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MECHANI CAL RESONATOR W TH A PLANAR MONCLI THI C VI BRATI NG STRUCTURE MACHI NED
N A CRYSTALLI NE MATERI AL AND RESONATCOR PRODUCED THUS 5 The present

invention reg@tesyosq7eiprovenents made in the field dcEyFResopiraglevi ces
based on nechanical resonators with a planar nonolithic vibrating structure

machined in a crystalline material. 10 Gyroscopi c devices are devices for
measuring a speed of rotation or an angle of rotation about one or nore

particul ar aMETHOR FOR PRERUGTION n@F %MWE%W%%’H‘PEU@%TH%d for 15

produci ng gyr op¢aARAR SOKOZATH IR b IHKATING smbemmsmcwm@ tiqy ave very
conpact devices (Wth a size of less _than a few cubic centineters) that can

be achieved in RYFTAHINE YATE W‘Wc@@? RESNATCR TROAUCERJTEUSden
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measurenents within a wi de range of rota n speeds tential fields
of application foresBERSARYI CBYENRRN & ﬁ%}? gﬁ’ec‘n”ﬁﬁ%"%@“&aﬁem% #€t he
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hi gh per nanemacls.preedl oh aotaysballiypi makkyialfew revol utions per second in
the case of spin-controlled mssiles or fin-controlled projectiles, and a

few 30 hundred revol utions per second in the case of gyro- controll ed
proj ect ill0es. Grooseepichisvieqai raredeyviche tochmslasyyr iofg A bepeedhgot

gyroscopes, £opbined Wit hahabghgati r ofoRbesoRCOed 3R SLLUCLYEeS, s

particularly suitable. However, “al though several fornulations have energed
and reached Bar?bq:‘é%?%'eweédvanced st age of devel opnent and
i ndustrialization, none of themallows the problem 16 OCTOBER 2006

At the present time, there are many techniques used for
15 producing gyroscopic devices, but currently there is a
need to have very compact devices (with a size of less
than a few cubic centimeters) that can be achieved in
high volume for 1low cost, that can withstand sudden
accelerations of high 1level, and are capable of
20 delivering accurate measurements within a wide range of
rotation speeds. Among potential fields of application
for such devices, mention may especially be made of the
navigation and guiding of small spin-controlled
missiles (for example short-range antitank missiles) or
25 spin-controlled munitions (shells or mortars), that is
to say projectiles rotating about the roll axis at a
high permanent speed of rotation, typically a few
revolutions per second in the case of spin-controlled
missiles or fin-controlled projectiles, and a few
30 hundred revolutions per second in the case of gyro-

controlled projectiles.

To meet this requirement, the technology of vibrating
gyroscopes, combined with fabrication of micromachined
35 structures, 1is particularly suitable. However, although
several formulations have emerged and reached a
relatively advanced stage of development and

industrialization, none of them allows the problem



2 posed by the abovenentioned applications to be correctly10MSBerRl06
which a rotation neasurenent about the roll axis is necessary. This
inability of such formulations to correctly neet the needs stenms 5 from
t he conbi nation of two causes: - the fi5st cause is that they are
intrinsically suited to gyroneter-type“feedback control (nmeasurenent of

angul ar velocity); - the_second cause .i.s that the.dynam cs of the, 10 speed
of rotati on%ﬁﬁ)‘%ﬁ t k& rof eaxiago°<'§E’reé“'“='trbt()l faPplééﬁﬁﬁé?PFi c FRedfck
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devi ces i nt rsursi cdldrynudddptoed t bogycosceapi by freedbatkecomeds (sheasur enent

of the aggl e 0 {194 aééw}natlg% hgfwg,c%?siggci fied in document 20 FR 2

756 375, "the ‘gyroscopic feedback control vi brating nmechani cal
resonator placed algng fh&stoldaussxi £Sothatcdilieer aapl o mirgh agddive- f act or

preci sion taos, 6 Pbtgi REGonldt GAiRAt f M dIh EBseRBYL O Gndaeflafdrt _
controlled in gyroneter npde about the transverse axes 25 of the carrier, it
i s thus possAblandblPF otRERCHE Y gh- performance system for which the bias

errors of the transyersedopsiongdess GancehaduttyedydReikevobt itgre of the
carrier_about its roll axis. 30,In. t case of devices based on vibrating
oyr 0scopl 1R by FoEREEBGPENSn K Gl mAt Gy SERoBre. SRRk contr o
i nvol ves seafwionng: f 06 Stieecibeds wbhaseollr equencyo fifi 5ot ramf ikstamren t he
two useful nodes. coupl eddt hr ough tti% effect_of Coriolis _forces is 35

é sul. in ~°'sat éln%ecg

i ntrinsical Iglrezce]rsol.onl'hea%]r (oqﬁen ani sotropy maf/r% osed 15t three

main terns: AfectiMmias Gided. pfs where”

15 Consequently, it 1is known that the only possible
general solution to the problem posed consists in using
the devices intrinsically adapted to gyroscopic
feedback control (measurement of the angle of
rotation). Furthermore, as sbecified in document

20 FR 2 756 375, the gyroscopic feedback control of a
vibrating mechanical resonator placed along the roll
axis of a carrier allows high scale-factor precision to
be obtained. In combination with resonators feedback-
controlled in gyrometer mode about the transverse axes

25 of the carrier, it is thus possible to produce a high-
performance system for which the bias errors of the
transverse resonators cancel out over one revolution of

the carrier about its roll axis.

30 In the case of devices based on vibrating gyroscope
technology, the condition of optimum gyroscopic
feedback control involves searching for structures
whose frequency anisotropy between the two useful modes
coupled through the effect of Coriolis forces 1is

35 intrinsically =zero. The frequency anisotropy may be
decomposed into three main terms:

Af = Afy + Afgy + Af;
where
Af is the overall frequency anisotropy,



Af is the overall frequency anisotropy, 16 OCTOBER 2006 3 ¥ OcireBtRe006
frequency ani sotropy introduced by the material of the resonator, 4fg is
the frequency ani sotropy introduced by the geonetry of the resonator and 5
4fs is the frequency anisotropy introduged by the suspension or attachment
of the resonator. O her terns could be added, such as for exanple the

anlSOtrOp'eSAfntrQQUCQHebyf£@§u§h§9tr9ﬂi§§tﬂ§§ﬁ pﬁ&roé@cé@eaayteﬁm@ are
assumed to be of second order conpared wth the terns nentioned here. Thus,

in order for the B3&PALRLf PEQUBRCYSaRPEEPFopy At to be zero, it is

sufficient fef thesthtre corpguents dBidbtrosyy amdrddsced! B@ bgnagero.

O her sufficient condl%lons a pOSSIbl but they necessarily inply
conpensati ons bet AE8HtHE 2?n1 deFOEfgoanaﬁgr 4fs conponents, which ends
up i ncreasi n§ff heisonphexi fyegtienthe aefsottopp ointhedstedctiy e et he

resonat or and 20 nak énghbﬁ 8%rg§%ggg B%£t59“£ﬁél¥e §n3|t|ve to the
t an

vari ati ons of any pa aneter. erefore seens anental to seek
structures for which each termMm 4fg and ifs is zero. However,

found that the, . fdesign,apprgagh wguabhgdadoa;aaﬂ ggnSfafsexaa tlee € e 25 of

m cromachi ned resonator structures, In taking into account only fhe
geonetri cal @Bpé@t§0pmﬁéréa§ﬁqd4@ﬁdjG@T BRe f idRatarralcs oueedsi dewtt he

constityent +pREEr kakndf e Jesanal OEotBéo'es@h slefc%rfdﬁtafor@ CoopdmEy i es or
its symmetries resulting fromthe cut 30 plane in which the waf'er supporting

the resonat ofitBtFhet kPemdi PPBECRAE. NBfeway of an exanple illustrating what
has just been explained, the known exanple of a vibrating ring whose 35

geonetry is erfectly sujted_to obtainin yr.oscopi ¢ feedback cont may be
consi dered. ByYPr odticiH qqu%PrSY?%cPvﬁégﬁg & T&IUERSY VRO Wwégetchlng)

cut in to be zero, 1t 1is sufficient for the three components
15 Af,, Afy and Afs all to be =zero. Other sufficient
conditions are possible, but they necessarily imply
compensations between the Af, and/or Afy and/or Af;
components, which ends up increasing the complexity of

the definition of the structure of the resonator and

20 makes this structure particularly sensitive to the
variations of any parameter. It therefore seems
fundamental to seek structures for which each term Af,,

Afy and Afs is zero. However, it 1is found that the
design approach usually adopted consists, in the case

25 of micromachined resonator structures, in taking into
account only the geometrical aspects, whereas it is
just as fundamental to consider the constituent
material of the resonator through its intrinsic
symmetries or its symmetries resulting from the cut

30 plane 1in which the wafer supporting the resonator

structure will be cut.

By way of an example illustrating what has just been
explained, the known example of a vibrating ring whose
35 geometry 1s perfectly suited to obtaining gyroscopic
feedback control may be considered. By producing this
structure in a silicon wafer (by wet etching) cut in
the [001] plane and by using the two plane modes of

elliptical deformation as principal mode and as



the [001] plane and by using the two plane nodes of elli ptil6APCEHRBER 2@A6 on
as principal node and as 16 OCTOBER 2006 4 secondary node, Mg = 0 is of
course obtained, but 4fm is very nuch greater than 1 Hz. In practice, for a
ring with a nmean frequency of 400 Hz,-having a dianeter of 5 nmand a

t hi ckness of 100 pm Mm= 250 Hz is 5 obtained, so that in the end, by

negl ecti ng t secondeqyeresdani 8464 ropy iat pddused sy oleatmedchibatit A ot her

element s, an QUEI JGAUENEH ANiSRdd 0Pyl O paboLt g0k Ls Lofal ned.

This result i's inconpatible wth effective gyroscopic fee control and
clearly 10 i Mifst raat B82Rhd rpRoEIEMm rfi s8@0 i hzt hbavase of diaBehar ops

obt ai ned usi By Craed echr ophgsknk@shnQJogi 850 Jhi S W, becagseypi chgnachi ned
resonat or_structures use, 15 as support materials, crystalline materials
that are °naf&t@tngdani & r dftat arfd'Pco‘i'%eequ%rh‘?d y PEnd"BHEREELPEs the
particul arly feelduen@ymi ehosBERbP NG MyrsetBLaby et g8 Nt Ashnenhtcabki ed out
for collecti vg pr oc?ses in mcroel eagl'éltr ogi cs. However,, offset &gai ?St t he
advant age 20°%855ci AW fRe TBH%Ct i VESALPRLY SIS Hkehi AF ng
operations theoati 25heizajioer adrtanbeck oThibe reamilsot fopynobmphe ibdkeri al .
Thi s ani sotr gnyy, Whef Do, el et Lanotl e Lapathe SYIERIY | g850L Lhe pateria
niet e is ed,

consistent wth the sy ry nbdés "use respec I'rremedi abl y
results 10 aiddnséretesr m dhen pPHedlsn ecradéethe imventhieon ¢ase herdfore to

propose a L gehinol.agi:cal sol ubionncget hod andglevi ook bighocAchieues, with

certainty, frequency isotropy intro the crystalline material from
whi ch the vi Beshined odi€sonator with a planar structure is out, it being
understood that the present invention is ainmed solely at providing the
means for obtaining frequency jsotropy, introduced by the material (4fm = 0)
and that the T35 SpridhIRGRabIe ﬂ%%%@*?‘%ﬁu@%@?@%%r 8prEstyaESt ¥S€Ehe

15 as support materials, crystalline materials that are
naturally anisotropic and consequently lend themselves
particularly well to micromachining by chemical
etching, as is carried out for collective processes in
microelectronics. However, offset against the advantage

20 associated with the collective aspect of the machining
operations there 1s the major drawback of the
anisotropy of the material. This anisotropy, when no
selection rule for the symmetries of the material
consistent with the symmetry of the modes used 1is

25 respected, irremediably results in a nonzero term Afp.

The object of the invention is therefore to propose a
technological solution (method and device) which
achieves, with certainty, frequency isotropy introduced
30 by the crystalline material from which the vibrating
resonator with a planar structure 1s cut, it being
understood that the present invention is aimed solely
at providing the means for obtaining frequency isotropy
introduced by the material (Af,= 0) and that the
35 problems of obtaining frequency isotropies due to the
geometry (Afy) and to the suspension (Af;) are to be
solved elsewhere for the purpose of obtaining overall

frequency isotropy (Af = 0) capable of constituting an



geonetry (4fg) and to the suspension (Afs) are to be sol ved6DectoBER300@®@r

t he purpose of obtaining overall frequency isotropy (Al = 0) capable of
constituting an 16 OCTOBER 2006 - 5 intrinsically gyroscopic device (see
for exanple docunent FR 01/02498). It should be understood that, if the
material of the 5 resonator is isotropic, then the intrinsic pulses of the
two kth-ordeintpdesibertoye egudscddilics beéngcso Wt evebrk, e 0) 1 = n2
= (0 Nbreovgré t he ngpgi/@g %g two kth-order eigennodes 10 are identi cal
by rotation OPCYAR F et Brehcdlt through an angle of n/2k. Thus, the

2nd- order nodes of the vibrating ring correspond to elliptical shapes

of fset one wih r ct,. to [ angl f 4 = 45. Likew se, the
3rd-order ng%%385§§$%% q% Vi ggg%%gdrﬁﬁﬁﬂgorggsggﬁﬁ T%E??% gb&?e‘%‘%pes

of fset ©6ne wesbnaegpedts t bsahovhee, bythem ahfee ioft rWres c 3pulsehe @it pl ane
of the cryst [ L ' jhed he {ti .of {LS,pordml vector
V, which is ?%éeﬁﬁuggkgéf?%g%§bgﬁ%%§§cgg¥8pﬁat%@inf 3ﬁt§% F%§g§ dg?honorwa
coordi nat e syB2egy€exk, ehamery Phus, 01 e %ol e datum of the three
information itens [x, y, z] allows the normal vector V , and therefore the
cut plane, to be uniquely defined. For exanple, the [001] datum gives the
25 coor di nat¥erePveke rotnafnaREForrandNEhe WA akEhr 8TIBAr #1E R ehe (ex,

ey) El ag@-_ﬁ@g@ovgaentig? lkbgwmblﬁ_aiti@%r@rigl k?gﬁp%ﬁéb@%@!imm@ateriﬁls
can be divided up jnto asses strjbute in nine fam|ies fromthe
st andpoi nt o*fhfﬂ%g}?eﬁpe%‘ﬁﬁ&t ioofﬁ ’Effg]?'i gt ¥#%y GRS fng]iioﬁidﬁrt)?‘ Sri?ﬂés:
mention may €specvabrytbegmadenef d¢heréspomgonad (d)lipttangostedpd?) ,
trigonal (1) rigonal (2 hexagonal ., and,cubic famlies. 35 Finally, it
shoul d be pocibfn%se%igog)tnet h"é%t%nlryes eé:% to %he o€hern]by an angle OLL
n/4 = 45°. Likewise, the 3rd-order modes of the
15 vibrating ring correspond to trilobate shapes offset

one with respect to another by an angle of n/6 = 30°.

The cut plane of the crystalline material is defined by
the position of its normal vector i7, which is itself
20 defined by its coordinates [x, y, 2z] in an orthonormal
coordinate system Oex, ey, ez. Thus, the sole datum of
the three information items [x, y, z] allows the normal
vector i7, and therefore the cut plane, to be uniquely
defined. For example, the [001] datum gives the
25 coordinates of the normal vector and the plane is

parallel to the (ex, ey) plane.

Moreover, it is known that currently known crystalline
materials can be divided up into 32 classes distributed
30 in nine families from the standpoint of the
representation of rigidity and flexibility matrices:
mention may especially be made of the tetragonal (1),
tetragonal (2), trigonal (1), trigonal (2), hexagonal
and cubic families.
35
Finally, 1t should be pointed out that only the
vibration modes of order k =2 and k = 3 of the
vibrating resonators may at the present time be

exploited in a practical fashion, whereas the



vi bration nodes of order k = 2 and k = 3 of the vibrating rléQEEOBER20Yy at
the present tine be exploited in a practical fashion, whereas the 16
OCTOBER 2006 6 exploitation of vibration nodes of higher order (k = 4, 5,
etc.) would require very conpl ex el ectrgni-cs to be used (increasing the
nunber of excitation/detection electrodes would be inconpatible with
producti on oéxpl&5igytossoptcvievheeoal moamlsl ofom eyt verdesnat s &) ze) .

Adm ttedly, ocumen VIhgﬂ 55675.nentions,(##§% for,a siILcontprystaI, t he
possibility of &%Znd- dr YPRPALF ol S MRS §IFFEBRPEFsta %t in the
[111] 10 pl ange@nd(anSreaviner tnee munien sif i corcicratsial/deitect ion he [ 100]

pl ane. Howev IS LS P ELe : i nf ] . S_ not
provi de a pe%%%%Egiﬁ?%eg%%ﬁﬁ§?ﬁe gb?°@F?E38§% ﬂﬁ&?ﬁgﬁ%%ﬁgcﬁggﬁhggié%e of
2nd- and5 3rdyvedeppithdavioasofasmadyar ds evenovhey posdilbl eieed .15 pl anes
for silicon, or as regards possible cut planes for other crystalline
materials with a cubic structure, or nore generaILy as regards possible cut
pl anes for BEREFLedA) ¥t aldacyEerdt eFP aP s/ > 207 Maviend Ledfti ohesit t ioF, @ he

invention, igigiébhst @fydtlal, aspest spdapasasya nethod forngrogast ng a
mechani cal resonator with a planar npppolithic vibrating structure _machi ned
in a crystal THneahheRr MaAe dHaMad eF1 2P nCrYRheL S5t Iphdg nkltlystal 1ine

materi alloi s ghosenahtor Tryssadiéineorat erital sa okillficganalrysbhalorcut ri gonal
p] ane or,

() or Mexasgnal gt ruqhr e b s RS eLLal s cul K he LA plage o)
it is cut infheénfdtrhptiphangiatandoehe ndnd-mratetdeyi br atd rayonmosllei 1 sed hen
used, or else, whgn Lhe GLYRtahll NG TRLENIR, 1S P1SeLdL AR 2nd- and
3rd order vibrations, as regards the other possible cut
15 planes for silicon, or as regards possible cut planes
for other crystalline materials with a cubic structure,
or more generally as regards possible cut planes for

other crystalline materials.

20 Having mentioned this, the invention, in a first of its
aspects, proposes a method for producing a mechanical
resonator with a planar monolithic vibrating structure
machined in a crystalline material, characterized in
that:

25 - when the crystalline material 1is chosen from
crystalline materials of trigonal (1) or
trigonal (2) or hexagonal structure, this
material is cut in the [001] plane or, when it
is chosen from materials of cubic structure

30 (silicon excluded), it is cut in the [111]
plane, and the 2nd-order vibration mode is then
used,
or else

- when the crystalline material 1is chosen from

35 crystalline materials of tetragonal (1) or
tetragonal (2) or hexagonal structure, this
material is cut in the [001] plane, or, when it
is chosen from materials of cubic structure, it

is cut in the [001] or [100] plane (silicon



35 crystalline materials of tetragonal (1) or tetragonal (Af QETORERZMM
structure, this material is cut in the [001] plane, or, when it is chosen
frommaterials of cubic structure, it is cut in the [001] or [100] plane
(silicon 16 OCTOBER 2006 7 excluded)-or 4010] plane, and the 3rd-order

vi bration node is then used, whereby the resonator exhibits natural

mat eri al - based freqeecdydesiot ropy (RE®] = Mharke, Thegel f ¢akur 8sdraydbe

sumari zed as follo [ gQn 1 lane: [001] trigonal (2)

[001] for k = 2 hexgg&r}?aﬁa%ﬁlé’é‘l]motd Be %b‘é‘ )élscl%lduded) [111] family:

t et ragonal (¥hepkelie: th@OI]eStO@tart@gon@ih%Q}tS nagojal featkral-hegadonal
[001] [001] £ eubietchlQQeSiopexcladded) of 010] O course, the use of the
provisions presented may 10 acconpany a construction of axisymetric
structure® resulting in geonetry-based isotropy Mg = 0. According to a
second of itghaspegkstulrle MAYeHd GmmRrARRLS A fEGRkaRcal resonator with a
planar 15 nonolithic vibrating structure nachined in a crystalline
material, characterized in that, for the resonator to exhibit

mat eri al - based frequ=ﬁ?§§}ll‘>’sc}ﬁ‘€5’ﬁ‘9 ( Mm = 0)thBl&Fyst’4H i ne material is
chosen fromthe fol|ow ng: tfbgoz E:rystal | The materi@Pibf tetragonal (1)
or tetragonaf® (2 %struct ur &SI} the %q01I* pl ane, Wﬂé]resonator t hen
exhibiting material -'based FP%ﬂhéﬁbﬁx?§8‘?opy in the 3rdibrder

family: tetragonal (1) —  plane: [001]
tetragonal (2) — [001]
for k = 3 hexagonal — [001]
[001)]
cubic — [100] (Si excluded)
[010]

Of course, the use of the provisions presented may
10 accompany a construction of axisymmetric structure,

resulting in geometry-based isotropy Afy = 0.

According to a second of its aspects, the invention
proposes a mechanical resonator with a planar
15 monolithic vibrating structure machined in a
crystalline material, characterized in that, for the

resonator to exhibit material-based frequency isotropy

(Afpn = 0), the crystalline material is chosen from the
following:

20 a) a crystalline material of tetragonal (1) or

tetragonal (2) structure cut 1in the [001]

plane, the resonator then exhibiting material-
based frequency isotropy in the 3rd-order
vibration mode;

25 b) a crystalline material of trigonal (1) or
trigonal (2) structure cut in the [001] plane,
the resonator then exhibiting material-based
frequency isotropy in the 2nd-order vibration
mode;

30 c) a crystalline material of hexagonal structure

cut in the [001] plane, the resonator then



vibration node; 25 b) a crystalline material of trigonal (1)1669CTOBER30M

(2) structure cut in the [001] plane, the resonator then exhibiting

mat eri al - based frequency isotropy in the 2nd-order vibration node; 30 c) a
crystalline material of hexagonal strucBure cut in the [001] plane, the
resonator then 16 OCTOBER 2006 8 exhibiting material -based frequency
isotropy in both thexRhditang Batleoiderbysbdatfirequendss;iscantdpd) in

crystalline nateriangfhcq$%§ §£&gcgﬁ%fn§ra_%%%ekn t?gr%%}%k Q&ﬁﬂgg(silicon

excluded), the resonator en~eXxhi bi material - base requency i sotropy
in the 2nd-order vibzadion node or 10 - cut in the [001], [100] (silicon

excl uded) or [0;9; bl §t%%%f%§§ﬁgﬁé{ éltggncgg-%?g%kgggug@teriaI-based

frequency isotropy int _ er_ vibration node. a consequence of
this, a Pesonator prodeigediinn thecorldahcePdirtie t hellhoent ivicded)suit abl e

choice of the constityeat resyshabll nendrt khabitQhgt hga i Pl-aesepf said
crystalline material and of the kth-order  vibration node exhibits

mat eri al - based frequentyeRELRSHt +BPFLPRY B &Y Carkdd SRt R I Bver al
frequency isotropy ifmed®d is obtained (for exanple with Afg = 0 and Afs =
O, or with Afg + Afg = 0), such a resonator nmay constitute the core for a
gyroscopi ¢ devi ce®bf optinmum design. 16 OCTOBER 2006 WO 03/ 087721

PCT/ FRO30601149 - 9 --Gt&t MBn the [001]1, [100] (silicon excluded) or

[010] planes, the resonator then exhibiting
material-based frequency isotropy in the
3rd-order vibration mode.

15 As a consequence of this, a resonator produced in
accordance with the invention by a suitable choice of
the constituent crystalline material, of the cut plane
of said crystalline material and of the kth-order
vibration mode exhibits material-based frequency

20 isotropy (Af, = 0) and, provided that overall frequency
isotropy Af = 0 is obtained (for example with Afy = 0
and Afs = 0, or with Afgy + Af; = 0), such a resonator
may constitute the core for a gyroscopic device of

optimum design.



1. A method for producing a nechanical resonator with a 5 plaRETEREREM; ¢
vibrating structure nmachined in a crystalline material, characterized in
that: - when the crystalline material is chosen from crystalline materials

?Boailgfgﬁg 613cf§qj¢b%gonal 10 (2) structure, this ”BE@éb%b3V§WEH§ in the

nd-order vibration node is the

crystalline material is chosen from <rystalline nmaterials of tetragonal (D
or 15 tetragonal (2) structure, this nmaterial is cut in the [001] plane,
and the 3rd-order vibration node isCLAZMSused, - when the crystalline

material is chosen from crystalline materials of hexagonal

structure,

this

20 materi al is cut in the [001] pl ane, and the 2nd-order or the 3rd- order

vi brati on

P use en the cr ﬁtalli e materlt g@os
rystal I b mathr PaPE0S: $3Eh s o P s, Ro¥REALpe e r SReRac i TP O
pl ane, 5ancplalmear 2ngdenpdéthiicbr atiilboratiode | st thetuus edm@lkchdwedoerin seaf or

silicon), %Qétéfl%ﬁ CHgtéglgme [ 100] plane, and the 3rd-order vibration

node is the
[001] or [@ﬂ@#aptanezedndn thetBrd order vibration node is t

wher eby the resonaf i, ex{ﬂé”tér%é%&ifﬁngatﬁhké&l?ﬁseqS fr

(Mm=20). 35 2. nechanlcal sonator wt anar nonol it

30 se for silicon), . or it is cut int

hen used,

ﬁ&y f§8

structure nachlne@ﬁyﬁtﬁkﬁ%nﬁeﬂ@ﬁﬁélﬁhﬁeﬂﬁﬂtrHEpEIﬁCBER ZUOGtrngOal
charagteeri zed in that, sfpfictige! e30Nd AhatOr £XDI Bist cut in the [001]

plane, and the 2nd-order vibration mode is then

used,

- when the crystalline material is chosen from

crystalline materials of tetragonal

(1) or

15 tetragonal (2) structure, this material is cut in
the [001] plane, and the 3rd-order vibration mode

is then used,

- when the crystalline material is chosen from

crystalline materials of hexagonal structure, this

20 material 1s cut in the [001] plane,

and the

2nd—-order or the 3rd-order vibration mode is then

used,

- when the crystalline material is chosen from

crystalline materials of cubic structure,
25 . either it 1is cut in the [111] plane,

and the

2nd-order vibration mode is then used (known per

se for silicon),
or it is cut in the [100] plane,

and the

3rd-order vibration mode is then used (known per

30 se for silicon),

or it is cut in the [001] or [010] plane, and

the 3rd-order vibration mode is then used,

whereby the resonator exhibits natural material-based

frequency isotropy (Af, = 0).
35

2. A mechanical resonator with a planar monolithic

vibrating structure machined in a crystalline material,

en from
e [111]

he

ropy
rating



mat eri al - based frequency isotropy (Afm= 0), the crystalliné OereBirl006
chosen fromthe following: a) a crystalline material of trigonal (1) or
trigonal 5 (2) structure cut in the [001] plane, the resonator then
exhibiting material -based frequency isqQtropy in the 2nd-order vibration
nmode; b) a crystalline material of tetrdgonal (1) or tetragonal (2)
structure cut in the (001] plane, 10 the resonator then exhibiting

mat eri al - based frequency isotropy in the 3rd-order vibration node; c) a
crystalline material of hexago%g structure cut in the [001] Iﬁng,, t he
resonat or Fheh2ekRFBPEAng1M5 Héter i fi%%a f rERRRRYPT sot P opFXPACB&t h t he
2nd- and 3ndterdel-vhabeadt i onfredesncyd) a sotst@dyi ne medeH @l) ,of cuhic

structure - _cut in.the [111] plane, .the resonator t exhi bi ting
mat eri al - b55& Eﬁhidﬂgng\[‘?‘%ﬁéﬁﬁoﬁf icRossE %Sﬁémzpfgl-eorgogrri%]ﬂ?%ti on node (known
per se for silagon) caystaldine mater a0 fHaigpondhe(t esonatedigbhan
exhi bi ti ng materi al,»base Cy .j,sotr.Qpy i, 25 3rd- r vibration
node (ﬁ%omm per se(ggr %kgq(xwlgorCh? cquihtg%e ﬂggif o&xﬁa%%] pkgﬁe, t he
resonator then exhilsioniatgmeten & xtbidsiddi g graeecyaBtbasedr §pgaurnclye
3rd-order V'brat'oqngg%py in the 2nd-order vibration mode;

b) a crystalline material of tetragonal (1) or

tetragonal (2) structure cut in the [001] plane,

10 the resonator then exhibiting material-based
frequency isotropy in the 3rd-order vibration
mode;

c) a crystalline material of hexagonal structure cut
in the [00l1] plane, the resonator then exhibiting
15 material-based frequency isotropy in both the 2nd-
and 3rd-order vibration modes;
d) a crystalline material of cubic structure
- cut in the [111] plane, the resonator then
exhibiting material-based frequency isotropy in
20 the 2nd-order vibration mode (known per se for
silicon)
or
- cut in the [100] plane, the resonator then
exhibiting material-based frequency isotropy in
25 the 3rd-order vibration mode (known per se for
silicon)
or
- cut in the [00l1] or [010] plane, the resonator
then exhibiting material-based frequency
30 isotropy in the 3rd-order vibration mode.





