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CRYSTALLI NE MATERI AL AND RESONATOR PRODUCED THUS 5 The present invention
relates to inprovenents made in the field of gyroscopic devices based on

“nechani cal  Ye<UHRABI?€1vi th a planar nonolithic vibratP¢E/ERO3LOLE 49
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
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15 produci ng géroscopic devi ces ut curre reis need to have very
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can be achi eved ¢RysTAODING MAPER PAL | RitD CRESoNARGR PROpUEEPSTARY sudden
accel erations of high level, and are capable of 20 delivering accurate

measurenents wthin a wide range of rotation speeds. Anong potenti al
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hi gh permanent s eeg of rotatign tégicaLl¥.a few revolutions per second
in the case’B?cgg?ﬁ-cbﬂt?o?Fga i &8F| BEGF1ftn-control | ed projectiles, and
a few 30 hundred revol utions per second in the case of gyro- controlled
projectil.es..T Lhi,s ¢ I remrent, .the technol ogy. .of vibrating
gyrosco&gs, %%%%?%géléﬁgﬁv%gggi § igﬁv&Feﬁigﬁ%mﬁﬁ%%ﬁ%f%%i%t?%ﬁf r%g, S
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and reached r{f&@iéyeAX?gdvanced stage of devel opnent and

i ndustrialization, none of fhemallows the problemq

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 low 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 wvibrating
gyroscopes, combined with fabrication of micromachined
3% structures, is particularly suitable. However, although
several formulations have emerged and reached a
relatively advanced stage of development and
industrialization, none of them allows the problem
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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 specified 1in document
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
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.

In the case of devices based on vibrating gyroscope
technology, the condition of optimum gyroscopic
feedback contrel involves searching for structures
whose fregquency anisotropy between the two useful modes
coupled through the effect of <Coriolis forces is
intrinsically =zero. The frequency anisotropy may be
decomposed into three main terms:

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



-if is the overall frequency anisotropy, T - 3 Afmis the frequency

ani sotropy introduced by the material of the resonator, Afg is the
frequency ani sotropy introduced by the geonetry of the resonator and 5 Afs
is the frequency anisotropy introduced hy the suspension or attachnent of
the resonator. Other terns. could, be addéd, .such as, for exanple the

ani sotropies, introduced by_the electronjcs used, but 10 these ter are
assumed to b‘%f“bf Js%coﬁae or LI UNpar 1SR PR Ye Jtréfrl?f%‘:?%?ffi 3’?}%d tﬁg‘?e.
Thus, in order fanatdéeiaVeschl théregsenayoani sotropy Af to be zero, it is
sufficient f the_thy o onents 15 M efg and O g all to be zero.

Ot her suffic‘ig)é%t l%on%‘?%i oﬁrrs@%llﬁeep%%ssafrblrseo?alb?ﬁgt h]erid/tﬁ%cg‘é%%é\ril?% i T y
conpensati ons betgeemethe M ntbedifesoMigonnahdr OFs conponents, which ends
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vari ations of anySpibeameier. ortatireliiene gbebie fendaabaral to seek
structures for which each termOm Mg and ifs is zero. However, it is
found that the design approach usually adopted consists, in the case 25 of

ni cr omachi nEFHEZohEEBE  FFUEd ulss, added akisvgh ned . fedcoanempaey the

geometri cal AsRastSopWEr 8% rdduiced | B§t a5 f undaredhalest 0u504asi dsit t he
constituen material of the resonator through its intrinsic symretries or

1
its symhBtrideiestFIMRgefFofcENECOUt B3PI GheSPROMAI OF dSfe GRMRATed

supporting thieh esonairms Shentei died Vihéte be cut. By way of an exanple
il lustrating what has just been explained, the known exanple of a
vibrating ring whose 35 geonetry is perfectly suited to obtaining
gyroscopi ¢ Theedbatk oodéerolforayHee cwesaler €degBgnpyodudisag ridpiys A

E;r 32} ﬁéet ngciav\%é L%ggg,vn\?&ggi%?guﬁgcﬁgﬁty rk@r Cyltjei @hr%@e Jo%%lclné)r% e and
15 Af,, Af, and Af; 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 1s
just as fundamental to consider the constituent
material of the rescnator through its intrinsic
symmetries or its symmetries resulting from the cut
30 plane in 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 is 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
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W

certain requ
resonators cbtained using microelectronics

technologies.

This is because micromachined resonator structures use,
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
associated with the collective aspect of the machining
operations there is 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 is
respected, irremediably results in a nonzeroc term Afq.

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

frequency isotropy (Af = 0) capable of constituting an

havi ng a di aneter of

of f set



.30 by the crystalline material fromwhich the vibrating resonator with a
pl anar structure is cut, it being understood that the present invention is
aimed solely at providing the neans for obtaining frequency isotropy
i ntroduced by the material (Om= 0) and that the 35 probl ens of obtaining

Yfrequency isotropies due to the geonetPy—-(Mg) and to the suspension (afs)

are to be splved el sewhere for the purpose of obtainin% overal | frequency

i sotropy (MIBLBINELpablE ofIYEOFSOPH® | ngeBhCeV S(S€eat r £Asi cattamppe oscopi ¢

devi ce (see deturxgtpFr odpspaegf K FR 01/02498). It should be understood

that, if the material of the 5 resonator is isotropic, then the intrinsic

pul ses of the two kth-order modes become equal, this being so whatever k,

namely w = wzsnomdl\/m@ouaderﬁbeoah&mf ,OfifPQhTeV\Qnéﬁﬁ@rP%ﬂebfe'tQ%‘l m)]tjes
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= 45. Likew d- des of the 15 vibrating ring correspond to

tril obate sh“égae%é\g% é'ge’t &%Iﬁegix\n@h _ref‘%zpe_ct“)'to another by an angle of 71/6 =

30. The cut plane of the crystalline material is defined by the position

of its nor V. i | Se i I 0.defi _by.its coordinates [Xx,

y, z] in arrlr%&oor]%/ o.n%'nafchwgo%?aoé%%t tg%(saygsl%%mt&)x,Qgg,ogg.erThﬁfsqeri %l e

datum ol0 tre hrikentriermtbyn roeatipn, ¢f zkhel | awferdemaror nitameect orh

"d, and th t sHE1R! ape. g b | q fi r,.exampl e, the
[ 001] datun?ﬂ?%ggﬂ%H§§25 %%gp ?ngyg%'oﬁ1t € ﬁg¢%a?g§q%?§§raﬁ the(b ane is

paral | el totﬁﬁ% @éQrQQADQMzﬁﬁﬂ?lﬂﬂQQﬁﬁﬁﬁéﬂd it kredvripthiata curshepds known

crystalline ofrffagea{i ahs G,ﬁ_l’t]—gereggég?dttﬁp LALO & a5§esarg| gh@llgut&d 30 in
nine famli ?ts/tl r=or£rl15t°h.e S]E.J?Ee glsg, C)the © 3rd-order modes of the

15 wvibrating 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 V, which is itself

20 defined by its coordinates [X, y, z] in an orthonormal
coordinate system Oex, ey, ez. Thus, the sole datum of
the three information items [x, y, z] allows the normal
vector V, 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, it 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




-representation of rigidity and flexibility matrices: nention may
especially be nade of the tetragonal (1), tetragonal (2), trigonal
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He art with any 1nd1catlon, in the case of 2nd~ and
3rd order vibrations, as regards the other possible cut
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.

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:

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

- when the crystalline material is chosen from
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
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e

of the
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a

ic item
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material is cu

(2) or hexagonal structure,

Is cut in the [001] plane or, when it is chosen frommaterials of
(silicon excluded), it is cut in the [111] plane, and the
2nd-order vibration node is then wused, or else - when the crystalline

when it h I a of cubi ucture, it 1s cut
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These features may be summarized as follows:

family: trigonal (1) — plane: [001)
trigonal (2) — [001]
for k = 2 hexagonal — (001]
cubic (5i excluded) — [111]
family: tetragenal (1) — plane: [001]
tetragonal (2) — [001)
for k = 3 hexagonal —r [001]
{001]
cubic — [100] (Si excluded)
[010]

Of course, the use of the provisions presented may
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
monolithic vibrating structure machined in a
crystalline material, characterized in that, for the
resonator to exhibit material-based frequency isotropy
(Afn = 0), the crystalline material is chosen from the
following:

a) a crystalline material of tetragonal (1} or
tetragonal (2) structure cut in the [001]
plane, the resonator then exhibiting material-
based frequency isotropy in the 3rd-order
vibration mode;

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;

c¢) a crystalline material of hexagonal structure
cut in the [001] plane, the resonator then

[ 001]



-[001] [001] [100] (Si excluded) [010] O course, the use of the
provi sions presented may 10 acconpany a construction of axisymretric
structure, resulting in geonetry-based isotropy Afg = 0. According to a
;second of its aspects, the invention _Ppgoposes a mechani cal resonator with
a planar 15 nonolithic vibrating structure machined in a crystalline

materi al, characteri 'y t .1 he 0 exhi hit .

mat eri al - based freqd%ﬁ%@b?%%t d%@ég%%%g1ga%§§ ?%%%%F§§yaﬁ%4%§9%ﬁe§9a1 is
chosen fromthe folPdW nghe202ad-a and/sBadtonderat erbaatdbnt etadaonal (1)
or tetragonal (2) sigaicture cut in the [001] plane, the resonator then
exhibiting material - based frequency isotropy in the 3rd-order vibration
node; 25 b) a cr eﬂ|<F1”rbé‘3frﬁa1t1e#ri%|m%ifelfw3go%€|cw}cwtrwtgmm (2)

structurg cut in the [Q0] ipl afge [tihe Jr epoBAkOr ($heN-EXNidi i Nkq) ,
mat eri al - based frequqﬂ%¥ |sotroE§ In.the 2nd-order vibration node; 30 c)
a crystalline material REX8HBRAE dihaitt ixBibEtingn mateyigdbasiashe, the

resonator then - 8 exfudijudmyy nbdet @by basedhbr eauweReelrS Gl iidh bot h
the 2nd- and 3rd-order(¥L§ration nodes; and d) a crystalline material of
cubic structure 5 - cut"1h the [111] plane (silicon excluded), the
resonator then exdu biting material -based frequency isotropy in the

2nd;ordes vibration - e f e ro6tf, | P1bBF (92t ok Wil Rldd) oL
[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 (Afn = 0) and, provided that overall frequency
isotropy Af = 0 is obtained (for example with Afy = 0
and Afs = 0, or with Afy; + Af; = 0), such a resonator
may constitute the core for a gyroscopic device of
optimum design.




.[010] planes, the resonator then exhibiting material-based frequency

I sotropy in
resonator p

*crystalline mat

the 3rd-order vibration node. 15 As a consequence of this,

a

roduced in accordance with the invention by a suitable choice
of the con§&;5§?8é?§%nstalllne material, of the cut plane of said

d of the kth-order vibration RS0 ERGIAAIL49

mat eri al -based frequency 20 isotropy (Agm.= 0) and, provided that overal
i sotropy Af = 0 is obtained (for exanple with Mg = 0 and Ms

frequency
0, or with
gyroscopi c

Lfg + ifs = 0), such a rexapatMg nmay constitute the core for a

device of optinum design. WO 03/087721 PCT/ FR0O3/01149 -

9

CLAIMS 1. A nmethod for producing a nechanical resonator with a planar

nmonol i t hi ¢ MLbranmmﬁﬂdwa@fepﬁa@hbﬂﬁg ANmachanékyst dldsion vt aritdd |

characteriz
crystalline

structur®, tdriystaldtierd alatiesriait, ichddecfdfildedl anetlodt: when it 10 is

ed | en the gstallln mat eri al |s chosen from

et B n%?smSPOrl gdfal V¥ k9 t PREURARTE2)MATI HSA g dRal

chosen fron1nater|al qL %gglcc ygif%ga %§|I|G%Q_eéglﬁ%edg%§ cfléhcuf in
t i e el se

the [111]

pl ane, nd- order Vi

15 - when the cryst&ﬂﬂ&ﬁ?hﬁmmﬁlamatsrchésen ¢f omtrdogwsitadl | i H&) mateari al s of

1 t ggﬂg}l ﬁﬂﬁggg! ru S terial is
Eoélfrplgﬁir ath%)I?r i's i%ong%g gFP%P ggzllc
it 20 is "tﬁ}temrﬁ]t hies [ @0%] i6r the00]0Gl larel #é¢ | pconwh@xnlllmed) or

tetragona
cut in the
structure,

[010] pi@ne,

resonator e

15

20

25

30

35

and t hg 3r dheisder fYbRr %é@&{@ﬂ@ | 5¢ t halb usedy Mhanghy the

xhi bits natural material -based _
(silicon excluded), it is cut in the [111]

plane, and the 2nd-order vibration mode is then
used,
or else
- when the crystalline material is chosen from
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
excluded} or [010] plane, and the 3rd-order
vibration mode is then used,
whereby the resonator exhibits natural material-based
frequency isotropy (Af, = 0}.

2. A mechanical resonator with a planar moneclithic
vibrating structure machined in a crystalline material,
characterized in that, for the resonator to exhibit
material-based frequency isctropy (Afp, = 0), the
crystalline material is chosen from the following:

a) a crystalline material of tetragonal (1) or
tetragonal (2) structure cut in the [001]
plane, the resonator then exhibiting material-~
based frequency isotropy in the 3rd-order
vibration mode;

b} a crystalline material of trigonal (1) or
trigonal (2) structure cut in the [001] plane,
the resonator then exhibiting material-based



-frequency isotropy (Mm= 0). 25 2. A nechanical resonator with a planar
nmonolithic vibrating structure machined in a crystalline material,
characterized in that, for the resonator to exhibit material-based
frequency isotropy (Mm= 0), the 30 crgstalline material is chosen from

‘the following: a) a crystalline mat er TatVof tetragonal (1) or tetragonal
(2) structure cut in_he LOO%] . plane, the resonator then exhibiting
material - based freqdEREYeNSSt rGIRETPY ha3rhr dad-osiay prabrariapde: b)
a crystalline materiabdef trigonal (1) or trigonal (2) structure cut in
the [001] plane, he resonat.or. t hen exhibi.tin terial -based - 10
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[010] pl anes, thedtedonaystalhénceratpribhgofmatbiicabtivasedrir equency

Isotropy in the 3rd-oggder M begkl omPf€piane (silicon excluded),

10 the resonator then exhibiting material-based
frequency isotropy in the 2nd-order vibration
mode

or

- cut in the [001], [100] (silicon excluded) or
15 [010] planes, the resonator then exhibiting
material-based frequency isotropy in the

3rd-order vibration mode.



