WD 2009/ 092846PCT/ FI 2009/ 000020 A M CROVECRANI CAL RESONATOR Fi el d of the

i nvent i onwp 2bbgedaeent ion rel ates to design of m cronmechany gadeofumenat ors
and, nore precisely, to the design of mcroel ectronmechani cal systens (MEMS)

resonators. The object of the invention is to provide an inproved design 10
structure for_a mcroel ectronechani cal systens (MEMS) resonator that is

frequency rBpMLERPYERHANEGALURESONREPRAt i ons and enabling reliable

frequency referencing with good performance, particularly in small size
sol utions. 15 Background of the invention Resonators forma key conponent
of a timng or frequency reference. The resonators are actuated to

oscillate ngag1404 Ehghﬁagﬁgghtﬁgﬁonant 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 c r . For i.cal ;applications, .the re |red frequency
accur acy ra%g%sgk%gﬂFigﬁor%%gkggrt%pgrSig |§%nm655ﬁﬁe m | evel
accuracy reqaspestQXSr&nébymg@edpm&nmba&yurtngtheldeamgﬂsoﬂ n addition,

final Ca"bﬁ?EEBQéégﬁkgﬁecﬁr nlcal %SEQS%E%E%%?&%BLﬁ§! adjustnent

is often perforne romec anlcal reso ator €used as a
key conponenbieatMeRBtievicesptsoahiastoi provgyreoscofam.raveet aeisiyamot or s,

ol oot onfar oA e b K B b e R Re B L SYSTAE o Eiinoy. VO
2009/ 092846PEFLRFRRODOLDBO026 frequency robust to manufacturing
variations and enabling reliable freguency 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 fregquency 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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2 Furthernore, mcronechanical resonators are may al so be used to

conpl ene t echnol ogy in frequency references.
frequenc%g%td@@é’iﬁof m cronmechani cal resonators needsk‘&\éﬁ@qoﬂ%&ge%d
before 5 they can chall enging the quart# technol ogy. M cronechani cal

resonators that are nade by a conbi nation of optical |ithography and
et chi ng pr deddwsmefieer NGICLOTETH agYsIa la RARATRfOT 0\Agre dBHl et $ORE quart z

crystal 10 J£30n Qoim1deeneudhs f@éBHr?&Pltdb{s} ng, Vﬂéﬁéé'gfjﬁvi n a

m cromechani cal proceSs can be several percentages of i ces
di mensi ons refemgnagshefiosie vigfderSeaafdiampesicy repriasty 2% rel ation to 15

the pr esenhﬂd@b@&é&h%@lirc%flerx%%%a‘%dﬂs Qﬁbé%d%& d My Ayt S dr aw ngs,

i n which: gure 1 illustrates a basic nechanical resonator according
to priop arthey can challemgjmoe the |qusstlrattertmdlagied nodel for the basic
20 nechani cal resonator according to prior art. Figure 1 illustrates a

basi ¢ nmechani cal resonator according to prior art. A sinple resonator

consi sts ofMixmmgaigndlcetemesprrat s riduttaring aredmdy 2 TrbIpREhen 25

el ement 1 . exanpl i cant.| r hown in
FIG 1. 1 n%?sc{é)rcrp cgﬁr %&%ﬁr&g&%}g %é%@éeé%%\%é%)r%%%c%ﬁ is given
by 30 coo=And (cHst wevea teigs ss prigry constEniodel sTupsen ¢yystal

PCT/ FI 2909/%@5&4?@&4&%&'5 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 fregquency wy

is given by

moz\[%r (1)

where the spring constant & is given by

30



Figure 2 illustrates a |unped nodel for the basic nechani cetT/FERRRAICDD20
according to prior art. Here Y is the 5;Young's nodulus for the material, w
is the width of the spring elenent, h is the height of the spring el enent,
and L is the spring elenment |ength. The spring element width wis typically
smal | and due t g <yl depgndency, the resonant frequency wo is very
sensitive to the var4fations 10 in spring el ement width w. The first-order
change of the resonant frequency wo with respect to spring elenment width w
is [err] where [err] is the infinitesimal frequency change due to the

i nfinitesi daguser 2ndléueneatew dtf N usipedgacdyl @re ahe bagiest significant
problems in the design of m cronechanical 20 resonators is the variation of
t he resonaREchPBdGaAcFESRRAERY SCERFSERIFOpHIE F REitrsi Hiede Br d&i §h8n in

t he strwctyr } nat.or, f I usi of

m croné%hagpggg Ehé§§8%2§ §§r233#e§§%%§§%%ri§P%-uE§ﬁ£$§¥§§htﬁﬁ é?ﬁ%ce

errors. 25gpefingxanpmentf ol 9w Bgef heAyhReocabeve eguahizorickauati gag3), if
the spring element width varies by 4% the resonant frequency varies by 6%
or 60,000 ppie Tber sgudagt bilsmeatki dength.i Thies sgpedngee lemantt e dtbsenant

frequency i I Y naf f.e d facturing. variations.
Pat ent doch%eggpﬁgégggogbé}§ %ﬁgcﬁggeggéc%ggggg% © ?ﬁacyhag%g spring
mechani sm geapaahed fhetweanyam,ansheerandenni AVMEADED BHEEFatl REALRL)

PCT/ FI 2009/ 000020 4
10 in spring element width w.

The first-order change of the resonant frequency wy with

respect to spring element width w is

Awy 3 Aw
@, 2w’

15 (3)

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

infinitesimal spring element width change éw. 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 dimensiocnal
tolerance errors.
25 ‘
For example, following from the above egquation (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.

Patent document US2005073078 discloses a resonator that

has a spring mechanism connected between an anchor and an
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ef fective nmechani cal nmass. Patent docunent US2007182291 dimml/eeessmoobo
filmtuning fork type inflection resonagor. However, at their closest said
pat ent docunents describe only techniques according to the pre-anble part 5

of an indep . i t he obj f the jnventd .S, 1.0 provide a
structure oggggﬁ$%€%ﬁ%%%%%$%§?lr%%ﬁé&u%#g%éﬁcé?ﬁﬁﬂ?%ﬁ1 %éqh%ﬁ%ﬂ%§ﬁfrequency
accuracy i ndtsnpaséson thinheilwitrnird Satlutiyges. inflieeqriegent i nventi on

nmeets this need._Su of the_ .invention 15 The objective of the invention
e e brovi Bt idudtet N (HED A A I SR Yodumentd
m croel ect r deschiine cathl g ysé etsi qMEVEcdRshitg oo e ghrd -snfgiegysiay robust

to manufactuging vartiations and which enables reliable frequency
referené%ngogj?% YOOF P ?%?Hgﬁ%ﬁ?'particularly 20 in small size solutions.
According to a first aspect of the invention, there is provided a

m cronechani cal resonator having a novable mass structure and a spring
structure; said novable mass 25 structure consisting of at |east two

el ectrode finges sthdasb e coNNad echdaaetdieris al syl P14 ng structure
consisting of at |east_one spring elenent that is anchored fromone end and

connect ed tHEXHEWER CHrR R TAMRGhEHE2 S reganaranehviiah hast athe spring
el ementy | SigpRNEl 4Paqidiled hedlidy ofn (DRl adldnds, IO0ghS S g d W dths
specifically dinensioned so that the sensitivity of the resonant frequency
change wi t SeBspE@s t oThR eYRIHal irEiiTian meefes vdristiesss dOowol w | a
approaches zero. 35 Preferably, the m cronechanical resonator has the w dth
of the spring elenents 2 to 5 tines the width of the PCT/FI2009/000020 4a
el ectrode fSunyeaxy of terenatnivwesitiont he mi cronechani cal resonator has the
wi dth of the spring el enents
15 The objective of the invention is to provide such an

improved design structure for a microelectromechanical

systems (MEMS) resonator, which is frequency robust to

manufacturing variations and which enables reliable

frequency referencing with good performance, particularly

20 in small size solutions.

According to a first aspect of the invention, there is
provided a micromechanical resonator having a movable mass
structure and a spring structure; said movable mass

25 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,
in which the width of the spring elements is greater than

30 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.

35 Preferably, the micromechanical resonator has the width of

the spring elements 2 to 5 times the width of the
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approximately 3 tines the width of the electrode fingers. FETRrigbepaldby2ot he
resonant frequencies of said electrode fingers are 2 to 5 tinmes higher than
t he resonant frequency for the resonatof#a Further preferably, in

di mensi oning said widths, said widths are di mensioned so that the slope of
t he resonanelécbyadacyivhange dMtartotivelg008hed2846PCELERREOSI000020 5
respect to gdj L Qha tyring.-variat] h roaches zero at
teo o mor ot T B00Rr ShanurkRor L aFhy 9F Bk s bR taS STIREER DT TS Conei ot s
of two spriagpebripatsliyhat tamesanbboweédthogét hbe tdettrode ttumgzysf.ork 5
structure. Further preferably, in dinensioning said wdths, the Yw
resonance frequency cof=0.8 --- of the electrode fingers pr is taken into
account .5 Fuptheerabefer ahkyresondhtefseoneng i@ 8 daviddengctiagieef f ect of
bendi ng of %he electrodg Linge S is #akgn into acgpunt. Preferably, the

| ength of the™8PEEt #bBe“f FAgRr 5 PESalPs8 G Nt 088 S65CRE el ect r ode
finger resopasguenegueseythd aéteshsotrheruesneat pirefesamant, fihequency so
that a | ocalized maximum of _t he resonatQr reso%gnt frequency change with

f
respect to GiHEREIGRANInEREFa¥LdrPRg FarfalitofEnange diBegsHorsCedO
Preferably, thhe fher eneghaskcaher £698aMAE RasquBackerakigefl Wik el ectrode
fingers 1/6 to 20 1/2 tinmes the length of the spring elenents. Preferably,
t he mi éPomechani cal resonator additionally has neans for actuating the
resonator electrostatically. Preferably, the m cronechani cal resonator has
the width of 25 the el ectrode gap from500nmto Spin.
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Brief description of the drawi ngs For a better understanding of the 30

a;?ga:to‘ﬁﬁgwgggg?%he sane may be reference wll nom/beﬁgﬁﬂﬁmﬁg?&ﬁﬁ%in

1 illustrates a basic according to esent
invention and in carried into effect aceonpanying draw ngs, nmechani cal
resonator WD 2009/ 092846PCT1F12009/ 000020 6 Figure 2 illustrates a

| unped nodéesbectt e Isisien siseivdnirea fesdgrane vasdertdialy 38 or art.
Figure 3 il] -?tfo%h%th%% e Jidension.chanees Hata Jasi eymalani cal resonat or

due to lith S}ap y or etch varrations 5 accor&?hg to the present invention.
Fi gure 4 i prefieratdy a 9fist amsdmghiséaiuatesen &aars i fireracisiidichg to the

present inyqabon.g S-Thatthea@eg‘é[r?ch%ﬂéci !t%greacth%ﬁ: the 44.80UenGh Glangsof the

resonant frequency m cr omechani c resonat or 10 structure according
to the presdnmudtmzenti on as function of the dinension change. Fi gure
6 illustrates a | unped nodel for a m cronechanical resonator structure
according to the present invention. 15Figure 7 illustrates the frequency
change of tfhverthesorarafdradguoncyn ofinehe ivndmemeshiahiwedth®sor® or structure
havi ng spring element width three ti the el ectrode finger wi dth and

elastic el e:%tsro%%%c{%%g@&c&ﬂg} ggyr_éﬁtﬂe BECSAl RN sdsdeunct i on of

the 20 di ménsion ¢ I fAlustrates an el ectrosttatic

excitation of a mcronechanical resonator structure according to the
present i nveénttiaden 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 actuwating 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:
Pigure 1 illustrates a basic mechanical resonator

according to prior art.



Figure 9 illustrates the relative frequency change of 25 the resonant

frequency, of i .cronechani cal resonator structure hayj I | ement
wi dt h thrvevgb 2t0¥’4r)r@§§%6he el ectrode finger width and incl ud;ﬁncgg]%]%@g)g Q& ri cal

spring effect according to the present Pnvention as function of the
di mensi on change. 30Figure 10 illustrates the freqc;fency change of the

resonant frequeddydwBie the Mt oiledram cimpaek gindor 5% uehireewe®i ng spring
el ement W GidbidHRe T i FBolNiS el £644R086 4 19§ W At havi ng el asti c

el ectrode fingers, and including the electrical spring effect according to
35 the present iFAEHIS oh Hslysicaten ie tdianensiani omrsngel Filkasc 11

i1 ustrat ey id 6 Qe Ghadi Ll o W%&rlﬂﬂ%ﬁé{ﬁ%r@fi SR PrA Pla €] Sient
width three times the WO 2009/ 092846PCT/ F1Z009/ 000020 7 el ectrode fi nger

wi dth, RavidRFeIERT C@ltdr RS hgersenirn i ncl uding the el ectrical
spring effect a%@ﬂ&é‘% L0 1o PUESEY IV Hb@Bcd INELE O O L he

di mensi on change. Figure 12 illustrates another enbodinent of a 5

m cr onecharfggiciunpmaerrdinqgciarerhagerpprinieriep@nt width three tines
the el ectrode fipgaf vt having el@sdif-&hesidpdenihggess, g@d including

the electrical spring effect according to the present invention as function
of the di nerRIUREh verpehet Filpirekcrorgrhaniedbrr¢pgraeoxhe prior art

have begn discussed %fﬁflée%ﬁdin& Ned Nend Qb OVANG. 5 S6LBF BHCCa L Sc iR 40 the

Figures 3-12. 15 Detailed description of certain enbodi nents The sol ution
accordi ng t@f ttHee phiarsimiomvemia@m. presents a new structure of a

m cronechani cal tors whi oy, an im@d%&équﬁgcg accuracy in

conparison to the prior art 20 so u?ions. Figure 3 illustrates the
di mensi on dhegiERe gianl Gk | e deedeer o3t rretwraitarcadueing ot hagr aphy or
etch vari atﬂ%r@&%‘%{@ér{‘&i&?.the present invention. The key in reducing

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 dimensiocon 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



25 the effect of manufacturing variations is to note that in a typical

m cr oman i process, many di nensi ons change by a I
anount . UJVB%il—ij(rédrs"gfgg?arrpI e, in the case of the sinple res%ﬁ(ﬂ?@%ﬁ@#&s 1 30

and 2, all the dinensions may change by’an equal absol ute anpunt due to
|'i thography or etch variations as illustrated in FLG 3. |In the new

structure GflegtFoceoFdeRgH ¥athes Satiey sdeditdion ¢ e HIREDridiftrSmvent i on

the resonatey ii%c(i%%ﬂi%%eéh%oetﬂé@tﬂﬂca@ls I e QUENRLH: iteaisdildy/a:d 0 uniform
di mensi ons changes. D 2009/,092846PCT/ FI'2009/ 000020 8 Figure 4 illustrates
a m cr omeck&§ PIeseasofaven taonuasufansddendiofy e HegireisehtChaiignht i on.

The ni cr omechanipgal; 1.e3onah ak sl AR dniddidddie ¥ gsent invention
is frequency insensitive to the manufacturing variations. 5 The

m cr omeehafiigaonesdandcad FEFQRRteE Eeorctivg heving FRISEH SRRt on
CONPriSes ;S MG r3kf t&%‘éﬁe theA RHTVRDIA RSS WSIHE! Wk thg The spring

structure 3 according to the present invention conprises at |east one
spring 10 elasdic Blethaogey fingantss &g darnslingadder ¢t IrfFibieale present
i nvention coymn ever. BT e FHNIE S 9 WS i hadir. The total
mass of thefi nging%s%fl%s: r??l(\:N?FIhL%E (4) 15%\;\ﬁrhere Nlis t he nunber of the
el ectrode fivgdriensof Gijet digensd asl edangige finger width, h is the height,
if is {he electrode finger length, and p is the density. 20 The first order

change of resonant frequency wo with respect to dinension variations is:
Awn 3air | Abfeg Fg-gured 1 and 2 Zeferring 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 resoconator 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 wvariations 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 egual absolute
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.



coo 2w 2wwf 25 In this cal culation of the frequency change of the

m cr omec i.cal resonator structure according to the present invention we
have assﬁ&@&ﬁﬁwg?&%he spring and el ectrode finger mﬁdthlgﬂgﬂapg@wwﬁQboth

si des by an equal anount of dinension change 8 and that lengths L and |f

are 30 Ion%_corrpareql to the dimension change 6 so that the changes due to
| engt h var Faougas 4cdd s tirghiefed. MipOOreCYL09ZE46 RFEFLIRERF0 FEVEI2T <

speci fi cal gxcgirﬁg%@i R %ﬁledpgeﬂeggﬂ% %.?ivte_l?ﬁtﬁotnq et ondthidha
sensitivity of the resonant requency W t respect to ynen3|qnaI'
manuf act ur kegovatioat is¢gRcipproackesdiago tos By Ersesingg IgMantd- 81 dfent

{imes e SFOGUFERY FSSEr SAah ol 5 CweShl R TR Calea ot of e

sensitivity of the m cronechanical resonator structure Aw 10 according to

the preseniynyqnid o ¥e g8, 20 kB0 o.( Equaldon oo and dile; res qal

frequency is insensitive fo manufacturing variations to t first order. In
t he cal cul presendf imventdeos cbmphrd sgiscrompetiag cdirurdunssehatst astructure
accordi ng [ nt_..l i.0 ay .he auat o8y

(Equati on h%y%&ﬁfgﬁgﬁg gtfﬁégg%engégﬁg%bfﬁyﬁﬁgfion an 5%é§ nofhggjgﬂnt for
the tip of tohéhel guiesedd finvgers of- ¢ompwdisg snerte ltdwmt tdne Rxveingf t he

spring £ egggﬁne:}{th%‘l.s%het g%v%agomag% %ftxfd%emgee t.ra%i)‘?cgrf. TS 9 has
been i'gnored 1 n € ‘above equation for nmass (Equation and accounts only
for the nagseskenthd wieadtiocodechprdeses Se¥erbakigigatrials ningeooum ot he

optimal val ye for, the 25 el ectrode finger width_may therefore vary but it
i s approxi Hetel Y t@bﬁwbﬁﬁﬁiﬁﬁﬁﬁéihm% s???%??nﬁlﬂg%ﬁﬁ2§§nd wl- *wWl+25 to
above equations (Equations 1, 2 and 4), the sensitivity in the change of

resonant
m=Nw.hL.p, (4)

15
where N is the number of the electrode fingers 5-9, wr is
the electrode finger width, h is the height, Lr is the

electrode finger length, and p i1s the density.

20 The fixst order change of resonant fregquency e with

respect to dimension varisations is:

25 In this calculation of the freguency 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 Ly are

30 long compared to the dimension change J so that the

changes due to length wvariations can be ignored.

We may especially checose the width of the spring elements

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



frequency due to manufacturing variations can be analyzed. 30 Figure 5
I 1lustrat frequency change of the resonant freque of t
m cronech‘gﬁlzggﬂog?%‘gonator structure according to the pré’s‘ﬁﬁ*fn?[’ﬁ@@m? on as
function of the dinension change. The p?esented graph 10 shows the WO
2009/ 092846PCT/ F12009/ 000020 10 Acoo frequency changeof the resonant
frequency epecagicbdlyuddrensioh shéddivelidisomsceidede t the et gure 5, w
3 is the h ok 4 a ss fingers.
5 From t he g?ggeﬁ?ed%%%SiE yég? B?s%ége#%ﬁéﬁgﬁ:\¥f%%%i§06 m&?ﬂo) s zero
at 8= 0 andespectanef sémenisignpar manudas teg Hnignyardnd ieor @PRREEISs t he
first ordeg he slope 4iwo is do defined as the frequency sensitivity
to the nanuFacturing 10 di nmensional variations. By properly dinmensioning
the resmnator, the frequency sensitivity to the manufacturing d(Li woiwa

By choosing spring element width w so that it is 2 to 5

times, or alternatively approximately three times the

electrode finger width wy (w=3w,), in the calculation of

the sensitivity of the micromechanical resonator structure

A,
10 according to the present invention we get =0

@y

(Equation 5) and the resonant freguency 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—>w+2dand w, —>w,+28 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



di nrensi onal vari ati onsapproaches zero and the d8 manufacturing variations
are conpensated to the first order. 15 In dinensioning said widths, one m
al so di mefy i28??%£5§48 *al /w) widths so that additional zerd/SFWSEOWe nts ( g
-0) do are generated and the sensitivith of resonant frequency with respect
to di nensional manufacturing variations 20 approaches zero. Additi onal
conpensatign i s possible by ﬁmging that the el c%rode fingers_ are not
entirely ritgPESBCYhGPETRS 65pnaf et??eﬁﬁﬁﬂE?ngi ERIBGRCY5 %0t = 0-8 v w
.(6) pr The electrode fingers typically have a resonant frequency higher
than the regsgeanbnf LEIURRCH IR ecombigeeds 30IhesaBakroGurEOBRVRT = even at

frequencies | ower than the WD 2009/ 092846PCT/ F12009/ 000020
3 is the width of the spring and W = 1 is the width of the

mass fingers.

5
From the presented graph 10 it is seen that the slope
fié%%&&l is zero at 8= 0 and the manufacturing variations

d(ACOO/wO) is
dd

defined as the frequency sensitivity to the manufacturing

are compensated to the first order. The slope

10 dimensional variations. By properly dimensioning the

resonator, the frequency sensitivity to the manufacturing

. s d(Aw, /@
dimensiconal variations _L_gngl approaches zero and the
manufacturing variations are compensated to the first
order.
15
In dimensioning said widths, one may alsc dimension said
(dﬁﬁa%/a%)
dé

are generated and the sensitivity of resonant freguency

widths so that additional zero slope points

={)

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 fregquency given by:

W
o, =0.8\/§L—2f. (6)

‘The electrode fingers typically have a resonant frequency

25

higher than the resonant frequency for the combined

30 resonator. However, even at frequencies lower than the



11 el ectrode finger resonant frequency, the electrode fingers bend a
little. I rode finger can be represented with a_nass_and a spring.

I n addi tiﬁgﬁgoéﬁogg%‘ﬁchor poi nt has mass. 5 Figure 6 i |1 udth: %%99’£°‘106%ped
model for a micromechanical resonator sStkucture according to the present
invention. The |unped nodel for a m cronechani cal resonator structure
accor di ng Edech&cgeedéngeimv@nansitad pacawaaved the Bigchrade damdRrused
for undersiapdi ng 1tihe 1l eclorofe RRAING ofidfe elactdodedidaatsss In the
| unped nodel of FIG 6 the spriqu 11 node J's_ the spring co};nstant_ k of the
spring el ewdih asmpeSop@damd S N5 dre@ddidd drindars ar@ipdedEtt with two
masses 12, h%% aadsa spring 14, where fly = ne2 and mass spring constant is
kr. As the electrode finger is not entirely rigid, the two nasses 12, 13

wi Il have slightly different displacenents. Lunped nodel for the resonator
wi th paral kgl,.eLegt ngde ki 1&@&\/&1 n A5 A 4. For
sinplicity, He t&l%sggtgg%%sséqar prggjzirﬁe?e?%silngCG as&g%ug?a ut this
is for ill wsscagten pigyesesomgeorminadiudihaaviessnt hanvempeeh masses 12,

13 may not L. d i i T o) enc
wrorthe FAS SHHRe CRRERT 10:O% Bl it SediffepJ0etictdsguenty
) In 30 WOczoeding2846REH EIrZGEI0G0ZNM DN aple®nted QOFIG- 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 4. As
the electrode finger is not entirely rigid, the two masses
12, 13 will have slightly different displacements. Lumped
model for the rescnator with parallel electrode fingers

20 shown as one mass 13 and spring l4. 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 edqual depending on the

dimensions.
25
The resonant frequency w for the lumped model in FIG. 6
is obtained as:
2 2
) k+2kf—1fk +4kf
o = . (N
m
30

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

equation {(Equation 7)can be obtained as:



4 kf co(1l k 1-7d, (8) mxf where co0=1,/k/m As the above equation

(Equati on %él shows, accounting for the electrode finger conmpliance

| over s t hOR0PRYFE ¢ frequency. Moreover, as the earli Tﬁ@%@%?*’é’a"
equation for the spring constant k (Equ&ion 2) shows, the spring constants
are proportional to the cube of spring element widths. 10 Therefore, the
above equation (Equati o_g 8) zcan BPe gtyen as: 14,3 2 (020)2( 1 1 Ef W8\
=0 (1 a31'( 9) o &@’w 3af Y244f{125-where Blis the width of the spring
elenment, Hy is the wi dth offst he &l eéthobe finger and a is a paraneter
depending on the spring elenent and el ectrode finger lengths. 20 As w <w,

t he above equation (Equation 9) shows that due to distributed conpliance of
the electr fingersf dugin h c fin i d i.hg

el enent wi 8’?’% rgyrlg’n" gftﬁa 'a%%ug?gwg?ﬁbgh%ﬁggg%%% \g}gfﬂdg&g?gt %2 glgrB{rbgéti on
term1l a WEouhtlihg Eeverequatd airdde @it cotp1%)an dei Sovi ve St tad

addi tional degree of freedomto reduce the frequency sensitivity to

manuf act ur iGFF V& tatitGBe S Ygure 7 il lustrates the frequency change of the
resonant frequency of the mcronechani cal resonator structure 30 having

spring elenent width three tines the el ectrode finger 'dtht(w:3wf£ and
el astic eIéEFFﬁW@IFiﬁﬁeﬁ?e earlier presented equation r the spring

constant 4 (Bquation 2) shows, the spring 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 wvalue of the

3

w . . .
correction term(l~a——;) in the above eguation (Equation

W,
25 9). This gives an additional degree of freedom tc reduce

the frequency sensitivity to manufacturing variations.

FPigure 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



WO 2009/ 092846PCT1FI 2009/ 000020 13 according to the present invention as
function of the di nension change. The presented graphs 15-18 show t he
frequencngl?ﬁ??é@zm W 5 of the resonant frequency coo FETHR PGt t he
di nensi on change 8. Fromthe presentedigraphs 15-18 it is seen that in Aw
addition to the resonant frequency change --1 having the wo 10 | ocal m nima
A at 8= 0, ackerdialgstoi sheopakbsenk FRvBNbiMeNc R safangitderoderiidd for snal
val ues of r L. .*4/ 4) a. Thus, there are two points where the

sl opei s doagglregl%&%getcﬁgnﬁéﬁuf acturing variations are conpensated to the
second order. Increasing the value of the paraneter a 15 will |ower the

| ocal maxi mumand with a sufficiently large value for the parane er a no

| ocal depeﬁ@h%n%;y:efsré%%@n@y:agmng@—qra NN fahangecy |dhdrpons—?

nmonot oni c. This gives an additional degree of freedomto reduce tthe
frequency sensitivity to manufacturing variations as 20 illustrated in FIG
7. The Hrop&r tdiengesiossnty fsRAIRECShongSefBRERE CBNATetE& F3HE G RGer
widths is %%%gg%p‘§onpensate for the manufacturing variation to the first
order leading to

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

Wy

addition to the resonant frequency change having the

a)O
10 local minima A at §= 0, there also is local maxima B,
which are also observed for small values of the parameter
d(AwO/ wﬂ) 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 dimensibning 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
freguency, a localized maximum can be generated (point B).
These twe 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 & as illustrated in FIG. 7.



25 local mnima in resonant frequency (point A). By choosing the el ectrode
finger len hat el ectrode finger resonant frequency affects the

th so t
r esonat orwgég@ﬂ%ﬁ%‘mf requency, a localized nmaxi numcan b C&é‘ﬁ@ﬂ&’fl@&ﬂt poi nt

B). These two degrees of freedom (di meddi oni ng of the wi dths 30 and
| engt hs) can be used to design a resonator that is insensitive to
manuf act ur Fdgurar iSatiildns toadie sl ange l¢iataresitetdlc chrarigaté s dff laustrated in

FIG 7. V\ﬁi%‘%%%(e%%%[%%ggﬁés%%% &%Q%Q;&%f %%c%ﬁ%ﬂdgl Ust nafes an .

el ectrostatic excitation of a mcromechani cal” resonator” structure according
to the pregewrisanivdmvieprtichhe Tingl triugdlte pdlee atlrader ddendiimgyasfs thfe the

m cr onechani.cal e taQr, str r i t . r i nvention
can be used™ %ro eeﬁcz%tq’?iéjs lat%:lecslég%:ll‘lo? a’% ?Co%ﬁfcg %heaoﬁ(%@nla%rféﬁ? xed count er
el ectrodle iremeditstianeantd dr erant e e are sdreattoro gl agoit e ozhec i sl on

resonat or traode and fixed &l ectrode .f Gahagi tor . e | tage V
is applied ogtjv?rhet ﬁtaesroéls'—’lgcr?d‘jt‘or% é"‘r?fa; I fé:gﬁﬁt(?q}(’alrgel% rodj(aat,Pé al% ot \(gah%%i('yegq X)
V2(10) 2 axd Wddm aftfecatouitgy resomitar Asdimwdapdrtid aresorGticer 15

proportional, tqQ the total_.,area, .a |lar nber_ of_ el ectrode_fingers can be
Used for oFMEE AR ATt o7 b e YR Bortal 2 FFHer o e, Vi o

el ect r ost akida Ha@feC &y di v efpgi ddh@valrowth 2 G agirafian {Egusiten 10) can be
used to tune the resona% frequency. This can be used to electronically

cal i brif e SdeEHRPIemd Mg Sanuf act uring variations and tenperature
frequency dependency of the resonator. 25 The effective spring force from
(10) is: -bV2, (11) cis where b is a constant that depends on the el ectrode
area, 30 the el egtrb@€( itiopgand the permittivity, d is the electrode
gap, and V is the bpasvol t'age: eto

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:
k,=——V*, (11)

where b is a constant that depends on the electrode area,
30 the electrode position, and the permittivity, 4 is the
electrode gap, and ¥ is the bias voltage. Due to

manufacturing variations, the actual electrode gap is

d=d,-6, (12)



manuf acturing variations, the actual electrode gap is d=dO0-5,(12) WO
20091092846PCT/ FI 2009/ 000020 15 where do is the ideal electrode spacing and
5 is the BAARYYEOchange of the electrode. If the size PcﬁT"fIﬁ@s'@P@E?rode

i ncreases, the gap between the electrod®s 5 decreases. As noted fromthe
two previous equations: k V2,(13) (do - 5)3 the electrical spring can
further conpensate the 10 nmanufacturing variations. The resonant frequency

m)difiedb theg‘JectrlcaI r ce,is_given b COOH Vin kr,+&" k
ar  (1(w.f. h_'e_r% 7 tl'é%(b%é)iéﬁqléaqc( f)lel cing ¥nd Kc%

dimension change of the electrode. If the size of the

electrode increases, the gap between the electrodes

5 decreases. As noted from the two previous equations:

b
k -...';:-————'V2 ’ 13
’ (do _5)3 @

the electrical spring can further compensate the
10 manufacturing variations. The resonant frequency modified

by the electrical spring force is given by

k+k, k{ kb,)
Wy = = =i+ =
k

mwm 1)
@, = @, (1+—)oc (W““S’ M (14)
k (wf+6) (d, - 8

where ¢ is dimension dependent constant.

15

Figure 9 illustrates the relative frequency change of the
resonant frequency of the micromechanical resonatoxr

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,
a)(]

of the resonant fregquency wy as function of the

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

30



where c is dinension dependent constant. Figure 9 illustrates the relative

frequency._change of the resonant frequency of the mcro ni sonat or
20 st ruct YPe Q?lz?ﬁj spring elenent width three tines thg%gljl?@@iogﬁhﬂga i nger

wi dth and including the electrical spritfg effect according to the present

invention as function of the dinension change. 25 The graph in FIG 9 shows
the rel ati Veofr sheegoppbhdigd sAgeenohorh &hee sdearitr ioedg SRR dne Tde Ftunct i on
of the vo dLHeRS! QRN LY AATILLLE ¥Rl UsecilerllyTRIMRM Change, the

el ectrical spring w uce frequency change. . o )
2009/ 09284 6PCUARERGCSIOAIGZWEL6 T dmrithe ryrgshidtidns ide s AR 19Tk 15

electrical ;8RHY FHLE GAN HAdaed L2 T MRl Bdiddzgd he frequency
change due t0 di kension &ange. urther reduction In variation is
needed, 5t hacidonpll itshanming =afj ustd rde vihee bdas be 13 e dfipia stedhdly @d§ ust i ng
the bias voltage . V to adjust the el ectrical spring or b hysical_trinmn
such as Ia?&tect%rrilrﬁﬁlng@’}w 9 ot & Yg&fﬁaditr%r?‘blq}%es ga%fla}sﬁfenti on °
presents atldmpgwstructure of a mcromechanical resonator which has an

i nproved frequency accuracy in conparison to the prior art solutions. The
opti mal devi ce dinensions are obtained by conbining the denonstrated
e}‘fects. 1glhlﬁn s&%&:&@r{utdcfﬁbmi dj;cq]g;ﬂe)gﬂ&dﬁﬂeﬁeﬂteﬂﬂmﬁ&mpméﬂtﬁs Spri ng
el ement _width w and the el ectrode finger wi dt are chgsen so that spring
ol ament Ol Y \§ GG et o A T, (TGS T et 98 i
lily 04/.3%4brBied e s Rddunely exaciomsathsorelwettlodefingeairisupport
20 has not been considered and the other two co,népensati 0 tmeI h%?ﬁ%ﬁan be
used to taifOMdEPEndemsy WL ARG ri‘é‘&f’rﬁﬁft % &ﬁfen‘%/ o si on
changes. Then@pliif t@dfemonstrated effects.

15 In the solution according to the present invention the
spring element width w and the electrode finger width W
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 (MH=2M7 to 1vm5wv).

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

L=L/2.

In the soluticn according to the present invention the

35 electrode gap d is chosen to be sufficiently small to



for the spring element wdth can vary fromthe spring el enent width w being

approximately two to five tinmes the 25 el ectrode finger w.dth =21471
to 14)=. 5%2?50"1”}?2?4% solution according to the present ipm;fzw‘f"ra%‘"f“ﬁ&é

el ectrode finger length If is chosen td’e sufficiently long so that the
distributed elasticity of the el ectrode 30 finger affects the resonant
frequency. affecsptieairasanget drradvendvecihed O iyEt Jashgiangay S0 from
L1=L16 to lg[j—L’I 2.t 2I n the solution according to the present invention
the 35 ele ?8(% 3a8”ﬂis chosen to be sufficiently small to WO

2009/ 092846PCT/ FI 2009/ 000020 17 affect the resonant frequency. The optinmum

ap ranges _from5Q0nm.to 5mm, Figure 10 illustrates the.frequency change of
?hg resgnaﬁﬁg%lrﬁr g%ué‘rw 445 ﬁ'ﬁ}ﬁ C@’aléha&%%a?%rt%%r]ﬂ%? raen?lagi ng
spring gl emeriquandih dhree: tiresrduhalietil adesdriaiger sicbdtutavi ng el astic
el ectrode fingers, and includi t.he el ectrical sprin fect according to
t he presenEhai ntSEgT s efcjlﬁ?teﬂr]cgﬁ“@ht ’%ﬁerrectri‘é?eoﬁ% %h%n%é‘?gﬁlbo e presgnt ed
graphs 19]: %an@#@m/vﬁimmha%gﬁﬂ@ dﬂ%ﬂi&smad;]ﬁtm f}‘f'ﬂmp@f?y andf thﬁ
resonant frequency wo _as function of coo the.di nension ange_S., The

pr esent ed dw"g:é'ﬁéil%@- IR RN T He: @ SREG9 T n@c%W‘ngIP\%g*f)? gﬁ%usl y

ment i oned tdHeRntS 3RRATAAITE Sa ANl rsdtowen oy die Samshéion tyhawgeli nensi onal
change_can be minimzed for a wi de range of variations. Conbination of the
t hree nti oned conpensation nethods is used to obtain mniml frequency
change. | n ke praeetred he-d@soned-ar2 dingnsiron scideg€ hangelde andsohengap 1S
20 varied. Figure 11 illustrates a m cronechani cal resonator

frequency 2% of the resonant frequency ws; as function of

wo

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 frequency 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



structure having spring elenment width three tinmes the el ectrode finger

wi dth, having elastic electrode fingers, 25 and including the electrical
spring ef VOV di ng to the present invention as fundtqiGH2YP/0p9920

di nensi on change. The resonator is madé8of single crystal silicon and has
two spring elements 23, 24 anchored at the same | ocation. 30 This tuning
fork struchimémikasnthzesanpbospiiages| esetbeanoiérnmefe et Hus mi ni m zi ng
t he anchor _| gsses pkikngHal 2 2 de of multiple
el ectrode FP%ﬁégseﬁgﬁgggg ?Eé ggs%ﬁ?@%ﬁ'hgget%gggégﬁﬁgngﬁgggﬁts anchored at
t he sane | seabhencehérggsency fisr 38d 798 By mupk: ithice ddinestsiede Bi%fgers 25,
26. The vibrati o 092846PCT/ FI 2009/ 000020 18 m ni m zes the
anchor |05§é¥egsgPﬂgg§% Y%ngggﬁhe two spring elenments 23, 24 cancel. The
resonat®r target resonance frequency is 32,768 Hz and the di nensions are
given in Table 1 below. 5 Paraneter Dinension [pm Spring elenent |ength
265 Spring elenment width 12.6 Electrode finger length 200 El ectrode finger

wi dt h )
Parameter Dimension [pm]
Spring element length 265
Spring element width 12.6
Rlectrode 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 (w,=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



3 No. of electrode fingers 14 Electrode gap , ) Table 1. 10 Figure 12
illustrates anot her enbodi nent of a m cronechanical resonator structure
havi ng spwiregosdeswnt wi dth three tinmes the el ectrode fiBCEFI209800020 havi ng
el astic electrode fingers, and includingthe electrical spring effect
according to the present invention as 15 function of the dinension change.

In FIG 12 dhetmss ithamade dfd Badid| 2 el eanadel hagessgdd - 8damng t he
spring elenent width wis approximtely three tinmes the el ectrode finger

wodth wf (WS sPrimg 2duAte 15 B MBHALWRIAMARTPIS SHPPRRERI enent s

27-30 i.e. quisled ReaFs ckeBGidh Hafd rél doit AeydrBssn JOVENBIL 34 neone
direction only. As the spring elenments 27-30 cannot_rotate freely, the

gui ded beaid¥ENFGtE dfenttd O ALERFETphrchIngRs sthiser FRANTERe Myl e

cantil eyer Spu d’&ﬁ:ﬁi"“otﬂ" A% Ete |leﬂgjzé"rs Conves sed ¥s116neby ahighde sane
spring WO 2009/ 092846PCT/ F12009/ 000020_19 constant, the gui ded beans 27-30
shoul d be I@igerthendeserandplferaprenry for Ate WOt RergEPaRECHeam spring

el enents 27-30 are thicker than the electrode fingers 31-34 to conpensate
for the dinensional changes. Al so, the resonant 5 frequency of el ectrode
fingers 31-B¥ miopquagahapifaheresatPnes HosoHar® #¢eqtenty Forthfe whol e

resonator. present invention is insensitive to systematic

10 manufacturing variatiomns.



The ni cromechani cal resonator structure according to the presemosjepoensi on
is insensitive to systematic 10 manufactyuring vari ations.

PCT/ FI 2009/ 000020 20 Clainms 1. A micronechanical resonator having a novabl e
mass structyrg (4) and a spring structure (3), (23-24), (27- 5 30); said
novabl e mass structure (4) consisting of at |east tw el ectrode fingers
(5-9), (25 26) (31-34) that are connect ed together and said spring

structure 5%3 2%9 an1 con5|st|n f a% ast g%ge @rlng el enent
(3), (23- 23) e AGFEa S dmieN& ™ 8nd IRy cOfificted to the
mass on ttusuﬁduﬁunyui4 chaﬁaetepmﬁa@ mmIMhahrEhQBWAduh39E4ohe (gpEi ng

elenent (2 4) reater th n _the dth of. the el ectrode
fingers %hﬁ) %%gé %%§§1m§ff S |qf9MQEtH§ sﬁ@gﬁﬁm%épﬁyoglﬁﬁn5|oned o)
that the sensidd \Wvoy eqfectt&edeem@@etrsfr%qlsencxzehaage 1a1wBkh gespect to

di mensi onal manufacturing variations _ dOa0l w0) I d8 gggroaches zero and the

fingers actt¥fs GRHITESHE Gatierg AT 1sﬁéﬁk59?1nﬂ FehBERanPéal resonator

according t@xCai)m MQ?ZQoqh%b@%E%&h%@dcEnakhQEa%EeoﬂbCéﬁﬁﬁﬁBaBu%ﬁ nt
resonator has the width of the spring elenents (3), (23-24), (27-30) 2 to 5

tines the vidth &3 t2e relféc?rla@detfhiar‘igéﬁs apshgy e (Evompogpe end-smy. 25 3. A
m crongghaniGale HQIONY UheahaGdIR0 i@ Ce 'em éndcheﬁaesetbz—eqean glhat the

m cromechani cal resonator has the width o he sprlng el enent s
(23-24), (ZXhad0)thgppricitibmetfelties spirieg Eﬂemwmdsh (& , thé3e2e¢trddé fingers

(5-9), (25?%ﬁ)d44%&%%%%r than the width of the electrode fingers (5-
9), (25-26), {(31-34), said widths specifically dimensioned
so that the sensitivity of the resonant fregquency change

15 with respect to dimensional manufacturing variations

d{Aw, /w,)/dd approaches zero and the fingers act as mass

2. A micromechanical resonator according to Claim 1,

20 characterized in that the micromechanical resonator has

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).

25 3. A micromechanical rescnator accoxding to Claim 1,

characterized in that the micromechanical rescnator 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

35 resonator.

AMENDED SHEET (IPEA/FI)



30 4. A m cronechani cal resonator according to any one of POEFAMINBOMD28,

characterized in the resonant frequenC|§s of said electrode fingers (5-9),

(25-26), (31-34) are 2 to 5 tines hlgher than the resonant frequency for

t he 35 resegnat or, REL 1,000 hani cal res nat or

accordi ng %o anf’gﬁg o# ﬁ%ﬂg g? 9%%02ato a?%%$}§lfédgln PHabP™tn 3¢

di mensi oni nigpes @ilaivisdttRe, shadawntdirhizedr éndinensinngétinenstbatngheastiope of

t he resonant, frequenCé chggge with _respect to dinensional 5 nanufacturlng
alf

variation CHEEE affr FerbaflMGBSoPRDr 8O bidt i bhe. Slgpeact
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characterized in that said spring 10 structure (23-24) consists of two
spring 2l efémpacsaring Yﬁﬁ%aéﬁEnaﬁéﬁagédaPBﬁ%%%%@St6e¥6rﬁiatwgnpﬁg fork
structure. more loéathofkCronechani cal resonator according to any one of 15
the clains 1-6, characterized in that in dinmensioning said widths, the
resonance frequency cot =0.81-72- of the vP - electrode fingers (5-9),
(25-26), (31- 34k hictliennhAl0afCrauBhatd) BclofhohgnEshan) Caher ggonat or
according to any one of the clains 1-7, characterized int
d|nen5|on|ﬁ@es§ﬂélmﬁdﬁh§, cherattecizef benthay @aldhspeingtrode fingers
(5- 9) (2 1- nto.account..25 9 A mcr ca
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| engt h of theteheetandhofedg@ogethealso formensi ouethgof bhiat el ectrode
finger resgg ﬂktfrﬁﬁuency affects the resonator resonant frequency so that
a | ocal i zed “faximum of the resonator 30 resonant frequency change with
respect to dinensional manufacturing variation change is generated.

7. A micromechanical resonator according to any one of

15 the claims 1-6, characterized in that in dimensioning said
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widths, the resonance fregquency mj=%l%[j7§- of the
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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 fregquency 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), (25-28), (31-
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10. A m cronechani cal resonator according to Claim?9, chaP@CAFE2009000020t hat
the m cronechani cal resonator has 35the |l ength of the electrode fingers
(5-9), (25-26), (31- AMENDED SHEET (| PE¥ FI) PCT/ FI 2009/ 000020 22 34) 1/6
to 1/2 times the length of the spring elenents (3), (23-24), (27-30). 11.
A mi cr omech®hl cif 6 riesohéa? orines orlek ntenotiargt dpke o3PT Bng helerainhg 1- 10,

characteriz in.hat, he m &Jmechani cal resonator additionally has neans
for actuati ﬁg) t h&éisg%%))n‘at r g‘fec’t rostatically. 12. A micronechani cal
resonator according to any one of 10 the clains 1-11, characterized in that

the m cromeghani ga}; [ESE0ALAL: 088 S0GMELD AodheifbeEb ol gag bgom S00nm
5 the claims 1-10, characterized in that the micromechanical
resonator additionally has means for actuating the

resonator electrostatically.

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 500mm to

5pum.
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