

EOC o#8brand 689 of disrRoseA ghthe E@F?t&dﬁd?ilfﬁf RS te aerEesPonding 985S Jha Phands t he
Ot t Of &) rfed &%ggssioﬂy%&gﬁ%' seétadgggir no thit eH&tnPﬂi%Hl ddges TG ?g‘lﬁ a.ré'%?(ﬂg%tﬁh% the

first region i ncl'udes th pi ezoel ectric -mat er
pldx t | deprasbioh 156 tb ovtrempordieg tdgrd 26,27 2bhat] 72s olf dediatidnnelectrddedayde p2edsibest 56,

The second . region 72 includes the [ayer of piezoelectric material 60, the
bot t ofiPEFated \_"38&“‘6%5‘ a_aﬁig, élﬁglrstg%gle 66 fnshugps ﬂ%sla&er_r%fm@els?mf At ip ent
mat erdxﬁ! aspdﬂ%r%‘f the %Bﬁbrﬁ%lécﬂ%dé b3 at BNHcIELONE the€@pPE_ion k8. trine sf:ddhﬁ_t region

has an i npedance that differs fromthat of the second region. The i npedance
of  tregiohi72snclndgyitbnlagtsef edokkerwicimatamalltd) thefbotthm electiode 62, amthe y of t he

FBAR, as the,.first reqgi s .not include the.to ctrode 58. .The first
oo OREEA A Fren s e SR Eent BRtprialuicR somfras Pe Gt §fGndRsSHs om o
gdge thé8est répdh Rds H8mpefiarch ehdt At a6iy AL ABe s ohd LeghidH. BRI HAGe BHTC
70a, 70b or 70c of the 20 depression 56. Siml arIPy t he second region 72

has dhGfiEt Feeen elpe diffasirem thatiod thg acopstis vty af the FibRvisdhe HFst &gien 9ass, 70b
or 7%t9fcl&d%‘%h9%re?§cﬁjoﬁ@5§.6 and the correspondi ng edge 74a, 74b or

The first region 66 has a width or distance d, that is equal to the distance from an edge

68a, 68b or 68c of the top electrode 58 to the corresponding edge 70a, 70b or 70c of the

20  depression 56. Similarly, the second region 72 has a width or distance d, which is the distance
between an edge 70a, 70b or 70c of the depression 56 and the corresponding edge 74a, 74b or
74c of the bottom electrode 62. Each distance d; and d, 1s approximately equal to a quarter-
wavelength of a sound wave travelling laterally across the respective region. In the preferred
embodiment of the invention the distance d, is greater than the distance d,, and the distance d; 1s

25  approximately 2 microns. Because of the mismatch of impedances between the acoustic cavity
of the FBAR and the first region and between the first and second regions, a percentage of the
sound waves from lateral mode resonances are reflected back to the acoustic cavity of the FBAR
50. Thus, the arrangement of the first and second regions 66 and 72 enables the FBAR 50 to

suppress lateral mode resonances.



74c of the bottom el ectrode 62. Each distance dl and d2 is approxi mately
equal to a quarter- wavel ength of a sound wave travel i ng laterally across
the respective region. In the preferred enbodinment of the invention the

di stance dl is greater than the distance d2, and the distance d2 is 25
approximately 2 m crons. Because of the m'smatch of irrpedances bet ween t he
acoustic c nd.t efl en th irst and
second regﬁ‘élﬁégnm&fer }e%c{:gﬁﬁs{% er lélgfl"fﬁ 8%2” F %grglﬁpgf \éaeépx’tlfba efh

r eSONHBASS 5@ I the fe@@f@ﬁerﬁl&ﬁiﬁnéﬂ otflﬂes ineaitivhl thesauétupe T inthaedBiRralipPof Thus,
the arrangenent _of the first and second regions 66 and 72 enabl es the FBAR

50 t oScesummby Bids 7 uanst Hc andaurrpunds sl hubene sige %@CE&AM%HOWQV‘FT@@M &h system
furth E th
by of oF1AM?g SR ok Bt WHFhablEeidtD i) SRABGER! PRI EIN e E Bl I 1 1€

plar ahddifiom)fthe segmerBinged 86t be/ddanéeviel (6@me aﬁdthsu rE@urségmaﬁtI%b utebaand 76t e of
the FBAR 50. However, one of _ordi ng%g inthe art will appreciate

t hat ?ﬁ%ﬁtﬁoﬂh%&%ewnﬁm edge 4 dy ?4“5%fg}h§ﬁf% eleciyods Byjeidistapee dy he |
T This, ARG Lo ORAREH Rt L RANBABEE o, FAGHna B Hn (R gk %R0 S

el ect 741ﬁmdolﬂca)faﬂn6tb(atmeeld&rode'ﬁnd$he sruchire @6.r é'ge third3@gioa\801gs an whekdan&gual
toth n f ormed, bet ween dges 74a, _74b_and 74c of the
bot t oﬁlﬁbﬁll 3%{ %%dlasaﬁh?éegqr&dﬁelap 82765*1814% ‘teﬁ?er’éll wg%we godude theabseRssdance
UL ok thE B6orh eRBbIayf 62 RGNS AHATELiBF B0 TS thelihird bk 86 FRfiel Bty

i npedance i s due to t Z sence % bott’om el'ectT ode | ayer 2% n the
% hi r dthe égyieonf Bi©zoclduirsg m’atuaat 60 ardl thegmhstra&(ﬁm ricdeutigsncent; pf tHehtbird eageom 0
|ezoel ectri,c i al he substrate 54. The dj stan e d3 of

t hi r dSPEFIEHS %%?tgt ?e"ﬂpeaxgaatgfmuﬁlﬁae quarteswayslength gha squp &fdaﬂramhag
quartl@fcréﬂ@’&'r&@%élhﬂﬁ r@g:ﬁﬂﬂ@fi;o"tﬁé{@eﬂéc%ﬁi &ff'&gthe' %@:{ &t thy tlﬁ&fr‘éé%ntwhﬁ third
regi on 80, hat reflections off of teegeso the third Fegion wll
constmmmé’legb'mm@ref ere. 15 The structure 76 is preferably made of the
sane material as the top and bottom el ectrodes 58 and 62 respectively,

d b | [ 0. at.dd me
Die 20 ¢ nEig RAELEE 96 MprbRETiERhe 8 oB FRORGHI o ol M Dot Berd o
regi of8 3ad Ez,wquctw&g anddindy bidepositeddasht lyessfpiezdeleetritimatetisl 0 #zteel ectric

| ayer 60 and t e strate 54, The fourth region 82 _has an i dance that
di f f REEHBHRAS %fd%ﬂ‘i’@éf*ofThFﬁE“‘Eweﬂé has gi vgHthsd. &%’@f&@ﬁngﬁ%@ngf t he

four tle LEGHQN 1&&1{1& ufeeétﬁ%ﬁ@ 76 Y piebReclic la§ePRPLRrth BB N eSAY AhelfOurdh
quarter-wavel engt h of
region 82 has an anedance that differs from the impedance of the third region 80. The width d4

20  of the fourth région 82 is selected such that it is approximately equal to a quarter-wavelength of a

sound wave travelling laterally across the fourth region 82, so that reflections off of the edges of

the fourth region 82 will constructively interfere.

Thus, in the perimeter reflection system of the present invention the distances d,, d, ds
and d4 of the respective first region 66, second region 72, third region 80 and fourth region 82,

25  are carefully selected such that for lateral mode resonances of the FBAR 50, sound waves
reflecting off of the edges of each region constructively interfere to maximize the reflection
coefficient of the FBAR 50. As aresult, the regions act as Bragg reflectors, and energy from
lateral mode resonances, which would have been lost, is reflected back to the acoustic cavity of
the FBAR 50. Once reflected back to the acoustic cavity, this energy may be converted to the

30  desired primary oscillatory mode of the FBAR, which is in a longitudinal direction perpendicular
to the plane of the electrodes. |



'sound wave travelling laterally across the fourth region 82, so that
reflections off of tHe edges of the fourth region 82 will constructively
interfere. Thus, in the perinmeter reflection systemof the present
invention the distances dl, d2, d3 and d4 of the respective first region
66, second region 72, third region 80 and fourth region 82, 25 are

careful 'y agthecdter isnut hilishatedi® thel @hwingb, o Q€ of EEARIRTER thE art Rell FBAR 50,
sound waves reflecting off of the edges of each regi on constructively

i nt er fRprecitg thas pdditigpalisiuctness [sepilarde strechere 7O gnanbe #lded pbintmpgs apunds” g

I E ef . I d
F csonsrshle 7eROLRARSE i it Bt bt ROR Serf OIS ol IR 19BN T
cavi t yackfto thdwobBRRablly oONeFBAR| The adrdBedgstroflédicr regions thete &ravn the, thi s

energy may be converted to the 30 desired primary oscillatory node of the
FEAR, Perneter reflestipnsypteng the rdossathepiepmeter seflastipn syrdera (il be t¢ a perect pliEAE of

the e e naesH of hALLASNADL ] e SollBlic bhiikPYfAl PRARD the drawi ngs, one of

ordinary s W appreci at addi'ti onal structures
simlar to structure 76 may be added at intervals around structure 76 to
i ncrease tTike BBARES( @ik tlof peeineaterytefl ¢cdion sgdtanahaymdeonsesaed s éslldwsadn tle

br ough back to the acoustic cavity of the FBAR The myr agg reflector
r egi oTHosira{erwhigh gan he,tweewif‘p Prerentippl)s EPPPBY?% ep MN&MF er the

peri i e 1 : f ] : ects al
P\ MEhtfadtitcRir RhodYet. P urbosBE of SmpliB, hEfevel Heiscul it wilPhe 01 ® 2 |

plér i nihaed toetht ecnifaotusy of smgheyFBAR .c The depredsinh, S¢ais firstietahag intothe top
substrat e, i.ch can be,, far ex | e, convent.ional silicon wafer, Qn
(b oroeias? B e sHEare i e SRR AR SRR o S b ca S pb Stnfise B 1 .
homv@fpre%ﬁ?pl%sﬁﬁ&%ﬁé £8mthé Fh&%h&osiiibd;%ﬁaisﬁptos@t)t@ﬁicmnfb%%w mpf a single

FBAR. The depression 56 is Tirst etch he top C surface 52 of the
subst ubsesusHt steye somadiffusing ity ¢he substrate SdaSudxi ddfuswngroud convertibe sidipon

f 2 . hoy . fro hgr -.si l,i ca-dl SG ,
o crognite sbpRERE RbaRIEER AR RO, BRI APy FRBoFRI0 bel o

54. Suedaviddé.f f usi on woul d convert the silicon formng substrate into a
conductor, which would interfere with the electrical operation of the 15

final device. sacrifjcial PSG | ayer (not shown) is then posited on the
top surfa Sﬁ@%ﬁﬁ;’gd E‘W at 5‘#"&"‘35 t&_ﬁ‘bﬁi%ﬂs 2 {}‘ei%@}"?%g%%@t i 1icane and
P2C5 (t@pkafuie 8f rbxinfitedy 350K 8siiB Btk and P,0s to form a soft, glass-like material

which 1s approximately 8% phosphorous. The PSG layer is then polished using a slurry to

remove the portions of the PSG outside of the depression 56 and to leave a “mirror-like” finish

20  on top of the PSG portion in the depression 56. The substrate is then cleaned..

( After cleaning an electrode layer is deposited and selectively etched to form the bottom
electrode 62 of the FBAR 50. Various materials, such as molybdenum, aluminum, tungsten,
gold, platinum and titanium, may be used for electrodes. Molybdenum has a low thermoelastic

loss, making it advantageous for use in resonators.

25 After the bottom electrode 62 has been deposited, the layer of piezoelectric material 60 is
deposited. In one embodiment the piezoelectric layer is a sputter-deposited layer of AIN having
a thickness in the range of approximately 0.1 micron and 10 microns. The top electrode layer 58
and the structure 76, which are formed of the same material as the bottom electrode 62, are then

deposited on the layer of piezoelectric material 60 and selectively etched.

9.



whi ch is approxi mateI}/ 8% phosphorous. The PSG | ayer is then polished using
a slurry to remove the portions of the PSG outside df the depressi on 56
and to leave a "mnor-like" finish 20 on top of the PSG portion in the
depression 56. The substrate is then cleaned. After cleaning an el ectrode

| ayer is deposited and selectively etched to formthe bottom electrode 62

of the FBARIEx).the/bstiom!sidedY fel sabstratshah bashinfdysilgramppial plesinaetch, Wwagst en,
gol d, EI atinumand titanium_ nay be used for el ectrodes. Ml ybdenum has a

| ow t [§BerHisal rasqhaalcal prishingd MRy nrﬂceéﬂtparﬁwgémrfaéfrous@e|Uﬁd¢rél§9ﬁéth§r s. 25

After ly%?ra hep ?Jl ﬁl&ﬁ%a] 20 b Qédutt:ﬁl% & thodY:ShetR influence in
r RO o R RO any o MUEeR

pl ezoe ect one

pi ez Oa|ré’sﬁ1ﬂtirlgcﬁl|‘.e’ﬁy€fhe s&rﬁicsam’lstellay&emashetredl b)aylelayef mA¥ Ne hanoved frain thei ckness
in_the range of approxi nmatel m cron and 10 m crons, The tOF el ectrode

| ayer de@essipPe ﬁeangttmrc%ftﬁréhe?@tt%ﬂeﬁr%e@fw been daposited. Jarke prsfesiedal as
the b%ﬁﬁ%Bg.gﬁgﬁgfs efifion %@g?@qggrQEtgﬁl%%ﬁgox?& 1%2& %@Ye?ﬁm%ﬁ gh% el ectric

materi a ectivély ottom si t he
subst satiseratedhas beeri thirmed d Viias (ngt sholvap prerfgrmeal imshaswistrhte to expdse thecB8G

mechani cal palishing ( cess to renove eri fromth rside of
the é%!ﬁétafl flrs P%éarys t.)l?ﬁ ioxylet! %rﬁﬁﬂregwagﬁr 25 mcsfma:?aluwmgﬁg an
el ect Flhggggﬁ{ isn us@raﬁe%slﬂl 1?95§ ilter. The sacrificial PSG |ayer

and t ma OXI e renove romthe 5 depression 56 at any tine
after the bottom el ectrode 62 has been deposited. In the preferred
ebbodi ment Fig‘ur&srﬁearidn’)(/éhlsﬁrnm an¢ther @G dimgatrofanFBAR S ﬁ’amtlm peemetgy mileciien

renoved after t rate h S been t own) ar.e fornmed
£ o i it fosbilfipes W Ui Esell B, JHAR S pafiostupetin 2hiectioh nr o
oxi detHapitRIudes £ fire ARY S6tohRY nffiGRientent FefRc@id. Ut fifdOmialti-cleRleht feflBetorhi
resulting FBAR is illustrated in Figures 3-5. 10 Figures 6 and 7 illustrate

anot helements $4p.ni4btand 84 randphgsawond wulti-elemeat Iﬁrﬂ@t:@r has¢lements §ha, 8@@ min
accor ganc h th ent 4 nven ction
e L L e L R e e

fi5 st simplicity.el errent reflector has elenments 84a, 84b and 84c, and the
second mJIti-eI enent refl ector has el enents 86a, 86b and 86c¢c. Additional

Té;ts Io;lgl gf gs {h:lﬁey]%%egl{slfgl}{'e %lsgrglgtgre P6u itn ﬁé&reg 8t5 lehllc SItS rngit l%gatgéj '
above the depression 56 formed in the substrate 54, the first and second multi-element reflectors
are located above the depression 56 to provide a more effective structure. Reflector elements
84a, 84b, 84c, 86a, 86b and 86¢ are higher acoustic impedance elements. Each of reflector

20  elements 84a, 84b and 84c is located a distance d,' away from a corresponding edge of top
electrode 58 and has a width d,’. Similarly, each of reflector elements 86a, 86b and 86c is
located a distance d;' away from respective reflector elements 84a, 84b and 84c and has a width
ds'. Reflector elements 86a, 86b and 86¢ are located a distance ds' from the respective edges 70a,
70b and 70c of the depression 56 formed in the substrate 54, and edges 70a, 70b and 70c of the

25  depression 56 are located a distance d¢' from respective edges 74a, 74b and 74c of the bottom

- electrode 62. The distances d;', d3', ds' and d¢' and widths d,' and d,' are precisely chosen such

that each is approximately equal to a quarter-wavelength of a sound wave travelling laterally

across the particular region, in order to reflect lateral modes back to the FBAR 50' in phase.

Additional multi-element reflectors or structures similar structure 76 of Figures 3-5 may

30  be provided outside of the depression 56 around the first and second multi-element reflectors.

-10-



‘As best illustrated in Figure 7, unlike structure 76 in Figures 3-5, which
is not located abové€ the depression 56 forned in thé substrate 54, the
first and second nulti-elenent reflectors are |ocated above the depression
56 to provide a nore effective structure. Reflector elenents 84a, 84b,

84c, 86a, 86b and 86c are higher acoustic inpedance el enments. Each of

ref | e¢hOFBAR S WTBIThSItSdemeR40n&Nsts #hS bendRGAL S hrRerdifi BN A& des@iRY fTom
a correspondi ng edge of top electrodé 58 and has a width d2'. Simlarly,
each dfoveatfithacspact &l thaEBAR 8Gaf Figétesdntl 86¢c is |ocated a di stance d3' away
fromrespective reflector elenents 84a, 84b and 84c and has a wdth d4'.

Ref | | . 6 6b_and .86 | .ed i 5' h
respect | ve B dBREDHAPver g PRt BRepn pre g e kAT Befiga e
subst giet @y B6m 1aterhl Bebde SesbAanced OPh@pétini&ler Rfleéthd sibteALAMBEFBAR &fd ar e

| ocated a di stance d6' fromrespective edges 74a, 74b and 74c of the bottom
el%ect fupanding struetursi formsia eeriag|of Bragp reflagorsdhat redirecheneray fomdatgrml moda d4'

are precisely chosgn such that chni S approximtely equal to a

ciar DeSRisbafi i B stuls st a0BE PRl FRRf S Helichay i b8 b ey jpshe

par t i gédirad 10ngfi@Ral héd 'O present Rive@idn pravideddn MMA6eedEBARWItH MBighBAR 50°
in phase. Additional nulti-elenent reflectors or structures simlar

st r ucthatrwillagreit the designsofzharpenrequmey eespersgiftliers, duplexers apd oscHiaters Bitlis si on
56 arl%w%fl ﬁa@?nglsESt and second multi-element reflectors. -10 The FBAR 50
with mulrtP=eF8ReRt reflectors may be made in a manner simlar to that
descri bed above with respect to the FBAR 50 of Figures 3-5. As described
alfove, t heWile paniculanembbddiarenpy afthapesentimventoh kBRReet biadwn asiddscribed| #Ss

fenergy _from lateral node resonances. Th rimeter, reflection system of the
FBAR %hbartyinysdp Mashgt erdingey e ip Gt habehangss %ﬁ@éﬁ@@@% My o6 madenat

redi rggios Be;sagmg grﬁﬁ]thf%tiﬂéﬁtiomﬁs bfoBaENRARGRS ﬁﬂ%&mhgneet, Benafoipttthe cavity

of the FBAR at energy may be convVerted to t desired

| ongi dcodsticaavity dEthe HBARs go@mt has mwectangutarshapd, thesacansticrmarv vy edy Fik&Rnvanyh a

hi gh that will, permt the design of. sharper frequency response filters,

up! SRbyeonarebe clra e, sy g Gefcipt BE bR Rspuls Ve e B el a

arsbodioiRidhgl diapé (g, PaRSieREulanyeidtilaéral) &y 6rdee R redlicihe absdrstascinohates i t

wi |l be obvious to those of ordinary_skill in the art that changes and

nodi faused; byribe jatgrabmodesd Thegerimstar refisstpr SYErR o Hetmiessnt MYyEHIANIRaY B i t s

br oadgt: . e a i b L3y, FBARs

shonrt HE0oE 1t ol RIS W RinErccfilllal OHAR GVE, TTRHS thCarpRit e sl
encompass within their scope all such changes and modifications as fall within the true spirit and

scope of this invention.

-11-



‘pol ygonal shape. In particular, it may be beneficial for the acoustic
cavity to have an irrfegul ar 15 pol ygonal shape (e.g.,( and irregul ar
guadrilateral) in order to reduce the absorption anonmalies caused by the

| ateral nodes. The perineter reflection systemof the present invention may
be designed for an FBAR with a non-rectangul ar acoustic cavity. Thus, the

appeangagﬁgh&ﬁe@?e to enconpass within their scope all such changes and

wWithin the true spirit and scope of this invention.
-11 What is clained is: 1. An acoustic resonator conprising: a substrate
havi ng a dépr esg#inmgohgicmesbnator aorhppsisgir f ace t hereof, a first el ectrode
di sposed on the top surface of the substrate and over the 5 depression, the

first electrode e i.n nd a plurality of edges of the depression by
a first distanc8S ?@?Ggef}iag@gay pfesgf“og 1?%?%8&?%%@3%?@ > pi ezoel ectric
mat eri al di sposed on the top surface of the substrate and over the first

el ectrode; and afis@eRR0ES @@]Iﬁds@diﬁn %&ag%&cﬂa&rbftt}ﬁhesd%@ae%&swrltﬁe nateri al
and including a portion ocat ed above the depression, the portion

| otat ed abéeBessina, a@ﬁ’netﬁ‘tqmdh sxtendjngbeycad stplanabty efdgges «hﬁatbe fdepregsiondty f r om

a correspon d 0 reSS| by a second distance to define a
second regl g‘ﬁsqt%hearngge é\e/efé]r?a re%‘é)g %@%ﬁf% havi ng an i npedance t hat

differs froman inpedance of the first region, wherein an overlap of the

first el ectrodeapicheelpitez anteeial disposedbf thedop atdadesf the Subttate hhd 6Vaaheé ode
forms an acoustic cavity of the resonator. 2. The acoustic resonator of
claim1l, wHEt elerfredse andi the first and second regions has a width that is
approximately equal to a quarter-wavel ength of a sound wave travelling

(aterally acros .Gk cl ai m
2, Wwher e?/n t he %séc'&ﬁd g%ﬁét?ﬁg#l%/@gfda%g{g 1&|oe1'£Pt%§§ﬁ£} i aﬁ%@ﬁdga%\?g?ﬁggf t he

scond r eglooated 4bovElthe dqmmtmcmeqﬂmnmlocatcﬁ abmivaitim dgpréss'rdnhravingcantcastmag a
structure djs he |ezoe ctr erial e struct ure being
ocated o BlEBARE & He oM & Perrsaodit sk oL Mpleprespiqn B secoid ditince't

define a second region therebetween, the second region having an impedance that differs

from an impedance of the first region,

wherein an overlap of the first electrode, the piezoelectric material and the second

15 electrode forms an acoustic cavity of the resonator.

2. The acoustic resonator of claim 1, wherein each of the first and second regions
has a width that is approximately equal to a quarter-wavelength of a sound wave travelling

laterally across the respective region.

3. The acoustic resonator of claim 2, wherein the width of the first region is less than

20  the width of the second region.

4. The acoustic resonator of claim 1, further comprising a structure disposed on the
piezoelectric material, the structure being located a predetermined distance from an edge of the
first electrode corresponding to the at least one edge of the second electrode that is offset from
the corresponding edge of the depression, wherein a third region extends from that edge of the

25  first electrode to the structure, the third region having an impedance that differs from the
impedance of the first region, the predetermined distance being approximately equal to a quarter-

wavelength of a sound wave travelling laterally across the third region.

-12-



first electrode corresponding to the at |east one edge of the second

el ectrode that is offiset from the corresponding edge{ of the depression,
wherein a third region extends fromthat edge of the 25 first electrode to
the structure, the third region having an i npedance that differs fromthe
i npedance of the first region, the predeterm ned di stance being

approxinmately e I rier I h .o d. l'1ing

| ateral ly ?Cr osgﬂ}%haézg\?%l:%rrg%?%%}?g%q\gﬂg’ ‘gﬂ&%ﬁea ffeolgg{ﬁ%fgn }s\é@%‘lﬁgﬁ %’?Mlgf claim
4, whet@ttare tHeQuiit régde RavinSartidtped it ciatidiffers Slobiitik hpeddnbe of M tiifl r egi on
havi ng an i npedance that differs fromthe inpedance of the third_ region,

t he fdegion thefiugh ragion haviag iviam pppxarateit gl tequalarteywavelength of a sound
quart ey - V, avelling laterally across the fourth
regi Oﬁ{av@@%_@é@ﬁ%ﬂ&%ﬂ fr?&?@gcg%a orf%gggﬁ claim4, wherein the structure
includes a plurality of segnments, each segnent being spaced apart froma
cofrespondiong edie aobustiaeedonatet oftlaiat 4,0dkerbiy thd stencpure detiwteniaphdalityof ance.

7. The acoustic resonatqr of claim6, wherein the plurality of se nts are
conneSEEBERS, eacitipepicRbbeing mRaceq pRALt e ae%@f@ﬁmnﬁglgaé%@aﬁ the %F&ﬁl%qtﬁoﬁggﬁf

edges tﬁp&ﬁ'&eﬁﬂiﬁé&d@ﬂaﬁf&mde- 0 8. The acoustic resonator of claiml,
further conprising at [east one structure disposed on the piezoelectric
mat eri al above the depression, the at |east one structure being located a
predet er m Aed diTheanoustit resonatheoftlaie@svheareie thalplorabity ohsegewotsrage el ect r ode

that is of t fr the corresponding ed of the depression, wherei.n a
i r o Pttt et len 15 bR B rS e Rluedite ofFbieS PE 18 s HilrSal
structure, the predeternined distance being approxinately equal to a 15
Quart er - wagel enghb agfustic s@uRstoVeN@aitT BVRtthér@nipaisBizal lassesieat@ctue t hird
region, and wherein a fourth region is define E% the structure, the

f our t Hispaggden thenicreeleginic mataiahakove ke depressionsthe ableastiane ST of t he

third [ . . i [ ' ' a
quar ¢ S04 HredcAl S 0ab 80k BEKADE: Sr bk R RO LALLM SR B ",
r egi offcordthe Thigespondial iedge eSths depressidn, dhatdin 8 thivdweginrextends Sfomtbhtdgs ofir e
di sposed in parallel on the piezoelectric material above the depression,

t he sHEGHEPEFHOGR & BheisHYC e Ateicde TBUBHU BRI RE FRPRHMRY SHEEfY om

the fighfterSiddRhPhef ol Bnd FaPOdaRiBHERLR AT RiLI iR ARG A6hNGd vAIRRGIRY! mat el y
equal 'to a quarter-wavel ength of a sound wave travelling laterally across a

fi f t hfourdgeginn bedafned bytke stiycture sthel faeibongios havieg an émpedande thabdidfers fomi xt h

regl o, irs‘hpgggnlcg %flth%%}uir(? ?egion, the fourth region having a width approximately equal to a

quarter-wavelength of a sound wave travelling laterally across the fourth region.

9. The acoustic resonator of claim 8, wherein two structures are disposed in parallel
( "9  on the piezoelectric material above the depression, the second structure being located a second
predetermined distance from the first structure, the second predetermined distance being
approximately equal to a quarter-wavelength of a sound wave travelling laterally across a fifth
region between the first and second structures, and wherein a sixth region is defined by the
second structure, the sixth region having a width approximately equal to a quarter-wavelength of

25  asound wave travelling laterally across the sixth region.
10. An acoustic resonator comprising:

a substrate having a depression formed in a top surface thereof, the depression

having a plurality of edges;
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second structure, the sixth region having a wi dth approximately equal to a
quarter-wavel engt h of( 25 a sound wave travel l'ing laterally across the sixth
rregion. 10. An acoustic resonator conprising: a substrate having a
depression formed in a top surface thereof, the depression having a
plurality of edges; -13 a first el ectrode disposed on the top surface of
he Substrate aady@/ddle adfiRentholy dfifod ol slsfal Bl AN N0 2
plurality of edges and extendl ng beyon e epression by a
first distdegesdian, alm‘ﬁnsEelactfodeSiavmggJmﬁrahharfeldgémrnxt@dmgelmehcbmbretlges

mat eri al forﬂgd on the top. surface of {he Fubstrat and the first 5

el ect r ode; hH dgpeestion fy aifi gett%a@ed?éﬁégfeﬂ IEShragHa therebe¥eali ri ¢ materi al ,
the second el ectrode including a portion |ocated above the depression, a
plurality of edggx?ez%lehli‘l% rRAEr ] WmddRiAh b ARRRE. b1 dRRIERSIAT ORI

of fset fromcorr ondi ng edges of the depression by a second distance to
define a seboﬂdmwegdon t her ebet ween, the second region haV|ng a 10 second
i npedance that differs froma first inpedance of the first region, wherein

| f the f d | ect |
Second  of ect rofdi B s RIS HE0UEH on it Pegrear it maiBab R rond A TRAE e n
the first aRthdaSEPPsttiohseHaRaSabbos me%e?ﬂ:gma@fal f6af ysoftéag&s s@hé ﬁsﬁloﬁound

waves back to the acoustic cavity of resonat or e acoustic
r esonat or bfca@dabmeme depressedmbeang pifet fomecdrrespendangiedgss @ﬁdlediestea&x@eby is

appr oxi mat to & arter vel r.avel |ng
LN o §sostf diar® i Sa R4 GhonENEioi BB teth, M Rt G Y e o

cl@i m 10, wheneimpdédacsdaodidiett fidraadhsti Sgdizﬁl%éﬁftﬂehﬁ@tx*e n, first di stance.
QO 13. The acoustic resonator of claiml wherein the rst distance is

apprOX|nater 2 mcrons. 14. The_acqustic resonator of cIa|n110 further
conprising a st Mieiedt & eveslap o thedirst dlectrade ohe pieaeslpstrc mateial and thesgeond

structure peiinfie BHfl SHadbuliEafAG IHGEsdHatth RS RN AREGR &jcoﬂche

regions form Bragg reflectors that reflect sound waves back to the acoustic cavity of the

resonator.

15 11. The acoustic resonator of claim 10, wherein each of the first and second distances
is approximately equal to a quarter-wavelength of a sound wave travelling laterally across the

respective region.

12. The acoustic resonator of claim 10, wherein the second distance is greater than the

first distance.

20 13. The acoustic resonator of claim 10, wherein the first distance is approximately 2
microns.
14. The acoustic resonator of claim 10, further comprising a structure disposed on the

piezoelectric material, the structure being located a predetermined distance from an edge of the
first electrode, wherein a third region extends from that edge of the first electrode to the

25  structure, and a fourth region is defined by the structure, the third region having a third
impedance that differs from both the first impedance and a fourth impedance of the fourth

region.
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first electrode, wherein a third region extends fron1that edge of the first
electrode to the 25 structure, and a fourth region i § defined by the
structure, the third region having a third inpedance that differs from
both the first inpedance and a fourth inpedance of the fourth region. -14
15. The acoustic resonator of claim 14, wherein the structure includes a

plurality ofs. Sepid RB8stictasthakBok bl‘ﬁﬁn g WEerkiAGRE &ﬂlcft\fr@ RAudR AR Y NI

edge of the first electrode by the first distance. The acoustI'c

r esonaeetronsf each aeqhonzbemgmmcmfremmom‘espmﬂxqgr@igetoéﬂru frreblelchtmdalbgehdsf Bhd a

mndth(Pf the fourth region is approximately equal to a quarter-wavel ength

of a sOUH¥ wave travelling laterally across the respective region. 17. A

nmet hod of maki ng an acoustic resonator, the nethod conprising: providing a

substrate havi ngri@ ademtRgedonatot of RN 14, vahetré;a eath 626 phdiefepfinedMktancef I I St
el ectrode dlsposed on the top surface, the first eIecProde bei ng | ocat ed

abdve A @ vadieqfithe fusih ragian ésaperryimgtebesayatito Pladerpayglength ofl g esunsfwavee

depre tan to deflne a first region therebetween,;
depos?%k&“ngxngalgeI%Sqmgr&;&ﬁgng on the top surface of the substrate and

over the first electrode; and depositing a second el ectrode on the

pi ezoel ect rli7c M arettRld, of ek irgeavadusticresdnache, thd mdti deshpHing: portion
| ocat ed above the depression, the portion | ocated above the depression
having at | east one_edge that js.offset froma correspondi ng edge of the

depr essi on by aP&Rding acﬁugﬁt‘%‘lf‘clé"“’t“%g yesnresion fewnerhin 3 tep |SB“rfa‘ieHB?r§B%4ﬂf3é’en
wherein an ﬁ?éf%'iécﬂ’gdé)fhs{)&%df ohtd to sﬁﬁgéeoq% ﬁrEMeoQ#o%é %gﬂngqufa't&i RLe and

t he second electrode forns an actousti ¢ cavity o esonat or . 18 The
tredhod of dblaiesaidﬂand/mmﬁng dyend alphualutg@femgdsamm depresion yedfinsCdisthdict

differs froaéﬁ é@p L mpe ce of the second region, each of the first
el heraD

and second'dy A6 mat el y equal to a quarter- wavel engt h of
a sound wave travelling laterally across the respective region to naximnm ze

a reflection cogtpdsitirid pibficldcticmaleriaDsiESe P IETa08 oPite sQbstRMIBT Ker e
acoustic cavit
first e ectrode; and
depositing a second electrode on the piezoelectric material, the second electrode
15 including a portion located above the depression, the pdrtion located above the

depression having at least one edge that is offset from a corresponding edge of the

depression by a second distance to define a second region therebetween,

wherein an overlap of the first electrode, the piezoelectric material and the second

( electrode forms an acoustic cavity of the resonator.

20 '18. The method of claim 17, wherein the first region has a first impedance that differs
from a second impedance of the second region, each of thé first and second distances being
approximately equal to a quarter-wavelength of a sound wave travelling laterally across the
respective region to maximize a reflection coefficient for lateral modes bouncing off of edges of

the acoustic cavity.

25 19. The method of claim 18, further comprising forming a structure on the
piezoelectric material, the structure being located a predetermined distance from at least one

edge of the first electrode, wherein a third region extends from the at least one edge of the first
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25 19. The nethod of claim 18, further conprising formng a structure on
the piezoelectric nmdterial, the structure being | ocdted a predeternined

di stance fromat |east one edge of the first electrode, wherein a third
region extends fromthe at |east one edge of the first -15 electrode to the
structure, the predeterm ned di stance being approximately equal to a

quart el 3 i A r third
ogi om e B DB B R e e R b R e B B3 s
wi dt h vaypleogthmdrebyndegaed travellmgiladtdllyaicrass theahire regiovg\aad emgidin 8 fouaths ound
wave travell| terally across the fourth region, the third regi on having
5t PSR Iolseeh it et s PP A Tael (oLt eEs SIRIE f our
! ”pedf'*i\?h%@leﬁ%thto'?fi shatl Whve rRRNRLE 1ardfail Ii@fbsgﬁ{e%ﬁnﬂie o0 thifd rd b RfVin
conprisin orm ng at | east one strugture on the i ezoel ectric maters al
abdv e atthied teprdescs tbat, difftrs fem bethghe Hrseimspadantannd dofeurtly impetshedlofthe fourth
predeterm ned di stance fromthe at | east one edge of the second el ectrode
that f®'Ytfset fromthe 10 correspondi ng edge of the depression, wherein a
third region extends fromthat edge of the second electrode to the
structure, 2bhe ghedRifdd Medmdi 7 fiatiee chapAdng RN MAtRt ¥nedHR urt Bn fhe
quarter-wavel ength of a sound wave travelling |laterally across the third
regi oRiezeglectuparatanal abovedhe depressignotheiat ledstfonaetiugtyretieingslocated ar e, t he

of o BsERRRRcRRA: fotl 86 o BRRTRK CIR G be SRl plsirods Ml affbed g tae™o' "
10 corresponding edge of the depression, wherein a third region extends from that edge of the
( second electrode to the structure, the predetermined distance being approximately equal to a
| quarter-wavelength of a sound wave travelling laterally across the third region, and wherein a
fourth region is defined by the structure, the fourth region having a width approximately equal to

a quarter-wavelength of a sound wave travelling laterally across the fourth region.
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