16/ 06/ 2005 -1 TI ME BASE COVPRI SI NG AN | NTEGRATED M CROVECHANI CAL TUNI NG
FORK RESONATOR The present invention relates to a tinme base, i.e. & dgyvi£f0s
conprising a resonator and an integrated electronic circuit for driving
the resonator into oscillation and for producing, in response to this
oscillation, a signal having a determ ned frequency. 5 Tinme bases, or
frequency standards, are required in a |large~-variety of electronic

devi ces, ranging fromwistwatches and ot her tinepieces to conpl ex

t el econmuni cati on devi ces. Such t| nme bases are typ| caIIy for rred by an
oscillator including a g MP R HH NG TECBRAT
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pr ocessi ng, ”B#e@fenc 5 integrated onto the sane substrate. Advantages of
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requires board s e nan cases. I nst ance,
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to provide a Séawﬁthg h{ég dat@x?BMt% é@ﬂ@b%ﬁﬁgﬁoﬂ&ﬂ&h %s%%te?hcqegbng a time

base conpr|5|ng an resona ect 0 present
i nvention is tec WVQ@ r funetionsa set directly ﬁeigtedéotredrequenyy Precessiag.avaybe a

si ngl e submrmte%ratéae&mwesgara@wstﬁae mass production and that is
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stability. A disadvantage of typical time bases using quartz resonators however
resides in the fact that two components, namely the quartz resonator and the

20 integrated electronic circuit, are required in order to provide a high-precision
frequency. A discrete quartz resonator requires board space which is scarce in many
cases. For instance, a standard quartz resonator for wristwatch applications requires
space of the order of 2x2x6 mma. Moreover, additional costs are caused by the
assembly and connection of the two components. Yet, space and assembly costs are

25 major issues, especially in the growing field of portable electronic devices.

Itis thus a principal object of the present invention to provide a solution to the
above-mentioned problems by providing a time base comprising an integrated
resonator.,

Another cbject of the present invention is to provide a time base that may be

30 fully integrated on a single substrate, that is suitable for mass production and that is
compatible with CMOS technology.

Still another object of the present invention is to provide a time base
comprising a resonator having an improved quality factor Q and thereby a greater



16/ 06/ 2005 -2 frequency stability and | ow power consunption. Yet another

obj ect of the present invention is to provide such a time base whiighydS2005
| ow-priced and requires only a very snmall surface area on a sem conduct or
chip. 5 Accordingly, there is provided a tinp-base conprising a resonator
and an integrated electronic circuit for driving said resonator into
oscillation and for producing, 1in response to said oscillation, a signal
havi ng a determ ned frequency, characterised in that said resonator is an
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t il . k to.b bl f high-Q. i.llation. .
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that the centre ravi € entire structure renanins notionl ess
during oscillation ARddvhaatage o thectind haseranserding tofthe ipceent laventiondies imthiee
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i nvention 35 deibraging desomator nhdtedl AIE Sictidn Sah sdinedieetet iftthe desthiafor & &Rerted
appr oxi mat el y Qnd%rrpgguum conditions. Intrinsic losses depend on the material as well as on the
design of the resonator. Resonators made of crystalline materials, like quartz or
silicon, are known to be capable of high-Q oscillation. In addition, the clamping, i.e.

25 the mechanical support of the resonator part, strongly influences the dynamic
behaviour. According to the present invention, the tuning fork resonator is designed
and driven in such a way that the centre of gravity of the entire structure remains
motionless during osciliation and that the bending moments of the fork tines can be
compensated in a relatively small region of the base member.

30 Different design features favouring a high quality factor Q are the object of the
dependent claims and will be described hereinafter in detail.

In addition, for a given resonant frequency, the surface area required on the
~ substrate to form the tuning fork resonator is small in comparison with other
resonators. For instance, a tuning fork resonator according to the present invention

35 designed for a frequency of 32 kHz requires a chip area of approximately 0.2 mm?
which is smaller than the chip area required by the silicon ring resonator described in
pending international application No. PCT/CH 00/00583 filed on November 1, 2000 by



which is smaller than the chip area required by the silicon ring resonator
described in pending international application No. PCW(}100/005q%jdé;§bos
on Novenber 1, 2000 by 16/06/ 2005 -3 the sane Applicant. According to one
aspect of the invention, the electronic circgi.t is advantageously

I ntegrated on the substrate together with the m cronechanical tuning fork
resonator, thereby leading to a lowpriced tine base. Alower price is also
5 obtained by vacuum sealing of the resonator at the wafer-level in a

bat ch- process tHEEQHmWﬁ%ﬁE@RO”di”Q technol ogy. Tuning fork structures have
been proposed as resondting structures for different types of sensor
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o Senabn o o lin e drelorl elyBliard Anerk S nigh BEAIG RETAR s riprflad$h s Y
Norling et al. oblinahighlypregise tigle bdseby et al. in the Journal of

M croel ect romechani esg P&at REE5,7310691 & YdWinolet(a G8PihstaRBe ddfidibkf a tudlhs fdrk e

[ri cr omachi ned %hl iec qbrr E@gn nt strai nfgau S | ntahihe fiorrr;n of tra QOugl ieéggiged
uning fork. ROAEICEREY S5 B13Pe Q! St R SiaNiBRSliern sukpligls dbedip
suggest s usi ngtreutchingdbrkehavy (tiein @hd thick RGidne ik ofdes enailc a bending estheldratiatk
Gesi gn 1 ear'ar eSestRr R ERENer 34 P ol bhe an BEBmal et bt Mo et <
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osci | 1at ! ng i no. Lo yeera 0RO o ERaRE b, nalkBes o oty of b AiG"
the present i nfﬁé'ﬁﬁ%ﬁ_@rs iararden togpovidesa dhearginadnsional stotioe deteetiomevi t abl y
U e o gool S AT B Dl 81 B oS oA
fabri cati oA? nePFRYTWERE elipkdds 4R12589 te Nodingtet ahi ethe eisiclari Beedy el in thei ng
fork resonat orsoumidl ofl VBErusiBEForhéchanical Systems, Vol. 9, No. 1 (2000), pp. 104 ff., describe
micromachined silicon resonant strain gauges in the form of a double-ended tuning
fork.
None of the above-cited documents however indicates or suggests using such
25 atype of tuning fork resonator in an oscillator circuit to act as a frequency standard or
time base. Moreover, a number of design features of the tuning fork resonators
disclosed in these documents render them less suitable for horological applications
where frequency stability and low power consumption are essential.
Anisotropically etched oscillating funing fork structures have been described
30 previously by the present inventors. Anisotropic etching of the structure inevitably
yields, however, a different length of the fork tines, which results, in turn, in a fow
quality factor for such a tuning fork resonator. The fabrication method and
disadvantages of such anisotropically etched tuning fork resonators are discussed in
greater details in the article by M. Giousouf et al., published in Proc. of Eurosensors
35 XM, Val.1 (1998), pp. 381-384, or the article by M. Giousouf et al., published in
Sensors and Actuators 76 (1999), pp. 416-424, both entitled "Structuring of Convex
Corners using a Reoxidation Process — Application to a Tuning Fork Resonator made



greater details in the article by M G ousouf et al., published in Proc. of
Eurosensors 35 XII, Vol.1 (1998), pp. 381-384, or the article by M/06/2005
G ousouf et al., published in Sensors and Actuators 76 (1999), pp. 416-424,
both entitled "Structuring of Convex Cornerg-using a Reoxidation Process -
Application to a Tuning Fork Resonator nade 16/ 06/2005 -4 from
(110)-Silicon". Those skilled in the art will easily understand that this
type of resonating structures is particul arly unsuited to forma
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to the acconpanyi ng ASFAInNgge st ﬂ”%‘i"’cﬂ’ﬁpeﬂ‘-“frﬂ‘@m@ée&t ingergion o segang
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the tinme base mpérgurecdmpersation Bidkg @cmav@dcumt@na singletrhiofongechanikal tuning

resonator real i‘o?l? pes%ﬁat%? #hrn ?sf ogér!t—ﬂed simultaneously with two oscillation modes having
different resonant frequencies.

Other aspects, features and advantages of the present invention will be

25 apparent upon reading the following detailed description of non-limiting examples and
embodiments made with reference to the accompanying drawings, in which :

- Figure 1 is a top view illustrating schematically a time base according fo the
present invention comprising a micromechanical tuning fork resonator and an
integrated electronic circuit;

30 - Figure 2 is a top view of a first embodiment of the time base of Figure 1
comprising a micromechanical tuning fork resonator realised by means of silicon
surface micromachining techniques;

- Figures 2a and 2b are two cross-sectional views of the embodiment of
Figure 2 taken along lines A-A' and B-B' respectively;

35 - Figure 3 is a top view of a second embodiment of the time base of Figure 1
comprising a micromechanical tuning fork resonator which is fabricated using a
substrate with a buried oxide layer, such as a silicon-on-insulator {SOl) substrate;



surface m cronmachi ning techni ques; - Figures 2a and 2b are two
cross-sectional views of the enbodi nent of Figure 2 taken al ong Ii@;@sf?@bs
and B-B' respectively; 35 - Figure 3 is a top view of a second enbodi nen

of the time base of Figure 1 conprising a rriscrorrechani cal tuning fork

resonator which is fabricated using a substrate with a buried oxide |ayer,
such as a silicon-on-insulator (SO) substrate; 16/06/2005 -5 - Figures 3a
and 3b are two cross-sectional views of the enbodi ment of Figure 3 taken
along lines A-A° and B-B' respectively; - Figure 4 is a Vi ew. o third
enbodi ment of the ti rFiqese3abngBuare two Cf@@?@?qt'gﬂﬂd'w{:@gmgﬁ?gtnél%f
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respectively; - Figur %g@%ﬁgggﬁgggﬁf W BroRakbthal GBwY bete dnibadrherntiof Figure

exanpl es of designs of eélectrode structures; - Figure 7 is a
di agram i | | ust r at {aken tloeg liséatiA reeHiBBYesRRsE¥ElY:he vol t age applied 15 on
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structures; - Fi UNB-hak @PmBh e reddedtiteldt i ng an i nprovement of the
first enbodi nent%rﬁeotaﬁé{]n Fipg't?re 2; i

] 20 - Eigure. g . - i £
view of the enbodi memtFigresfg@ang &9 3rgiep pa'ﬂ?@ﬂﬁg|e|%%é’l'%-t%'t';ﬁé Q’Q@’.‘Eﬁft@f ?éé@énso
shows part of thgrinskagedrfsci@tictsiactursonat or with openings therein; -

Figure 11 shows two tuni ng fork.resag ri gtechanes voleiieaipplied ‘
and desi gned to exhi b'i%fn'g‘f 'aiar?’%ﬁi’é‘mnﬂésg'?ﬁﬂgﬁfe '?%gaﬁ%ﬁ%?es; 25 - Figures 12

is a top Vieysilbipkleiddimgesnasd tenmesultingelettrestatia foeps Shihgeiditfie  for k
tines performa vertical I i i PREYidvRs & thRel difeenpédsigisdniended foy
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views of the illpeverthetunig fBikgtines fromsticiogrPrehg HPFPABSCN®and B-B'
respectively. - Figure 9 shows a top view illustrating an improvement of the first embodiment

shown in Figure 2,

20 - Figure 9a is a cross-sectional view of the embodiment of Figure 9 taken
along line A-A';

- Figure 10 shows part of the fork tines of the resonator with openings therein;

- Figure 11 shows two tuning fork resonators sharing the same base member
and designed to exhibit two different resonant frequencies,

25 - Figures 12 is a top view illustrating a second mode of oscillation where the
fork tines perform a vertical oscillation in opposite directions perpendicularly to the
substrate plane; and

- Figures 12a and 12b are two cross-sectional views of the illustration of Figure
12 taken along lines A-A' and B-B' respectively.

30 Dimensions in the drawings are not to scale.

Figure 1 schematically shows a top view of a time base according to the |
present invention. There is shown an integrated time base, indicated generally by
reference numeral 1, comprising a resonator 4 and an integrated electronic circuit 3
for driving the resonator into oscillation and for producing, in response to this

35 oscillation, a signal having a determined frequency. The integrated electronic circuit 3
is not shown in detail since this circuit may easily be designed by those skilled in the
art, Preferably both the integrated electronic circuit 3 and the resonator 4 are realised



30 Dinensions in the drawings are not to scale. Figure 1 schematically
shows a top view of a tine base according to the present inventloigfgypig 5
is shown an integrated tinme base, indicated generally by reference nunera
1, conprising a resonator 4 and an integrateg.electronic circuit 3 for
driving the resonator into oscillation and for producing, in response to
this 35 oscillation, a signal having a determ ned frequency. The integrated
el ectronic circuit 3 is not shown in detail since this circuit may easily
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gne of fork ti nge 07 eagh forl2 tme 7, 8 In the |Ilustrat|on ofg Fi urr e1 utﬁeesse ele etro%gumembers 72,
et ween t he gure ¢
82 are provided on the outside of the fork tines 7, 8, i.e. away from the gap existing
between the fork tines. Alternatively, the comb-shaped structures may be provided on
25 theinside of the fork tines 7, 8. This option requires a wider gap between the fork
tines in order to accommodate one or two electrodes therebetween (one next to each
one of fork tines 7 and 8). However, a wider gap reduces the coupling between the
tines and reduces the quality factor Q of a desired anti-phase oscillation (Figure 5b).
The electrode structure 9 further comprises, in the example of Figure 1, first
30 and second comb-shaped electrode structures, indicated respectively by reference
numerals 91 and 92, which are disposed on the substrate 2 next to the fork tines 7, 8
so as to mesh with the comb-shaped structures 71, 81. More particularly, the first
comb-shaped electrode structure 91 includes second electrode members 93 and
meshes with comb-shaped structure 71 so that the first electrode members 72 are
35 adjacent to the second electrode members 93, and the second comb-shaped
electrode structure 92 inciudes second electrode members 94 and meshes with comb-
shaped structure 81 so that the first electrode members 82 are adjacent to the second



tines and reduces the quality factor Q of a desired anti-phase oscillation
(Figure 5b). The electrode structure 9 further conprises, in the Qﬁﬁﬂﬁéﬁédﬁs
Figure 1, first 30 and second conb-shaped el ectrode structures, indicated
respectively by reference nunerals 91 and 92, which are di sposed on the
substrate 2 next to the fork tines 7, 8 so as to nesh with the conb-shaped
structures 71, 81. More particularly, the first conb-shaped el ectrode
structure 91 includes second el ectrode nenbers 93 and neshes with

conb-shaped structdir e sdiat the first electrode menbers 72 are 35
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It will also be noted that the resonator essentially exhibits two fundamental in-
plane oscillation modes. A first of this oscillation modes consists in an asymmetric
25 oscillation of the two fork tines where both tines oscillate in the same direction. The
second oscillation mode consists in a symmetric oscillation of the fork tines where
both tines oscillate in opposite directions. These two in-plane oscillation modes are
schematically illustrated in Figures S5a and 5b where the amplitude of oscillation has
been exaggerated for the purpose of explanation. It will be appreciated that the
30 second oscillation mode, which may be described as an “anti-phase” oscillation mode,
is to be preferred to the first one since, according to this second oscillation mode, the
centre of gravity of the resonating structure remains substantially motionless. in
contrast to the second oscillation mode, the asymmetric oscillation will lead to higher
energy dissipation and therefore a higher damping of the oscillation.
35 According to another variant, the first and second comb-shaped electrode
structures 91 and 92 are connected together and are both used as driving electrodes.
Thereby an anti-phase oscillation of the fork tines 7, 8 as illustrated in Figure 5b is
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11, 12 and 13 can be doped or metallized zones in or on the substrate. Another oxide

25 layer 22 is then deposited on top of the first oxide layer 20 and structured layer 30.
This second oxide layer 22 is selectively etched so as to provide openings in the
second oxide layer 22 allowing an electrical contact to the underlying layer of
conductive material 30. Then, a second layer of conductive material 32, such as poly-
sificon, is deposited on top of the second (sacrificial) oxide layer 22 as well as in the

30 connection openings etched in the oxide layer 22.

Finally, the second layer of conductive material 32 is patterned and etched to

form the structure of the resonator 4, i.e. the base member 5 and the fork tines 7, 8,
as well as the electrode structures 91 and 92. After structuring of the layer 32, the
sacrificial layer 22 is partially removed to release the fork tines 7, 8. It will be

35 appreciated that the layer 22 will also be at least partially removed under the base
member 5 and the elecfrode structures 91, 91 as illustrated in Figures 2a and 2b.
However, the base member 5 and electrode structures 91, 92 will still be supported by
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Referring more particularly tp Figures 4, 4a and 4b, the top silicon layer 35 is
structured so as to form the resonator 4 and the electrode structures 91, 92. This step
25 is similar to that realised according to the second technique illustrated in Figure 3.
Thereafter, however, a window 27 is etched on the backside of the substrate 2 using a
chemical etchant such as KOH or TMAH for instance. An opening 26 is then etched in
the insulating layer 25 thereby releasing the fork tines 7 and 8. This has the
advantage that the fork tines can not stick to the substrate (which allows the
30 fabrication of longer tines for lower frequencies), but has the disadvantage to require
sealing of the resonator's cavity on both sides (top and bottom) of the substrate in
order to operate the resonator under vacuum conditions. ’
Vacuum sealing of the resonating structure on the chip level can be done by
means of batch processing techniques such as anodic bonding or silicon-silicon
35 bonding which are well known to those skilled in the art.
In all of the above-described fabrication techniques, it will be appreciated that
additional steps may be provided to form other conductive or non-conductive layers. In




I's etched so as to open a wi ndow which allows to release the fork tines.
Referring more particularly to Figures 4, 4a and 4b, the top silicpg, 4ay8§os
35 is structured so as to formthe resonator 4 and the el ectrode

structures 91, 92. This step 25 is simlar_.4®-that realised according to
the second technique illustrated in Figure 3. Thereafter, however, a w ndow
27 is etched on the backside of the substrate 2 using a chem cal etchant
such as KOH or TMAH for instance. An opening 26 is then etched in t he
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i ncrease of t higvourthe pre erred futlldamental symmetric in-plane oscillation mode iillustrated in
Figure 5b and avoid oscillation of the tuning fork at the first harmonic. In another
variant (not shown), the length of the electrode members can be varied along the
25 length of the fork tine in order to excite the desired oscillation mode. As already
mentioned, according to a first variant of operation, the comb-shaped electrode
structure 91 shown in the embodiment of Figure 1 serves to electrostatically drive the
tuning fork resonator into oscillation and the opposite comb-shaped electrode
structure 92 serves to capacitively sense this mechanical oscillation. An alternating
30 voltage signal is applied to electrode structure 91 resuiting in electrostatic forces on
the first fork tine 7 and oscillation thereof, which oscillation is transmitted to the other
tine 8. This oscillation of the second fork tine 8 in turn induces an alternating signal on
the opposite set of electrode structure 92, when the resonator operates. It will be
understood that electrode structures 91 and 92 are perfectly interchangeable.
35 According to the electrostatic driving principle used to drive the resonator into
oscillation, there exists a parabolic relationship between the voltage applied on the
electrodes and the resuiting force on the tuning fork tines. It is thus desirable to add a
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Accor di ng ©8 asmd variant, the alternating driving voltage and t he

direct vol tage corrpm&%nwtﬁeeagafbﬁfe%g@%ﬂns@ rhaf Egét}orﬁ R ko

structures 91 via conductor tunin reso at or § tfied to a
fixed potenti$§NSINGPAY 88 deng by getegting avhangﬁ)mm@ancwt r@@namﬁ d&or istanse,

used to sense mb%iecﬁmﬂ@%krubtﬂrésm1Saera§( beWonhe&@ditdhclfer 3PRIVER] SHIpEné hat
el ectrode str uglteclzjtrroedse struc?ure mazy bert?sed to drive the resonator into oscillation. According to a

25 first variant, the alternating driving voitage is applied to the set of electrode structures,
and the direct voltage component is applied to the tuning fork. According to another
variant, the sum of alternating and direct driving voltages can be applied to the set of
electrode structures, the tuning fork being in this case tied to a fixed potential such as
e.g. ground.

30 it will be apparent to those skilled in the art that many other electrode
arrangements may be used to drive the resonator into oscillation and eventually sense
the resulting movement. The arrangement shown in Figure 1 shall therefore not be
considered to be a limitation of the present invention. For instance, the gap between
the fork tines may be increased so as to accommodate an electrode structure

35 therebetween which may be used either as a driving electrode structure or as a
sensing electrode structure.

Figures 8a to 8c show three different advantageous design features intended



I nt erchangeabl e and that the second el ectrode structure 92 may
alternatively be used for driving the resonator into oscillation,;ghgs/2005
first electrode structure 91 being used for 20 sensing. Alternatively, the
el ectrode structure 9 may be used only for draving, and sensing may be
done by detecting a change in inpedance at resonance. For instance, the

el ectrode structures 91 and 92 nay be connected together or, even, only one
el ectrode structure nmay be used to drive the resonator into oscillation.
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81 and 93) get |ntoFlnaﬁy;rasmhowh irc thet vectantoft figwre @, astwrstruetwe Qeslis‘poséchen

same ef fecty Pl tr e
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Al ternati vel y, baifgrexiged thPFargaxtenﬂon 7§>cpﬂmratlrlgamtwm shdp sthectelec?8, T bgestop

members 10 72gtaddiedss @6&5:2%& éé’—és g@mﬂmhé Q?gufdr%‘f&v'éﬂ%ﬁt BERRS6 tha:7 £Iﬁy be

designed so as to _exhib ol nte east surtably
surface area sH‘eé%fOEe&fsveé\}érﬁom sligking wgtf@felﬁqi@de@tructmen%bwh@mex@mwy the

same applies tangg rﬁ@\@hﬁéﬁaté Kk pldRal, athdtdie ﬁﬁﬁ@&%nﬁ;‘aﬁ%é&geﬁ@élﬁ Ygé ure

92. Finall as sho e[\ variant of Fi ure 8c, a stop structu
70 eRie

di sposed ofi® 18%TH& ‘é‘ﬁlb%hf? s o theysacand iyl ined at the free end 7a of the

fork tine 7, this fAkefthadbda-mentioned features can be combined in a suitable manner in
order to obtain an efficient anti-sticking mechanism.
Figures 9 and 9a show an improvement of the micromechanical tuning fork
resonator 4 which is illustrated in Figures 2, 2a and 2b. Figure 9a shows a cross-
25 sectional view of Figure 9 taken along line A-A’. A conductive pattern 31 is provided
on (or below) the surface of the substrate 2 (in this case on top of the first oxide layer
20) under at least part of the free-standing oscillating structure 6, i.e. fork tines 7 and
8, the shape of this conductive pattern 31 being essentially a projection of the free-
standing osciflating structure 6 on the surface of the substrate 2. This conductive
30 pattern 31 may be formed simultaneously with the conductors 11, 12, 13 out of the
first layer of conductive material 30. Furthermore, the conductive pattern 31 may be in
direct electrical contact with conductor 13 which is connected to the base member 5
thereby putting conductive pattern 31 and the free-standing oscillating structure 6 to
the same potential. Alternatively, conductive pattern 31 may be formed in an additional
35 step out of e.g. a metal.
Connecting the conductive pattern 31 to the same potential as the free-
standing oscillating structure 6 suppresses forces perpendicular to the substrate 2




bei ng provided with an extension 78 cooperating with the stop structure 28.
This stop structure 28 is designed so as to limt the angul ar novesesd,/Sbos
the fork tine 7 and therefore prevent it fromsticking on the el ectrode
structure 91 when excessive angular novenents take place due, for

I nstance, to nechani cal shocks. Again, the sanme obviously applies to the
second fork tine 8 All of the above-nentioned features can be conbined in
a suitable manner in order to obtain an efficient anti-sticking nechani sm
Figures 9 and 9a show an inprovenent of the m cronechanical tuning fork
resonat or 4 whiR&{Ween theteping fark gesanator guanddhe sudacepf she pubstiati £ L2giIdRAws a
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cdart onal 1G5 expiessiptpt b Tedanars tedvency 6B ind forkwith Shes arieBoRcuh 85, .
31 to the sane gadtreadei aflmaieridl wthf Y @sg'sshadudiang aad dehsint png structure 6

suppresses forces perpendicular to the substrate 2 16/ 06/ 2005 -13 between
the tuning fork resonator 4 and the surface of e substrate 2 leading to a

resonant frequency which is independentfaict plied voltages. Such a _
conductive pattern 31 furthernore prevents fh ines 7, 8 from sticking on
the substrate. It will easily be understood that a simlar conductive

pattern may al so be added to the 5 resonators fabricated using other

t echni ques, 15 usthesssc isiecanstant depending o thesexadt shapeRingunede 6f o@sationdf e or

Figures 4, 4a gu’}ﬁngﬁ'l*&rk.-rhe resonant frequency of the tuning fork resonator

can be adjusted over a w de range by changing the geonetrical dimensions

of the device, naneltys imperiaehigr massmioductiemobiuchienipg fark respnatora do kegpdhe an

be seen from t Reschant frRIGUBBCYS Rorm@neHip 63RO biker witRin@xitiIasRtaHEes! THd W@ sonant
r esonant freq_ug'nce}/sf of tun'|1ing fork w thr tlgesﬂg I Sn%tnq ¢!=_ W gtsh eand
made of mat eri APAYFNH O thedyniad ferinresrnators daesipiepgnd Ondhe thickness o
20 tuning fork, as is easily seen from the above expression. Therefore, the resonant
frequency of e.g. tuning forks fabricated using poly-silicon surface-micromachining
technology will not depend on the thickness of the deposited paly-silicon layer
resuiting in a strongly enhanced process robustness.
Tolerances in the resonant frequency due to slight variations in process
25 parameters can be greatly reduced by carefully dimensioning the tuning fork. In
particular, as schematically illustrated in Figure 10, openings 65 may be provided in
the fork tines 7, 8 so as to reduce the dependency of the resonant frequency on
process parameters. Indeed, the resonant frequency of the tuning fork will be lower
than the projected frequency if the width of the tines 7, 8 is smaller after processing,
30 e.g. due to an over-etch, than a desired width. At the same time, however, the
openings 65 provided in the fork tines 7, 8 will be larger thereby reducing the mass of
the fork tines 7, 8 and compensating the decrease of the resonant frequency (it
should be pointed out that the above expression of the resonant frequency does not
apply to a tuning fork provided with openings such as illustrated in Figure 10).
35 FElectrode members 72, 82 of the comb-shaped structures 71, 81 have the same effect
as the openings 65 on the resonant frequency of the tuning fork when overetching



15 where c is a constant depending on the exact shape and node of operation
of the tuning fork. It is inportant for mass production of such tﬁ@}@ /2005
fork resonators to keep the resonant frequency fromone chip tot
within small tol erances. The resonant freqyﬁ?gy of the tuning fork

0

resonators does not depend on the thickness the 20 tuning fork, as is

easily seen fromthe above expression. Therefore, the resonant frequency
of e.g. tuning forks fabricated using poly-silicon surface-m cromachining
technology will _not depend on the thickness of the deposited poly-silicon
| ayer resulti n%cci F-a st rongly enhanced process robustness. Tol erances in
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of the tuning fiQé hemyover etching 16/06/ 2005 -14 occurs. Preferably, the

openings 65 are to Qe provided dose to the free end 7a, 8a of the tines 7,
8 so as to have a hilGRIESPNAM FEqURNCY I9bthedyaing ferkiresenaterds: wilhimibgttemperature
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area requir cronmechant cal. tuning fork resonator  accor
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i.e. the | arger €eorne cal ons wer the frequency. The
resonant fréddguency &¢ t'ﬂlh@fftagh thedtiniebiseramordingto the predenhinventios mayper at ur e

advantageously comprise an integrated temperature measuring circuit (not shown).
An example of such a temperature measuring circuit is described in the article "Smart
Temperature Sensor in CMOS Technology" by P. Krumenacher and H. Oguey, in
"Sensors and Actuators”, A21-A23 (1990}, pages 636 to 638. Here, temperature
25 compensation is achieved by acting on the division ratio of the division chain, for
instance using an inhibition technique well known to those skilled in the art.
Alternatively, two tuning fork resonators with different resonant frequencies
may be integrated onto the same chip, such arrangement ailowing the chip
temperature to be precisely determined by measuring the frequency difference of the
30 two resonators (both tuning fork resonators have the same temperature coefficient
since they are made from the same material). Advantageously, as shown in Figure 11,
two tuning fork resonators 4 and 4* having different resonant frequencies can share
the same base member 5 in order to reduce the required surface area on the chip.
The advantage of using integrated time bases according to the present
35 invention is twofold: Firstly, the temperature dependency of the tuning fork resonator
is linear which facilitates the electronic signal treatment necessary to compensate for
the temperature. Secondly and more importantly, the small size and monolithic



range of 0 to 60C, in good approximation, a |inear function of tenperature.
At a 15 resonant frequency of 65 kHz, it has been observed that tthy@gyggbs
coefficient of the resonant frequency is of the order of -30 ppm C
thus desirable to incorporate, in the sanme gubstrate, a tenperature
measuring circuit having an output signal which my be used to conpensate
for the frequency variation by adequately adjusting the frequency of the
signal produced by the tine base. 20 To this effect, the tinme base
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(Figure 5b). A ,_on node,
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excited el ectr gatiadlicealidtonanslenay ﬁgwé@é?%c;édﬁ%fsi’inbé/sﬁﬁﬁf@ﬁhcf\féﬁfcg%scdlatfcgf
el ectrodes on ﬁa‘gﬁg substrate under the tuning fork tines e two nodes

are selected t "§Pfferent frequencies so that tenperature
conpensation may beFigafiseneed2®¥ndeas Hid sthehiaic illustrations of an electrode

arrangement allowing vertical oscillation of the fork tines in opposite directions. As

25 shown in these figures, two sets of electrodes 100 and 120 are disposed on the
surface or in the surface region under the fork tines 7, 8. The first set of electrodes
100 drives the fork tines 7, 8 into a vertical oscillation and the second set of electrodes
120 senses this vertical oscillation. The set of driving electrodes 100 is disposed
under the free end part of the fork tines 7, 8 whereas the set of sensing electrodes

30 120 is disposed under the fork tines 7, 8 between the base member 5 and the set of
driving electrodes 100. it will however be understood that the electrodes 100 and 120
are perfectly interchangeable.

More particularly, in order to drive the fork tines into oscillation so that the fork

tines oscillate in opposite directions as illustrated in the Figures, it is preferable to

35 divide the set of driving electrodes 100 into two electrodes disposed under each of the
fork tines 7, 8 as shown, the two electrodes being supplied with signals having
opposite phases. Obviously, the set of sensing electrodes 120 is similarly to be



frequency difference which is directly related to tenperature. Different
resonant frequencies for the vertical and in-plane oscillation nnﬂ@;ogﬂ€ 05
be obtained by choosing a rectangul ar cross-section of the fork tines
Preferably, the vertical oscillation node shgl d consist in an asymetric
vertical oscillation of the fork tines where the tines oscillate in
opposite directions. Indeed, the forces exerced by both fork tines on the
base 5 during oscillation conpensate each other in the case of asymetric

osci || ate vert| TPl ORI aBRRY priiind Signds MBEPER IR oan annanced |
power di ssipation andaying degasbed theripverdiod withakgarg td aeittmn spddific embodiineals, it
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oscillation of , the fork tines. Figures are sc
i|lustrations ofvelio) Bdesd yarious W‘Qﬂ'ﬁ%ﬁf@ﬁﬁ angliop afapjaliensimaecssis ANRAEBIO of
the fork tings thososkisl ihehelak athb@Rfepakivg frdPn 8RB Bf hEPRetdddEiRE, WO
sets of electrodes 100 and 120 are di sposed on the surface or in the
surface region under the fork tines 7, 8. The first set of electrodes 100
drives the fork tines 7, 8 into a vertical oscillation and the second set
of electrodes 120 senses this vertical oscillation. The set of driving

el ectrodes 100 is disposed under the free end part of the fork tines 7, 8
whereas the set of sensing electrodes 30 120 is di sposed under the fork
tines 7, 8 between the base nenber 5 and the set of driving el ectrodes
100. It wll however be understood that the el ectrodes 100 and 120 are
perfectly interchangeable. Mre particularly, in order to drive the fork
tines into oscillation so that the fork tines oscillate in opposite
directions as illustrated in the Figures, it is preferable to 35 divide the
set of driving electrodes 100 into two el ectrodes di sposed under each of
the fork tines 7, 8 as shown, the two el ectrodes being supplied with
signal s having opposite phases. Qbviously, the set of sensing el ectrodes
120 is simlarly to be 16/06/2005 -16 divided into two el ectrodes providing
signals with opposite phases. Having described the invention with regard to
certain specific enbodinents, it 1is to be understood that these

enbodi nents are not neant as limtations of the invention. |Indeed, various
nodi fications and/ or adaptations nmay become apparent to 5 those skilled in
the art without departing fromthe scope of the annexed clains. 16/ 06/ 2005
-17 CLAIMS 1. Tine base conprising a resonator (4) and an integrated

el ectronic circuit



(3) for driving said resonator (4) into oscillation and for producing, in
response to said oscillation, a signal having a determ ned frequelrg:)los/zoos
characterised in that said resonator is an integrated m cromechanic
tuning fork resonator (4) supported above T57 a substrate (2) and adapt ed to
oscillate, according to a first oscillation'nbde, in a plane substantially
parallel to said substrate (2), said tuning fork resonator (4) conprising
. - a base nenber (5) extending substantially perpendicularly fromsaid
substrate (2); 10 - a free-standing oscillating structure (6) connected to
sai d base ne and including at least a first pair of substantially
parallel fork tines (7, 8) disposed in said plane; and - an el ectrode
structure (9) disposgd fp{?%:ent to said fork tines (7, 8) and 15 connected
to said integrated elec FSeCPMPLiFing eIpsonaierd 4 R ap idearpiadmipatienicrdicuit
‘characterised @Bhfdr Iﬂiablngaehi reborsadrd4f @fd@écill@&@n (aﬁd f&)prodtﬁ:w@r HViedBshswith Raid
.conb- shaped St gL (g/rg ( atgl{/ di Sd sed LN )}O ﬁ F’l udi.ng first
el ectrode nmenbers {el 'R %@Uﬁ’g %?ﬁ‘l“faa? Ve ﬁ’@FEﬁ‘é’ﬁaﬁ*w & §3% from a
first side of resonatérgs Iant;mtagmte(d?mloajmecwadncalrtuhdmgtfor&are%r&it@x:(ﬂ}suhposttad ubbwe
(9) conprisgs d

3 e?‘éub%g'a{e @Zhn@ggapﬁs” 5%5]18?9 é&ﬁ@gqg% fﬁét %tligtn%% '4@&? -}l? 38) and

meshing with said conb ure

conpri si ng sedde %Jbéﬁﬁnﬁ’ém{epﬁféﬂﬁb& saiq Sl!bStfa;meZ)a%ﬁl@wmg fock reapuRtel [@3t
el ectrode nen@ffpriird: 82) . 2. Tinme base accordi ng to claim1l,
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according to Cl ai m characterised I n that extremties
provuded with a comb-shaped structure (71, 81) disposed in said plane and

including first electrode members (72, 82) extending substantially perpendicularly from
a first side of said fork tines (7, 8), and in that said electrode structure (9) comprises at
20 least one comb-shaped electrode structure (91, 92) meshing with said comb-shaped
structure (71, 81) of a fork tine {7, 8) and comprising second electrode members (93,
94} adjacent to said first electrode members (72, 82).
2. Time base according to claim 1, characterised in that said electronic
circuit (3) is integrated on said substrate (2) together wilth said micromechanical tuning
25 fork resonator (4). -
3. Time base according to claim 1, characterised in that said electrode
members (72, 82, 93, 94) have a shape of an arc of circle.
4. Time base according to claim 1, characterised in that the distance
between adjacent electrode members (72, 82, 93, 94} is varied along the length of the
30 fork tine (7, 8)so that the distance between adjacent electrode members (72, 82, 93,
94) is shorter at a free end (7a, 8a) of said fork tines (7, 8).
5. Time base according to claim 1, characterised in that a stop structure
(28) is provided on said substrate (2) adjacent to a free end (7a, 8a) of each of said
fork tines (7, 8) in order to limit movements of said fork tines (7, 8) and prevent them
35 from sticking on said electrode structure (8) in case of a shock.
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said el ectrode nenbers (72, 82, 93, 94) is longer than the others so as to
prevent said fork tines (7, 8 fromsticking on said el ectrode structure
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to a fixed potential a constant direéct voltage cohponent
added to one cSHvigtSRichiunigferk reonaiarse) iptrosgillsdionoand st ruct ur e (91 92) or
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said fork tines $7 82 so as to sug‘s?ant onpensate for the effect of
an 16/ 06/ 2805 electrode structure (9) comprises at Ieast one electrode structure disposed adjacent to

one or both of said fork tines (7, 8) for driving said tuning-fork resonator (4) into
oscillation,
and in that said free-standing oscillation structure (6) is tied via said base
S member (5) to a fixed potential,
25 a constant direct voltage component {Udc) being added to one or both of said
at least one electrode structure (91, 92) or free-standing oscillating structure (6), and
sensing being done by detecting a change in impedance at resonance.
10. Time base according to any of the preceding claims, characterised in
that said first oscillation mode is a symmetric oscillation mode where both fork tines
30 (7, 8) oscillate in opposite directions.
11. Time base according to claim 1, characterised in that a conductive
pattern (31) having substantially the shape of said free-standing oscillating structure
(6} is provided on a surface of said substrate (2) under at least a part of said free-
standing oscillating structure (6), said free-standing oscillating structure (6) and said
35 conductive pattern being put at a same potential.
12. Time base according to claim 1, characterised in that openings (65) are
provided in said fork tines (7, 8) so as to substantially compensate for the effect of an



-19 under- or over-etch on the resonant frequency of said tuning fork
resonator (4). 13. Tine base according to any of the preceding clgpge/2005
characterised in that it further conprises an integrated tenperature
measuring circuit intended to conpensate fog-the effect of tenperature on
the frequency of the signal produced by 5 said tine base. 14. Tine base
according to any of clainms 1 to 13, characterised in that it further
conprises a second m cromechani cal tuning fork resonator (4*) supported
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fork resonanrSa|64une45éseshare t he same base nenber (5). 15 16. Tinme base
according to any of

to 13 t d hat | ect 100,
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material . 15 16. Time base according to any of claims 1 to 13, characterised in that
electrodes (100, 120) are disposed under said free-standing oscillating structure (6) in
such a way as to drive and sense a second oscillation mode having a resonant
frequency which is different from the resonant frequency of said first oscillation mode,
the temperature-dependent frequency difference between the resonant frequencies of
20 both osciliation modes being used for compensating for the effect of temperature on
the frequency of the signal produced by said tirhe base.
17. Time base according to claim 16, characterised in that said second
oscillation mode is a vertical oscillation mode where both fork tines (7, 8) oscillate in
opposite directions substantially perpendicularly to said substrate (2).

o

25 18. Time base according to any of the preceding claims, characterised in
that said substrate (2) and said tuning fork resonator (4) are made of silicon material.
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