Srrrdrorrrrrrrerrorerer oreerr rerer rril 1 *166166* 1 Met hod of formng
a mcro-rotating device, and a mcro-rotating device produced by the

nmet hod Field of the invention The present invent it o VEMS
(mcro-el ectromechani cal systens) 5 devices, mmmml mn' lar to MEMS
devi ces which are axial type electronagnetlc nDtors 6Ege application is
related to Singapore patent application no....... aV|ng t he sane
priority date as the sanme application. Background of Invention 10 Motors
are widely used as sources to actuate neichani cal conponents.

Unfortunately, nost notors are quite big, as they have many parts which are
produced by conventional nachining and assenbly techni ques. For that

reason, there has recently been much research to devel op MEMS m cro-
rotating devi ceMethbébf fosmitgchmitre-abtathlty d&\BGe, aad iangicth-rRasionsicef sub 15
mllimeters (for exanple, in case of not or, _having a maxi num di aneter no
more than say 15 millineters). E%%ﬁgﬁaémaﬂggﬁﬁﬁihicro-rotating devi ces

i ncl ude m cro-punps or notors. However, reducing the size of the notor by

reduci ng the Biedefdie intentlodrt s i ncreases the difficulty in handling them
and significantly increases production cost. 20 Known mcro-rotating

devi ces have r i ch rot at es
around a spi nﬁ?é’ Bp‘%'ep Fk %gﬁgélnd\gg feﬁrtguw2méqr%§\ﬁec¥romecﬁw\'\%a§yst

mi cro-rot & i ngpvitesi cand sini | pariduiart ed IMEMSosmv&est maich narki Gixial - tylpb _
conprises a rgf cqroerarg%te t' ho tor'ssq')r\elg%pl%g oy |§t feIdted 195 S:r;rgha%o% aga ent105 'S

application no. ...... , having the same priority date as the same application.

Background of Invention

10  Motors are widely used as sources to actuate mechanical components.
Unfortunately, most motors are quite big, as they have many parts which are
produced by conventional machining and assembly techniques. For that
reason, there has recently been much research to develop MEMS micro-
rotating devices, that is mechanical devices having dimensions of sub

15 millimeters (for example, in case of a motor, having a maximum diameter no
more than say 15 millimeters). Examples of such micro-rotating devices
include micro-pumps or motors. However, reducing the size of the motor by
reducing the size of its parts increases the difficulty in handling them, and
significantly increases production cost.

20
Known micro-rotating devices have a rotor element which includes a sléeve
and which rotates around a spindle shaft threaded through the sleeve. A
typical micro-rotating device is illustrated in cross-section in Fig. 1. It
comprises a rotor (rotating disc) 101 and a stator 105. The stator 105 is

25 formed with multiple coil windings (not shown). The spindie shaft 102 extends
from the stator 105, and passes through a central aperture 106 in the rotor
101. The inner surface of the aperture 106 constitutes the sleeve for the shaft

102. The rotor includes a trench on its surface facing the stator 105. The
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.25 formed with multiple coil w ndings (not shown). The spindle shaft 102
extends fromthe stator 105, and passes through a central aperture 106 in
the rotor 101. The inner surface of the aperture 106 constitutes the
sleeve for the shaft 102. The rotor includes a trench on its surface
facing the stator 105. The 1112112212220 0 000 LErer e rerrr 11111111
*000002* 2 trench encircles the aperture 106 and is filled with a

per mmnent magnet 104 and a yoke 103. The rotor 101 rotates about the
spindl e shaft 102 when there is a continuous flow of electrical current
into the coil windings on the stator 105. The mcro-rotating device of
Fig. 1 is constructed by placing the sleeve of 5 the rotor disc 101 onto
the shaft 102. In contrast to conventional notors, the known NMEMS

ni cro-rotati ngerstvdneRcleb&se 8pdreftela06 ahl® feahath Hpedicht RRgALISR4 hese are
fabricated fro substrates such _as Si there are still

and d ass. However
several part s ¥AKe H03,Theratnsi10d dotatesiaboyt therspindianghaft 102 waenthesar v

process. For igxadntiBuods fidws of SIEEASA RUbehtaNSARAB icBE wilhgsH the Wtdtér t he rotor
when a notor is assenbled. It is, difficult to establi'sh reliable processes

for such assehn-yhepaiernatatisigdevige of Eig:H ip spastiustagddyplaging the seevguefmary of

the I nventd onhERStoPHREQDY dnfty BiatdnaR 1@ to provide a new and useful nethod
for producing mcro-rotating devices. In general terns, the present

invention proposes that multiple shaft receiving 20 openings are formed on
substrate, ! hialoohhaits BheeniRal hEfre, Mkidith MRS Ritq.BAh@htached there,
and that the substrate 1s then partitioned to give IndiVi not or
el ement s. has a reduced the number of parts because these are fabricated from

substrates such as Si and Glass. However, there are still several parts which

10  are required to be put together in the assembly process. For example, it is
necessary to combine the shaft with the rotor when a motor is assembled. It is
difficult to establish reliable processes for such assembly, because size of

each part is very small.

15  Summary of the Invention

The present invention aims to provide a new and useful method for producing

micro-rotating devices.

In general terms, the present invention proposes that muiltiple shaft receiving
20 openings are formed on substrate, that shafts are inserted into the openings
and attached there, and that the substrate is then partitioned to give individual

motor elements.

Preferably, the rotor elements are attached before the substrate is partitioned.
For example, during the process of inserting the shafts into the openings, the
25 shafts may be threaded through the apertures in the rotor elements.

The rotor elements and/or shaft elements can also be formed within

respective substrates.



-Preferably, the rotor elenents are attached before the substrate is
partitioned. For exanple, during the process of inserting the shafts into
t he openings, the 25 shafts may be threaded through the apertures in the
rotor elenents. The rotor elenents and/or shaft elenents can al so be forned
Wi thin respective substrates. 3 Specifically, a first expression of the

i nvention is a nethod for formng a plurality of mcro-rotating devices,

each havi ! Sﬁ&?ﬂ tﬂgﬂ?scfe(%p‘? Q@N'o?‘ﬁmé"m%@ﬁﬁé@ls é‘ﬂ’f‘éth&&?orfo%u{ge&?h}féﬁ the

shaft, an erret od conprising the steps o orm
plurality affmicpenotating aevicesybach hawingoa sbaftj a eotoe hpeingi & eeptralf a;serttﬁ'e

| maert i ng 1oF EeraengfBe Shar: SRR ShaR Sl e rethod ZBRTHTS M VS REPS Sfol der s
to respectfoMfiingSha F&Félut?"ts* 8péhih sOcm RO stibstratebed réédivé Tebpéstiviendhxftsiual
shaft hol ders. "Preferab he ro is formed with protrusions fromi't

ext endisng ingerting alhafta:tlmf@nthe daam@wahepglttwte@r in Ithe freters hefese dnsemingng

such, br of (usholR OB LAE 118U ob8rRBISHIBUIAS tRe SR HoidkPe!5 8dsttyasPect

of the inv i on. 'S asp ect 'eXpr ess as a mcCcro-ro i'ng vice a

rotor havidigtors aadtﬁaalutumﬁg the substrat@ad fornt imdtadieal shafthaddershe aperture,
and a shaft hol der hol ding one end of the shaft, . the rotor being provided

on a surfa%r@f(?faéi)/n@et'P?éors'ﬁa{f-’fmﬁgl"ﬂﬁ} pwt'E%'%}Soft“P'ﬁ‘s'F gxtending @n@ien@fr%%'oﬂhe
di rection a e
surface O#B{Nﬁé&fc} grétraa% tlﬂ 'Fa“;atat ho hiﬂlﬁ Dggdctﬂ%f)?%n o?hel'he |gures
Pr ef erroed dorstitutes acseddmel, independent a/spectrafvmeeanmi ﬂ'daak aspecttrhay beke of
20 iIIustratiowlé, vvi.th ro%fere ce to the follown gure in Whlft
Fig. 1 is QP 8ad& Mvar ting devige g fofer B?\fmgnac? Ferure @ shafty 5
Cross- SeCtth%b?Hed’!h‘?&\Ug’rf tie Hbéft@re’]%h@ra WhhR *ho!dier%kﬁﬁ@‘lﬁie”&% of the shaft,

the rotor being provided on a surface facing the shaft holder with protrusions

extending in the direction of the shaft holder for maintaining a spacing between

15 the surface of the rotor and the shaft holder.

Brief Description of The Figures

Preferred features of the invention will now be described, for the sake of
20 illustration only, with reference to the following figures in which:
Fig. 1 is a cross-sectional view of a prior art micro-motor;
FIG. 2 is a cross-sectional view of a micro-motor which is an embodiment
of the invention;
FIG. 3, which is composed of Figs. 3(a) to 3(f), is cross-sectional views of
25  a procedure for fabricating the rotor disc of the micro-motor of Fig. 2;
FIG. 4, which is composed of Figs. 4(a) to 4f), is a cross-sectional views
of a procedure for fabricating the shaft of the micro-motor of Fig. 2;
FIG. 5, which is composed of Figs. 5(a) to 5(h), is cross-sectional views
of a procedure for fabricating the shaft holder of the micro-motor of Fig. 2;
30 FIG. 6, which is composed of Figs. 6(a) to 6(e), is cross-sectional views

of the assembly procedure for the micro-motor of Fig. 2;



.of the irnvention; FIG 3, which is conposed of Figs. 3(a) to 3(f), is
cross-sectional views of 25 a procedure for fabricating the rotor disc of
the mcro-notor of Fig. 2; FIG 4, which is conposed of Figs. 4(a) to 4f),
is a cross-sectional views of a procedure for fabricating the shaft of the
mcro-notor of Fig. 2; FIG 5, which is conposed of Figs. 5(a) to 5(h), is
cross-sectional views of a procedure for fabricating the shaft hol der of
the mcro-notor of Fig. 2; 30 FIG 6, which is conposed of Figs. 6(a) to
6(e), is cross-sectional views of the agsenbly procedure for the
mcro-notor of Fig. 2, 4 FIG 7 is a cross-sectional view of the procedure
for assenbling the yoke and nmagnet of the rotor of Fig. 2 into the disks
produced by the procedure of Fig. 3; FIG 8 is a cross-sectional view of

the process for asuenblis agrdsatsetiivhal biest antRe pRicetiti@ B sdemihgthef Fig. 2;
and FIG 9, which is co i shows is a view of the

o?ed of Fi E,s. 9(a) to 9(c),

| oner sur f aceYY€ ANPGRS of Hedetasof Fidy 2 ipiodhe disks elnguaed By theer ent vari ant s
of the protrystedsew Fly. B;: the scope of the invention. 10 Detailed
Description of the enbodinments Referring to Fig. 2, a mcro-rotating device
which is an embodiftEnd i%# cfase-sectianahvieyhofithe sravaas fon asserblingdfot then. The
devi ce ino udgstoR of MeFhickPidte Y Figbakbay 208. The rotor 200 includes a
silicon body 201 having a central” aperture 15 214. A shaft 202 projects
fromthe stator 20d8G. fnwehiché campased of diigse Staddo Bic).sshovisas & view ditheel enent

207. Th haf P i y j : I 11...Th haf
i ncl udeg Saaf IlB\rNgE glﬁ)rl(f)ér:(:teirdg?]ﬁ%Eogagqléwu%ﬁm%engsﬁgggr&g? %é\ﬁ;érzaéé? ?ﬁ tE)‘f?sealso?]lgt

the axi s 211,Pratigsions within the scope of the invention.

10 Detailed Description of the embodiments

Referring to Fig. 2, a micro-rotating device which is an embodiment of the
invention is shown in cross-section. The device includes a rotor 200 and
stator 208. The rotor 200 includes a silicon body 201 having a central aperture

15 214. A shaft 202 projects from the stator 208, and the two are connected by a
shaft holder element 207.

The shaft 202 is rotationally symmetric about an axis 211. The shaft includes
a first portion 210 of uniform diameter at all positions along the axis 211, and
20  ahead portion 209 further from the stator 208 and which is of also of uniform
diameter at all positions along the axis 211. The central aperture 214 of the
rotor 200 is defined by a profile having a step, and thus including two
cylindrical sleeve surfaces 212, 213. The cylindrical sleeve surface 212 is of
smaller diameter than the cylindrical sleeve surface 213.
25
Of course, the figure is not to scale. Typically, the maximum diameter of the
rotor device (in the sideways direction of Fig. 2) is at most 3cm, and more
preferably less than 2cm, or less than 1.5cm. The thickness of the rotor 200 is
preferably in the range less than or equal to 600 um .

30



.20 a head portion 209 further fromthe stator 208 and which is of also of
uni formdianeter at all positions along the axis 211. The central aperture
214 of the rotor 200 is defined by a profile having a step, and thus
including two cylindrical sleeve surfaces 212, 213. The cylindrical sleeve
surface 212 is of smaller dianmeter than the cylindrical sleeve surface
213. 25 O course, the figure is not to scale. Typically, the maxi num

di anmeter of the rotor device (in the sideways direction of Fig. 2) is at
nost 3cm and nore preferably less thad 2cm or less than 1.5cm The

t hi ckness of the rotor 200 is preferably in the range |ess than or equal
to 600m. 30 5 The 'T -shaped shaft 202 constitutes a neans to avoid
tilting of the rotor 200, and keeps the rotor 200 in position constantly
t hr oughout t hEhe Gt-shaped shaft292 cohbtitutelal meaftopveid tiltrsg efthadstiantege

conpared to the reqular pinstype shaft 02 of Fig. 5 I n . shown Fig.
1, rr}[)he sili co?P%%%fg’sigﬁrqq?{%@E?oﬁmf’? ERR ari%f‘}' thcg‘ggﬁ'r'tﬁgﬁéoéﬁ?%ﬁhuﬁaces t he
stator 208, athd shhft 202 prekddssarsathahtigel cdnparéd 10 te ragulsr FinfR@@iafic
material 204 éQ%&H:'an all oy) and a yoke | ayer 203. These materials induce a
rotation noti e 1appropri ate magnetic fields are generated by a coil
(not 10 shown) fixed to the stator 208. As a neans to enhance the driving
nmechani sm snml| protrusions 206 are forned on the surface of the rotor

di sk 201 facifgy "t HOE e ol thepslicambedy 2Hnnclydese fr6RSN indts sucpMbishusi ons
are illustrat@ded theMtator & )anbndtrhch iERALIBNRAYIMNES WARS RBGnéice | nt ended
to mnimze the contact resistance in the o

material 204 (e.g. an alloy) and a yoke layer 203. These materials induce a

rotation motion when appropriate magnetic fields are generated by a coil (not

10  shown) fixed to the stator 208.

As a means to enhance the driving mechanism, small protrusions 206 are
formed on the surface of the rotor disk 201 facing the stator. Possible
configurations for the protrusions are illustrated in Fig. 9(a) to 9(c). The

15  protrusions 206 are intended to minimize the contact resistance in the
spinning motion by creating a separation between the rotor and the stator.
Preferably multiple, round protrusions 206 are provided, symmetrically spaced
around the aperture 214 at the bottom surface of the rotor disc 201, to help
stabilize the spin motion at the contact interface. As shown in Fig. 9(c), the

20  protrusions may be in groups. An etching process is preferred for forming the
protrusions 206, since this can achieve the required specifications without

imposing other defects on the disc 201 since the Si material is relatively hard.

To reduce the total thickness 6f the motor assembly, the thin rotor structure
25 200 is fabricated using a semiconductor process to selectively create the
required profile, and to accurately control the required geometry of the
intended rotor 200. Furthermore, the process allows an array of multiple rotor
discs 201 to be made on single substrate concurrently, thereby cutting down
on the construction cost and time. In this regard, micro-fabrication techniques,

30 such as plasma etching, are used for producing the step profile, of



-Spinning notion by creating a separation between the rotor and the stator.
Preferably multiple, round protrusions 206 are provided, symetrically
spaced around the aperture 214 at the bottom surface of the rotor disc
201, to help stabilize the spin notion at the contact interface. As shown
in Fig. 9(c), the 20 protrusions may be in groups. An etching process is
preferred for formng the protrusions 206, since this can achieve the
required specifications without inposing other defects on the disc 201
since the Si material is relatively hard. To reduce the total thickness of
the notor assenbly, the thin rotor strucfure 25 200 is fabricated using a
sem conduct or process to selectively create the required profile, and to
accurately control the required geonetry of the intended rotor 200.
Furthernore, the process allows an array of nultiple rotor discs 201 to be

Const ructi on, e are eldHtyeh (NS08, RNA Bl bhaB e R on " ccni ques.

30 such as pl esnventarehmaghiningetealsmdodyor produci ng the step profile, of 6
m cronmeters in height, on the disc 201, which is not attainable from
conventional machining technol ogy. The details for the etching sequence in

t he fabri cati oine détatihfer Sie eliching2eduandel in e RBrieatIncdies SAGisé obl s, Wi th
thin piece of double-side

reference to FIG 3. As wn in Fig. 3
pol i shed S% SE%S’[‘F%%'P%" §6%mt‘)’ S, Yvﬂpé?fg'ieé‘&ég%i':@t% a furnace of high thernal
heat to develop thin Silicon oxide (Si02) |layer 302 on both its surfaces.

Thi s oxide | ayer, function s a.10 protective mask in |later steps of the
net hod in cas §SO\?|V§W”t¢i8' é@ifaa%@ ‘?'Eg B{doué’!ﬁ%ﬁ'@ﬁ pﬁ]'?hﬁdﬁi@tlﬁ%tfatﬁﬁgﬂ éctive

mat eri al suchﬁraﬂoa@émm@alfmﬁaé&wm%ﬁ bl hedt®8bAG6P th SMeortbals ng depth
requi renents, (%t{ﬁdt hi ckness of Si 02 |ayer 302 wused is about 2 pmwhich is

sufficient to axeh S0&1Prh Aty ite swrfaceseolbig Oxidg layer functions as a

10  protective mask in later steps of the method in cases when the surface is not
coated with another protective material such as spin-coated photo resist.
Considering the etching depth requirements, the thickness of SiO, layer 302
used is about 2 um which is sufficient to stop the etching for a low-depth
structure.

15
Next, the Si wafer is spin-coated on one side with a photo-resist masking

layer 303 of about 7 um thickness of on one side above the SiO; layer 302,

and the layer 303 is subsequently patterned with the required profile by
means of conventional lithography. Chemical plasma etching (using CF, and

20  oxygen plasma) is then. carried out, removing the unwanted portion of the
SiO; layer 302, as shown in Fig. 3(b),

A further photo-resist masking layer 304 is applied to the same surface of the
water 301, covering the remaining portions of the 2 um oxide layer. The layer
25 304 is patterned, and then chemical etching is again performed, as iliustrated

in Fig. 3(c), to create another profile for succeeding etching steps.

Owing to the fact that ions travel straight towards the substrate during the
plasma etching process, deep perpendicular walls can be formed

30  subsequently, with polymer passivation, as in the Bosch process, that shields



.Structure. 15 Next, the Si wafer is spin-coated on one side with a
photo-resist masking |ayer 303 of about 7 mthickness of on one side above
the Si02 layer 302, and the |ayer 303 is subsequently patterned with the
required profile by means of conventional |ithography. Chenical plasma
etching (using CF4 and 20 oxygen plasma) is then. carried out, renoving the
unwanted portion of the Si02 |ayer 302, as shown in Fig. 3(b), A further
phot o-resi st masking |layer 304 is applied to the sane surface of the water
301, covering the remaining portions of the 2 moxide |ayer. The layer 25
304 is patterned, and then chem cal etching is again perfornmed, as _
illustrated in Fig. 3(c), to create another profile for succeedi ng etching
steps. Oning to the fact that ions travel straight towards the substrate

during the phasis HoRMhAbORiRGAG iordCRPINBEHER BEtendfiofRldr hebgn be for med

30 subsequently, with polynmer pasSivation, as in osch process, that

shields 7 thaibglples3Flrahaut peeturdeitiae tjalitbisknessiremainsias shawr effigpor t i ons
of the Si suﬁg%rate 301 about one-third of the total thickness remains, as
shown in Fig. (c). 5 Following that, the residual photo-resist |ayer is
renoved using chem cal solvent, such as dipping in acetone. A further DR E

(deep reacti viey -k i : ga;% i I led. out to take out
about 20 Cém f%&“&%ﬁe@égﬁé%f@% I %%ﬁgd%%ﬁé reg%g/\;éard et "I%lcr}eméc;?lenal ni ng
S102 302. Thispent,resich aselippifg inavefanenyfudhert DR {dedp peaativel ginons 2)06
dedi cated for LW hhg. f tion,. 1 iIIsrtZSdi Fig. 3 .
Subsequent | y,?t{:ﬂgg)g&léﬂﬁ?%;‘{hﬂ%e'ﬁ:%’%ﬁ'eldsoqlé?r%\y&?ug?%o@i bﬁmgr%are@?(ogody 30
i n Hydrof | uorthe g bbdy 861 Hot covered by the remaining SiO, 302. This forms a set of '

uniformly distributed protrusions 206 dedicated for the air-bearing fu_nction,

10  iliustrated in Fig. 3(d). Subsequently, the SiO2 left behind is removed by
dipping the Si body 301 in Hydrofluoric (HF) acid.

Following that, the Si body 301 is inverted. Etching methods are again
employed using another patterned masking layer 305 to make through-holes

15 306, 307 through the Si substrate 201 as shown in Fig. 3(f) and Fig. 3(g), in
line with those earlier made cavities. Through hole 306 becomes the aperture
of the disk 201, and through holes 307 singulate individual disks 201 from the
substrate 301. To ensure that the etching of the holes 306, 307 is aligned on
both sides of the substrate 201, an optical aligning system is used, along with

20 the appropriate markings, to position the Si substrate when it is inverted in the
etching chamber.

The photo-resist layer 305 is also used to reduce the thickness of the
substrate 301 in the region around the central aperture 306 before the discs

25 201 are detached from the wafer substrate 301. The dimension of the sleeve
on the rotor disc 201 has a stepped profile, intended to accommodate the

different dimensions of the T-shaped shaft 202 as mentioned earlier.

At this point, the fabrication of the rotor disc 201 is completed. It has a shape
30 of aflat round plate, with a through hole 306 at the centre. One side of the



~-Foll-owing that, the Si body 301 is inverted. Etching nethods are again
enpl oyed using another patterned masking layer 305 to make through-holes
15 306, 307 through the Si substrate 201 as shown in Fig. 3(f) and Fig.
3(g), inline with those earlier nmade cavities. Through hole 306 becones
the aperture of the disk 201, and through holes 307 singulate individual
di sks 201 fromthe substrate 301. To ensure that the etching of the holes
306, 307 is aligned on both sides of the substrate 201, an opti cal
aligning systemis used, along with 20 the appropriate nmarkings, to
position the Si substrate when it is inverted in the etching chanber. The
phot o-resist layer 305 is also used to reduce the thickness of the
substrate 301 in the region around the central aperture 306 before the

discs 25 201d%b$|a§%tlél@aeéircfu1é?'ﬁehbﬁré‘\'ﬁf)@‘éd %@Q&tmé%tépéssemﬁy giﬁs&si on of

the sleeve on the rotor disc 201 has asteﬁ profile, 1nten
accommodat e t K&enggach&f én rotarisesi2on ds getached ﬁo@ﬁhpédbﬁrﬁiﬂlt cfiens

mentioned ear ldsfjual I‘é&e?&'p%lﬁﬁérr%sulﬁ frBﬁ‘ItiF\é LR Poi9fnet PEsdivdiBh g 201 1S
Rbang Bl e &L R

conpleted. It has a Sha rough hole
306 at the ceHergichinpet '§|th%n @¢s"tah@fsremoye fMaﬁ”ﬂraCDarag‘arelmfromhar trench

omoved, Usedshfaddly dighiRg itd BRARNONPI RIS ban YYRBERIN DS 4@38;8@;%3; ypisg

201 is detache trate, 1t carrres a

resul ting fro(h'zt%) Bosch pol ymer passivation during the etching. It is
then desirable to remove this thin coat entirely fromthe 5 surface by
dipping into ultra-sonic mxture bath contai ni ng Hydrosul furic acid
(H2SO™4) For f bet fugher improvesmantto tesiuce dictienf an aummsn th&rnlatjldldd)ﬂdo@ufbrtdmg"l | ayer

201, 1 mel uet ng P8 S0P it BRiel SaE R fe ot fiss A 356 %E»ﬂéhfh.dhsc
| 'ayer 20570 whslehve Bole 306 on the etched disc 201. The thin layer 205, which is
preferably Diamond-Like-Carbon (DLC) film, provides a lubricating effect due
to its high hardness material property. One possible deposition technique
comprises sputtering or chemical vaporization as well as, in this proposal,
Filtered Cathodic Vapor Arc (FCVA) methods where low-temperature
15 conformal film can be achieved with uncomplicated control for the required

film thickness.

Turning to Fig. 4, the process is shown for fabricating multiple shafts on a
single substrate. The intended material for shaft is Si, which has good rigidity

20  and hardness characteristics. As shown in Fig. 4(a), a Si wafer 401 similar to
wafer 301 of Fig. 3(a) is first spin-coated with approximately 2mm of Cytop
polymer adhesive 402. The polymer 402 is patterned into the required profile
by lithography, and then RIE etching performed using a photoresist mask 403,
as shown in Fig. 4(b). The polymer adhesive 402 offers the advantages of

25 low temperature bonding and chemical resistance characteristics.

Subsequently, by conducting DRIE plasma etching using a patterned photo-

resist mark 404, a portion of the intended shaft is formed as shown in Fig.

4(c). Without removing the photo-resist 404 left from the etching, the substrate
30 s coated with DLC film 405, as shown in Fig. 4(d), using the deposition



. -preferably D anond-Li ke-Carbon (DLC) film provides a |lubricating effect

due to its high hardness material property. One possible deposition

techni que conprises sputtering or chem cal vaporization as well as, in
this proposal, Filtered Cathodic Vapor Arc (FCVA) nethods where

| ow-t enperature 15 conformal filmcan be achieved wth unconplicated _
control for the required filmthickness. Turning to Fig. 4, the process is
shown for fabricating multiple shafts on a single substrate. The intended
material for shaft is Si, which has googgrigidity 20 and hardness
characteristics. As shown in Fig. 4(a), a Si wafer 401 simlar to wafer 301
of Fig. 3(a) is first spin-coated with approxi mately 2mm of Cytop pol yner
adhesive 402. The polynmer 402 is patterned into the required profile by

l'i t hogr aphy, t@BIﬁ#‘llﬂLﬁ’@ﬂeﬂrIEe@bﬁhﬂeF‘Gn Bf sLaacRIHEdN6ING ARhQESShhAte MaSk 403,
as shown in Fi e pol ymer adhesive 402 offers the advantages of 25
%lowrgd\?hﬁbt

| ow t enper at uf %WQ?FT@Fﬁ 408 isjpvgried andsecHmdpnte RN Bis .

Subsequent |y, sbgtraREHEASY &ty BRbEpHtAFEHstCA PRbRAFe it tipgrged phot o-
resi st mark 4SO ra s)ortlyon gf tﬁpe |ntended$shaft§"$ﬁs or?fgﬁ as'shown in Fig.

4(c). Wthoutder fog further gtabing. ee shewn iokig) éfey. Themﬂwem@o@tr@mshg% t he o
substrate g0 ) I ng the
deposi ti on539 lg?%@ ?ﬁ‘g%@ ggescrgfg i(f?zle%lreﬁ u'%%dg s%\%' %O{één%rdefﬁl ng
friction resiBr@HOE betviran tham Gubseauentine [litfb&lm@@klsmcsmd ontetheed and

secured onto @ '}E A of RLft9b8 ARBhBY%af 01"‘¥| Es 8 th%@?\ ﬂio%%vhsféh ar
tﬁg IS ge omté&? §ho

phot or esi st s ayer urt
Fig. 4(e). Theot a!rhédxomneoed Bystl’thWDGOS Tlsenﬂelﬂm@rudturarsdetrimeed;frarﬁmbezoz are

singulated b h 405 .bet ween t hem
Subgequent I yya p%@@sp B%rétggs)goﬂé e%?)sé ?péis ove&%arng%a\gw ﬁ‘e?cpé)rtb‘?n the shaft
202, and tthe gfgh¢ fayef 485 de i) tof cdnysletethé falﬂﬁatlanmfdhe ahaft, as indicated in

Fig. 4(f).

Turning to Fig. 5, the fabrication process for the shaft holder 207 is shown. It
too employs an Si wafer 501. Oxide layers 502, 503 are formed on each of its
15 surfaces in a thermal oxidation step, as shown in Fig. 5(a). A thin mask 504 is
formed by lithographic patterning, and RIE etching is carried out on one side
of the substrate, as shown in Fig. 5(b). Subsequently, the SiO, layer 503 is
removed, the substrate 501 is inverted, and is spin coated with approximately
2mm of Cytop polymer adhesive 514 on the reverse surface, and unwanted
20  portions of the polymer adhesive 514 are etched off using a patterned
masking layer 505. A photoresist layer 506 is deposited on selected parts of
the upper surface of the substrate 501, and a DLC film 507 is also coated
using FCVA as discussed above on the upper surface of the substrate, which
is the intended surface of the rotor contact area as shown in Fig. 5(e). The
25 layer 506 is lifted off, lifting off the portions of the DLC film 507 above it, as
shown in Fig. 5(f). Another patterned photo-resist mask 508 is then deposited,
and RIE etching of the Si substrate carried out', to create cavities 509, as
shown in Fig. 5(g). Then the photo-resist 508 is removed, as shown in Fig.
5(h). The cavities 509 are helpful for an alignment process described below.
30



-not -al ready '‘covered by the DLC 405. Then the structure is renoved fromthe
support substrate 408. The resist 404 is renoved (carrying away the portion
10 of the layer 405 on it) to conplete the fabrication of the shaft, as
indicated in Fig. 4(f). Turning to Fig. 5, the fabrication process for the
shaft holder 207 is shown. It too enploys an Si wafer 501. Oxide |ayers
502, 503 are forned on each of its 15 surfaces in a thernmal oxidation
step, as shown in Fig. 5(a). Athin nmask 504 is formed by |ithographic
patterning, and RIE etching is carried gyt on one side of the substrate,
as shown in Fig. 5(b). Subsequently, Si2 | ayer 503 is renoved, the
substrate 501 is inverted, and is spln coated with approximately 2nm of
Cytop pol ynmer adhesive 514 on the reverse surface, and unwanted 20 portions

of the polyner adhesive 514 are etched off n atterned nmasking | ayer
505. A phot or F qr RPafing BEoGess ik B%tfact%éj rigs%qﬁgﬂ gar%’ﬁﬁﬁ theof  the upper
surface of ”’@lgﬁh*é‘ht 61ath@ rét to t%@%té%oﬂb@rtfdlélmh@f?rsl Step SHRWRAARFR 6(a4si Ng FCVA
as discussed above on the up surface of the substrate, whic iI's the

i nt ended sur fReSUBstrata 07 (996 '%%Eh&ﬁhaﬁrh@@eéss igheA and aﬂh@reds?lé) The 25
| ayer 506 is édlirﬁ@ﬂadﬁé‘swe' iofﬁb%té%hfad t&8r cﬂl@éé 2@f‘§bt9fneﬁ"é%rlgrcésféHOWn507 above

it, as shown in Fig. f). Anot her ?atterne hoto-resi st mask 508 is then
dep05|ted5 a'ﬁcf'SRIGEb)ei’b iSRfo6ess ihis rapfgldayﬁe@ﬁ@umele@sm@ahe pertions eat e

cavi ties 509, g@fof tﬁ@ew&t+a%e Bb9 (show@in ngg%;v\;hhﬁ\ W ﬁéHtﬁé r&pé o renmoved,

as shown in Fig. 5(h). The cavities 5 or an al 1 gnnment
process desch%f@deE@N@me"BlD The apeRerendtéoef Et%:hdb'wg d|§p(2@é3SU$e;i d#d hustrated

cruci ai . in Y BrAREETE deepdtil RNl okt € BT ai i ng
t he shaft holttlershal haldeg@edwaiah iadtibnaidietaphed from the rest of the substrate
10 501, as shown in Fig. 6(c). Then, the assembly 601 is heated in a chamber to
a temperature of at least approximately 160°C for at least 30 minutes, to bond
the shaft 202 permanently to the shaft holder 207. Note that all assemblies
601 on the substrate 501 have the same structures and intended dimensions.
Subsequently, the substrate set 501 is inverted, and the substrate 501 is
15 etched through, using the previously made SiO2 mask layer 502, to detach
each micro-motor assembly from the substrate 501, as shown in Fig. 6(d).
This etching creates a cylindrical base a few hundreds of micrometer
thickness that functions as a support base 602 for securing the shaft 202
which detains the rotor disc 201 during rotation.
20

As shown in Fig. 7, a ring-shaped yoke plate 203 with high magnetic
saturation property, for instance Nickel-Iron (Ni-Fe), of about 100mm
thickness is added to the inner surface of the etched trench 308 on the rotor
25 disc 201, by adhesive, to intensify the induced electromagnetic force. A ring-
shaped bond magnet 204 hundreds of micrometers thick and composed of a
magnetic alloy, such as Samarium-Cobalt (Sm-Co), is inserted over the yoke
203. The thickness of each of the magnet 204 and yoke 203 is appropriately
controlled during the fabrication to ensure that they fit entirely into the etched

30 hollow trench 308 on the disc 201, with good flatness at the base surface.



< pol ymer *adheésive, to the detached rotor discs 201 obtained earlier, as
showmn 5 in Fig. 6(b). Inthis process it is helpful to use as guide

el enents the portions 603 of the substrate 301 (shown in Fig. 3) which
were |left after the rotors 201 were renoved fromit. The aperture 214 of
each rotor disc 201 is used as a guide for inserting the respective shaft
202 downwardly into the cavity 509 in the shaft hol der 207 which is stil
not detached fromthe rest of the substrate 10 501, as shown in Fig. 6(c).
Then, the assenbly 601 is heated in a chanber to a tenperature of at | east
approximately 160C for at |east 30 nlnutgs to bond the shaft 202
permanently to the shaft hol der 207 Not'& that all assenblies 601 on the
substrate 501 have the sane structures and intended di nensions.
Subsequently, the substrate set 501 is inverted, and the substrate 501 is
15 etched through, using the previously made Si Q2 mask | ayer 502, to detach
each mcro-notor assenbly fromthe substrate 501, as shown in Fig. 6(d).

Thi s et chi ng Thecadsembly ofthicrsifriotatlis bcs?\'ﬁgle@edc SyMhBURETESISofthe MiSrodAB{oR "

t hi ckness that fun f @\? as a su|p [ ase 602 for securing the shaft 202 -
whi ch det ai ns@SSRED ycfjf" Si49 g‘?ﬁ iAFFhowndp Fifa. 8- Ihiseansbdpne By Fig. 7, a
ring-shaped weg, mtﬁ@lﬁ tR@asé\bidsbtil&lagéhgﬁmﬁd& Tﬁ@&ﬂé[&%@@né&f d<!1>6f for

i nstance Nickel -I éNI - Fe)Blo of about 100nm thickness is "ad to the

i nner sur flace® Bin H%te {dieat Boaeh - Bol has atth@k'ﬂQﬁS(ﬁ“QQE/ Essma@dmatﬁy
adhesi ve, to th8kRA%hbMet DE7,idnd i ng- shaped
bond magnet 204 hundr egs of m C%gﬁ%ﬁ'ﬁg@@%@;@g@#éd Q,\(,:.‘é%g a mgnetic

al | oy, such HEnseiaeiastficeblirlds toindyaothe glectionsagnasisc tovee rlelaéeq'm(ehe 203. The
t hi ckness of g8agiBn A uhﬁ&n{rﬁ%ﬁésszlg%é}ﬂglﬁé‘?ﬂl&ﬁr(ﬁgﬁo?ﬁh@ewsoBH g]}ég into the

controlled during the fabrication to ensure
et ched 30 hol3d eRpSisteR @ EPPaiweemthedotar 200 Andthe F?C@OZQB cﬂurangrtbes at the base

surface. 19 rotation. A check is performed that the shaft 202 is perpendicular to the rotor
200 and stator 208, and that the rotor 200 is parallel to the stator 208, to

ensure steady rotating behaviour.



+~11 -The assenbly of mcro-nmotor is conpleted by the insertion of the

m cro-notor assenbly fully into the stator 208, as shown in FIG 8. This
can be done by hand, w thout the use of optical alignnment tool. The stator
208 may consist of 5 a thin Printed Grcuit Board (PCB). It hasow wgekness
slightly less than that of the shaft hel der 207, and contains plated
copper coil w ndings, which generate electrical fields to induce the
electro-ngg?ﬁﬁ%ﬁ torque needed for the rotation. A uniformthickness is
mai nt ai ne jughout the coils' area to keep a consistent air gap between
the rotor 200 and the PCB 208 during the 10 rotation A check is perforned

that the shaft éoz | S, per endi cul i:’ll’ @99& 2 and st%tor 208, and
that the rbtor A0mthed S BN S BRIl o Mgt itiatind deviEhs, sachupbving 8
rotating hamyaqsfor hb%ldd—Q\é@n%SEperﬂré'fﬁﬁrecbivw?g fﬁﬁmféﬂdéghéﬂng a

plurality of mcro-rotating devices, each having a shaft, a rotor having a
centrals agwidern, the metln&@ompngmgﬁbemﬁof and a shaft 5 holder, the method

R R L e T Tt S e

in the rotghaftsbefore inserting respective shafts into the openings, 10
attaching the shaft. holders to respectjive stators, and partitioning the

substrate to fdF'ﬁ?"“ﬁS|thlaﬂéd'l‘tosthﬁfrﬁsmﬂt'(‘léraspe”?re%"‘rﬁ’ﬁﬁ@&“ﬁ@@&r&'ﬂ&ﬁ'ﬁgcI aim
1 in whi ct} EB@ctﬁ}%agﬁa?ts%Fo mlﬁ&the openi ngs by a wafer bondi ng

process.
10 attaching the shaft holders to respective stators, and

partitioning the substrate to form individual shaft holders.

2. A method according to claim 1 in which the shafts are bonded to the
openings by a wafer bonding process.

15
3. A method according to claim 2 in which the wafer bonding process is a

heat treatment.

4, A method according to any preceding claim in which the apertures of the
20  rotors act as guides for the respective shafts in entering the openings.

5. A method according to any preceding claim in which the openings are
formed by an etching process.

25 6. A method according to any preceding claim in which the substrate is

composed of silicon.

7. A method according to any preceding claim in which the rotors are
formed from a substrate by an etching process.

30
8. A method according to any preceding claim in which the rotors are
formed with protrusions facing in the direction of the shaft holder.



~3. A method ‘according to claim2 in which the wafer bonding process is a
heat treatnment. 4. A nethod according to any preceding claimin which the
apertures of the 20 rotors act as guides for the respective sha\;éYrsH,i 'ESE
entering the openings. 5. A nethod according to any preceding ck IV
whi ch the openings are fornmed by an etighing process. 25 6. A nethod
according to any preceding claimin which the substrate is conposed of
silicon. 7. A nethod according to any preceding claimin which the rotors
are fornmed froma substrate by an etching process. 30 8. A nethod
accor di ng &0 arymateeddacegrdingitmanynpreaceding ¢laim ot whichahe shiaftsrasel wi t h

protrusi ons fa(ih,nﬂ1 ! i}hfa %iytgectig@'.of the shaft holder. LLOYD 'vviSE 13
9. A met hd@MELYP ﬂ&u 54 3{)?8(,9 'H%pf:(?ceﬁsr% in which the shafts are
formed froma substrate by an etching process. 5 10. A nethod according to

any preceding claimconprising a step of applying a protective coating
| ayer o dfy ofemsthegascerdinghito ary presediigglaisn saanpsisuc:a stepl ofapplying. A

met hod ac I 0 G Al | ' Cll | ris 1o
LG (i amsnet vyt o bl brihof MSrEbPESIoIdS, SR B SRKEY, g
central apwiderse, a shaft threaded through the aperture and a shaft hol der
hol di ng one end of the shaft and being bonded to the shaft hol der by a

waf er bondi ng process. 15
11. A method according to claim 10 in which the protective coating layer is

10 DLC (diamond-like-carbon).

12. A micro-rotating device a rotor having a central aperture, a shaft
threaded through the aperture and a shaft holder holding one end of the shaft
and being bonded to the shaft holder by a wafer bonding process.

13. A micro-rotating device a rotor having a central aperture, a shaft

threaded through the aperture, and a shaft holder holding one end of the shaft,

the rotor being provided on a surface facing the shaft holder with protrusions

extending in the direction of the shaft holder for maintaining a spacing between
20 the surface of the rotor and the shaft holder to reduce frictional resistance

between the rotor and the shaft holder.

14. A device according to claim 12 or claim 13 further comprising a

protective coating layer formed on any one or more of the rotors, shafts and
25  shaft holders.

15. A device according to claim 14 in which the protective coating layer is
DLC (diamond-like-carbon).

30 16. A device according to any of claims 12 to 15 in which the rotor has a
diameter of no more than 1.5 cm.



~13. "A mcro-rotating device a rotor having a central aperture, a shaft

t hreaded through the aperture, and a shaft hol der hol ding one end of the
shaft, the rotor being provided on a surface facing the shaft hobdewiSgth
protrusions extending in the direction of the shaft hol der for naintaining
a spaci ng between 20 the surface of tha4rotor and the shaft holder to
reduce frictional resistance between the rotor and the shaft holder. 14. A
devi ce acqgr di dé@i é'a%ba}cﬂrﬁ%% aﬁ* o Blaims 1197th 1% in VAR 'tﬁéhgﬂaf?haggm ective
coating Iayer on an nore of the rotors, afts an 25 shaft
hol ders. I®n- wnlﬁxrm dlenmieomvm a first partionidoser tathetshaftehgider efct i ve coati ng

| ayer is ke- carbaon deyi ce, ac o any of
i 12 PRV AN RRDRte e S 88Rona Boubh fneftp Fone At ddendh, ™ s "o
LLOYD USE refbfivély-high @i%#hét%ratﬁé%fbr%eﬁﬂr@miwﬁb LhfiSsHapddfot6 i n which the
shaft has a non-uniformdianeter, having a frrst portion closer to the

shaft Kol ®entagtingrthe shaftdn pottopodionset er and a second portion further from
the shaft holder of relatively high diameter, the rotor aperture having a
profile shaped for 5 contacting the shaft in both portions.



