A M CROVECHANI CAL RESONATOR Field of the invention The invention relates to
desi gn of Bkcr nechani cal resonators and, nore precisel e design of

ni croel ecY PAMECHAHP cal systens (MEMS) resonators. The O%Fg&ﬁﬂ%gmpﬁ@

invention is to provide an inproved design structure for a

m croel ectronmechani cal systenms (MEMS) resonator that is frequency robust to
manuf act ur i AQMYCROMECHZSTI@AT RESONATORI el i abl e frequency referencing with
good performance, particularly in small size solutions . Background of the
i nventi on Resonators forma key conponent of a timng or frequency
reference. The resonators are actuated to oscillate near the natural
resonant freguency, This natural resonant frequency depends on the materi al
and shape oFl?ﬁ% g%sﬁm%tﬁ?geFtF%? reference applications, it is desired
that the resonant frequency is precisely controlled. For typica
applications, the required frequency accuracy ranges from1 to 100 part per
mllion (pphye.iAREREHPM Jlf%%teac%ar%fyl%q®¥ rescERPeehenicadod

manuf act uri pgs R85 BHCLSRY, | RoAddbitensef nal ocahlbgakign L the form of
mechani cal and/or_electrical adjustnent 1s often perforned. M cromechani cal

resonat or s RAVECHERAC PRIy Used] aSYAtRBY YRPSheresPR2VERS: dBUPCes, such
as mcCro-gybeseOPESE the invention is to provide an improved design

10 structure for a microelectromechanical systems (MEMS)
resonator that is frequency robust to manufacturing
variations and enabling reliable frequency referencing
with good performance, particularly in small size
solutions.

15

Background of the invention

Resonators form a key component of a timing or frequency

reference. The resonators are actuated to oscillate near
20  the natural resonant frequency. This natural resonant

frequency depends on the material and shape of the

resonators.

For reference applications, it is desired that the

25 resonant frequency is precisely controlled. For typical
applications, the required frequency accuracy ranges from
1 to 100 part per million (ppm). This ppm level accuracy
requires extremely good manufacturing tolerances. In
addition, final calibration in the form of mechanical

30 and/or electrical adjustment is often performed.

Micromechanical resonators have been widely used as a key

component in MEMS devices, such as micro-gyroscopes,

microvibromotors, micro-engines and microwave systems. The
35 resonators are actuated, e.g. electrostatically, to

oscillate near the natural resonant frequency.
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m crovi bronotors, m cro-engines and m crowave systens. The resonators are
actuated, e.g. electrostatically, to oscillate near the natural resonant
frequencyWOURMHERHOr e, m cronechani cal resonators are nmBETANNH89/HW0Wsed to
conpl ement quartz technology in frequenegy references. However, the
frequency accuracy of m cromechanical resonators needs to be inproved
bef or e t heyueanccthalrkengiingohkehqudicihl trecbnalkogy. aMeCcheeehan o

resonators that are nade by a conbinati on of optical |ithography and
et chi ng pr6§§§%§§ GPFe e@@éé SHE T &s%eggﬁgﬁ9§§£§noggﬁq@§ﬁ' ntional quartz
crystal resefatrensestHowevwererl, he heafutkaglnicyng caraati @Is in a
m cr omechani,cal process &an be several percent %Fs of the ?g&ices
P i g ati

di mensi ons MEGCTE & Ui GER FiSn G5t e PPEHY S PE5GR to the
presentsi nverti e eheneeseging lhke gmde -t @ cdh@ocaeesnpanyi ng drawi ngs, in
which: Figure 1 illustrates a basic nechanical resonator according to prior
art . Figure 2 illustrates a | unped nodel for the basic nechanica

resonat or aGEAHeRGahnA cpli @k sahlatorisgwhet]l add usideatns A deadiiqaEeani cal
resonator according _to prior art. A sinple resonator cons'gts aof a spring

el ement 1 éﬁhcﬁﬁFéEga&dﬁpéﬂrﬁ§§§'?Qd'ﬁ%§Qﬁ&q g EISETEnt F'H* exanpl e
be a mechanirgplc BantidvevekgeRr i@ rl cesveEh@Wdnan khertk cdystalsi nple
resonator of FIG 1 , the resonant frequen%y &0 o _
10 resonators. However, the manufacturing variations in a
micromechanical process can be several percentages of the

devices dimensions.

For a better understanding of the prior art relation to
15 the present invention reference will be made to the
accompanying drawings, in which:
Figure 1 illustrates a basic mechanical resonator
according to prior art.
Figure 2 illustrates a lumped model for the basic

20 mechanical resonator according to prior art.

Figure 1 illustrates a basic mechanical resonator
according to prior art. A simple resonator consists of a
spring element 1 and a rectangular mass 2. The spring

25 element 1 can for example be a mechanical cantilever

spring 1 as shown in FIG. 1.

In a simple resonator of FIG. 1, the resonant frequency wo

is given by

a)o:\/%l (1)

where the spring constant k£ is given by

30



is given by where the spring constant k is given byk =Y (2 ) AU Figure 2
illustrates a |lunped nodel for the basic nechanical resonator according to
prior artWOR8IB46s t he Young's nodul us for the nateri ECT/RI209/0(8030 dt h of
the spring element, h is the height of 3he spring elenent, and L is the
spring elenent |length. The spring element wwdth w > is typically small and
due to cubic depend REY, the resonant frequency COQ is very sensitive to
the variations ikn=¥pring el2ement width w . The first-order change of the
resonant frequency <4 Wit h respect to spring element width wis D 3D (3) )0
2 Wwhere d) is the infinitesiml frequency change due to the infinitesimal
spring el enent width change dw . One of the nost significant problens in

t he desi gnFéﬂuﬁ?c?oﬁééHéﬁFééﬁsr@séHQPSFismpgetlhéoﬁaFgﬁt PBR16f the resonant
frequency. whGh1Ea1C2USEH. DY PORE ULHRASLANBL: BECELE Ok fNgsSEhUCT UTes.
I n resonat ors nanufactured using the neans of m cromechani cs, there may be
qui t e subsvanhiyak dbodenssonalk thkemaneeieafr onsisFaheexadpuhe off ahlkowi ng from
t he above equation (Equation 3), if the spring el ement width varies by 4%
t he r esonafRPripgqeésegnar fess biheoketabd, 000thpntrTéngegleBehhi sand

L is the spring element length. The spring element width w
is typically small and due to cubic dependency, the

resonant frequency @, is very sensitive to the variations

10 in spring element width w.

The first-order change of the resonant frequency wy with

respect to spring element width w is

A0, 38w 3

w, 2w

15

where 0w, 1s the infinitesimal frequency change due to the

infinitesimal spring element width change ow. One of the
most significant problems in the design of micromechanical
20 resonators is the variation of the resonant frequency,
which is caused by poor dimensional precision in the
structures. In resonators manufactured using the means of
micromechanics, there may be quite substantial dimensional
tolerance errors.
25
For example, following from the above equation (Equation
3), if the spring element width varies by 4%, the resonant
frequency varies by 6% or 60,000 ppm. To reduce this
variation, it is desired that the resonant frequency is

30 relatively unaffected by the manufacturing variations.

Thus, the object of the invention is to provide a

structure of a micromechanical resonator which has an



variation, it is desired that the resonant frequency is relatively
unaffected by the manufacturing variations. Thus, the object of the

i nvent i orVP209PPH6Vvi de a structure of a m cronechani caPCEEEHAEIWP20nhi ch
has ani nproved frequency accuracy in coirparison to the prior art solutions.
The present invention neets this need. Sunmary of the invention The

obj ective ohptbeetin¥eatiueAciySatoupaeyi da supbasnsbAprovetedpsign skkucture
for a nicroehectronech ni cal s¥stens éNENB) re%on%gor, whi.ch i s frequency
robust to g HF&BPﬁriﬁgevﬁF?EF HnEMBRRCWAPCReEREbFES Sy BFFSbl e frequency
referencing with good performance, particularly in small size solutions.
According to a first aspect of the invention, there is provided a

ni cr onechafPERRTYeSEn 408 IRYFPEYCR novabl e nmass structure and a spring
structue; said novable mass structure consisting of at |east two el ectrode
fingers that are connected together, and said spring structure consisting
of at | easThenebipritagcePénbhe tREENEOANEROFEIPIPERAIGNEUERd2EBNd connect ed

to the mass,pR tAg QkhehreRdrukbRupi ¢Brt BepWidbhiettt-BReSRELRGaE! €MBNLS s
greater than the width of the electrode fingers, said widths specifically

di mensi onedyséemsat(MENE ) sersrrpiPry Bhirhe lFessRANENFYedGEREY ¢Range with
respect t Omghﬁgg%lt%%grmﬁaewﬁgnan&aeqh%hoeaag(xégogei%gn@dd appr oaches

zero. Preferab the m cronechani cal resonator has the width of the spring
el ement& 2frsgsenicyes etfifaenicdnly withheood performance, particularly

in small size solutions.

According to a first aspect of the invention, there is
provided a micromechanical resonator having a movable mass
15 structure and a spring structure; said movable mass
structure consisting of at least two electrode fingers
that are connected together, and said spring structure
consisting of at least one spring element that is anchored
from one end and connected to the mass on the other end,
20 in which the width of the spring elements is greater than
the width of the electrode fingers, said widths
specifically dimensioned so that the sensitivity of the

resonant frequency change with respect to dimensional
manufacturing variations d(Aw,/w,)/dd approaches zero.

25
Preferably, the micromechanical resonator has the width of
the spring elements 2 to 5 times the width of the
electrode fingers. Alternatively, the micromechanical
resonator has the width of the spring elements

30 approximately 3 times the width of the electrode fingers.

Preferably, the resonant frequencies of said electrode
fingers are 2 to 5 times higher than the resonant
frequency for the resonator. Further preferably, in

35 dimensioning said widths, said widths are dimensioned so

that the slope of the resonant frequency change with



el ectrode fingers. Alternatively, the m cronechanical resonator has the
width of the spring elenents approxinmately 3 tinmes the width of the

el ect r odewPi20@pen92846 Pr ef er abl y, the resonant frequenci e®CoHFI2989/6D0830ect r ode
fingers are 2 to 5 tines higher than thge resonant frequency for the
resonator. Further preferably, in dinensioning said wdths, said wdths are

di mensi onedespelchat: 4 handdepe el hheuresenanhd mequencyrchanggen t hr espect
t o di nensi ona nanufactur|28¥var|at|on change approaches zero at two or

more | ocat PERECACEGT FET Predt drsbloy, MO&icd 195AtHG St € consi sts of two
spring el eppRirs haty,are @aneEeried; segelchelrd @dnyinee tdming fspdinst ructure
. Further preferably, in dinensioning said w dths, the resonance frequency
of the el eGlFEGEH rigdits 358 LGP TRt FOIEESEH Frfiaferd FrerayadidFk i n

di mensi gni g Sitdh M dt hs, the effect of bending of the electrode fingers is
taken into account. Preferably, the Iength of the electrode fingers is also
di nensi oned so that el ectrode finger resonant frequency affects the

resonat or ERSOMRH JALQRNNN SO H RBlned sli0ealn ed iximtnNf dre resonat or
resonant frequency change with respect to di mensi onal manufacturing

vari ation change is generated. Preferablw, the m cromechani cal resonator

has the | eAGERIGH Ihe O BT f Fldars —2 6°fo L 2P2 et PRES OFRe LLBAGER of the

spring elenents. Preferably, the mcr'onechani cal resonator additionally has
is taken into account. Further preferably, in dimensioning

10 said widths, the effect of bending of the electrode

fingers is taken into account.

Preferably, the length of the electrode fingers is also
dimensioned so that electrode finger resonant frequency

15 affects the resonator resonant frequency so that a
localized maximum of the resonator resonant frequency
change with respect to dimensional manufacturing variation
change is generated. Preferably, the micromechanical
resonator has the length of the electrode fingers 1/6 to

20 1/2 times the length of the spring elements.

Preferably, the micromechanical resonator additionally has
means for actuating the resonator electrostatically.

Preferably, the micromechanical resonator has the width of

25 the electrode gap from 500nm to 5um.
Brief description of the drawings

For a better understanding of the present invention and in
30 order to show how the same may be carried into effect
reference will now be made to the accompanying drawings,
in which:
Figure 1 illustrates a basic mechanical resonator

according to prior art.



means for actuating the resonator electrostatically. Preferably, the

m cromechani cal resonator has the wdth of the el ectrode gap from500 nmto
5mm . Br iV 20094192846t i on of the drawi ngs For a better un@€TAHIHAUINO200f t he
present invention and in order to show how the sanme nmay be carried into
effect reference will now be nmade to the acconpanyi ng draw ngs, in which:
Figure 1 ill ust raiesea 2bdsilasmehan call umgsonaiodle lJacar dineg Haeipr i or art
.Figure 2 iIICE%t rates a | unped nodel f.or the basi c chani cal resonator

accordi ng EERGRYF 399907400 A€ didfensi on changes of a
basi ¢ nechani calriesenat arildue faadd tﬂ’ﬂ@gl’ca}ﬁiéylsﬁrorﬁtcﬁi’hnlﬁé atfi endaadeor di ng

to the present invention ure 4 |II trates mcro hani cal, .r esonat or
structure é‘t’?(,c%’raﬂ]i 5etsi?é‘a§% e it tlh&‘? F\urd §qieci T A S T he
frequensy %ltajweu@lfg tthe m@@t&aﬁeﬁﬂ eguenay oof. the ni cronechani cal resonator
structure accordi.n present invention as function of the dinmension

change. Figure 639 rl?st4rallt %qWeda Hode° A FREHR Al resonat or

structure ageacdtiig @dhelipiesenttiayaddceon. ibv@deioh il lustrates the
frequency change of thgs resonant fre& ency of the mcrorrechfanl cal resonator

structure havi ng <& Tt Ak it PISREY (Henge ©

resonant freguency of the micromechanical resonator

10 structure according to the present invention as function
of the dimension change.

Figure 6 illustrates a lumped model for a
micromechanical resonator structure according to the
present invention.

15 Figure 7 illustrates the frequency change of the
resonant frequency of the micromechanical resonator
structure having spring element width three times the
electrode finger width and elastic electrode fingers
according to the present invention as function of the

20 dimension change.

Figure 8 illustrates an electrostatic excitation of a
micromechanical resonator structure according to the
present invention.

Figure 9 illustrates the relative frequency change of

25 the resonant frequency of the micromechanical resonator
structure having spring element width three times the
electrode finger width and including the electrical spring
effect according to the present invention as function of
the dimension change.

30 Figure 10 illustrates the frequency change of the
resonant frequency of the micromechanical resonator
structure having spring element width three times the
electrode finger width, having elastic electrode fingers,
and including the electrical spring effect according to

35 the present invention as function of the dimension change.

Figure 11 illustrates a micromechanical resonator

structure having spring element width three times the



el ectrode finger width and elastic el ectrode fingers according to the

present invention as function of the dinension change. Figure 8 illustrates
an el ect r¥9288%¥2&%%ci t ati on of a m cronechani cal resonafol/Fi30per0030e
according to the present invention. Figure 9 illustrates the relative

frequency change of the resonant frequency of the m cronechani cal resonator
structure bavicrgospr faggelkemedthwi tukrihbhr e@ akities ctlbe teloelet ifadeeiisnger

wi dt h and i ncl ydi t he ectrical ,spring effect according to the present
vent on 580t GACLEGN Gt Che CAPreRitan CRETGE CEfouTe SH6 LA g Fat b & ho
frequency ehangeeeknthentesenant akr €guercynob ft ke eniddiremedlanichahgeesonat or
structure having.spring._el, nt wdth three tines the electrode finger
wi dt h, havi ng e%&@gFE g?e&ﬁﬁ%ﬁ%rﬁﬁﬁéeﬁgptgﬁﬁ Fﬁgpgdﬁﬁﬁ%tﬁ%téiectrical
spring =f f edlcrageehdnigatll 0 rebenpresest ruateril GRvasof wiatinon edferiche
di mensi on change Figure 11 illustrates a _m cromeg i cal__resonat or
structure Ha¥it téﬁ??nglgﬁénﬁhﬁ ﬁi&?%rPﬂFeglpﬁﬁéswﬁﬁ33Ve Vodd finger
wi dt h, haviengseliastilecekegkr gdegkirdgensd and liudchdditng tdie lrgetali cal
spring effect,accordigg to the . present invention as function of the

e

di nensi on CREAGY. SEL§GTe 2ESOFLPIRS: &t ELCaRGEREN LetbIE ™ 6F° a

m cr omechamealt ibesefatoe Stihdlsuioe Rawnge .spring el enment width three tines
the el ectrode finger width, having elastic electrode fingers, and including
the el¥¢trical

The Figures 1 and 2 referring to the prior art have been
discussed earlier. In the following, reference is made to

the Figures 3-12.
15 Detailed description of certain embodiments

The solution according to the present invention presents a
new structure of a micromechanical resonator which has an
improved frequency accuracy in comparison to the prior art

20 solutions.

Figure 3 illustrates the dimension changes of a basic
mechanical resonator due to lithography or etch variations
according to the present invention. The key in reducing

25 the effect of manufacturing variations is to note that in
a typical micromanufacturing process, many dimensions

change by an almost egual amount.

For example, in the case of the simple resonator of FIGS 1
30 and 2, all the dimensions may change by an equal absclute
amount ¢ due to lithography or etch variations as
illustrated in FIG. 3. In the new structure of a
micromechanical resonator according to the present
invention the resonator is designed so that it is

35 frequency insensitive to uniform dimensions changes.



spring effect according to the present invention as function of the

di mensi on change. The Figures 1 and 2 referring to the prior art have been
di scussedVORPI%WR846]1 n the foll owi ng, reference is nade PETHRWOFIWYRRIes 3-12.
Detai | ed description of certain enbodi ents The sol ution according to the
present invention presents a new structure of a m cromechani cal resonator
whi ch has amghﬁprqved1hse@aeaeyaam¢umamychanﬁoamambsenatortherpctumeart

sol uti ons. | gure 3 |II trates t?e .di mensi on Q of a baS|clnechan|caI
resonat or 888 FglpgtHBQ ﬁh§r8ﬁe8 chPVERT é?Pon@ %6?5 R R present
|nventIOn.rEBQn&ebrl@t&@duﬁt@gabberaﬁthtoOEh@Hpubaéhuruﬂgemaﬂbatu@ns isto

note that i.n a typical mcromanu ur|n ess, i_mensi ons change
by an aInogFegﬁﬁépyaﬁBﬁﬁPSlﬁéye £8n%% ﬁ@ 85&390Fa¥ﬁ§t§| fpl'e resonat or

of FIG%1 and 2 , all the dinensions may change by an equal absol ute anount

d due to |ithograph etch_variations as illustrated in In the
nem/structﬁkg %F ; %@E%&H&EﬁénF@ﬁPnPg§5n§ SPCEEESr 8F ﬁ&rgénﬁhg. %Q?e

invention pheseasonakentisndesmgredesoat Batring E&rhbequ%nGyamﬂsenSItlve to
uni form di nensi ons changes. Fi ure 4 i|lustrates m cr omechani cal..r esonat or

structure FO¥EPdEnGES ﬁéuﬁF E&nf i MPENEPSHITRETHEE SR ChaNCOAPEs onat or

structure aecend pEclenthenpeasenh icowgrtises ¢ fleegieney ispsemsitive to

t he manuf acturing variations.
10 element 3. The movable mass structure 4 according to the

present invention comprises several electrode fingers 5-9

with width wy. The total mass of the fingers is:

n1=}ﬁvthfp, (4)
15
where N is the number of the electrode fingers 5-9, ws is
the electrode finger width, h is the height, L; is the

electrode finger length, and p is the density.

20 The first order change of resonant frequency wy with

respect to dimension variations is:

boy _3Aw 18w, & &

25 In this calculation of the frequency change of the
micromechanical resonator structure according to the
present invention we have assumed that the spring and
electrode finger width change from both sides by an equal
amount of dimension change ¢ and that lengths L and Ls are

30 long compared to the dimension change ¢ so that the

changes due to length variations can be ignored.

We may especially choose the width of the spring elements

3 greater than the width of the electrode fingers 5-9 and



The m cronmechani cal resonator structure according to the present invention

conprises a spring structure 3 and a novable mass structure 4 . The spring

struct ur eVe 28¢%928¥ng to the present invention conpri sePCAFI08YN00WNne

spring elenent 3 . The novabl e mass straucture 4 according to the present

i nvention conprises several electrode fingers 5-9 wwth width W. The total

mass of thepétngersily difehsfbhf paid(didvher eoNthatt he nusbéiret the

el ectrode fingers. 5-9, vt¥,is t he egectrode finggr wi dt h h.%g t he hei ght,

Lf is the 8FagFr58§ FrRgerivahyt AT GRE pePSPPRE GERSFEDCYTHEFi rst order

change of respeant +br eaghensy ondl wnbkhuFaspeet ngoveirieansoas wapirabches iS: | n

this calculation of the frequency change of the m cronechani cal resonator

structure 4€EBrding to the present invention we have assuned that the

spring mand el ectrode finger wi dth change fromboth sides by an equal anount

of dimension change S and that |engths L and Lf are |ong conpared to the

di mensi on Bhiafheceiss erainghelenaRfeyidbe ¥osPeir§eh &ritdt PokS can be

i gnor ed. - especiall - i f ot ri I nts 3

reat or t NG ERe Sden oF Fhe e dctrbe tngerd S8 andensei f1cal

di mensi on sakdtwodkthsisgetrhatdth whe( WSt )or der the sangiltdtviidry of the

resonant frequency with respect to di nensional manufacturing variations

appr oaches ther sensBy ichdgs iofig thpr nagrehemban igiedt rewose tokats tiucityirg to 5
Aw,

10 according to the present invention we get =0
(00

(Equation 5) and the resonant frequency is insensitive to

manufacturing variations to the first order.

In the calculation of the mass of the micromechanical

15 resonator structure according to the present invention we
have used the above equation (Equation 4), which is a
lumped mass approximation and does not account for the tip
of the electrode fingers 5-9 moving more than the base of
the spring element 3. Also, the anchoring of the electrode

20 fingers 5-9 has been ignored in the above equation for
mass (Equation 4) and accounts only for the mass of the

electrode fingers 5-9.

Taking this into account the optimal value for the

25 electrode finger width may therefore vary but it is

approximately given by w=3w,. By substituting

w—= w4206 and wf—>wf+26 to above equations (Equations 1,

2 and 4), the sensitivity in the change of resonant

frequency due to manufacturing variations can be analyzed.
30

Figure 5 illustrates the frequency change of the resonant

frequency of the micromechanical resonator structure

according to the present invention as function of the

dimension change. The presented graph 10 shows the



times, or alternatively approximately three tinmes the el ectrode finger
wdth W (w=3wf) , in the calculation of the sensitivity of the

m cr omec N RiI208/092%6eonat or structure D ft accordi ng to t RETHFIW8EM00I0nvent i on
we get = 0 OO0 (Equation 5 ) and the resonant frequency is insensitive to
manuf acturing variations to the first order. In the calculation of the nass
of the m cronechani cal resonghor structure according to the present

i nventi on fechaeacysetange aboveoldut i o ¢Eyuat FerAagncyY whi &% i s a | unped
mass approxi mati on and does fot account for the ti p of the el ectrode
fingers 5- L r h -has he spyi I f@p]t_; . So, the
anchoring (%Pﬂ?%gggl ggt r%ggeagfn%ggrlg%?gghg% %e'elr[:f]%l S%r(l)geﬁ In etﬁ%’ a@love

equati on for israsbe( kqdathi of 4hp apdiagceudt & enlly ifoltheheiniss odf thie

el ectrode fingers 5-9. Taking this into account the optimal value for the
el ectrode FPRGer WP&CH ‘may therefore vary but it is approximately given by
w=3w . By substituting v t - w2d and W-->W-+2d to above equati ons
(Equations_1 and 4 . the sensitivity in the,chan of .resonant
frequency 8G8M %hﬁaﬁﬁff)gpﬁreidngr\?g?‘i gpi 6ﬁs¥Lc§ar?e§él écﬁlgl%y%%&. Slj—'iogére 5

illustrat e&g(gaﬁ/cf,or)equency change of the resonant frequency of the

m cromecha séfatFEEosBruct Tr'e aRdoklae ngerBieRbUpBtREehR T i AVEREFON as
function of t é di mensi on change. The presented graph 10 shows theA o
‘KAa%ﬂ%)

are compensated to the first order. The slope

dé
defined as the frequency sensitivity to the manufacturing
10 dimensional variations. By properly dimensioning the
resonator, the frequency sensitivity to the manufacturing
d(Aw, /)
dé

manufacturing variations are compensated to the first

dimensional variations approaches zero and the

order.
15

In dimensioning said widths, one may also dimension said

. L . d(Awo/wo)_
widths so that additional zero slope points (—————==0)

doé
are generated and the sensitivity of resonant frequency
with respect to dimensional manufacturing variations

20 approaches zero.

Additional compensation is possible by noting that the
electrode fingers are not entirely rigid but have a
resonance frequency given by:

25

‘The electrode fingers typically have a resonant frequency
higher than the resonant frequency for the combined

30 resonator. However, even at frequencies lower than the



frequency change of the resonant frequency G )0 as function of the

di nension change d . In the Figure 5, w= 3 is the wwdth of the spring and
W= 1 is VA6 0f the mass fingers . Fromthe preseRCEFIYPHYGO200 it is
seen that the slope - -- -- - is zero at d = 0 and the manufacturing

variations dd are conpensated to the first order. The slope - -- -- - is dd

defi ned as euhetkbaqueﬁagesfen&istdn\aintcy fire gulke cyan thac tel oty odieme sigeal

vari ations 0 di_mensi gni ! the rresonat or, .t he frequenc

sensi ti vi t%’etr%i ghg ﬁﬁr]réf ae&l 951 AP SFarPat iPong SPLS: stentet

appr oaches szehOaamdstshandﬁ aremufiaet. uTinn g Add tiiati, onhea e ctaipgnsatted to the
first orde I n _di mensioning said widths, one may al so di nensi on said

d( Aw0/ w0) Wiedt F€58o that additional zero slope points ( = 0 ) dd are
generated and the senS| tivity of resonant frequency with respect to

di mensi onal__ manuf r| ngcwarl at i pproaches zero. Addi ti onal

conpensat i §Ar9ESp l}lueq' 556t itn uf“l?&td &1 & GadHT SR E ot
entirely rlr@ls@nbtﬂbrh%\tQU@ﬂLﬁ%OWdflm@q&%(t%eglp&@sdmt invention.

The lumped model for a micromechanical resonator structure
according to the present invention as presented in FIG. 5
10 can be used for understanding the effect of bending of the

electrode fingers.

In the lumped model of FIG. 6 the spring 11 models the
spring constant k of the spring element as before and the

15 electrode fingers are modeled with two masses 12, 13 and a
spring 14, where my = m/2 and mass spring constant is k. As
the electrode finger is not entirely rigid, the two masses
12, 13 will have slightly different displacements. Lumped
model for the resonator with parallel electrode fingers

20 shown as one mass 13 and spring 14. For simplicity, the
two masses 12, 13 are presented in FIG. 6 as equal but
this is for illustration purposes only. For actual device,

the lumped masses 12, 13 may not be equal depending on the

dimensions.
25
The resonant frequency w for the lumped model in FIG. 6
is obtained as:
2 2
2_k-l~2kf—1/k +4k;
o = - (7)
m
30

By noting that k/k, <1, a series expansion of the above

equation (Equation 7)can be obtained as:



The el ectrode fingers typically have a resonant frequency higher than the
resonant frequency for the conbined resonator. However, even at frequencies
| onwer t haWO2RAI9%e®6r ode fi nger resonant frequency, the ECEFI08UR0PINger s
bend a little. Each el ectrode finger can be represented with a mass and a
spring. In addition, the anchor point has mass. Figure 6 illustrates a

| unped nodel for a nicif chani cal nator structure according to the
present inventi @t~ &ﬁe. @@ﬁ£d= ,a nisgr onechani cal resonator
structure according to 4hekprese t ﬂdy ntion as presented in FIG 5 can be

used for understanding the effect of bending of the electrode fingers . In
the |unped nodel of FIG 6 the spring 11 nodels the spring constant k of

the spring el enent as e electrode fingers are d led with two
masses 12, "8 &n&oa ¥ EP%g‘ﬁﬂagﬂ%e? o7 YRl ofhd RS SR i By Toniiant i s
Kf. As thea%'c%fawcqqgl bRIehel %1%%&%%' e hyek %ﬁtpla%ctewqo%é%e%g 13

w Il have slightl ferent displacenents.” Lunped nodel for the resonator
W th paﬁalK@EO@BQEtﬁéééuﬁm@qers shown as one mass 13 and spring 14 . For
sinmplicity, the two masses 12, 13 are presented in FIG 6 as equal but this
is for illustration purposes onIy For actual device, the |unped nmasses 12,
13 may not Mogeeyeaxl dépéh@l@@rdﬂeﬁh@r@ﬁ@@ﬁ§ﬁoﬁguatFW@ feJordst sPrég@ency co

for the IU%E%%tg%%el E&ugklon g sﬁongakﬂgdsgélng constants are
proportional to the cube of spring element widths.
10 Therefore, the above equation (Equation 8) can be written

as.

15 where w is the width of the spring element, wy is the
width of the electrode finger and a is a parameter
depending on the spring element and electrode finger

lengths.

20 As wy<w, the above equation (Equation 9) shows that due
to distributed compliance of the electrode fingers,
reducing the electrode finger width and spring element

width by an equal amount will change the value of the

)3

W .
correction term[l~a—~?] in the above equation (Equation

w,
25 9). This gives an additional degree of freedom to reduce

the frequency sensitivity to manufacturing variations.

Figure 7 illustrates the frequency change of the resonant
frequency of the micromechanical resonator structure

30 having spring element width three times the electrode

finger width (w=3w,) and elastic electrode fingers



By noting that k/kf <\, a series expansion of the above equation (Equation
7 )can be obtained as:where . A s the above equation (Equation 8 ) shows,
account i NYOR8/RE6e| ect rode finger conpliance | owers t RETHEINOYE§H20
frequency. Moreover, as the earlier presented equation for the spring
constant k (Equation 2 ) shows, the spring constants are proportional to
the cube ofhcspridnggekenent wirdsbstr Theeeteobe, athéuabevenequatthen (Equation
8 ) can be witten as.: where wis the width of the spring element, My is
the width Bf"FREGPeCPPBEE finger and a is a paraneter depending on the
spring el enent and el ectrode finger lengths . As W < w, the above
equation (Equation 9 ) shows that due to distributed conpliance of the

ellect rode 008t heductngohhessLagt Ladg thaoetw,dvh, ans-spi ifel ement

wi dth by an eq anount ange the value of ‘the rrecti onayermw
l-a- - in the above equation (Equation w9 ) . This gives an additi onal
degr ee f brfe¢temresoneducéreheehcgqueney Sensiioni oy tbendantasiani ng
vari ations. Fi%ur 7 illustrates the frequency change of the resonant
frequency Gf3PRE @ tromechani cal resonator structure havi ng spring el ement
width three tines the el ectrode

From the presented graphs 15-18 it is seen that in

@y

addition to the resonant frequency change having the

a)()
10 local minima A at §= 0, there also is local maxima B,
which are also observed for small values of the parameter
d(AwO /wO) is
do

zero and the manufacturing variations are compensated to

a. Thus, there are two points where the slope

the second order. Increasing the value of the parameter a
15 will lower the local maximum and with a sufficiently large
value for the parameter a no local dependency frequency
change on dimension change will become monotonic. This
gives an additional degree of freedom to reduce the
frequency sensitivity to manufacturing variations as

20 illustrated in FIG. 7.

The proper dimensioning of the spring element and
electrode finger widths is used to compensate for the
manufacturing variation to the first order leading to

25 local minima in resonant frequency (point A). By choosing
the electrode finger length so that electrode finger
resonant frequency affects the resonator resonant
frequency, a localized maximum can be generated (point B).
These two degrees of freedom (dimensioning of the widths

30 and lengths) can be used to design a resonator that is
insensitive to manufacturing variations over large

dimensional change o as illustrated in FIG. 7.



finger wdth and elastic el ectrode fingersaccording to the present

i nvention as function of the dinension change. The presented graphs 15-18
show t he WPa8Wée846change - COn of the resonant frequeREF/FRIAKIPMct i on of
t he di nension change d . Fromthe presadted graphs 15-18 it is seen that in
addition to the resonant frequency change having the local mnima Aat d O
, there al sagusel gecallim@xirameB anwkilektaoetaltde ebserwedchoofsreml | val ues
of the paraneter a.. Thus, there are %ﬁp ﬁpints wher e th%’s%%pe - -- - -
is dd zer oTafrd e cEGPPRG C0ar SAEPGTE Tar & CESRSeRSat€d S t he second
order. |ncpeasieng tihereralive .ofrhehaupariaret eneatwidde lfAweredshef atal nmaxi num
and with a sufficiently large value for the paraneter, a no | ocal dependency
frequency Pﬁ&ﬁ&??ﬁ% F%ﬁogﬁﬁﬁﬁe rWFtH§%0ﬁ59ﬂﬁ%ﬁﬂ%ﬂa9 is gives an
addi ]E i ohal pdegee ('j_fnvfd‘rﬁﬁdmmc}al(ﬂl r_b%dms@gt e f ra@uenes tsens tdxdity tien

manuf acturing variations as illystrated in Fl 7 . The proper_.di nensioning
of the sprpﬁgtéﬁeﬁ§ﬁ¥) rél@téﬁ&&&'ﬁ%ﬂ&EERM%iﬁ? ﬁqgeU§§dat6ﬁ6%ﬁB§ﬁ%ate f or
t he manuf agt yroRg vy in@-\ﬁi@% @ stohe thr & tdeydd .eatiangds@nlaaeal mnim in
resonant frequency. (point ) By choosi ng the el ectrode finger |ength so

that el ect Fe@E I ereddrait Hestiond et Reresondt&™ Pesonant

voltage V is applied over the resonator and fixed

10 electrode, a force

B l oC(x)
2 ox

F Vi,  (10)

will affect the resonator. As the capacitance C is
15 proportional to the total area, a large number of
electrode fingers can be used for effective actuation of

the resonator.

Furthermore, the electrostatic force given by the above

20 equation (Equation 10) can be used to tune the resonant
frequency. This can be used to electronically calibrate
out any remaining manufacturing variations and temperature

frequency dependency of the resonator.

25 The effective spring force from (10) is:

where b is a constant that depends on the electrode area,
30 the electrode position, and the permittivity, d is the

electrode gap, and ¥V is the bias voltage. Due to

manufacturing variations, the actual electrode gap is

d=d,-6, (12)



frequency, a localized maxi mum can be generated (point B ) . These two
degrees of freedom (di nensioning of the widths and | engths) can be used to
desi gn a WO0MWM9¥46t hat is insensitive to nmanufact uri ngPCAFIAPI/YNE200v er

| arge di mensional change d as illustratgd in FIG 7 .Figure 8 illustrates
an electrostatic excitation of a m cronmechani cal resonator structure
according to the present invention. The nultiple electrode fingers of the
m cromechanj cal resonator structure according to the esent invention can

be used fo?’h%Féc_f"‘rdssc ath *eecht &lieghrors FEIEIGharst 2 AStiEREd count er
el ectrode hsnandishaneandef bemhbecmovipgqaeesopatpe gheet pedeneThe

resonator el ectrode and fixed el ectrode forma capacitor. \Wen a voltage V
i s appliedeb9eErPHE FBSERACEF  ahbdef PRBIPEL¥EEROBBS S1E6FERIRFI | affect the
resonatfr. sAsrtheccapaci hares Erba PhAPELLI gRalibast Bguhetahsarea, a large
nunber of electrode fingers can be used for effective actuation of the
resonator. Furthernore, the electrostatic force given by the above equation
(Equation 10) can be uq@d to tune the resonant frequency. This can be used
to electronicalMy=caLLb#a%dﬂbut @y remai ni ng manufacturing variations and
tenperature frequech%de@bndency of the resonator. The effective spring
force from(10) is: where b is a constant that depends on the el ectrode
area, the electrode position, and the permttivity, d is the

the electrical spring can further compensate the

10 manufacturing variations. The resonant frequency modified

by the electrical spring force is given by

15

where ¢ is dimension dependent constant.

Figure 9 illustrates the relative frequency change of the
resonant fregquency of the micromechanical resonator

20 structure having spring element width three times the
electrode finger width and including the electrical spring
effect according to the present invention as function of

the dimension change.

25 The graph in FIG. 9 shows the relative frequency change

Aw,
@,

of the resonant frequency wp as function of the

dimension change 6 . For positive values of dimension
change, the electrical spring will reduce frequency
change.

30



el ectrode gap, and V is the bias voltage. Due to manufacturing variations,
the actual electrode gap is d =do - d, (12)where d o is the idea

el ect r odeVoORaAKYM4and i s t he di nensi on change of the el @THARILI000020t he si ze
of the electrode increases, the gap betléeen the el ectrodes decreases. A s
noted fromthe two previous equations: =- -W (13) (do-dg the electrical
spring canrfuont bre geapansat eést beenanaathdr ehgcevaticali epsingheffesanant

frequency nodified b he eI trical. prin force is given_b ere c is
di mensi on aaﬁeﬁaeﬁﬁeéoﬁgtgﬁﬁ EFgﬂFEl§ FFIgg?r5?89uFﬁgyr8E3P§$SQF?equency
change of tbedirsasanh Eh@@q&ncyfofukbﬁeﬁleédmechanlﬁalveeﬁahabnristructure

havi ng spring el enment hree tinme e el ectrode f dth d
i ncl udi ng PﬁgdﬁgecFB?cgh ém@FFch§ %BSrgﬁﬁécFocgﬁeb%?Z;eﬁi |nv22t|on

as funcélOchmehﬁsﬁb@E%%lQHJQQQQQ@ thBepghaphoifa EGV'QOSEQ stheneel ative
frequency changée of the resonant frequencg G0 as function o the CQ0
f

di mensi on ehangeidal Boripesiri ve vhyaésadf taineAsNoRuChaA§el 2ERE

el ectrical .spripg W | I reduce frequency change .Fromthe graph it is seen

how t he electrlcal spring effect can be used to further mnimze the

frequency change due to dinmension change. If further reduction in variation

I'S The solution according to the present invention presents a

10 new structure of a micromechanical resonator which has an
improved frequency accuracy in comparison to the prior art
solutions. The optimal device dimensions are obtained by

combining the demonstrated effects.

15 In the solution according to the present invention the
spring element width w and the electrode finger width wy
are chosen so that spring element width w is approximately
three times the electrode finger width wy (w=3w,). The
relationship is not exact as the electrode finger support

20 has not been considered and the other two compensation
methods can be used to tailor dependency of the device

resonant frequency on dimension changes. The optimal range

for the spring element width can vary from the spring
element width w being approximately two to five times the

25 electrode finger width wy UM=2wy to wv=5wf).

In the solution according to the present invention the
electrode finger length Ly is chosen to be sufficiently
long so that the distributed elasticity of the electrode

30 finger affects the resonant frequency. The optimal range

for the electrode finger length may vary from L,=L/6 to

I,=L/2.

In the solution according to the present invention the

35 electrode gap d is chosen to be sufficiently small to



needed, the final trinmng of the device can be acconplished by adjusting
the bias voltage V to adjust the electrical spring or by physical trimmng
such as 1'MO8PO¥MR%r ng. The sol ution according to the pPEI&R009/0PPEt i on
presents a new structure of a m cromechani cal resonator which has an

i nproved frequency accuracy in conparison to the prior art solutions. The
opti mal dewif€cecdi raesiressnane dhtauradyby Teenbiptiimgnt e pd enmastsr dtrech
effects . In the solution according to the present invention the spring

el ement wi al®7 5Rd ¥4 el ectrode finger width Mare chosen so that spring
elenment width wis approximately three tines the electrode finger width W
{w= 3w ). The relationship is not exact as the el ectrode finger support
has not be&Ad8sRsideddd Usidaitivs dtRerf refycEsipEhsadicor Ittt RodesCaR e used
to tailgr dependency o¥f rihhe deviaRheserant |LeHuensy e ditigasi on changes.
The optimal range for the spring element width can vary fromthe spring

el ement wi 88N 1RObePrg appsrerierd: aifthnwshigef injges Fe tHEEIT@6Er ode fi nger

width M> {5520 Loy = 13Wihg diRsthe saliti-oaGeeiding a4 he present
invention the el ectrode finger length Lf is chosen to be sufficiently |ong

so that théngilgdinbuttée &latidion) 6Pring efdetodedansgery &cf &8s t he

resonant EeQUeney 11 ARkl Tl £Reg chobs! Recelagiade. idigelgd ength my
vary f£8ﬁ1 =L/6 to Lt =LI2 .

The presented graphs 19-22 show the change in the resonant

@,

frequency of the resonant frequency wy as function of

0

the dimension change § . The presented graphs 19-22 show

the effect of combining all the previously mentioned three
15 approaches and shows how the sensitivity to dimensional

change can be minimized for a wide range of variations.

Combination of the three mentioned compensation methods is

used to obtain minimal fregquency change. In the curves,

the resonator dimensions are changed and the gap is

20 varied.

Figufe 11 illustrates a micromechanical resonator

structure having spring element width three times the

electrode finger width, having elastic electrode fingers,
25 and including the electrical spring effect according to

the present invention as function of the dimension change.

The resonator is made of single crystal silicon and has
two spring elements 23, 24 anchored at the same location.
30 This tuning fork structure minimizes the spring element
anchor movement thus minimizing the anchor losses. Both
spring elements 23, 24 have a mass made of multiple
electrode fingers 25, 26. The resonator has two spring
elements anchored at the same location the mass is formed

35 by multiple electrode fingers 25, 26. The vibration mode



In the solution according to the present invention the electrode gap d is
chosen to be sufficiently small toaffect the resonant frequency. The

opt i mum g¥p 20892846f r om 500 nmto 5mm . Figure 10 il | usPEAFEHY/HWOFr equency
change of the resonant frequency of th&8m cronechanical resonator structure
having spring element width three tines the el ectrode finger w dth, having
el astic elgchtntecfi niger anchad inskadi ag the ebetodni cal thpring ef fect
according to the esent ipyention_as fungtion of the dj pon change. The
presented gPaphs § @Qﬁnéﬁoagth 4cﬁ%ﬂ§%£fn$% er?%%%%gﬁf #gggggncy of the
resonant fregueacyeWwrasguéinnegt ien3of 7600Hthendi heasddmeobange dre The
present ed 8ra§hs,19-2§ shgm%tge effect of conbining all the previously
ment i oned ThY8R 4Ppfodathies 8Rd°¥hows how the sensitivity to di mensional
change xxan be mnimzed for a wi de range of variations. Conbination of the
t hree nmenti oned conpensation nethods is used to obtain m ninmal frequency
change. In the curves, the resonator dinensions are changed and the gap is

varied. Figure [IT 1TTustrates a m cronechanical resonator _ stf{ucture having
spring el enent |Ratametere tines the el ecfrodémenager W h, | having el astic
el ectrode fi ngers—antd—t+netudingthe—etectriecat—spring eff according to
the present invegtiony as1éuaeti pangtnt he di mensi oreghange . [The resonator
is made of single crystal silicon and has

Spring element width 12.6

Electrode finger length 200

Electrode finger width 3

No. of electrode fingers 14

Electrode gap 3

Table 1.

10 Figure 12 illustrates another embodiment of a
micromechanical resonator structure having spring element
width three times the electrode finger width, having
elastic electrode fingers, and including the electrical
spring effect according to the present invention as

15 function of the dimension change.

In FIG. 12 the mass is made of multiple electrode fingers
31-34 and the spring element width w is approximately

three times the electrode finger width wy (wf==w/3). The

20 device is anchored with multiple spring elements 27-30
i.e. guided beams 27-30 to restrain the mass movement in
one direction only. As the spring elements 27-30 cannot
rotate freely, the guided beam spring elements 27-30 are
four times stiffer than the simple cantilever springs with

25 equal length. Conversely, to obtain the same spring



two spring elements 23, 24 anchored at the sane |ocation. This tuning fork
structure mnimzes the spring el enent anchor novenent thus m nim zing the
anchor | 0¥98809/B%h spring el enents 23, 24 have a nass REAFIWHPI/AGNI0 pl e

el ectrode fingers 25, 26. The resonatori%has two spring el enents anchored at
the sane |location the mass is fornmed by nultiple electrode fingers 25, 26.
The vi br at icomstadem rihe zes dce baraizor 7-@9s ehoad dt be Monoer dhatrhe t wo
spring elenents 23, 24 cancel_,__The . .resonator, target resanance frequency is
32, 768tz AndTLRe SHEAERST aRs TA%E diAvani 71860 T Bel B TPABE T T gur e
12 il ustr at/estanatheh iedeaditiem tofe &lrictrronec fdnioeals Bds@fattar structure
havi ng sprin eleggnt mﬁd%@_th.ee ti.nes.th electr?ﬂg fiqggr mhgthwlhaving
elastic el EEFPSIENFnders *an S THASIGTRY (hE GRSt Aeq” SpiS A§ SSFFS%

accor di Bg tfardduenpresente lictertdeo T iagyefrenctli-Gd dfs tdid ghitengiigghechange. I n
FIG 12 th nasipjs made of qyltk$le el ectrode éﬁgggrs 31-34 and the spring
el enent Wi WHS &55PER et e SR e O med S KB Ceite HFGHE i mger wi dth vty
(W-=w/3). The device is anchored with multiple spring elenents 27-30 i.e.
gui ded beaq§127<30 to restrain the mass venent in one ireg}iq: only. As
the spring Qe MERtE™F S0 1 EaMN I T VS eV th& G ded Dedm €6t i ng

el ement s 2%r3Gearne ihewn thiiores s uffemdikdve e Siyipletagand i | ever springs

with equal |ength. Caonversely, to obtain the sane springconstant, the
QUi ded! Doaerss 55 HOM ¢ B A TG t han a



sinple spring. In FIG 12 the guided beam spring el enents 27-30 are thicker
than the electrode fingers 31-34 to conpensate for the di nensional changes.
Al so, theWpeayrae46frequency of el ectrode fingers 31-34PCE/FEI0DYHMOPIP hi gher
than the resonant frequency for the whabe resonator. The m cronmechani cal
resonator structure according to the present invention is insensitive to
systemat i ccmanmgacturing variations.Cainms 1 . A mcronechanical resonator
havi ng a novabl e mass structure (4) and a spring structure (3), (23-24),
(27- 30); said novable mass structure (4) consisting of at |east two

el ectrode ﬁingeASmﬁérSmecﬁaﬁlaan réabnéébrthablageacmaﬂabugdmb@gether and
said spring structure g3 3-24), %27-30% con sting gf at ast one
spring el eRBAECERYE (4 ?ﬁ? a(??réﬁﬂ hatcr rﬁné red2fi ﬁ1onéz nd and
connect®d §0) Lh@aﬁasﬁoeabuaema%@e@t@ndtu@aara¢tebhé@@tﬁﬁgtb&tathe wi dt h of
t he spring elenents (3) 3-24)

greater than the wi dth of
t he eIectré&éSFlﬁd@r@lﬁgtIQ?e F?Qgﬁﬁ% ?Sf)34)255§%g'mﬂéﬁﬁg4§p§§PFicalIy
di mensi onedrsocbhabctBe $68sithiy,t vinaf skhe @p&gﬁgn%t&ﬁ@ﬂ@@@cw3qbange with
respect to dinmensional manufacturing variations '(Aa)0 1 roaches

zero. 2 . A2 ﬁr@ﬂéwedﬁanﬁgélCP@§6§§H89 QécéFdFﬁésFooéFaﬁﬁ&fng & &P& Ceri zed

in that thesm croneohani qab-nesoraker ikasnthe rwudithoaf ohle «3pr ing el ement s

(3), (23 24), (27-30) 2 to 5tinmes the width of the_electrode fingers (5-9)
(25-10 connected to the mass on the other end, characterized in

that the width of the spring elements (3), (23-24), (27-

30) is greater than the width of the electrode fingers (5-
9), (25-26), (31-34), said widths specifically dimensioned
so that the sensitivity of the resonant frequency change

15 with respect to dimensional manufacturing variations

d(Aw,/®,)/dé approaches zero.

2. A micromechanical resonator according to Claim 1,
characterized in that the micromechanical resonator has

20 the width of the spring elements (3), (23-24), (27-30) 2
to 5 times the width of the electrode fingers (5-9), (25-
26), (31-34).

3. A micromechanical resonator according to Claim 1,

25 characterized in that the micromechanical resonator has
the width of the spring elements (3), (23-24), (27-30)
approximately 3 times the width of the electrode fingers
(5-9), (25-26), (31-34).

30 4. A micromechanical resonator according to any one of
the claims 1-3, characterized in the resonant frequencies
of said electrode fingers (5-9), (25-26), (31-34) are 2 to
5 times higher than the resonant frequency for the
resonator.

35



26) , (31-34) . 3 . A mcronechanical resonator according to Claim1l ,
characterized in that the m cronechani cal resonator has the wdth of the
spring elN¥0@A90928y | (23-24) , (27-30) approxi mately 3PCTARWOY/HWO2 dt h of
the el ectrode fingers (5-9) , (25-26) ,21(31-34) . 4 . A mcronechani cal
resonator according to any one of the clains 1-3, characterized in the
resonant friequerkcines: mfmesdiath ieladc tregden fiagercse riti%)y HR%36)agnd 3t 34) are

2 to 5 ti hi gher than the resqgnant frequency for the resonator .5 .

nicr onechggh'sr%ealgrae“érbsn ov a??ﬁﬁ%ﬁq-‘r?gr’tz@éﬁ& g‘ﬁ@ytof”l T Ry sald

g_har acteri 3adjﬂmsh,t hatid miﬁjmﬁmidmgnesﬁicm@cd;m,tm i dIsoearer

i mensi oned .so that the slope of the resonant frequency change wth respect
o Qi mens: GREl TRBHIHG: (AR It 1P S Rarge AT SO AT or
nor e | ogat in@ifa fadur hdrwerenechan @andesgiptcrrRec dh gt acddyoone of
the clains 1-5, characterized in that said spring structure (23-24)

consi sts of"Y%o KPP enents (23-24) that are anchored together to form

a tuning fork structure . 7 . A mcronmechani cal resonator according to any
one of the clainms 1-6, characterized in that in djnmensioning said w dths,

the resonarfte freduen@rerairal geine Qe AT Fihdet £15-9)° (25- 26) | .
(31-34) is drakefldits 120 0WHaracterized in that said spring

10 structure (23-24) consists of two spring elements (23-24)
that are anchored together to form a tuning fork

structure.

7. A micromechanical resonator according to any one of

15 the claims 1-6, characterized in that in dimensioning said

. Yy w
widths, the resonance frequency ayw:OX =
\fp

of the

2

electrode fingers (5-9), (25-26), (31-34) is taken into

account.

20 8. A micromechanical resonator according to any one of
the claims 1-7, characterized in that in dimensioning said
widths, the effect of bending of the electrode fingers (5-
9), (25-26), (31-34) is taken into account.

25 9. A micromechanical resonator according to any one of
the claims 1-8, characterized in that the length of the
electrode fingers is also dimensioned so that electrode
finger resonant frequency affects the resonator resonant
frequency so that a localized maximum of the resonator

30 resonant frequency change with respect to dimensional

manufacturing variation change is generated.

10. A micromechanical resonator according to Claim 9,
characterized in that the micromechanical resonator has

35 the length of the electrode fingers (5-9), (25-26), (31-



8 . A mcronmechanical resonator according to any one of the clains 1-7,
characterized in that in dinensioning said widths, the effect of bendi ng of
t he el ectWOa@80NM92gers (5- 9), (25-26), (31-34) is takenPCHFROAYEWMRN . 9 . A
m cromechani cal resonator according to2any one of the clainms 1-8,
characterized in that the length of the electrode fingers is also

di mensi oned4so 1yltat-cellget rade sf khgel engsanalit theegpenoay aflbeensst he
resonat or reson frequency that a | ocalized maxi nrum of the resonator

r esonant f#gzueﬁgé_@ﬁgngéaaféﬁ?respect to di nensi onal manufacturing

vari ation change is generated. 10. A m cronechanical resonator according to
Caim9 , ﬁﬁara terized iB thatlthe m_cr onmechani_cal r%sonato%ngas t he
length of the ePefrddSfiRGersl(5SgP (95, 361°TF31934P P8 £8°1PS ti mes
the | ergt htok tcheisprilrgoel emarbeted)ized?3n24hat( 2he3)ficrbhecAanical

m cronmechani cal resonatqr ,according to any agne of the clai 1-10,
characterif@&opﬁtpﬁadeﬁélﬁpéﬁ&%e@ énW@éPSré§5n§F5Pa§&&9tFg%alIy has means
for actuat iRgohhe Jresaratebselkeclragkatically. 12 . A m cronechani cal
resonator according to any one of the clains 1-11, characterized in that
the m cronmechani cal resonator has the width of the el ectrode gap from 500
nmto 5MM 12, A micromechanical resonator according to any one of

10 the claims 1-11, characterized in that the micromechanical
resonator has the width of the electrode gap from 500mnm to

S um.



