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ULTRA- H GH FREQUENCY MEM RESONATOR BACKGROUND 5 Field of the Invention

[ 0001] Thwopsmssam: i nvention generally relates to m cro-elpettusorenblani cal
(MEM structures, and in particular, to MEMresonators. Description of the

Rel ated Art 10 ¢#GP _mm_ i i i partitioning
of the elect rodimagngit{i rqugﬁ%ﬂgpec rﬁ%ﬁl@?ﬁﬁ%@ﬁ% f@ﬁscei ver

devices therefore i ectivity, i.e.,
capabl e of selecti ngﬁﬁh@s\;@?ﬁﬁ%@bg%ﬁmﬁ@wéiéél ng all others.
Frequency-sel ective devices, such as filters, oscillators and m xers are
therefore sonme of the nost inportant 15 conponents within a transceiver and
the quality of the devices generally dictates the overall architecture of
a given transceiver. [0003] |n wiBlACKeBOIBYUNI cati on devices (e.g., radio
frequency (RF) devices and cellular communication devices), resonators are
typically used for 20 signal filtering and generation purposes. Currently,
di scret®e CcFiykitdlthe Bivengbhen used to nake the resonators. Such off-chip
resonators are typically inplenented at the board | evel and therefore

inpede the ultimate_mniaturjization of portable transceivers. 25 [0004] To
mi ni at uri Z8%%or t abl Ehe PrgsepignyeRtion ganeradly aplates te micieaglecteamechivmig]

resonat or S@@@Mﬁs@&&ﬁre@?ﬁf’ a?&&ﬂm,}_%ﬂ/ﬂﬁ)f%m{lﬁ ors]c or use in bandpass

filters an ef erence oscill'ators. wever, e exi sting MEM resonators may
not 1 WO 03/028212 PCT/ US02/ 31157

Description of the Related Art

10 [0002] Communication systems generally require partitioning of the
electromagnetic frequency spectrum. Communication transceiver devices
therefore must be capable of high frequency selectivity, i.e., capable of selecting a
given frequency band while rejecting all others. Frequency-selective devices, such
as filters, oscillators and mixers are therefore some of the most important

15 components within a transceiver and the quality of the devices generally dictates

the overall architecture of a given transceiver.

[0003] In wireless communication devices (e.g., radio frequency (RF)
devices and cellular communication devices), resonators are typically used for
20  signal filtering and generation purposes. Currently, discrete crystals are often
used to make the resonators. Such off-chip resonators are typically implemented
at the board level and therefore impede the ultimate miniaturization of portable

transceivers.

25 [0004] To miniaturize portable transceivers, micro-electromechanical
(MEM) resonators have been contemplated, for example, for use in bandpass

filters and reference oscillators. However, the existing MEM resonators may not
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provi de adequate resonance frequencies high enough for wreless

communi cation applications. 5 BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0005] The
f eat ur es,wadpoz2$2 and advant ages of the invention w |l beconso2/smse

t horoughly apparent fromthe foll ow ng detail ed description, appended

clainms, and _acconpanying draw ngs in. whiech: 10 [0 Figure 1A shows a

cr 05s- sect PG ArgaNerRatpron eyt Bl bnpeh krd2iHate Dyttt

rect angul agpplicatiéky, i dge beam [0007] Figure 1B shows a top view of the MEM
resonator of Figure 1A. 15 [0008] Figure 2A shows a cross-sectional side
el evational view of a MEM resonator according to a first enbodi nent of the
i nvention. [0009] Figure 2B shows a top view of the MEM resonator of Figure
2A. 20 [00010] Figure 3A shows a cross-sectional side elevational view of
a MEM j3esonator accor dBRIER DESCREOON @FNSIH DRAWINGS he invention. [00011]
Figure 3B shows a top view of the MEMresonator of Figure 3A. 25 [00012]

Fi gure 4A shows a cross-sectional side elevational view of a MEM resonator

accor 610 ep 11 9LCHRAREEIL G LG ANADS) g FACHROL By 5 Shovs 2
PCT/ US02/ 3ibbe’thok &Ml hpbargit feoid/Ahs fdlasviag detatisd dextipaina) apgletlded| evat i onal

view of a NEM o .
claims, and accompanying drawings in which:
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[0006] Figure 1A shows a cross-sectional side elevational view of a MEM

resonator with a rectangular microbridge beam.

[0007] Figure 1B shows a top view of the MEM resonator of Figure 1A.
15

[0008] Figure 2A shows a cross-sectional side elevational view of a MEM

resonator according to a first embodiment of the invention.

[0009] Figure 2B shows a top view of the MEM resonator of Figure 2A.
20

[00010] Figure 3A shows a cross-sectional side elevational view of a MEM

resonator according to a second embodiment of the invention.

[00011] Figure 3B shows a top view of the MEM resonator of Figure 3A.
25

[00012] Figure 4A shows a cross-sectional side elevational view of a MEM

resonator according to a third embodiment of the invention.

[00013] Figure 4B shows a top view of the MEM resonator of Figure 4A.
30



resonator according to a fourth enbodi nent of the invention. [00015] Figure
5B shows a top view of the MEMresonator of Figure 5A. 5 [00016] Figure 6A
shows a cwog3/4%2¢ti onal side el evational view of a MEM r@sonsbosiiaccor di ng
to a fifth enbodi nent of the invention. [00017] Figure 6B shows a top view
of the ME onat Ok j . X Fi 1A t he
ef f ect ofW%%ﬁ er seggﬁb%55§g§ﬁsgﬁuﬁﬁ&gﬁ%gggégé8%b%#%%§gﬁ§y%£%§ﬁ§@%AlLED
DESCRI PTI Gsdrftiltodding toer foatthembuglitesicsfithé inventi@peci fi c details are set
forth in order to provide a thorough understanding of the present

i nvention. However, it will be apparent to one skilled in the art that the

present i nyggion EsPLASL & &t S INOMEN B3R AP BE Hefe BRI a1 IS 1 1
ot her instances, well™known circui'ts, structures "and teclni ques have not
been slown in detail in order to avoid obscuring the present invention.

[00020] A mcro-elegiro hani cal (MEM B resonator is described. In one 25
enbodi ment®%e res H%?ggXF_EWﬁaégméf *EWBE?H%aﬁvﬁ%%ﬁf§FVU3gUM@kﬁaving
support  S86defS B B ARPBhBLAREGTF H TRk 2@ ebet ween. The center
region of the beamhas’ a mass that is less than the mass of regions of the

beam adj acent to the support sections. By having |l ess nmass at the center

regi on of the beam _hi gh resonance fregu can be achiev W t hout
reduci ng tHf84 ze (El.gbl.g‘?&%%ﬂ?’%a RISy ‘f%ﬂ%&%ﬁ?SBPa?HB? g ructure) of
the rggonator. 3 WD 03/028212 PCT/US02/ 31157 [00021] Figures 1A and 1B

depict a MEMresonator 100 with a rectangul ar
[00018] Figures 7A-7D show the effect of center section width on the

resonance frequency.

15 DETAILED DESCRIPTION

[00019] In the following description, specific details are set forth in order to
provide a thorough understanding of the present invention. However, it will be
apparent to one skilled in the art that the present invention may be practiced

20  without these specific details. In other instances, well-known circuits, structures
and techniques have not been shown in detail in order to avoid obscuring the

present invention.

[00020] A micro-electromechanical (MEM) resonator is described. In one

25 embodiment, the resonator includes a microbridge beam structure having support
sections and a horizontal beam formed therebetween. The center region of the
beam has a mass that is less than the mass of regions of the beam adjacent to the
support sections. By having less mass at the center region of the beam, higher
resonance frequency can be achieved without reducing the size (e.g., length and

30 thickness of the beam structure) of the resonator.
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m cr obri dge beam section 102. The MEM resonator includes a m crobridge beam
structure which conprises the horizontal beam section 102 and support
sections wWob¥a2eamzl 114 anchored to the substrate on whi chPCh@sem3nsat or is
formed. The vibration of the resonator 100 is induced by a |lateral gap
capacitive transducer (a frequency stinmulus). The capacitive transducer is
formed by disposing electrode 140 adjacent the horizontal beam section 102

with, in thisijcase, FagFap1RehwaBriepiie a MERClesQttoa1l willea heamgular t he
illustrated enbodi nen the electrode 104 is 10 di sposed underneath t he

hor i zont al missebhidgechdagnsertion {2 cEheMEM resenatphingiusles ¢ apieiobrrEy begmh respect
o Lo, SURSLIRLE OB BNl holiSo O o R00731 B NEM LRG0 of 15

essenti al | y a er m ng evi ce aVI n erm na rrespondl ng to

el ectr ade ANdnde@mantespe b méeswsua&ebmﬁﬁcmecﬂasdﬂmm id Forivieledace is very
hi gh at all frequen0|es ot her than the resonance frequency. At the
resonance Yibeagigarnfhe resenatas] Wrismdacpd byadsterah gap 5@Rﬁcﬁaﬂe§ra@é%%éa very | ow.

In an exar‘@% e?tf Ht?fﬁu'l%a ”[['%%!batzng 1t1v€ﬁah§'cm&e E'fgﬂﬁ!ed SESSIBQ%%egO&é the

resonance equ I'S appreC|ated sired

per f or mancetoadd; a@eﬁe&@ﬂ@mbm(asb@m seafiof @8Dwathpin th@&jasa: a gapdeabédnithy to |imit
the resonating frequencies for which the resonator wll V|brate and

produce a @i@@rﬁﬁf thgibgaral In the iflpdrated embpdimentoe leredt 1%df vi ng, for
exanpl a 15§g unde?lileattﬁﬁql% {ZS#’C&E b?dntl 0%105%9 'icf ?EH'JE thgbﬂ}rﬁ@
or - get

resona oscCl or Vib ar requéency. In the case
of a 25 fivdrtitally Wwithyspeet ahé sulistratel 106 oawblsbﬁla*s éornted. r esonat e at target
frequenci es and pass an input signal, while not vibrating at other
frequencies and thus rejecting other input signals. [00024] The resonance

frequencyéﬁ&?ﬁINEM ﬁ%%@ﬂ?%ﬁ%% ak?léﬁ%@ HARONLRL méﬁnﬁ g@kbﬁa%ﬂgﬁ%bon of

anong oth ngs orlzonta eam
terminals corresponding to electrode and beam, respectively, between which the

15 impedance is very high at all frequencies other than the resonance frequency. At
the resonance frequency, the resistance between the terminals becomes very low.
In an example of use in a filter, an input signal may be passed at the resonance

frequency.

20 [00023] It is appreciated that one desired performance of a resonator (such
as resonator 100) is the ability to limit the resonating frequencies for which the
resonator will vibrate and produce a mechanical signal. In the case of an
oscillator serving, for example, as part of a clock circuit, it is important that the
resonator-based oscillator vibrate at a target clock frequency. In the case of a

25 filter, it may be desirable for a resonator to resonate at target frequencies and pass
an input signal, while not vibrating at other frequencies and thus rejecting other

input signals.

[00024] The resonance frequency of a MEM resonator with a rectangular

30 beam is function of, among other things, the length of the horizontal beam
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WD 03/028212 PCT/ USO02/ 31157 section. The resonance frequency (F) of a
resonator with a rectangular beam my be approximted as follows: 1. It CE
FL2 5 wheweo os/oee2p2 esents the thickness of the m crobri dgePogarsp2/31157
represents the length of the mcrobridge beam E represents the Young's

nmodul us of the ammaterial; and ..p.represents..the densit beam

mat eri al . S¢F90 QFSCTI}‘?I‘E%&F%WCX[@W@&E Ogﬁgo,r V?/lglr‘fil/?%c?g ar%bﬁglféln%%?(VHF) or
ul tra hi ghe FoneoueRed dUsfdwyi brating MEM resonators, for exanple, for use
in wreless onmuni cati on devi ces, may be desired. Equation (1) shows that

the resonance frequency is inversely proportional to the square of the

| ength of the m crobri_jg 5 beam Accordingly, shortening the beam | ength
L may be effective jrgl ving high-speed oscillation. kowever, a
resonator nust be fabrIchped extremely small to achieve, for exanpl e,
ultra-high frequencies (e.g., greater than 200 MHz). For exanple, the

| engt h %of horizontal beam section of an ultra high frequency resonator

having a resonqaee. | [AGUEREY0nili oMb ibpkfgh eady der of Iess than 20

3 mcrons (m. To produce ength of horizontal beam section of
MEM r esonat or E¢phsents thdhengthdefithefmiabmidgdbéanyi crons (pm). [00026] One
limtation as to how snmall_these resonators can be fabricated is

determi ned by t%PE‘%?P%"tsiﬂh"gYPW%BQ}P&B scf’ftﬂ%e_(:]Pﬁ?B?H@fr‘?n Yexanmpl e, with the
may be e sna

m crobri dge begn) est size achievable. Another limtation
as to tpow snall these resonators nay be fabricated is determ ned by the
power handling capacity . . .

[00025] In cértain applications, very high frequency (VHF) or ultra high

frequency (UHF) vibrating MEM resonators, for example, for use in wireless

communication devices, may be desired. Equation (1) shows that the resonance

frequency is inversely proportional to the square of the length of the microbridge

15 beam. Accordingly, shortening the beam length L may be effective in achieving

high-speed oscillation. However, a resonator must be fabricated extremely small

to achieve, for example, ultra-high frequencies (e.g., greater than 200 MHz). For

example, the length of horizontal beam section of an ultra high frequency

resonator having a resonance frequency of 1 GHz will be in the order of less than

20 3 microns (um). To produce 5 GHz, the length of horizontal beam section of

MEM resonator may be in the order of about 0.2 microns (nm).

[00026] One limitation as to how small these resonators can be fabricated is
determined by the existing lithographic technology. For example, with the

25  current technology, about 0.2 microns (i.e., the length of the microbridge beam)
may be the smallest size achievable. Another limitation as to how small these
resonators may be fabricated is determined by the power handling capacity
requirements. The power handling capacity of a resonator is proportional to the

length of the microbridge beam. In a vertically vibrating configuration, the power

5



requi renents. The power handling capacity of a resonator is proportional to
the length of the mcrobridge beam In a vertically vibrating
confi gur awDan/0282h2 power 5 WO 03/028212 PCT/ US02/ 31157 hacalusey3napaci ty
is proportional to the overl apping area between the horizontal beam

section the el.ectrode |lying underpeath. [00027] Therefore, . cantinued

i i atur | FIFARE Grooty SREPHEnal By D SSHEI s SeP BT O RAE Fangt h of
its m cr olyehROR-BGARe cldtBle 8fihOuhdb@ehthcr ease frequency even further, may
not be desired since reduction in the Iength of the mcrobridge beamwl]I

adversely affect the power handling capacity of the MEMresonator. In at
| east so t he istin Mresonators, .if the length of th eamis
reduced m‘iqu%] furt ﬁﬁ_e,leglohg Cf%g‘?blh%swlmzﬁmn r%ﬂ??%at‘gfdg?fféﬁglp %&gr f or

i ntended %BdanaRs tteabh@ADf ith #O88lidEe befR; 16 RKRIHAIO MArO4se frdqueh®y be

desirable to inCrease the resonance frequency w thout reducing the Iength
of the m @vebfiudegs, bennot be depiredisénn reduntion in Hetlengihjoh tremimobudgene

stiffness-to-m at i e m craobridge beam 15.st.r ure will, increase
The. resondiitl Winiatel Sfech IeiviedBhataf -AREM, Ao nl¥ St ot ha
the mass af 1daBEsi@Néf@he SASHMONIDIM réddQatdld; ifAhE (gt HRBEbe&ANS fddRdées most to
the inertia and the nass near the support structures contributes nost to

t he ef f ectevee fgsherne cenonntonmayseetarayidgpdequatepew e fopxendesl mass ratio of
a recﬁangulahiéﬂgged-beanlNEM resonator may be effectively 20 increased by
reduci ng tHEHHUSS at the center section of the m crobridge. This neans

t hat hi gher resonance frequency nay be achi eved by reduci ng the nmass at

the center section w thout reducing the | ength of the mcrobridge beam

Al t er nat i V@381 or i nFegcaretiip fesopatons, dHeny bedeviahledofin@gireriby rasanangeso be

achi eved by, ln& r%%ﬁ&@%egﬁgmg b CRhLNERE TGS Bk, 1PRSs hah the
effective spring constan
found that an increase in the stiffness-to-mass ratio of the microbridge beam
15  structure will increase the resonance frequency of a MEM resonator. It has also
been found that the mass at the center section of the microbridge beam
contributes most to the inertia and the mass near the support structures
contributes most to the effective spring constant. Accordingly, the stiffness-to-
mass ratio of a rectangular-shaped-beam MEM resonator may be effectively
20 increased by reducing the mass at the center section of the microbridge. This
means that higher resonance frequency may be achieved by reducing the mass at
the center section without reducing the length of the microbridge beam.
Alternatively or in addition to, higher resonance frequency may also be achieved
by increasing the effective spring constant. One way the effective spring constant

25  of the microbridge beam structure may be increased is by making the regions of

the beam adjacent to the support sections wider.

[00029] According to one aspect of one embodiment, by reducing the mass

at the center section of the microbridge beam structure or by increasing the mass



25 of the mcrobridge beam structure may be increased is by naking the
regions of the beam adjacent to the support sections w der. [00029]
Accor di ngwome3pee1aspect of one enbodi ment, by reduci ng t heCwamse2/3as7 t he
center section of the mcrobridge beam structure or by increasing the nmass
6 WO 03/0282 PCT/ US02/ 31157 ear upport sections r...by doi ng bot h,
t he reson&ﬁ?ﬁrtjatgwels'éﬁﬂ%l TR oAy obgyrgliO cgr%ogg’e%e\?%oﬂ%ﬁﬁ%e%?c n“fagllbr?g its power
handl i ng gap&EkY Yvit P OSAbrdnhiditoas pbivardndBnglejaeity.a MEM r esonat or 200
according to a first 5 enbodinment of the invention. The MEM resonator 200

i ncludes a mcrobridge beam structure forned on a portion of substrate

206. Substrate 206 j.s, faqr le,. a i.can \ s }.1.con)
subst r at e&og%&fo]t abl e %ghgs%&%%ﬁg%glﬁtraewlesﬁ/ﬁ%égg@;’)&fclg(gla | {ﬁos% hﬁf i's
appr eckat gghtbliahediehe SVBSHdRAIEE MENCFesasatgt ZSncl{1ilescd tedrobridgd i con on

insul ator) and ceram c substrates may be suitable. Substrate 10 206 nmay
have cont &eamsdiugture foraned, on aportionlof FulitiaseodWd Syhstrate 28%isf R€e t o whi ch

device structure_ (e.q...electro e, f -lgg@. dugtidgeltbaces may
al so be 8%%18815%8(5?%%85‘%%%% eﬁﬁgﬁﬁ%ag of Hgtﬁbsggra easgggconnecct “cont act

poi nt's on MRS appliciticiseItiOaReciardither other dubsaines, kach adifiatsr at e. Substrate
206 may further have one or nore device |levels, including interconnect

| evel s, f ¢inddingeifieernon Msulapaband ceramihyubsaaiss mayassuitehe. A1kl i dge beam
202 | j d t i_br at tically. W trate 206
on - whiith_ PP6 Atk agnibisthe Gl [EAaly iddbol FSREE LRI RIaYPS! (21 €, 2

i nduced b¥iedick att@ke @Gap, dapdded)imey bd fansduCondeiveregoemay atsoieul us) . | n
one enbodi nent, the capacitive transducer 20 is formed by disposing a drive

el ect r ode diposedifraenghoutshe briyneleubeirata de cHErRt CORfAChPOt Yhihe case, a gap
between t Qﬁb&{e{tg ?o 8r|1eegx¥ortﬁ)gf%r g gn(gtﬁa &%@%te. Substrate 206 may further have

one or more device levels, including interconnect levels, formed thereon.
15
[00031] In this embodiment, the microbridge beam 202 is configured to
vibrate vertically with respect to the substrate 206 on which it is formed. The
vibration of the microbridge beam 202 may be induced by a lateral gap capacitive
transducer (a frequency stimulus). In one embodiment, the capacitive transducer
20  is formed by disposing a drive electrode 204 adjacent to the microbridge beam

with, in this case, a gap between the drive elec’grode and the beam.

[00032] Referring to Figures 2A and 2B, the microbridge beam structure
includes support sections 212, 214 integrally formed with a horizontal beam

25  section 202 disposed above the electrode. In one embodiment, microbridge beam
structure is formed by a series of deposition, etch patterning and release process.
The microbridge beam structure may be constructed of polycrystalline silicon.
However, other suitable material may also be used. In terms of forming a beam
structure, for example, the material for the beam structure may be formed over a

30 sacrificial material and the sacrificial material may then be removed.
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[ 00032] Referring to Figures 2A and 2B, the m crobridge beam structure

i ncl udes support sections 212, 214 integrally forned with a horizontal beam
25 secti owo28@28tizposed above the el ectrode. |In one enbodiPE@EniSY2/B16T obri dge
beam structure is fornmed by a series of deposition, etch patterning and

rel ease process. The mcrobridge beam structure may be constructed of
polycrystalline silicon. However, other suitable material may al so be

used. In tieoss of fof HeNOusrdeBombsdibiegt High rdseharédraguencytipgchiiadey i al for
the beam structure nay be formed over a 30 sacrificial material and the

sacri fi ci dy raat@yingl theagntehsestioreof tharivigpbridge Yy 309 2Bz 1the PCT/ US02/ 31157
00033] | i]J ustrat e i i [ f i hi d
by nar 1 ow BB OFREh L SR Sl ARAR IR Thp-dihilD HESERRRES L SEYRREK i 20T Ve

f undanent ahcréased Baharydwingt the Berif@dectidpofdheyidgt.hR hat bédnfeand tieatmass ratio
can be 5 increased by narrowing the center section of the bridge. It has
been foundhe WS at the crates seption Renteibrics ek &q therinetdiat pithe ergssenstiono t he

inertia, e -sect | . i to the
e tect | ve 1o MRS HERECceRRbdlinoR 38 fbci BRI, CORHEL P HEEIET o ot

t he beam an@f@ving ke eagengctiiCofts beadjand got intRasinp ehsmppardjacettol ons, the
stiffness-to-nmass ratio of the nicrobri%gg beam structure 10 may be

increasedﬁhﬂé%BE%$Hﬁﬁ@?ﬁﬁh%s@%mﬁ%ﬁyﬁﬁ§%ﬁ 'dﬁé@%nﬁﬁéh$¢%%@¢ﬂ%ﬁﬁ#d“¥%sonapce
frequ e{bc Xsr}l%}?ﬂe bfcrddi€y P g@@r&]ﬁ{ﬁﬁl\i Eﬁebgeh?ﬁqftlg%slrgc}@tieh%gﬁlw !hg%her configuration.

[ 00034 scussed above, ertica vibrating con ration, the
power 15 rBsditincofteGagagithyn if shd eaat @drd fabtiteted ted taappigathrar ea bet ween t he
hori zontal beam section and the el ectrode |ying underneath. Thus, when the
wi dt h nearcopfisusadigher of the beamis reduced, the over | appi ng area between
t he beam and the electrode w Il also be reduced. However, this reduction
in the overl apping area nmay be

[00034] As discussed above, in vertically vibrating configuration, the power

15  handling capacity is related to the overlapping area between the horizontal beam
section and the electrode lying underneath. Thus, when the width near the center
of the beam is reduced, the overlapping area between the beam and the electrode
will also be reduced. However, this reduction in the overlapping area may be
compensated by increasing the width of the beam near the support section so that

20  its power handling capability is not sacrificed.

[00035] Figures 7A through 7D show the effect of center section width on
the resonance frequency. The calculation is performed for a microbridge beam
structure of 0.25 microns (pm) thickness and one micron in length. As illustrated
25  in Figures 7A-7D, as the center width (W) decreases, for example, from one
micron (Figure 7D) to 0.25 micron (Figure 7A), the resonance frequency increases
from 1.22 GHz to 1.95 GHz. The amount of reduction in the center mass of the
microbridge beam structure is proportional to the amount of resonance frequency

increase in a resonator. Thus, given a resonator with a certain length, higher



conpensated by increasing the width of the beam near the support section so
that 20 its power handling capability is not sacrificed. [00035] Figures 7A
t hrough AROYBoM2the ef fect of center section width on thecrasonsmse
frequency. The calculation is perforned for a mcrobridge beam structure

of 0.25 mcrons t hi ckness e _mcron D |_engt. Il rated 25
in Figur e§es?ﬁ\apﬂ5 ePfec e%taec?“%eggﬁ APIROTIEETE te glerg%l?%theevy(gﬁhp&%lef rom one
m cron ( Fiygh 8atRurt Qe i&eiicer on (Figure 7A), the resonance frequency
increases from1l.22 GHz to 1.95 GHz. The anmount of reduction in the center
mass of the microbridge beamstructure is proportional to the amount of
resonance frequency iLhcrease, i n resonat o ator with
a certai n[P®8gt h, ﬂEFw§e@@P%§7 éE%EmBEﬁﬁﬁgﬁgﬁgfi%%Mgpggg%%%%ﬂ frequency
can besac *B!yey&&i:ub%tmeﬁ rdf @hee¥omasy PVéWEy /e Wedlidtionfin tdendtavillst r uct ur e
near its céenter 00036] As discussed above, the resonance frequency can

al so be | meg@a@ésda@ecm;ts pemehﬁ@dh%éape%’g’t Byoredupiagthe epmegpassigb B er . t he
reduction i.n \ at i f i ng

capaci ty. "By %Egﬁ ih Sﬁgfgg%Fganagg “ote ?%‘ﬁﬁﬁgéééf %E6h%g§§%structure

while inc ra@ﬁl%ér[’cgo thesupdfrhseefion, herelpator e be tblﬂif@gmadi]tcam&ﬁévethighdﬁe support
section, a resonator can be configured to achieve hjigher resgnance

f r equency resionhoes frequsacy wethpubpegadiy Plﬁ@fﬁeﬁ@g)ﬁﬁ\@?wﬁ’éh‘ﬁ}q% @B ty. 10
[ 00037 Flgures 3A and 3B depict a MEM resonator 300 according to a second

enbodi In this illustrated enbodi nent, the center-mass of the
m crobri d odypam st Figatds' A usd BBAUpieth MENI@ésrma@)rGI@ambrdhmgeo slots 316, 318
at the center section of the bean1302 Al though in the illustrated

embodi mentsecandeemiBodiments hrthissHusiwrtedhapodimentyihg ceermass e s may be used
(e.g.. 1, nucro?f)hdege@eam structure is reduced by forming one or more slots 316, 318 at

the center section of the beam 302. Although in the illustrated embodiment, two
15 slots are shown; however any number of slots may be used (e.g., 1, 2, 3, etc).

Additionally, the shape of slots is not limited to rectangular. The slots may

formed in the horizontal beam section 302 by any suitable lithographic techniques

during etch patterning process.

20 [00038] Figures 4A and 4B show another way of reducing the mass near the
center of the microbridge beam 402. In this embodiment, the center mass is
reduced by forming one or more holes 416 at or near the center section of the

beam. In one embodiment, the hole density is higher at the center.

25 [00039] Figures 5A and 5B depict a MEM resonator 500 according to a
fourth embodiment. In this illustrated embodiment, the horizontal beam section
502 vibrates horizontally, i.e., parallel to the substrate on which it is formed. The
horizontal vibrations of the beam section 502 are induced by a lateral gap
capacitive transducer. The capacitive transducer is formed by disposing a pair of

30  electrodes 504A and 504B adjacent to the beam section 502 with gaps between the

9



Additionally, the shape of slots is not limted to rectangular. The slots
may formed in the horizontal beam section 302 by any suitable |ithographic
t echni quewo odwed2mzy et ch patterning process. 20 [00038] Fi garasozisiiand 4B
show anot her way of reducing the mass near the center of the mcrobridge
beam 402. Iln.this. e di rent .. .t center nma [ r.educed .by, form ng one or
nor e hol eselﬁcff)odsz o7 “NeEreY %%d%egﬁ e Sec ei%%%%? grftﬁtéon’ E%%Pr?n fn one °

enbodi ment gleéthgied atieact etsheayn inStukbkhsORER 180 dédiee pRaetitferdhcd, ARR39] Fi gures 5A
and 5B depict a MEM resonator 500 according to a fourth enbodinent. In

this il ustdangageaiioidcorfiguratior istbat the heam ivexgied by tveslecgodesyi br at es

hori zont al | Iy . e, arallel.to the t.rate which it is forned. The
nor 1 zont al g efpis s o Repde i BaliB RS MRl O TP G o G
capaci tjve transducer. The capacitive transducer is fornmed by disposing a

pair of 30 el ectrodes 504A and 504B adjacent to the beam section 502 with
gaps bet weBf49lhe 9 Imihipdlughsiedendoringy; pstdfpesssiocppassgats ohHE t he

m crobri dge,. ) L ml. ene t | 1. .0f ] attract
the beam | puopeed Pl Sut P ER kO By ghidbul e Yt ELEEREBRRR T f T
confi gur at igdrobisd gdldant. it hae bean Huad Chdtectidyng the redseat tedester bfiieead of one

so | ower voltage is needed to induce nechanical vibration. 5 [00040] In
this il ustyepkddgmbrsan sewiture halsorffestiveds ineasingrepenanse Grageney in

m crobt i dge am.str re i s increased by narrowi ng the center section of
t he n;%ro P?ﬁﬁ%ﬁ %%ﬁﬁ&#?l %émggé% found that reducing the mass at the

center of the mcrobridge beamstructure is also effective in increasing
resonance frequency in_ 10 a horizontally vibrating resonator. [00041] As

shown in Fiogdtle 5B, AsfbormdathigieredBstesleiedspalAnand sHBrag shaped to

provide uniform gaps between the electrodes 504 and the lateral sides of the
microbridge beam 502. In the case of horizontally vibrating MEM resonator, the
15 power handling capacity is proportional to the length of the gaps between the
beam and the electrodes. As seen by referring to Figure 5B, the length of the gaps
actually increased by narrowing the center section of the beam and matching the
contour of the electrodes. In doing so, higher resonance frequency can be
advantageously achieved without sacrificing any power handling capacity of the
20  resonator. In fact, the power handling capacity of the resonator may increase
slightly due to the fact that the relevant area between the electrodes and the beam

actually increased.

[00042] The MEM resonator 500 shown in Figures 5A and 5B has various
25 applicaﬁons. For example, the resonator may be used in a bandpass
micromechanical filter which may operate in the following manner. An electrode
input signal is applied at input electrode and converted to an input force by an
electromechanical transducer (e.g., an electrical field generating the input force).
The electromechanical transducer induces mechanical vibration of the horizontal

30  beam section 502 in a horizontal direction. The mechanical vibration comprises a

10



provi de uni form gaps between the el ectrodes 504 and the | ateral sides of
the mcrobridge beam 502. In the case of horizontally vibrating VMEM

r esonat orwotob@28252 power handl i ng capacity is proportional Pco/ushe3fiengt h of
t he gaps between the beam and the electrodes. As seen by referring to

Figure 5B, the |ength af the, gaps ctual ly inecrea nanrL.ow g the

center sefis ‘?‘PISEﬁS %@1%% ‘th%%ﬁﬁtoé '%lﬁs?rf%or gg@rﬁ gztﬁ%o&tﬂ?gsbgﬁ éeci?godes. I'n
doi ng so, hi-ARSkalsEsRNMBMASsdd etRNSMation oPBedtivantagresiss yuskieithved W t hout
sacrificing any power handling capacity of the 20 resonator. In fact, the

power hanghsshgnéd apteifilier,che nipshanisdsigrot isweigctpdeAdmseed mechmisal due to the

fact that the relevant .area bet nthe el ectraode th actual l'y

i ncr eased?lg[‘%bﬁd_ﬁs]onf‘_ élmof‘é@%ﬁ?%?le aelse Hor a?ﬁﬁﬁ?gourtes%gg%?gt 5B has
various  2arARRIdCEBHE AR DrobBEINS BFTRE xarhPR, SidsefidhotraiBiyivestaged in a
bandpass mcronmechanical filter which nmay operate in the foll ow ng manner.
An el ectrode input signal is applied at input electrode and converted to

an input force by el ectroprchanical tr . frical
field genéqogflﬂeng tﬁéc’lmﬁﬁﬁ]t)ecf%?@%s)?mb%ﬁgeet’ec%r%%n%ﬁgﬁf%gfmt@@gns ucer

i nduces negdB&Ing 8h2 MidihatelRBoats 5(aa hat 5m@snbpmadhihedmcsatiir ontE02 in a
hori zontal direction. The nechanical vibration conprises a 10 WO 03/028212

PCT/ US02/ RlerBpdenwithalg ecattow ¢f ihe miprpbrifge beamr 282 ofegmifone §9@8 3kt or 500 i s

within the passband, the .nechani cal  sj ' g yibration of
the i ﬁBut %Fg‘g%’ﬁ%‘f‘éff‘h$ %n%ﬂflgf?o e%%%ah%ag’g%%%ﬁi?gﬁggg f ﬁl Ig'rnﬁé]ﬁﬁg&%{ec hani cal
signal is ghgh BEfREN baRaRdleciRdbafieGRbcriled Ak catpendBRASOAppEcatienconver t ed
to electrical energy at an output transducer at_ 5 output e|ectrode for

processi ngebyNo.08f SH¥:aafiled Junth¥e 30t QingAlrdiaketntifledgeacritiigdayes] I n one
aspect of this enbodi.nent. .unj m . are formed between the beam 502
ang the el'® ?%Lbee’fgI%%‘E&@ﬁ&‘%ﬁ‘%éﬁkjgﬁ%r%?%ﬁ%’ng the contour of the

15  [00044] Figures 6A and 6B depict a MEM resonator 600 according to a fifth
embodiment. This illustrated embodiment shows another way of reducing
center-mass of the beam section 602 in a horizontally vibrating configuration. In
this illustrated embodiment, one or more slots 616 are formed at or near the center
section of the microbridge beam 602 to increase the stiffness-to-mass ratio of the

20  microbridge beam structure so that higher resonance frequency can be achieved.
As seen by referring to Figure 6B, the power handling capacity of this resonator
600 is not significantly affected by the slots since the relevant area between the
electrodes 604A and 604B and the beam 602 remain the same. As noted above, the
amount of power the resonator 600 can handle is related to the length of the gaps

25  between the electrodes 604A and 604B and the microbridge beam 602 and the
thickness of the beam.

[00045] The embodiments illustrated and described in the specification
depict various ways center-mass of a microbridge beam structure may be

30 decreased to increase the resonance frequency without significantly affecting its

11



el ectrodes wth the contour of the mcrobridge beam 502. The uni f orm gaps
may 10 be fornmed using any suitable technique. Exenplary nethods of form ng
uni form weps/oeineen beam and el ectrodes are descri bed i mCa/usoz/pasti ng

U S Application Ser. No. 09/894,334, filed June 27, 2001 to Qng M et

al., entit] "Sack.ificial, | e i S, i n MEMS

applicati dng” & %‘%‘E-‘Bg(jﬁﬁﬂmﬁ g%éf%‘yeeg e%,&%gér%éﬁg%légrﬁ c‘% Sarg%gﬂ}lscr) ggonat or 600
accor di ng dipRytd td feduesiiRahis Mear ficentel bk had@edueahed Wit shows anot her
way of reducing center-nmass of the beam section 602 in a horizontally

vi br at i ng *edufingtharidth nephthesypportispeiivns aPed ia iddn fafcopremed or nore slots
616 are fo . r... section of the mcrobridge beam 602
to increas(g)%?%g&tsa?%f)ﬂ%% 1%%%%§§£§é?l o of the 20 mi crobridge beam
structwe so that higher resonance frequency can be achieved. As seen by
referring to Figure_ 6B, the power handling capacity of this resonator 600

i s not sigAi%icant | YWhiksrtbefesopsembodiments Spyreenideserihesiansksherdn bet ween
the el ect; t - 0 ' grae[ not ed
above, thelrt?sg@fndueg%é@} ﬁ%gxgﬂ%g%rggs%ﬁ%@ggg b&g%%%d%g%@%% re étdAZd to the
| engt h of dthersgeipisinZhe Qiftiveedsdope of Hedhyates, 664 Acandothdd skilkdtine

m cr obri dge beam 602 and the thickness of the beam [00045] The

enmbodi ment $ejart tgavhigh the wrentpesfaiey The seore e Proseitin¥#tio%epi ct vari ous
ways CaNt el BRES.0 i i r y-pe 30 decreased to

i ncr eagg the res%}gésn%eﬂg%%ggﬁgg&ﬁpﬁﬁ%?{eﬁ%ﬁw@cant 65 affecting its 11 WO
03/ 028212 PCT/ US02/ 31157 power handling capacity. However, other suitable
nmet hods may al so be enpl oyed to reduce the mass near the center of the beam
structure without reducing the width near the support sections. Such is

wi thin the scope and contenplation of the present invention.

12



5 [00046] Wile the foregoing enbodi nents have been descri bed and shown,

it is understood that variations and nodifications, such as those suggested
and ot hewe oafoed2in the spirit and scope of the invention, PEERWUSODELFT t O
those skilled in the art to which the invention pertains. The scope of the
present invention 10 accordingly isgl;)%@g%defi ned as set forth in the
appended clains. 12 WO 03/028212 P /31157 CLAIMS What is clained
is: 5 1. Amcro-electromechanical resonator conprising: a substrate; a

m crobri dieam structure coupled to said substrate, said mcrobridge
beam st r uct(& 1§ HeiPysdi g support sections and a beam forned between the
support sections, wherein a center region of the beamhas a nmass that is

| ess than 10 nass of regions of the beam adjacent to the support sections;
and at beast onk Aleictac-dderadhsqioneed]l sdpmtentonimisag:d m cr obri dge beam
structure to induyce vibration of said beam 15 2. The resonator of claim
1, wherein sai d® 8558 mass- r educed beam has hi gher stiffness-to-mass
ratio than if salgd.. ' ' | &k g G J ation. 20
5" The 1 osonat of "7 oo ap e (A URAL I o Bl SRR S ntbhERt

provi des hbghestruesonatclutgng swgepeenssetidbhaand 4 bsan tbribedrbeneren fhebri cated in a
rectangul ar configuratiaqgn. 25 4. The resoponator Qf claim1l, wherein said
center regFfORPYF SEHPES Fin& CeRter regien of tha heamihgs papgssikatiglest it to sai d

SUppPOr t9 SeGtdsOBFregions of the beam adjacent to the support sections; and
at least one electrode disposed adjacent to said microbridge beam structure

to induce vibration of said beam.

15 2. The resonator of claim 1, wherein said center mass-reduced beam has
higher stiffness-to-mass ratio than if said beam were fabricated in a rectangular

configuration.

20 3. The resonator of claim 1, wherein said center mass-reduced beam
provides higher resonating frequency than if said beam were fabricated in a

rectangular configuration.

25 4. The resonator of claim 1, wherein said center region of said beam is

narrower than said regions adjacent to said support sections.

5. The resonator of claim 1, wherein said center region of said microbridge

30 beam includes at least one slot formed therein.

13



5. The resonator of claim1, wherein said center region of said mcrobridge
30 beamincludes at | east one slot fornmed therein. 13 WO 03/028212

PCT/ US02/\8015/M28262 The resonator of claim 1, wherein sai dPC@rise?/3reyi on of
said mcrobridge beamincludes at | east one hole etched therein. 5 7. The
resonator of claim1, wherein said at | east one el ectrode is disposed
underneath the beamto induce vertical vibration of the beam 10 8. The
resonator of claim1l, wherein said at |east one el ectrode conprises a pair
of el ectrodes disposed adjacent to the beamto induce horizontal vibration
of the beam t%épf@éaﬁﬁraﬁu af sl le phetsdie said cantgy yegingeef ssiskmicralaidge uni f or m
gap s .fOf_;&%gin%ﬁ}d@g%gleggtcot}leq{o?e%:ét'éﬁgfth%%.t he beam 15 9. A method
conprising: increasing a resonating frequency of a resonating m crobridge
beam c®upled to at | east one support section on a substrate by increasing
a stiffness-to- 20 mass ratio of the mcrobridge beam 10. The nethod of
claim9, wherein increasing the stiffness-to-mass ratio of the m crobridge

beam conpri ses i a . S :

m crobri dge bea7rfn %%bﬂ%ﬁg&qrrg?:a%% 16%\’11%{%1 gnaqg%?\{ﬁﬁer el ne?%ggygté%@%%éteﬂe

sti f f ness- tndarassh tlad beanvto irlduee necicabibdden bédmeanpri ses i ncreasi ng an
effective spring constant of the 30 m crobridge beam 14

10
8. The resonator of claim 1, wherein said at least one electrode comprises a
pair of electrodes disposed adjacent to the beam to induce horizontal vibration of
the beam, the beam and the electrodes are arranged such that a uniform gap is
formed between each electrode and the beam.
15

9. A method comprising:
increasing a resonating frequency of a resonating microbridge beam
coupled to at least one support section on a substrate by increasing a stiffness-to-

20  mass ratio of the microbridge beam.

10. The method of claim 9, wherein increasing the stiffness-to-mass ratio of
the microbridge beam comprises reducing the mass at the center section of the

25  microbridge beam.

11. The method of claim 9, wherein increasing the stiffness-to-mass ratio of
the microbridge beam comprises increasing an effective spring constant of the

30 microbridge beam.

14



WO 03/028212 PCT/US02/ 31157 12. The nmethod of claim9, wherein increasing
the stiffness-to-nass ratio of the m crobridge beam conpri ses narrow ng the
center sewDioom282i2the mcrobridge 5 beam 13. The net hodPefi/ushass?,
wherein increasing the stiffness-to-mass ratio of the mcrobridge beam
conprises formng at |east one slot in the center region of 10 the

m crobri dge beam 14. The nethod of claim9, wherein increasing the
stiffness-to-mass ratio of the m crobridge beam conprises etching at |east
one hole in the center region of 15 the mcrobridge beam 15. An apparatus
conprising: at Redde mpthod ahgaint Isvhareininecagng theostidnescioopnisdgdo Beam
coupled to id at. 0 S| I8 r . | it espect to
a substrat tg%g}#g%%rh%g% %éms‘%%‘ 6%{8 Qg{ltrl%‘gﬁ#gg ?é&%%?f%%l%g&% r?gi Cl‘egjirl?hg %s, sai d
beam i ngl uskang a center region that has relatively | ess mass than a region
adj acent to said at | east one support structure to forma center nass-
reduced beam having higher stiffness-to-mass ratio than if said beam were
25 fabricated in a rectangul ar configuration. 16. The apparatus of claim
15, wherein said center mass-reduced beam provides higher resonating
frequency than 16f Thaintethed ot vieine 9fahdrbibdhedasing the Sfneastoangssiratio of
configuration. 15 WO 03/028212 PCT/ US02/ 31157 17. The apparatus of claim
15, wher ei Hegnicepbaisiembeam; qomnyisss foyming Mdershonsslot iy he genteptegiongife support

structyge. g microbridge beam.

14. The method of claim 9, wherein increasing the stiffness-to-mass ratio of
the microbridge beam comprises etching at least one hole in the center region of

15  the microbridge beam.

15. An apparatus comprising:
at least one support structure; and
20 a microbridge beam coupled to said at least one support structure and
movable with respect to a substrate on which the support structure is formed
along an axis, said beam including a center region that has relatively less mass
than a region adjacent to said at least one support structure to form a center mass-
reduced beam having higher stiffness-to-mass ratio than if said beam were

25 fabricated in a rectangular configuration.

16. The apparatus of claim 15, wherein said center mass-reduced beam
provides higher resonating frequency than if said beam were fabricated in a

30 rectangular configuration.
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18. The apparatus of claim15, wherein said center region of said

m crobridge beamis narrower than said region adjacent to said at | east one
support swowswese2 10 19. The apparatus of claim 15, wher ®@Ca/tsal/sliisent er
region of said mcrobridge beamincludes at |east one slot fornmed therein.
15 20. The apparatus of claim 15, wherein said center region of said

m cr obri dge beamincludes at | east one hole etched therein. 20 21. The
apparatus of claim 15, wherein said mcrobridge beamis configured to nove
up and down with respect to the substrate. 22. The apparatus of_ claim 15,

wherei n sai d m t oS tRpedEs pl flaim b whekein spiddeamyis ppfosrallys formeast withy wi t h
respect togie ﬁe‘é?tscgr{@stu%po}tash'ucmre.

5
18. The apparatus of claim 15, wherein said center region of said
microbridge beam is narrower than said region adjacent to said at least one
support structure,
10
19. The apparatus of claim 15, wherein said center region of said
microbridge beam includes at least one slot formed therein.
15
20. The apparatus of claim 15, wherein said center region of said
microbridge beam includes at least one hole etched therein.
20 21. The apparatus of claim 15, wherein said microbridge beam is

configured to move up and down with respect to the substrate.

22. The apparatus of claim 15, wherein said microbridge beam is

25  configured to move horizontally with respect to the substrate.
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