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;tue3ee8b(6T8BH) 1 | ~A~9~I~EO0 I ~I1l,R In~O MEMS based Motor Field of the
I nvention The present invention relates to a notor which can be constructed
usi ng MEMS (m cro-el ectronechani cal systens) technol ogy, and to a method of
5 constructing the notor. Background of Invention Recently t
much resear op MEMS devi ces, that is mechani cal mmwmmmlmmmr
di nensi ons N\W“MMers (for exanple, having a maxi num d| anmet e[, \r/]\ﬁ% nor e
t han say 1 res). Some such deviges 10 include an el enent iC
rotates aroundC®®¥haft attached to a stator. One such device is shown |n
cross-section in Fig. 1, and includes a rotor 101 . A through aperture 103
Is formed in the rotor 101, and a shaft 102 is then inserted into the
aperture. The shaft 102 is connﬁiégg !to iag @t gtor 104 which carries copper
wi ndi ngs 105. The rotor 101 inc fwhich are filled 15 with a
nmetal yoke layer 106 and thicker naegnetic layer 107. In such a systema
cont act bealRiglgd of she\mvehtibh abl e, and to m ni m se contact resistance it is

preferable fhat the shaft 102 has a w de cl earance fromthe sides of the
aperture 103. However, a small clearance is reguired in order to avoid

eccentri ci t>T henPresent dpvantion mlatesetos ﬁaFlthrowh CQ"C%S%EHHE@d Pﬁ@gzo
contact surf | mih
frictional r'\@gllﬂst g'hldm anéF areeéﬁaﬁaﬁe%gérg Bt a5t on dnmmar y ofmﬁe I nvention

The presént consteudtingtheimetaro provi de a new and useful MEMS device, and a
new and useful method for fabricating MEMS devices. 25

Backaround of Invention

Recently there has been much research to develop MEMS devices, that is
mechanical devices having dimensions of micrometers (for example, having a
maximum diameter no more than say 10 millimetres). Some such devices
10 include an element which rotates around a shaft attached to a stator. One
such device is shown in cross-section in Fig. 1, and includes a rotor 101 . A
through aperture 103 is formed in the rotor 101, and a shaft 102 is then
inserted into the aperture. The shaft 102 is connected to a stator 104 which
carries copper windings 105. The rotor 101 includes cavities which are filled
15  with a metal yoke layer 106 and thicker magnetic layer 107.

In such a system a contact bearing is not suitable, and to minimise contact
resistance it is preferable that the shaft 102 has a wide clearance from the
sides of the aperture 103. However, a small clearance is required in order to
avoid eccentricity in the rotation of the shaft 102. As a consequence, the

20 contact surfaces at which the moving parts touch each other experience
frictional resistance, and are liable to abrasion.

Summary of the invention

The present invention aims to provide a new and useful MEMS device, and a
new and useful method for fabricating MEMS devices.
25



‘2 1n general terms, the present invention proposes that at |east one
surface of the MEMS device is provided with grooves for generating an air
beari ng between the rotor and the shaft and/or stator as the rotor rotates.
5 Conveniently, the grooves may be fornmed on a surface of the stator which
faces a surface of the rotor, or a surface of the rotor which faces the
stator. The grooves nmay generate an air current through the gap between the
rotor and the shaft. 10 In a first case,pthe air bearing can be between the
rotor and the stator, and can support at |east a proportion of the weight
of the rotor. In a second case, which is freely conbinable with the first,
the air bearing can be between the rotor and the shaft. 15 For exanple, the
air bearing mag be positioned between _.the shaft ﬁnp t he tstator to 8 ner at e
a force havilhgeaew@biyHk the presart ventien prapossshat gt least ong syifack
per pendi cul ghe MEMBSIeVidSisHrobided W %r)oo%b?&gér{bréﬁ'ﬁg A E@IW he central

nov e shaft,

axis of the aperture of the rotor s away fromthe axis of t

urges 20 t hdetween theoratorvand tha shaft and/onstatorods thesrotgraiotates. returns to
coincide with the axis of the shaft. Advantageously, the shaft and stator
are co-operatively shaped such that the gap between themincludes a
plurality ofCsnvenighty e grabol¥s PRACISS formetonts hrsuefac b thé\btatGolhieh t hese

constrictiohs the air has a higher pressure and tends to push the rotor and
the shaft ajfaees apydace pétheorater, of agsiriasetaf fhe eqtor whichfacas thestatest ¢ he

shaft, the r ' 0 I CLy I n the
ohaft LTRGBSy URE B 2ol ARG e o™, 1
of the constandadthe®maftand wi den the other(s), the air pressure at the 30

narrowed constrictions) grows and the air pressure at the w dened 3
constriction fall(s), so that a force is generated to urge the rotor back

‘o th >/ - : . . .
formed ot wae TRECSSE ore 2R yRePf YaR fo BeMleerthe Hforaid (HEHa0h &R 9
i ncl ude a ficastsuppofteatdeadtiacprapertidan dfthetweight ofdheyotopwar dl y f aci ng (when

the MEMS device is in use)) and in this case the air bearing may be forned
between that first surface of the shaft and a second at |east partially

downvar di y- flaGl SitopdrdadecwhicH Berdel} 86mbihBlivith B8& fitdi Sthatait Besind?8ad | Y
supports the weight of the rotor. 10 In principle, the first surface of the

shaft and t the begtpeenrthe setosanddheishell. of the rotor could each be planar and
perpendi1%ul ar to the rotational axis. However, the inventors have found
that it Ts advantageous if both of these surfaces are conical (or, nore

exactly, frFdres@mplé)the gt Bearing malibe pesitoridtEbstweehhbshaftiaidpen the
rotor and the shaft is snmoother. |In a preferred case, the rotor _is formed
with a chanisatohfg genenate adecehaving @@W&mthﬁﬁﬁfﬁtma&ﬁw (.. et of

uni form thi j J i u j i ocat ed
Wthin the dangeetetiftudniodeadidy hg ket WAk e lcihaPid a0
surface of tdxis elthetaperkire ofi¢he rotenmoves amaydta tine azisofdhs safisumeset hod

of formng VS devi ce i i ncludes formn rooyes jn.jt to.generate
on i+ 1385, e ToISBHO Maversst Bt the A 46 easatue eliDs (3 apncids WHE tor i ng
correspondi NgiPeeMc¥hmfi. N two substrates, and joining the substrates

together with the correspondi ng openi ngs facing each other and sandw chi ng
a wide portion of respective shafts, and cutting the joined substrates to

formrotors f&?&\inﬁgglgéoqglﬁ rt‘l‘ﬁ:"e shaft %%tdis\fgt0§ 2?(—1: E:g-'operatively shaped such that the

gap between them includes a plurality of circumferentially spaced

25 constrictions. At each of these constrictions the air has a higher pressure and
tends to push the rotor and the shaft apart. When the rotor is correctly centred
on the axis of the shaft, the respective forces from the constrictions balance,
but when the rotor is displaced from the axis of the shaft so as to narrow one
or more of the constrictions and widen the other(s), the air pressure at the

30 narrowed constriction(s) grows and the air pressure at the widened



'30 4 Brief Description of The Figures Preferred features of the invention
w Il now be described, for the sake of illustration only, with reference to
the following figures in which: 5 Fig. 1 is a cross-sectional view of a
known MEMS device; Fig. 2 is a cross-sectional view of a coated substrate
formed in a first step of a nethod which is an enbodi nent of the invention;
Fig. 3 is atop view of the coated substrate shown in Fig. 2; Fig. 4, which
i s conposed of Fig. 4(a) and Fig. 4(b), §hovvs in cross 10 section two
substrates which can be produced fromthe substrate of Fig. 2; Fig. 5 shows
the two substrates of Fig. 2 in an assenbled configuration; Fig. 6 shows
the assenbly of Fig. 5 after cavities have been forned init; 15 Fig. 7
shows the assenbly of Fig. 6 with the addition of magnetic material; Fig. 8
shows the a§§’8ﬁi§l¢§061fa|ﬁﬁg.s°¢hﬁff@EQVCS I gapefatetto wa&ﬁ%edﬁm&a@h toéet; and
Fig. 9 sho @ation of cutting the substrates; 20 Fig. 10 shows the
result of rﬁgﬂgggﬁlsﬂgag'peration of Fig. 9 which is a MEMS device which is a
first enmbodi nent of the invention. Fig. 11 shows the rotor of the
i f Fig. ;
enbodi ment ?n a sle%onéoéxample of the air bearing being formed between the rotor and
5 the shaft, the shaft may be formed to include a first surface which is at least
partially upwardly facing (when the MEMS device is in use), and in this case
the air bearing may be formed between that first surface of the shaft and a
second at least partially downwardly-facing surface of the rotor. The air
bearing at least partly supports the weight of the rotor.
10
In principle, the first surface of the shaft and the opposing second surface of
the rotor could each be planar and perpendicular to the rotational axis.
However, the inventors have found that it is advantageous if both of these
surfaces are conical (or, more exactly, frustoconical), since in this case the air

15 flow between the rotor and the shaft is smoother.

In a preferred case, the rotor is formed with a chamber which includes a
conical surface, and the shaft is not of uniform thickness along its axis but
rather includes a wide portion located within the chamber and including a

20 conical surface facing the conical surface of the substrate.

The invention can also be expressed as a method of forming an MEMS
device which includes forming grooves in it to generate an air bearing upon
the rotor rotating.

25
The method may include forming corresponding openings in two substrates,
and joining the substrates together with the corresponding openings facing
each other and sandwiching a wide portion of respective shafts, and cutting
the joined substrates to form rotors encircling the respective shafts.

30



" Fig. 12 shows the effect of an air bearing between the stator and the rotor
I n the enbodi mnent of Fig. 10; 25 Fig. 13 shows the effect of a first air
beari ng between the shaft and the rotor in the enbodi nent of Fig. 10; and
Fig. 14 shows the effect of a second air bearing between the shaft and the

rotor in an alternative enbodi nent of the invention. 5 Detailed
Description of the enbodi nents The steps of constructing a MEMS device
which is a first enbodinment of the 5 invgntion will now be described.

Referring firstly to Fig. 2, a thin layer 1 of protective masking materi al
Is formed by spin-coating on the surface of a substrate 3, which may be
conposed of silicon (Si), or glass (Si02). Miultiple circular openings 5 are
10 formed in the layer 1 by conventional lithography in an array. Fig. 3 is
a top view of the coated substrate. Two coated substrates as shown in Figs.

2 and 3 ar e gyt hseeptignef The F_q@g_bgd substrates 3 are treated in different
respective ways. € subsiratres 5 are given the reference nunerals 13
and 23 respectively. A first way of treating the coated substrate is wet
chenical et afefegraszfegmrea@étm inveatien it new deidessaibedi fog thesakepbr 1. The

coat ed subst . ' ' 1.on. chem cal
reaction océl[}jras r%(t)'hﬁtqr%bp&ﬁﬁ‘a'lsel?%%nggé‘ggﬁ%ﬁrﬁéwﬁﬁnﬁeﬁiﬁgs‘? g@ﬁ%rﬁw and corrodes
i nt o thessubst r atRig.malses calss-sdutiohalview oftackrown MEMS deuidezal |y i sotropic
causes corrosi onftié)ﬁir)r ead around the unnasked portion to form undercuts

under the |ayer F!97h[Sa EFWD%'OBaEYi?W&f@r@%§8§Hﬁﬁﬁﬁatﬁﬁ°ﬁpgﬁj inadiyst i n
I SPFy B e oIS h bAESKAfaR e uefitghe ovent nos 7 are
Fig. 3 is a top view of the coated substrate shown in Fig. 2;
Fig. 4, which is composed of Fig. 4(a) and Fig. 4(b), shows in cross
10  section two substrates which can be produced from the substrate of Fig. 2;
Fig. 5 shows the two substrates of Fig. 2 in an assembled
configuration;
Fig. 6 shows the assembly of Fig. 5 after cavities have been formed in
it;
15 Fig. 7 shows the assembly of Fig. 6 with the addition of magnetic
material;
Fig. 8 shows the assembly of Fig. 7 after a stator has been connected
to it; and
Fig. 9 shows an operation of cutting the substrates;
20 Fig. 10 shows the result of the cutting operation of Fig. 9 which is a
MEMS device which is a first embodiment of the invention.
Fig. 11 shows the rotor of the embodiment of Fig. 10;
Fig. 12 shows the effect of an air bearing between the stator and the
rotor in the embodiment of Fig. 10;
25 Fig. 13 shows the effect of a first air bearing between the shaft and the
rotor in the embodiment of Fig. 10; and
Fig. 14 shows the effect of a second air bearing between the shaft and
the rotor in an alternative embodiment of the invention.



" 25 perpendicular to the surface of the substrate 3, so that the tapered
sides 9 are frusto-conical. A second way of treating the coated substrate
is dry plasma etching of the substrate 23, in which etchant gas is rel eased
and used to formplasnma ions 30 which are accelerated by a high electrical
potential toward the coated surface 6 of the substrate 23, causing rapid
corrosion. Since the ions travel straight towards the substrate, openings
13 are formed with cylindrical walls 13,5as shown in Fig. 4(b). 5 Note,
however, that it would be possible to provide a tapered profile as shown in
Fig. 4(a) by plasma etching if the cross-sectional profile of the masking
layer 1 is formed so as to be sloped at its end. This can be done, for
exanpl e, by extended heat curing. In this case, the portion of the layer 1
havi ng reduced thickness will provide | ess masking, and so permt a degree
of 10 etchi mptailed Desetistion 6 the kphisodilentdi ch i s dependent upon the

t hi ckness of the masking Iayer 1. In other words, an opening would be
produced with a degree of corrosion at any point which is related to the

t hi ckness ofr.th i r t i . | Q. . th hods
descri bed al:-)r es,qegﬁglf8%@#%@%?@%9@9%8%'8%?%a@gtﬁﬁbgﬁ'ﬁﬂgﬁme

appr oxi ngt elinventioh wihaowbe eesrbad the substrates 13, 23. Foll ow ng that,
et ching nethods are enployed on the opposite surfaces of the substrates 13,
23 (the lower surface as shown in Fig. 2) to produce cylindrical openings
17. Thus, t 0 i t ol N 20 Fi gs.
4(a) and (bgﬁ&#ﬁ@g@%@f“’i"&% hgﬁﬂr'éﬂ%"vﬂﬁf a@%@%@i'ﬁésgpgﬁq@ggﬁg‘ﬁ ed 19 in
the Fig. 5) fosnedby spipesatimponthd serface effa substrate @ evhich tiay lweni ngs 7,

15, 17 on both of th ubstrates showp.in Figs, 4(a) and (b). The layer 19
o' for med { COMRPIRIRT oS G2 RS SIQn Mullile FkiafOReniBbn s R0 A

di scussqg | 3bmhed intheqBFeN 118§ chnvartionsl IitHogk 8thY YFige3 o forma
sl eeve for the es%aft eo??%}‘he 2tcatm(§r, 1oang]ad Ii r?bt?u cgés:ig tﬁié fI I%ﬁgq%éovi des a
| ubri cat i ng vigw ef thedceated substrategh har dness property. The film 19 can be
formed by a deposition technique, such as a sputtering or chem cal

vapori zation nmethod. The required uniformfilmthickness can be achi eved 30

W t hout conphi¢ abstddsuibistrates 86 SROWH®P Figs, 2 drel 3 aré pebduseddan@eéd i on of the
| ayer 19, a thin electrically conducting film21 is deposited on the

surface of taeatedpuhsteates 3 ase trantedringdiffarent roppastiveavayse Thersupstratasrdd by
the | 1. ' ' - 5 alloy, d ited
the sob3b, st Bl 48 RlerEie RinBdb tiehnd 28hedhalE,® 2L OV, oPrl Lo "

as shown in Fig. 5, with the openings 7, 15 facing each other, so that they

toget her defjpe.,a chanber,k 24, A shaft 27 is_posjtioned between the
substrate 3.Agﬁé“@¥aﬁ ttreﬁ'”ﬂsth@icP@tﬁda?qqﬁt@}%ﬁe‘ﬁ’ﬂ chemicghsichingonsudagi ch i s

J S ) . " . .
nar row port kD sHbsfate) Sdind e Her §"%ho cGtedlnket |4 Bpbey Aot L
them The wielehgnirsoiution3ands charaicabireaction occurs arhthenenmagkédareas dfet ween
L < o 68 sisudB ] B ok Py odAth i TR T Bichal . St

being typically isotropic causes corrosion to spread around the unmasked

portion to form undercuts under the layer 1. This produces a structure as
shown in Fig. 4(a), in which openings 7 are formed with tapered sides 9.
These openings 7 are circularly symmetric about respective axes 11

25 perpendicular to the surface of the substrate 3, so that the tapered sides 9 are

frusto-conical.

A second way of treating the coated substrate is dry plasma etching of the
substrate 23, in which etchant gas is released and used to form plasma ions

30 which are accelerated by a high electrical potential toward the coated surface



" 15 and then preferably polished to achi eve surface snoot hness. Optionally,
a DLC filmof high nechanical hardness is coated over essentially the
entire outer surface of the shaft 27 to reduce friction at the contact
surfaces of the shaft 27 which are to contact the contact surfaces of the
substrates 13, 23. This DLC | ayer (not shown in Fig. 5) can be fornmed using
a conventional 20 deposition technique. To precisely align the openings 7,
15 a position mcroscopic alignnment nmethgd is used, preferably using
appropriate alignment markers. The substrates 13, 23 are then heated to
cause fusion between themat their 25 interface. Optionally, a thin Pyrex
gl ass adhesion |l ayer 25 may be provided on one or other of the contact
surfaces of the substr.at 3 to pronote the fusiop el ectrically. The
Gotaits o Srie UBRIAR A cA RalhRR s sed ThetoRe el araont

publ i cati ongowgidd e SubsEatE, GpefiHygsor3 ArPlormat ivitth Wliﬁh‘élﬁééﬁﬁa"@ﬂ@,hasﬁs

"Sem conduct or waf er bonding: science and technol ogy", Q -Y. Tong and U.
30 Gosel e, JoOWninRdg. 4(bo9. As described there, a | ow powered el ectri cal

8 voltage is typically applied to the substrate 23 using a conductor probe,
so that nolecular attractions occur on the interface between the substrate
23 and t e adteshowelery tatdbwotlduse possithlado phevité adapbrid profikhasishewAi ng

process can_be_ag‘pl ied to substrates of various materials, and other

adhesi on | ayR@fig.8(2akby plasmaetchingif the erosgreectiongldrefileaffhe masking dependi ng
upon the pr i . C i r e f the
substrates ?ﬁfsﬁﬁﬁh{aﬁ@{ﬁﬁgﬁ%ﬁgh@%&g&%@dt ﬁﬁ%éé?}?’%% ea?i%rgd or

pol }shed befexaenpléchby gidlehdgd iheat)cdlg?]g.t In thisovases tiee pogiongpfeahée tiyyerrit ihcl e-free
surface contact in order, t i ve_adhesi gn consjstency. 10 Dye to the

ol ectri cal | y'aving fesieRq toicknees Wil provideriess gsking. andiseRATY 4 ABOERIRS r at es
13, 23 9 e%&iﬁg%fhé’\’bﬂlﬂ)st%é ey &t W &%'@é;}er&i@n&ﬂg@ﬁ tﬁéﬁlﬁ&ﬂ%stdftﬁ ther
of the substrates 13, 23, since no adhesion Tayer I ormed on any of its
surfaces. Hemasking layee 1i. dnratheralotdso aalopening weuldi beepraducedalitit 2 t he shaft

27 15 fromthe substrates 13, 23 dyri,ng the, hondi rracess. .[he adhesi on
only takos. s BT combSPn al anf pomtvith i RSl T Bk BiGERR of g 20" hu
the shaft 2maskiRg Idjer at tilpointee to rotate. Note that once the substrates

13, 23 are bonded together, the wide portion 31 20 of the shaft 27 is
permanently trapped inside the chanber 24 forned between the substrates 13)

23. Fi 9455 11k d4Rh o178 nfithdad dBSE e} atve! Bfe b9EMIRgs 74188 ¥6itned to

extend through approximately half the thickness of the substrates 13, 23.

Following that, etching methods are employed on the opposite surfaces of the

substrates 13, 23 (the lower surface as shown in Fig. 2) to produce cylindrical

openings 17. Thus, through holes are formed in the substrates 3 as shown in
20 Figs. 4(a) and (b). The layer 1 is then removed.

A coating film (labelled 19 in the Fig. 5) is then deposited on the interior
surface of the openings 7, 15, 17 on both of the substrates shown in Figs. 4(a)
and (b). The layer 19 is formed from a hard material such as diamond-like-

25 carbon (DLC). As discussed later, the openings 7, 15, 17 will subsequently
be used to form a sleeve for the shaft of the stator, and in this case the film 19
provides a lubricating effect due to its high hardness property. The film 19
can be formed by a deposition technique, such as a sputtering or chemical
vaporization method. The required uniform film thickness can be achieved

30 without complicated control techniques.



13, 23, and it is to be understood that the joined substrates 21, 23
conprise a plurality of chanbers 24, each having a respective shaft 27
withinit. 25 In the next process step, as illustrated in Fig. 6, plasna
etching is carried out to create circular cavities 33 extendi ng throughout
the entire thickness of the substrate 23 (i.e. about half of the total

t hi ckness of the conbination of substrates 13, 23). The N -Fe seed | ayer 21
is then exposed in these cavities. The cavities 33 are fornmed by an etching
process using a photo-resistant 30 mark fornmed by |ithography. This neans
that the cavities 33 have straight 9 wal l ed trenches. By appropriate
control of the speed and velocity of the particles used in the etching
process, the etch profile can be achieved precisely. The cavities 33 have a
circular profile (as viewed fromthe side of the assenbly which is | ower
nmost I n Fi 9-F&bﬁrﬁ@tﬁé’@éﬁoéiﬁo@ﬂﬁh‘éﬂéyémQ?chﬁhé_febtrﬁ:aﬁ?‘ébh@bbtﬂ‘% filga2ghaf t.
Fig. 6 shows the two opposing sides of this cavity 337 To intensify the

i nduced el eds depagited oo tln@sugacemf thersubsirate 3of the Fig. d(a)awvhightwasi gh

magneti c satuyration pr rtd h i kel -lron (N- iS5 coated onto
thg i nner no rrﬁ%ﬂfae@er%ﬁethtggjawsrff.egﬁ%gl\rln?i r{Ba)Srt?ea?pélF%ﬁ?r' frépéﬁll-f-'e?

el ectro- pl atalRg, depssiRAnomitifs sibstfaté 3Bt A0dcrfprbesssPy appl ying el ectri cal
charges to draw netallic irons froma nm xture solution containing the

ingredients and using layer 21 as an el ectrode. The netal |ayer 35 shown in

Fig. 7 fU”Ct'tﬁ’&éut?&raleg5§§3‘§?%T§§ﬁfg§ﬁ%8’\é§%hb% iﬁggé‘%:\@ﬁﬁ ‘tt’lré{(?éé@ﬁgg? The

| ayer 35 is then covere nateri al cavities
33. Sui t abl e15ecing edch dthetsathab theetogethmridefine o eliamber 240.MAasHAER7 fsor

exanpl e Cobal t - Phosphor conposite, (Co- P- ] generates an intense
et | c 11 IAPATE O eRGIe SUbSIaRcE: T80 abaliead 18 OTSHer s syRTnet.! t abl e
met hod fqoy | i g | Sni tﬁ*eaé i S

t hi cknes1(sb o%ﬁg%r;%%ér %&dr@éqﬁaeéé;,)(t)dn§?lﬁl:lﬁgaﬁlﬁ1nl or*ﬁgqé\rfl@%&ﬁg ely. Once
t hi s deposi tincndestwo eelaticelymiastosdpottivas 29 atleachrerzhlang a relativaly wideseed

| ayer 21 is used attract, and _gccunul at tallic .irons.to fill the
cavitics 33, PUBNRBIAFIVRENRD: TiMceorin aiaiocaed Wikin the hames of
filling the 24f6rficshetwebh the sUbStrates R OR: WHé‘éHdT%‘ﬁ?ﬁé}DQe f4bricatépduce a

cream|ike magnetic paste 37 into the cavities 33. The nagnetic |ayers 35,
37 are then fielyechardg@dusueiyas stasl eatitandimsby aonventienal gringdingsprogeas,

attachedto t N i | YA jnt rs 43,
each of i c%@ﬁ%ﬁoéf%ﬁeq?ﬁ& ﬁg!'lbggq\i% %kmg% §QB(§§? gb"éiogtﬁrg‘?%s‘ Z@pﬁ#ﬂéﬁl@s ructure
of the substDeCHilADfiHigls hsehahitat harihess s coatet over e@sséntidiiyithé entife i s a
uniformy thin Si substrate, but_it includes circular raised portions 45
for each 30 ¢l§§b§%ﬁf@%°fsﬂh‘§f9chaﬂ72.7 tocedueaifdetiont the gontact syrfages efithged by

copper W ndi & : i i e. athin
| ayer on the sur gg@ 'ﬁatﬁr@‘tgﬁgg?%gﬁ @P%@%Spge@bﬁ%ﬁ%%% ﬁ%%rs'ovi de

t he el ectri chhis @@ layeo(sotf sirowrhim Figdbceah He fornmed dsinge cdnventionah- | ess
notor. The rgi se .cﬁ_grt'hons 45 are attached to the respective shafts 27. For
this purffosedeRIIALIGCARIAUEyr f aces of 5 the shafts 27 which neet the raised
portions 45 are coated with a thin

To precisely align the openings 7, 15 a position microscopic alignment
method is used, preferably using appropriate alignment markers. The
substrates 13, 23 are then heated to cause fusion between them at their

25 interface. Optionally, a thin Pyrex glass adhesion layer 25 may be provided
on one or other of the contact surfaces of the substrates 3 to promote the
fusion electrically. The details of a suitable bonding technique are available in
several publications related to semiconductor fabrication processes, such as
“Semiconductor wafer bonding: science and technology”, Q. =Y. Tong and U.

30 Gosele, John Wiley, 1999. As described there, a low-powered electrical



* adhesi on | ayer, such as glass, by a vacuum deposition process in order to
facilitate the bonding. Likew se, the previously nentioned el ectri cal
bondi ng nmethod is again utilised by inserting the narrow ends 29 of the
respective shafts 27 into respective etched circul ar depressions in the
respective raised 10 portions 45. In this position, the radially outernost
section of the raised portion 45 contacts a portion of the substrate 23. At
this point, the substrates 13, 23 and 39gare partitioned al ong verti cal
lines 72 indicated in Fig. 9 to formindividual notors. This is done by
depositing a 15 mask 71 onto the upper surface of the substrate 13, and
then applying a dry etching process. The conpl eted notor device is shown in

Fig. 10 1,Si 44 d f j. oi d,. ti 113, 123 (deri d
Modecti voyoltihh folfapple s e Busbiratd a3 iEE o OE RIS 58§ rom t he
substrate 39hat rﬁb%c@fér%ﬁr%i&w\'& I\%fcu? BA thEWtedsve BBtvider i;llﬁshu&tr"a% bBangane

orientation in which the device is used, i.e. the axis 11
vertical andheadhesioprayer 2fhdhes bardipg dhem tagethrnt Sucha bending process

resenbl i ng t, i ho i R re known, . but only far non- VENS

devi ces whi %ﬂ%é@bﬁ%&‘&s@a‘g‘ﬁ %fg\pagmusfr%tﬁngﬁ 2 %@grt% QYT s ng
convent i gnal25VElyeh ta%?@l@bﬂﬁmyrﬁér |yer§ hmRQ THRANSIY GeFerRIing UPBA tHY pR&essoni ng
wafers, it was very difficulf and costly to produce a structure as shown in

Fig. 10 pri deduicempetsprieterthat thecsantact suriages of the subsirajee 3023 and thet or 44

in an upper ' [ . r Ll S ok sihle to
obt ai ' pi & BT SR ot Bt olbHRed br AR tal theohiBRE P8P

Bef ore t he naipsevidearhighquhtycdrtitleeres strfacelComtast intdrdehtgive adhesion
respective shaft 27, a circular pattern of (V-shaped) grooves 47 was forned
in the | owerCOBSIStENRY- of the rotor 44 surrounding the chanber 24 by a dry

et chi ng4grocess. When the rotor 44 rotates, these grooves generate a
positive air 5 pressure (i.e. a pressure of nore than 1 atnosphere) on the
under surf ad2ueltd thie eleetricallyinsdlatingdL E feyer di9s e process of B6ndihgtthe st at or

43. Thi i h h t 4 f t t at 43 t
o et o BB B SR ot e e AP 2 W b Y o 43
and the rot Qiithéf of fie SiBRNAtE 151 28, slfee AQaeﬁésith@aérHyfomo%ﬁ ah gmlt s

gener ated between the shaft 27 and the rotor 4. As shown on Figu t he
ai r pressur susfaces. Hemceotliecalis soatiditional stepeegquized tisolate e shafh@r dl y on

t he contact ' ion. 113, This-alr pressur ushes
the rovde adrdh e Subsifhiet 13 25 M GhaRfEReRBnbPtper T T maReRER A ot o
surface. |f thkes plagblat e MOITACE betvdahetheFubktratds’ £8;23) solthat teahaftr e
increases to _urge themapart. Therefore, contact resistance between the

shaft 27 andtBat@ydimes reate gtate | s reduced, or perhaps even elininated.
Turning to a second enbodi nent of the invention, the construction of this
20 enmbodinent is very largely identical to that of the first enbodi nent,
except that Notetthatsoroebihed subrstrates1 3@ arelbonded fogetharstheavidelgbrionl 3dr t he
substrate 23 .of Fj (.a) are not circular, but instea ve shape (as
U eved 1 aldfdhe shdit 22 i§belmanctyapre Msids teGBmOa2AATEd BATNBRB! o
fromthree ghesubdtthfes 18,123 frd N ' ' , ' le 17
vi ewed parall el ut 0 thg axi s ‘f? 5?‘%@%{%8?&??%&] éﬁg\%}s‘ %%?Zé‘vnggg’p%?ﬁ?%gki ng
al ong axi s 118, 23f anditis t@kedindenstaed dhyatithe joinad spbstrates 249 23fcamgrisehaft 27

| ocated wi thi,n _t.he les, 17 4N this enbodi nent.. Th —oper.ati ng shapes of
the hot e 17 BBl BsFTedi 24 egPh frling s Spmtne ohaf 27 AL, o° hred
constrictions 51 a, 51 b, 51 ¢ symmetrically arranged at uniform angul ar

intervals around the axis 11. At each of these 30 |locations, the air
pressur &5 s Initadaext pregess gtep, @sdllysiiated iuFigwBy Piesaa etebing is zarried out

to create circular cavities 33 extending throughout the entire thickness of the
substrate 23 (i.e. about half of the total thickness of the combination of
substrates 13, 23). The Ni-Fe seed layer 21 is then exposed in these cavities.
The cavities 33 are formed by an etching process using a photo-resistant

30 mark formed by lithography. This means that the cavities 33 have straight-




"shaft 27. When the centre 11 of the hole 17 is aligned with the axis of the
shaft (as shown in Fig. 14(b)), these forces bal ance each other, and there
is no net force on the device in the horizontal (rotational) plane.

However, if the centre 11 of the triangle 17 noves away fromthe axis of
the shaft (as shown 5 in Fig. 14(c)) the pressure at constriction 5la rises
and at constrictions 51b, 51 c¢c falls, and so the net force urges the centre
11 of the rotor 44 back toward the axis gf the shaft. Although only two
enbodi mrents of the invention have been descri bed, many 10 variations are
possible within the scope of the invention as will be clear to a skilled
person. For exanple, in principle it would be possible to formthe grooves

whi ch generate the area of incre essure on t cur ed surface
e Ot HalRgEnahes BN aPREPT B oRia) A e SHascpng VBRI B M: o1 ooves
on the CUVV%M@%%S@&' quheté‘l%hﬂgaérbce&O tﬁé‘b&:rpﬁr%ﬁlebééﬁ b¥ a'cﬁle%H 15

recomended.” Furthernore be possib formthe grooves on the
st at or rat heprecisely. drhe ¢avities 33 habe@ chuiarmroillegea&mveq/fro&aﬂmetsﬂ@oﬁuch

reduced air ,pressur f aring,,..n.a urt exa ho t he
vent: on hdBeBaSHMPI Hoichds B ABaun 8 SN flerS EERr Syl per it

el ect r omggn&irichrclimy the sHATE Fig Ve BhoWs thed tvaP BppE$IRG SicRIsSET this ddvity B3t or i s an
el ectrostatic notor. The notor device proposed by the present |nvent|on can

be inmplenented in applications such as a (mcro)-gyroscope, a (mcro-) HDD

Setuator a (eI 3 ndUce e BPomaghet £08R il Ker 35 T uiaRALART | he
i nvention t higls hdgnetiesataation prdperties suchessNickeRIrgmiNI-Fepis cuzted oAtor) ,

the rotor K have a di aneter |ess than 10mm (e.g. abaqut 8 and, a
t hi ckness ofthedaermost soface ef the cayitias 33 Heing an JppropHateselectracpiting devi ce

| ncl udi ng a tg&’ﬁrﬂé?é”@u%ﬂﬁ‘&eﬂﬁbﬁﬁér’aﬁ%@b%é@l?ﬁ{ghel@éﬁ%ﬁ%ﬁé}ﬁég%&HP&Wt he

aperture, ator attache evice | udi ng one of
nore gr oovesmétaﬂm:tlmhstfoomcn mixture salatiom oentainindg e ingrediebtst ancbusinge r ot or

around the SR 35 ANl EB° ety BUSISSRoNN If Fith ToRngione8s e some of
the grooves yyig, Ml’d’l‘ﬁ%pﬁﬂvéé‘mé ﬁnfagheﬁé‘ﬂuﬁﬁﬁl@ THE 1328 B35US eherf BotBgr at e a
positive pressure between the rotdr and the stator to urge the rotor and
the stator dpadamagnetic material 37 which fills the cavities 33. Suitable materials 37
15 comprise ceramic or ferrite-composite, for example Cobalt-Phosphor
composite (Co-P-X) which generates an intense magnetic field and has high
resistance to de-magnetization. One suitable method for producing the layer
35 is electro-plating, which allows thickness of the layer 35 to be controlled
uniformly and accurately. Once this deposition has been completed, the
20 electrically conductive seed layer 21 is used to attract and accumulate
metallic irons to fill the cavities 33, covering the yoke layer 25. Alternatively, a
faster way of filling the cavities 33 is to use a screen-printing method to
introduce a cream-like magnetic paste 37 into the cavities 33. The magnetic
layers 35, 37 are then magnetized using external coils.
25
The shaft 27 is then attached to a substrate 39 which will later be divided into
stators 43, each of which surround the axis 11 of a respective shaft 27. The
structure of the substrate 39 is shown in cross section in Fig. 8. Mainly itis a
uniformly thin Si substrate, but it includes circular raised portions 45 for each

30 respective shaft 27. Each raised portion 45 is surrounded by copper windings



10 3. A device according to claim1 or claim2 in which the grooves
generate an air flow in the gap between the rotor and the shaft, an air
bearing being formed in this gap. 4. A device according to claim3 in which
the gap between the rotor and the shaft includes at |east three
circunferentially spaced constrictions, 15 whereby air bearings are
generated at the constrictions upon rotation of the rotor and urge a
central axis of the rotor towards a rotgapional axis of the shaft. 5. A
device according to claim3 or claim4 in which the shaft includes a
frustoconi cal section opposing a frustoconical surface of the rotor, an air
bearing being fornmed between the surfaces upon rotation of the rotor. 20 6.

A devi i | ai i ich the f  cal f f th
Shat 1< ofdarBio B9, e Romeh8lSghtY plotesel s IS R oo rUieR ator
i ncl uded inthéi8j substidtal Thelcopded WndiRgS 3G PréVias the efdchiical @ohduetdistort he

rotor includes two joined substrates defining the chamber between them
14 8. A devitkeingsiced @rivipg foree af abrushlegginaotor.néhe vaisedportiense45 are j oi ned

wnich tne v arariedle iR Eepefudsida 27, PEPRiSbhkdsR. BRoMEE il MRS ' "
nat eri al 5anghérsbafts 27 writle et thérdiSed porions 45arengbaed Withas thih ncl udi ng
conductive | oops. 10. A nethod of giryodum ng a MENS device) the nethod

i ncl udi ng f AORERIGNAaYRToSVER a5 91aSS: BY & Vacuum dapesjtian pregess inorderdRar t and
oo 1ot at t SRt Horidifa  Dkelvisd, e SRSy BRfioARH UedtfioAlonkfiftf |19, |

cl ai m 10 fumhéthodiisabaini utiisédbyiingerting th@harowerds2$ vethe espettiveri ng one
or nore openings.,.n each of .two substrates, positiaqning one or nore shafts
ohch havi ng At a7 TnfriaseRCtE SicBRO iGalsr Beplasiansi i the grehestvar aRed o
respect inge QRRIMOSS. Athid Bosifo] e rhéidlly WtetHoSt 58étR ¥f th rhfdedopeni ngs in
t he respectivelsubstrat eé ﬁ?] 'r eqgi sterr toyﬁrm respectﬁ%ve charn‘%ers

ent r appi ng tpogtian 4% cpotactapontion bkthesstibstrates23shafts. 12. A net hod
according to claim11l in which the openings in one of the substrates are
formed with frustoconical walls, whereby the chanbers include

At this point, the substrates 13, 23 and 39 are partitioned along vertical lines
72 indicated in Fig. 9 to form individual motors. This is done by depositing a

15 mask 71 onto the upper surface of the substrate 13, and then applying a dry
etching process. The completed motor device is shown in Fig. 10 comprising
a rotor 44 made up of joined sections 113, 123 (derived respectively from the
substrates 13, 23) and a stator 43 (obtained from the substrate 39). The
orientation of the MEMS device in Fig. 10 is the same orientation in which the

20 MEMS device is used, i.e. with the axis 11 vertical and the rotor 44 above the
stator 45.

Note that structures resembling what is shown in Fig. 10 are known, but only
for non-MEMS devices which have completely different fabrication

25 techniques. Using conventional MEMS technology, in which components are
formed by sectioning wafers, it was very difficult and costly to produce a
structure as shown in Fig. 10 prior to the present invention.

Figure 11 is a view of the rotor 44 in an upper perspective view. Note that of
30 course it is impossible to obtain this view once the stator 43 is attached to the



* 20 frustoconical walls, each shaft being provided with a frustoconi cal
surface facing the frustoconical wall of the respective chanber. 13. A

nmet hod according to any of clains 11 to 12 in which the two substrates are
j oi ned sandwi ching a netal |ayer. 15 14. A nethod according to any of
claims 10 to 13 further including formng recesses in the rotor and
depositing yoke material and magnetic material into the recesses. 15. A
device according to any of clains 1 to 9qwhich is used in a 5 gyroscope, a
HDD notor, a DVD notor, a zoom|ens notor, a punp, or a fan. .A
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10(810% & ( Adsiitionellyy an @jr-flesn BogeieratedBietween the shaft 27 and the rotor 4. As

om0 Saow Eigure 13 e Bk Bigssirq Above the conical surface of the shaft 27

pushes upwardly on the contact surface 9 of the stator portion 113. This air

pressure pushes the rotor 44 up, and thus helps to “float” the rotor above the
15  stator surface. If the shaft 27 approaches the rotor surface 9, the pressure

increases to urge them apart. Therefore, contact resistance between the

shaft 27 and the contact surface 9 is reduced, or perhaps even eliminated.

Turning to a second embodiment of the invention, the construction of this

20 embodiment is very largely identical to that of the first embodiment, except
that in this embodiment the holes 17 in the substrate 13 and/or the substrate
23 of Fig. 4(a) are not circular, but instead have a shape (as viewed parallel to
the axis 11) having a triangular symmetry, and formed from three arcs. This is
illustrated in Fig. 14(a), which shows a hole 17 viewed parallel to the axis 11.

25 Fig.14(b) shows a view again, looking along axis 11, of a narrow circular-
cylindrical portion 29 of the shaft 27 located within the holes 17 in this
embodiment. The co-operating shapes of the hole 17 and the portion 29 of the
shaft mean that there are three constrictions 51a, 51b, 51¢ symmetrically
arranged at uniform angular intervals around the axis 11. At each of these

30 locations, the air pressure is higher, and urges the rotor 44 away from the
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S910%4& () - shaiis chowh IR Hi# 14(b)), these forces balance each other, and there is

no net force on the device in the horizontal (rotational) plane. However, if the

centre 11 of the triangle 17 moves away from the axis of the shaft (as shown

5 in Fig. 14(c)) the pressure at constriction 51a rises and at constrictions 51b,
51c falls, and so the net force urges the centre 11 of the rotor 44 back toward
the axis of the shaft.

Although only two embodiments of the invention have been described, many

10  variations are possible within the scope of the invention as will be clear to a
skilled person. For example, in principle it would be possible to form the
grooves (which generate the area of increased air pressure) on the curved
surface of the shaft. However, practically speaking it is difficult to form
grooves on the curved surfaced of the shaft, so this possibility is not

15 recommended. Furthermore, it might be possible to form the grooves on the
stator rather than on the rotor, but this will generally lead to a much reduced
air pressure in the bearing.

In a further example, although the invention has been illustrated in the case
20 that the motor is an electromagnetic motor, the invention is applicable also if
the motor is an electrostatic motor.

The motor device proposed by the present invention can be implemented in
applications such as a (micro)-gyroscope, a (micro-) HDD (hard disk drive), a

25 (micro-)optical storage drive, a (micro-)lens actuator, a (micro-)pump, a
(micro)-fan, etc. In designs according to the invention the shaft may have a
thickness less than 2mm (e.g. about 1mm), the rotor may have a diameter
less than 10mm (e.g. about 8mm) and a thickness of less than 2mm (e.g.
about 1mm).
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2 A device according to claim 1 in which at least some of the grooves are

formed on the rotor surrounding the aperture, to generate a positive pressure
between the rotor and the stator to urge the rotor and the stator apart.

10 3. A device according to claim 1 or claim 2 in which the grooves generate
an air flow in the gap between the rotor and the shaft, an air bearing being
formed in this gap.

4, A device according to claim 3 in which the gap between the rotor and

the shaft includes at least three circumferentially spaced constrictions,
15  whereby air bearings are generated at the constrictions upon rotation of the

rotor and urge a central axis of the rotor towards a rotational axis of the shaft.

5. A device according to claim 3 or claim 4 in which the shaft includes a
frustoconical section opposing a frustoconical surface of the rotor, an air

bearing being formed between the surfaces upon rotation of the rotor.

20 6. A device according to claim 5 in which the frustoconical surface of the
shaft is formed on a wide portion of the shaft located within a chamber
included in the substrate.

7. A device according to claim 6 in which the rotor includes two joined
substrates defining the chamber between them.
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9. A device according to any preceding claim in which the rotor includes
recesses facing the stator and including yoke material and magnetic material,
5 the stator having a surface including conductive loops.

10. A method of producing a MEMS device, the method including forming a
grooves in a rotor, attaching a stator to a shaft and positioning a rotor on the
shaft, the grooves generating an air bearing upon rotation of the rotor around
the shaft.

10 11. A method according to claim 10 further including forming the rotor by
the steps of:

forming one or more openings in each of two substrates,

positioning one or more shafts each having a wide portion between the
substrates in register with the respective openings, and

15 joining the two substrates with the openings in the respective
substrates in register to form respective chambers entrapping the wide
portions of the respective shafts.

12. A method according to claim 11 in which the openings in one of the
substrates are formed with frustoconical walls, whereby the chambers include

20 frustoconical walls, each shaft being provided with a frustoconical surface
facing the frustoconical wall of the respective chamber.

13. A method according to any of claims 11 to 12 in which the two
substrates are joined sandwiching a metal layer.
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5 gyroscope, a HDD motor, a DVD motor, a zoom lens motor, a pump, or

afan.



