. MEMS based Motor Field of the invention The present invention relates to a
not or whi ch can be constructed using MEMS (m cro-el ectronechani cal

systens) technology, and to a nethod of 5 constructing the notor.
Background of Invention Recently there has been nmuch_research to devel op
MEMS devi ces, that is nechanical devices having di nensions of mcroneters
(for exanple, having a maxinmum di anmeter no nore than saﬁWMMMMMMWMNMtreS).
Sone such devices 10 include an el enent which rotates ar

attached to a stator. One such device is shown in cross-sectdsne in Fig. 1
and includes a rotor 101 . A through aperture 103 is fornmed in the rotor
101, and a shaft 102 is then inserted into the aperture 102 is
connected to a stator 104 “hiCh'“gﬁ“§E§§e§ﬁﬁ§8F mﬁndingsmmﬂﬂmmﬁmmmWWtor 101
i ncludes cavities which are fill tal yoke l'ayer 106 and

thi cker magnetic |layer 107. In such a systema contact bearing s not

sui t abl e, armeldofth@indestiogont act resistance it is preferable that the
shaft 102 has a wide clearance fromthe sides of the aperture 103.

However, a I r. 1S uired in.order. to ayoid eccentricity in
the rot atio?\ﬁ%f lp{%ee%gﬂg\?%ﬁm.rél%sa{c’c@ngéﬁ% ch Gag é@ s thcte HKLes at
whi ch the MMEMS gaidre-dlettedmeersdnicdinNsystenpe te&itfogy, Farvd it8N&! mefRidSbaNCe,
and are Liable to abrasion. Summary of the invention The present | nvention

ai ms to proweastryctingdhe@otpsef ul MEMS device, and a new and useful nethod
for fabricating MEMS devices. 25 2 1In general terns, the present invention

proposes. t haiackiyrdiRRESF IRDENGH f 2ce of

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



. the, MEMS device is provided with grooves for generating an air bearing
between the rotor and the shaft and/or stator as the rotor rotates. 5
Conveniently, the grooves may be forned 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 may generate an air current through the gap between
the rotor and the shaft. 10 In a first case, the 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
exanpl e, the air bearing nay be positioned between the shaft and the

stator to g ' ; 0 | e.rotational plane (i.e.
the  pl ane podsaeitels e KO8 B RERbaET At R ard HrdeLE ¢ et
the central thexMEMS déviee épprdvided with igheovest for genERRIngVE®Y air beatih§e axis of
the shaft, urges 20 the rotor, to npve so that the axis of the aperture
returns to cRFHEEBENGIetRr and thgshaftandierestaioaps thadotenraligiesisl y, the shaft
and stator are co-operatively shaped such that the gap between them
includes a plurality of circunferentially spaced 25 constrictions. At each
of these SconSonvertiemts thégraoveshaay delfoghed opreeswidce ahtthe dtatod wHich push t he
rotor and the shaft apart., Wien t he ro%%e(qiafzthcorrectl_y centred on the axis

of the shaf t'2cPhé F4EEGEQT e "eR QA Y edRianwhich facesdhesieler  but
when the rotPhe Gfodlies PhaF 8EnEFAE8ah Hr &rénthr 8 dp 5QwenltRe gicr OW one

or nore of the Constrictions and wi den the othér(s),” the air pressure at

t he 30 narr oamditheostsaft.i ction(s) grows and the air pressure at the w dened 3
constriction fall(s), so that a force is generated to urge the rotor back
to the

10 In afirst case, the air bearing can be between the rotor and the stator, and

can support at least a proportion of the weight of the rotor.

In a second case, which is freely combinable with the first, the air bearing can
be between the rotor and the shaft.
15
For example, the air bearing may be positioned between the shaft and the
stator to generate a force having a component in the rotational plane (i.e. the
plane perpendicular to the axis of the shaft) which, in the case that the central
axis of the aperture of the rotor moves away from the axis of the shaft, urges
20 the rotor to move so that the axis of the aperture returns to coincide with the
axis of the shaft.

Advantageously, the shaft and stator are co-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



. correct position. In a second exanple of the air bearing being forned
between the rotor and 5 the shaft, the shaft nmay be fornmed 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 forned between
that first surface of the shaft and a second at |east partially
downwar dl y-faci ng surface of the rotor. The air bearing at |east partly
supports the weight of the rotor. 10 In grinciple, 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 exact|y c&n@f}rl&?@ﬂ?@%??& tha? Gfee! |$ rgterﬁ&e?atggsfg uﬁe'geeggé Fot&ﬁﬁéékoeg tjhgt ween

the rotor an SnDo her err e’'roto

formed w th cordehpbsitiomhi ch i ncl udes a conical surface, and the shaft S
not of uniformthickness along its axis but rather includes a wde portion
| ocated within the chanber and including a 20 conical surface facing the

coni cal Surflﬁcaeségontdh@xa?rH %?f%@alr\me%riﬁ@l nch%@g@)b@ﬂ/\%‘enbtﬂe%ﬂf r&iRed as a

met hod of formng an evi ce rmng grooves 1n it to
gener at e 5an the rshlaﬁat’r'ler@afpmay behformetido imcludée arfiyst Shfadeewhiehhiodt femgt i ncl ude

form ng corres d|n e s,int rates,. .and joining the
Gobst ot os. (EBARPGRERY e v e BHENS BuReris o Pise) R50 1B ek BeRer and
sandw chi ng tﬁe\éilr%é?ﬁfgt mal) B for@eRHehivien Shaitlrst SLﬁ'FéQ:eCé*tthé @Haﬂtam’d 4 0i ned
substrates to formrotors encircling the respective shafts.

second at least partially downwardly-facing surface of the rotor. The alr

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



. Brief Description of The Figures Preferred features of the invention wl|
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 forned
inafirst step of a nmethod which is an enbodi nent of the invention; Fig.
3is atop view of the coated substrate shown in Fig. 2; Fig. 4, which is
conposed of Fig. 4(a) and Fig. 4(b), sho#s 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 fornmed in it; 15
Fig. 7 shows the assenbly of Fig. 6 with the addition of nagnetic
material; Fig. 8 shows the assenbly of Fig. 7 after a stator has been
connected Bief Desariptidin of THe $lmqwresan operati on of cutting the substrates;
20 Fig. 10 shows the result of the cutting operation of Fig. 9 whichis a

MEMS devi ce enbo nent.. of the inventi 11 shows the
rotor of thgm@t%'iﬁﬂ frs‘?@ﬁ{reﬁio?&egmvfa iomwjll nQw tgen%\%crﬁqg gqrftgﬁ k¢ © in air
beari ng bet\ﬂﬁ%’ﬂrahbﬁoﬂl)ﬂtvﬂfh %?&ehhéto"cﬁ’éﬂﬂlo%éh Rehedimemt of Fig. 10; 25
Fig. 13 shows the effect of a first air bearing betvveen the shaft and the

rotor in5the enbddd.nkisa efossrepctiooal vaw CFflagan MOMS derdcesf f ect of a
secon_d air beari 399 %st?% tshseec%%f wgw of at Qc?at[a8 %Bs{rate%r%e%qﬁ réaftlr'stv €

enbodi nent of th
step of a method WhICh is an embodiment of the invention;

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.



.5 Detailed Description of the enbodi nents The steps of constructing a MEMS
device which is a first enbodinent of the 5 invention will now be
described. Referring firstly to Fig. 2, a thin layer 1 of protective
masking material is formed by spin-coating on the surface of a substrate
3, which may be conposed of silicon (Si), or glass (SiQ2). Miltiple
circular openings 5 are 10 forned in the layer 1 by conventi onal
lithography in an array. Fig. 3 is atogp view of the coated substrate. Two
coated substrates as shown in Figs. 2 and 3 are produced, and the coated
substrates 3 are treated in different respective ways. The substrates 3 15
are given the reference nunerals 13 and 23 respectively. A first way of
treating the coated substrate is wet chem cal etching on surface of the
substrate 13 carrying the layer 1. The coated substrate is dipped into an
et chant sol Detajled Bescriptiohefitbelemberiirments occurs on t he unnmasked areas of
20 the substrate 13 and corrodes into the substrate material. The liquid
etchant being typically isotropic causes corrosion to spread around the
unmasked  pPYhEiskEhs 6f EdtisThuehAg HOMEMS BEGIce ifich ?ysrﬁrét-erﬁbb@n%rﬂ fee
structure as shown in Fig. 4(a), in which openings /7 are forned with
t aper ed &i dswegtion wilksewdpedesgiber. are circularly symetric 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
coat ed subereaérﬁnFSir@trwtopFig.szﬁa efiif Mayed 106f ;srbeect%bﬁéélahg rAateribNiswhi ch
etchant gas is released and used to formplasma ions 30 which are

accel er at edfajnes by gpinegaatingi ruthepiraseiciia suheirate Shwhidumey baurface 6  of
the substrapgrpdsersiitdn (@R & G5 PSIRT MIABREctAfal SP&nihGE % reSt M &1 ght

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 are produced, and the
coated substrates 3 are treated in different respective ways. The substrates 3

15 are given the reference numerals 13 and 23 respectively.

A first way of treating the coated substrate is wet chemical etching on surface
of the substrate 13 carrying the layer 1. The coated substrate is dipped into an
etchant solution, and a chemical reaction occurs on the unmasked areas of

20  the substrate 13 and corrodes into the substrate material. The liquid etchant
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



_towards the substrate, openings 13 are formed with cylindrical walls 13, as
showmn 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 forned so as to be
sloped at its end. This can be done, for exanple, by extended heat curing.
In this case, the portion of the layer 1 having reduced thickness wl|l
provi de | ess masking, and so pernmit a degree of 10 etching of the substrate
below it which is dependent upon the thickness of the masking layer 1. In
ot her words, an opening woul d be produced with a degree of corrosion at
any point which is related to the thickness of the nasking |ayer at that

point. 15 In f t hods descri bed abgve he openi 7,..15 are
formed to e%fﬁg%%uﬁw%{%g%ﬁ%&g Wéfs&’"ﬂ%{??' ?W@étth? é%‘f‘gggv‘%%%taf{g‘t
substrates 1l@watds thQibAritaJopdrahgs €8 &é Rernigr! WRH TyRidricMNA¥ad ag the
opposite surfaces of the substrates 13, 23 (the | ower surface as shown in

Fig. 2) to pPlswred Bigt #fdrical openings 17. Thus, through holes are forned
in the substrates 3 as shown in 20 Figs. 4(a) and (b). The layer 1 is then
renmoved. A coating film(labelled 19 in the Fig. 5) is then deposited on

t he i nters or Notyhbaesenfthahie wopehba gdsgiblelfo, providena tpdie®préfie asWhsivmt es
shown in Figs. _4(a€aé and (b). The I,aKer 19 is formed froma hard materi al
such as di an®rfd9i #(@@ bylasipgsiching ¢ the goss-sedlippabiprofiie pf thermeasigeai ngs 7,
15, 17 wll r t of the
stator, and I?ngﬁ?é;ﬁigyseg sfcﬁgsﬁ P%ﬂ%@efogértglvsiaec@s'egﬁﬁu%ﬁ t():%p :Srr]]g’h@hect due to
its hi gh harexsmplepbyppetandeditheaticuring19n tiacabe, therpetiobyf thedapesi ti on

Fequi rad- uni FORG ToTUREHPIARRESS LTI AP MR 414 0B Agidases ot
control fEchgichiRSof the substrate below it which is dependent upon the thickness of the
masking layer 1. In other words, an opening wo.uld be produced with a
degree of corrosion at any point which is related to the thickness of the
masking layer at that point.

15 In each of the methods described above, the openings 7, 15 are formed 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 sieeve 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.



-, Fol l.owi ng the deposition of the layer 19, a thin electrically conducting
film21 1is deposited on the surface of the substrate 3 of the Fig. 4(a)
which was fornerly covered by the layer 1. The film21 may be a

Ni ckel-Iron (Ni-Fe) 5 alloy, deposited on the substrate 3 by a vacuum
process. The substrates 13, 23 are positioned as shown in Fig. 5 wth the
openings 7, 15 facing each other, so that they together define a chanber
24. A shaft 27 is positioned between thg substrate 3. The shaft 27 is
circularly symretric 10 about an axis which is nmade to coincide with the
axis 11. The shaft 27 includes two relatively narrow portions 29 at each
end,. and a relatively wide portion 31 between them The w de portion 31
is located within the chanber 24 fornmed between the substrates 13, 23. The
shaft 27 may be fabricated froma hard rod, such as steel or titanium by
a convent i orfedliogving thendepositiers of theSaged1® he thip etdatricdilyycopauiciig it @1achi eve
surface snoat hness, ' ' | gh., mechani cal hardness is

tionally, a, DLC filmaf hjgh, (
coat ed over 'éQ@BH?'it%EPBQ ”t“FléUB‘%?‘? PEthesslikstrale Srfde 519 1Ha) Whighwas to reduce

friction at - f ING et @R tact the
cont act Surff?@@gﬂ%? b?ﬁgd%tght%ﬁgfeeglghgﬂﬁ%ﬁag% gkyei-rlﬁp n@'g@ﬂom in
Fig. 5) &an dleyf depesitagsdmthensubsirate Bi mnalvacaOmgepossd.i on t echni que. To

precisely align the openings 7, 15 a position mcroscopic alignment nethod
is used, preferably using appropriate alignnment markers. The substrates

13, 23 are thesishisstfes 18, 23uFe6 pbyfibABd RRL MK IEE 8twithehd ogéningt e f ace.
ptionally, a thin Pyrex glass adhesion | ayer 25 nmay be provided ~on’ one or

ot her of thelZasingeaguptheseso tiatthey ngetheradefineza cobapbendd e A sheaft 20ds on
electrically

. ' ' e-bhaondi echni que are ayailable in
several pubi Q%Sl&ﬁ‘oeglgg%e%@heggﬁggh@g%n;jr Egt%a?tfg?a%ﬁ Cérgf’f%& POVET s, such
as " Sem(conahisiit@in a8 ahidoRGhade t¢ ebidBRR: Witk theaXiBal109Mhe skaft 2Y. Tong and
U 30 Cosele, John WI eP/,_ 1999. As described there, a | ow powered
el ectrical includes two reflatively narrow portions 29 at each end, and a relatively wide

portion 31 between them. The wide portion 31 is located within the chamber
24 formed between the substrates 13, 23. The shaft 27 may be fabricated
from a hard rod, such as steel or titanium, by a conventional grinding process,

15 and then preferably polished to achieve surface smoothness. Optionally, a
DLC film of high mechanical 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 layer (not shown in Fig. 5) can be formed using a conventional

20 deposition technique.

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



.8 wvoltage is typically applied to the substrate 23 using a-conduct or

probe, so that nolecular attractions occur on the interface between the
substrate 23 and the adhesion |ayer 25, thus bonding themtogether. Such a
bondi ng process can be applied to substrates of various materials, and

ot her adhesion layers 5 25, such as gold or polyner .| ayers, may be used
dependi ng upon the process requirenents. Note that the contact surfaces of
the substrates 13, 23 and the |ayer 25 s$hould be thoroughly cleansed or
pol i shed before the joining in order to provide a high quality
article-free surface contact in order to give adhesion consistency. 10 Due
to the electrically insulating DLC | ayer 19, the process of bonding the

substrat es libitagd it fyealy AR withé sOBLGRUSPLLNE SO ductd: fRpBEsg! t ached

to either of t es 13, 23, since no adh&sion layer is formed on
any of its that frexdesula-attrastionsheceurion the iathfacedetivesn dipe sahstrated?3 and

oy ocase. | Thohaddnesfn Brpl 25 oS ST ef tandtndr it 8 DobrineanocRes
substrates lgan B8 appRed brtubditatedaf Varidds hiatéialg! dnd biFes afdhﬁgioma{/é}’sat e.

Note that once the substrates 13, 23 are bonded together, the w de portion
31 20 of5 t héS.stuphtasgold orpelyraeelayess, haybe dased siegending wpemtherpradessor ned

ol ned subst IS IEMeE b il e bhuapy by ER salke 2 Bhdlos "
substrat es 2Zaye?35 ¢hopk tsethrolighly 2lddnsedforgolsined beftfte tRfdIniAgh dEder
respective shaft 27 within it. 25 In the next process step, as illustrated

in Fig. 6, ploaryidetaRighgayalityartidestressurface contast in erdesdo givecaghesien 33
ext endi ng th§&l{§§}8p{% the entire thickness of the substrate 23 (i.e. about
hal f of the tota ¥'ckness of t he conbinati on of substrates 13, 23). The
Ni - Fe sed | ayer 21 is then exposed in these cavities.

Due to the electrically insulating DLC layer 19, the process of bonding the
substrates 13, 23 to each other will not cause the shaft 27 to be attached to
either of the substrates 13, 23, since no adhesion layer is formed on any of its
surfaces. Hence, there is no additional step required to isolate the shaft 27
15  from the substrates 13, 23 during the bonding process. The adhesion only
takes place at the interface between the substrates 13, 23, so that the shaft

27 is at all times free 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 chamber 24 formed between

the substrates 13, 23. Fig. 5 illustrates only a portion of the joined substrates

13, 23, and it is to be understood that the joined substrates 21, 23 comprise a

- plurality of chambers 24, each having a respective shaft 27 within it.

25 In the next process step, as illustrated in Fig. 6, plasma etching is carried 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-



. The.cavities 33 are fornmed by an etching process using a photo-resistant 30
mark formed by |ithography. This neans that the cavities 33 have straight 9
wal | 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 lower nost in Fig. 6) and there is one cavity per
shaft 5 encircling the shaft. Fig. 6 shows the two opposing sides of this
cavity 33. To intensify the induced el ectromagnetic force, a thin layer 35
of material with high nmagnetic saturation properties, such as N ckel-lron
(Ni-Fe) is coated onto the innernost surface of the cavities 33 using an

appropriate = [ i t by _
appl yi ng el e@%&ﬁgﬁnﬁﬁ'ggg aﬂagré r awéI 08rn:H gll ﬁﬁit{ggisig’%g %&g",ﬁqg‘%,{f@ﬁﬁﬁe sol ution
cont ai ni ng t particlegruseddnttse atching praceskather eteh prsfilercael wcaciideed The netal

| ayer 35 shown in nctions as a \(/\/ni ch i nproves the nmagnetic

Fig. 7 f) . yoke, .
f1 ux |inkage9reﬂ§€'>1-:{8'é$ CQS'?'F% 3§H@¥ec%9€?léa%/953f"% amyreeddromtiae side &7 whi ch

fills the capyetd an =1 " -
ferrite- conpfggi ét%:én?}g}; W@%a”n%ﬁéﬁ'&pﬁ{aﬁfﬁ@s’gﬁgﬁé t@%’%‘%m e&{‘;&gmﬁ?iﬁé&%i ch
gener at esS anencitaling éherabait Irig. Histlowsdhed twaoppioging sides ef this eavity 33.

de- magneti zation. One suitable nmethod for producing the layer 35 is
el ectro-plating, which allows thickness of the |ayer 35 to be controlled

uni formy antlo aeHsifl PleYind GB6E eldttronfiRprRSL forRe, BARINNSHE: S5 BPha&Hh Wifke 20

el ectrical ly conductive seed layer 2171s used to attract and accunul ate
metal | i ¢ i r ohightreagnetic sateraiioni propert®s, suavas iNickaltony(didd)ay eoatd.onto

A et Vel e el SR g chUbBE IR i BB, o
the cavi{g estedBniqliee STwgNEmethod dpefstesby abplihg eldttficAIRBBRIdZ@HHES NY
external col ln%tall%c?irons from a mixture solution cohtaining the ingredients and using
layer 21 as an electrode. The metal layer 35 shown in Fig. 7 functions as a
'yoke, which improves the magnetic flux linkage. The layer 35 is then covered
by a magnetic 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 it is 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



. The.shaft 27 is then attached to a substrate 39 which wll l|ater 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 it is a uniformy thin Si substrate, but it includes circular

rai sed portions 45 for each 30 respective shaft 27. Each raised portion 45
I s surrounded by copper windings 10 41 fornmed by a conventional plating
process as a thin layer on the surface ap the Si substrate. The copper

wi ndi ngs 41 provide the electrical conductors for the induced driving
force of a brush-less notor. The raised portions 45 are attached to the
respective shafts 27. For this purpose, the contact surfaces of 5 the
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resenbling what is_shown in Fig are known only
portion 45 contacts a portlon of the substrate 23.

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



. for .non- MEMB devi ces which have conpletely different fabrication 25

t echni ques. Usi ng conventional MEMS technol ogy, in which conponents 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 inpossible to obtain this view once the stator 43 is attached
to the 11 shaft 27. Before the raised p&?tion 45 of the stator 43 was
attached to the respective shaft 27, a circular pattern of (V-shaped)
grooves 47 was fornmed in the | ower surface of the rotor 44 surrounding the
chanber 24 by a dry etching process. Wen the rotor 44 rotates, these

gr ooves geneﬁ*hﬁbeb B@f;jreitbe ra"sedbon'rcerséﬁroétf(é statoratpwes sittaehed todie than 1
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portion 45 of the stator 43 and the rotor 447 as own I'n
Add| ti onal | yProg@ssi YVHarothei FQthéHeﬁﬁéat@S thetsaagrnovegaette 27pa$ntd/etdne r ot or
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portion 113.offheSotr 44 nuRI6e Feised bRsort kn§olfmé)§ta€cﬁ430 Tﬁi?%lr“ﬂﬁé%sb?é ps to
"float" the rotor above the 15 stator surface. the shatft 27 approaches

the rotor swPYshies the retes dgrawayirem thecstatpsds tpcpraveya ftlh’mnai;c?ntactgherefore
d ont urface I S
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i nventi on, tFFlg ¢?mstruct ion of this 20 enbodinment is very largely identical
to that of the first enbodi ment, except that in this enbodi ment the hol es
17 in the substrate 13 and/ or the substrate

Additionally, an air flow is generated between the shaft 27 and the rotor 4. As
shown on Figure 13, the air pressure 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 helpsto “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 paraliel 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¢c 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



. 23 of Fig. 4(a) are not circular, but instead have a shape (as vi ewed
parallel to the axis 11) having a triangular symetry, and fornmed 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, |ooking
along axis 11, of a narrow circular- cylindrical portion 29 of the shaft 27
| ocated within the holes 17 in this enbodi nent. The co-operating shapes of
the hole 17 and the portion 29 of the staft mean that there are three
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
pressure is higher, and urges the rotor 44 away fromthe .12 shaft 27.

Wien the cergha® 271 Wheh it bohtee 31 df%h@lhbwwﬂusv\mtdhebhﬁ.tta&\esafa%otflﬂee shaf t
(as shown in Fig. 14(b)), these forces bal ance each other, and there is no

net force orshaffdagsliowe indig.nH4 (Bd) these farces balancerach ofhernand thatever , | f
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person. For exa I n principle € posSi o form gr ooves
(whi ch geneﬁhéax&hﬁtheeaa&f 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

recomended. AfHHUIRS IR FWo eHbdﬂlﬂEhtsbﬁf tﬂeﬁﬁ&é?{t%ntr%vfe%ﬁﬁ 3?3(9 AV RN the

stator rather than on the rotor, but this wll genera t0 a nuch
r educed 10ai rvanaéons aee passible \Mlﬁanlthg scope af the mhelntlmasrmllébea:letmduglh t he
I nvention ha |l%ede;5]er'sé)rl1u1%torr %&grcrl\pllear] |;[1 r;])rlnmp?e 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 iead 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).



.20 that the notor is an electromagnetic notor, the invention is applicable
also if the notor is an electrostatic notor. The notor device prﬂgﬂﬁﬂﬂmgy
the present invention can be inplenented in applications such as a
(mcro)-gyroscope, a (mcro-) HDD (hard disk drive), a 25 (mcro-)optical
storage drive, a (mcro-)lens actuator, a (mcro-)punp, a (mcro)-fan, etc.
I n designs according to the invention t shaft may have a thickness |ess
than 2nm (e.g. about 1 mm, the rotor may have a dianeter |ess than 10mm
(e.g. about 8mm) and a thickness of |less than 2mm (e.g. about 1 nm. LLOYD
WSE 13 Cains 1. A MEMS device including a rotor including an aperture,
a shaft extending through the aperture, and a stator attached to the
shaft, the ddains i ncluding one or nore grooves |located to form at | east
one air bearing 5 between the rotor and at |east one of the stator and the

shaft upon rotatign { t oun fli 2 | C ing to
claim1lin \/\1/nc')i ch gt el\zgsst r&?gfcn% g}ic'lt?(?{ggggo%@grs§£§%&Inpo?ﬁegs%ﬁ8%hggr%ﬁ%lr
sur roundi ng extendipg thnough the apenteret andasbator iattached $o thiee shafitt tiveadevidee

rotor and the stator to urnge t he rotoi a?d t.he, st at r| agart. 10 3. A device
accor di ng ¢ TPHAING, PG O |UPTE STOQVERN 1R ?%éogf%r_&/@ S@_%P&Fe?'raheaa’i"}g f1ow
in the ggp heiween thdeotoPbAl ANdadtithesrth. stafor aind theaHaRudsH RitatidPbfred in
this gap. 4. A device according to claim3 in which the gap between the

rotor and tthe reteaproynttthesshafat | east three circunferential ly spaced
constrictions, 15 whereby air bearings are generated at the constrictions

upon rotation of 6L$ H?Hiéga%gpfd_mg Y8 SRR CHRWARh sk ast Wnid ' the ool S¥ars 2

rotational axis
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.



. 5. A device according to claim3 or claim4 in which the shaft includes a
frustoconi cal section opposing a frustoconical surface of the roquﬂngg?ir
beari ng being formed between the surfaces upon rotation of the rJtor 6
A device according to claim5 in which the frustoconical surface of the
shaft is forned on a wide portion of the shaft |ocated within a chanber
included in the substrate. 7. A device cording to claim6 in which the
rotor includes two joined substrates defining the chanber between them
LLOYD WSE 14 8. A device according to claim7 in which the two substrates
are joined sandw ching a netal |ayer. 9. A device according to any
preceding claimin which the rotor includes recesses facing the stator and

i ncl udi ng ydke neht gevige agrpraingnier claimet 81 Whiich the twie ssibstratesnare jeined
surface inc's"é%ﬁﬁ’c&ﬁﬁig%%{a\f?a)) Qops. 10. A method of producing a MEMS
method 1TMclu o

devi ce, the I'ng’formng grooves in a rotor, attaching a
stator to a shaft and positioning a rotor on the shaft, the grooves
generating & ai rA desicenacagpdingrtotary preceflirighelaintinwhiclo tinel rotohénciidds . 10

11. A method according to cl.ajm10Q further including form ng the rotor by
the Steps ofeCroian IAGMGDeGH IR AECIDEHENGLYAHF Wil end g tets mateiat

posi ti onng tRERtAbr ARVIRg W eirfcetREdINY/ ¢dHlLRLIVE BopROr ti on betveen the
substrates in register Wth the respective openings, and 15 joining the two
substrates with the ogeni ngs in the respective substrates in register to

form respectiOe dhamgiepd afpredugingag MEMSI dayvicesdhe inaethodfinclidingetopming ve

shafts. 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.



. 12. . A nethod according to claim1l1l in which the openings in one of the
substrates are forned with frustoconical walls, whereby the chanbleiQy¥D WISE
i nclude 20 frustoconical walls, each shaft being provided with a
frustoconical surface facing the frustoconical wall of the respective
chanmber. 13. A nethod according to any of clains 11 to 12 in which the two
substrates are joined sandwiching a netal |layer. LLOYD WSE. 15 14. A

met hod according to any of clains 10 to 163 further including form ng
recesses in the rotor and depositing yoke material and nagnetic nmateri al
into the recesses. 15. A device according to any of clains 1 to 9 which is
used in a 5 gyroscope, a HDD notor, a DVD notor, a zoomlens notor, a punp,

or a fan. 14. A method according to any of claims 10 to 13 further including forming
recesses in the rotor and depositing yoke material and magnetic

material into the recesses.

15. A device according to any of claims 1 to 9 which is used in a

5 gyroscope, a HDD motor, a DVD motor, a zoom lens motor, a pump, or
a fan.



