M CRCOFABRI CATED SYSTEM FOR MAGNETI C FI ELD GENERATI ON  AND FOCUSI NG 5
[001] This application clains the priority of the US Provisional
Application, Serial No. 60/578,416, Filing Date June 9, 2004, which
is fully incorporated herein by reference. This invention relates

generally to the 'rLégm i
as mcro electro ﬁ & E 8 ?F?‘fd'?ﬁf?iﬂ?@?@mm

within 10 micro el ectromechani cal sYANBROCHUENHY. BACKGROUNG OF THE
| NVENTI ON [ 002] The majority of HEMS transducers have been

el ectrostatically driven due to their ease of fabrication and
integrationswith other mcro conponents. On the 15 other hand, the

fabrication of magpaji carhy apfgdaHat eQikd %B%ﬁ"féﬁgf of {E@%§@ﬁ%{sﬁnw.%€ﬁﬁgﬁon,

avoi ded due to lack of processing know edge and the difficu
i ntegrati ng ma§naealidéo. 6@5&&6&@&@@@&1@ Imm&rzﬂﬁﬁcwb@hssﬁﬂymrporated herein by

circuits. S e of or scal i of ma i arces, . there.i

present a gr O\MP‘#EITEH? elg & %ﬂn ﬁ%%ﬁ%??”@f%y ﬁ%@?&@é’n ﬁmfl?%Bm?%lenc
their inherent d@ﬂbé&ts@ci@dé/aﬁl&ra&&%mﬁﬂgﬁﬁc WhilC Rohlich daRebealibd bd ¥arRfucers within
magnetic-based 20 actuators to generate Iarge magnetic forces. [003]

M ni at uri z&8i ofiere slestremechaniealispttens @AEMSSr at i on many factors ot her
than down-scaling, particularly when nagnetic forces are utilized in
applications other than mcroactuators, such as bio-nedical '
applications. As Barbic poi ntBAQmR(NUHdBOFEEEEiINVENMeti C wires
in MEMS and bi o- mé]dl cal applications of _Magneti sm and 2

5
Magneti c Materi al £292bag Feromgiers of ﬁsﬂ‘f{s HGHECEE haymbseriepledrosighically driven
general |y creahges to Ifr38fe $OL6RSBh ah@ 528 %m@dnsﬁrﬁﬂ%%r &g fomponents. On the
el ectrost atl c-based conponents, because the energy stored R a gap
bet ween matfhet P@éﬁhm%gmmaﬁ@l bargeretichlin atthated @iamdecbrbéﬁéwemraﬂy been
charged pl at esavo\'i\@dc et§ Iécfg%gip;o%'éssﬁnggﬁgﬁéd i the%cul o gte%%mréooél

In addition, since the nagne ar 8% ESPonstve™t'o

30 fields and DEQPEEhis v:fnhecbtﬁergﬁﬁ,ﬁhsméms gfﬂ’lﬁfcaitednbyit&wﬁoeﬂbcaﬁﬁg of/infighetic
W res, magneti

%orces there is at present a growing interest in magnetic micro-devices, mainly due to
their inherent unique advantages, among which is the ability of magnetic-based
20  actuators to generate large magnetic forces.

[003] I\./ﬁniaturization needs to take into consideration many factors other than
down-scaling, particularly when magnetic forces -are utilized in applications other than
microactuators, such as bio-medical applications. As Barbic points out (Mladen Barbic,
"Magnetic wires in MEMS and bio-medical applications," J. of Magnetism and

25  Magnetic Materials, 249 (2002) 357—36?) magnetic components can generally create
larger forces at Jarger distances than electrostatic-based components, because the energy
stored in a gap between magnetized components is larger than that stored between
charged plates, which is true for a gap size as small as 10 nm.

[0604] In addition, since the magnefic materials are responsive to magnetic

30 fields and magpetic field gradients generated by current carrying wires, magnetic

devices tend to be low .impedance current-driven devices, rather than being high

impedance voltage controlled devices, which is the case for electrostatic actuators,



devices tend to be | ow i npedance current-driven devices, rather than
bei ng high inpedance voltage controlled devices, which is the case
for electrostatic actuators. 2 [005] Several attractive features of
m cro-magneti ¢ devices that nmake them strong candi dates for use in
biomedi cal appl i k] ONSSRLE; arrapthiCraiRt | orShicfo-Rhallhi ' RoBOMEL ke them
W res generates arjge magnet | c fiel grad? ents and correspondi ngly

| ar ge for ces, stsingeendidaiey fir W4Bin biogedivdgnplidationterd:ces can generat e

| arge forces at | er distances than el ectrostati devi ces, i
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a magneti c bead-cell..conplex) .since this i.s.the 10.only magnetic

obj ect in thegg’r'lcaqsy?]%‘ @%ﬁ’rf)&% Org%rﬁtﬁ??]idlﬁp@?es'di fferent fromthe
surroundi ng epVi r ogERE naghdhict 2QiceAFEHIO AR bdpastiad teehiigids @ ford b cient,
el ectrostatic forces are exerted (unequally) on both the target and
ot her obj ect sn¢mdeshactivgrant egentie il nplgret tnd exbehis| Fagdleat saleqtiziy-i bis maguetic
undesi red particles_t ther with the tar - LR :

sel ectivity. %cgce[ ﬁc%fg%gogn??g% ﬁﬂen’;'ar %to@'e%‘:? Hg‘%?usc %ﬁ%—cé@%&%ﬁﬂgﬁ%aﬁ\?g ﬂﬁggﬁﬁe
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el ect r omagnet ParavBdioe snvirpameat fnibe sse of plgcisestrdig dgvicesThgiseciostatic lorces are
el ectromagnet L¢ J [t ! i ol u : . Of Lr1R A o d;

m cro-coils o%mrﬁr?lgc o%g;)ﬁ&#eﬁ?ﬂan%gr%fgg 81I&t Qshgp\ﬁg}éﬁgléﬁo%?ékﬁg\?\b%g?g ©
that it is a cimbldablgiatpction nbuRBsicoinsuidesgiogriberexifetheitsnget dwk resplting in
construct mcro-cojls.using classical nethods, or to hand-nmachine

| arge pi eces BPOISEFALA®Nt nmagnetic material into nicro-permanent
magnets, for theopyr pPoSKssmfic GHlft ddititdrd GndlisedisersdiesvieCesn {ABitrated for many
fabrication of mcro-coils, in particular,. p?ses criﬁ%i cal probl erps .
because the cFars aafcURth RoEs FhEk Mo Frfizeth ALY 28 schlad v (veripns O their

typically twozdlaeastORahterplie shBlY £N1EABRERRR SR A Sh IR oRRterdMdsensors.

Their electromagnetic interaction is mainly due fo the use of external micro-coils or .

micro-permanent magnets. It is well known, however, that ift is a challenging, time

20  consuming and expensive task to construct micro-éoﬂs using classical methods, or to

hand-machine large pieces of permanent magnetic material into micro-permanent

magnets, for the purposes of constructing micro-devices. The fabrication of micro-coils,

in particular, poses critical problems, because the coils are three-dimensional and micro-

fabrication is typically two-dimensional. The invention proposed herein not only

25  eliminates these problems, but also integrates ferromagpetic materials info the MEMS

devices. In doing so, the invention benefits from the advantages of silicon mmicro-
machining technologies well known in the integrated circuit (IC) industry.

[007] In order to make use of and benefit from silicon (Si) based IC technology

in the fabrication of micro-magnetic devi'ces, problems relating to usable materials must

30 be solved. In particular, consideration must be given to the Joule heating that occurs

when injecting large currents into highly resistive structures and to the compatibility of



25 elimnates these problens, but also integrates ferronmagnetic
materials into the MEMS devices. In doing so, the invention benefits
fromthe advantages of silicon mcro- machining technol ogi es well
known in the integrated circuit (I1C industry. [007] In order to nmake

use of and bengfit, %’[ﬂrra O SabdrGRNGED anpoa?c%ﬂb?r cesgﬁgnﬁl th)fm 'Rgr g‘fh to the

fabrication of mcr netic devices lat i ng
mat eri al s must mvemob,eh&obmmimemm apeaolbtamed an mghﬂmswnﬁa&ma mateﬂa]stsudﬂneas Cu,

given to the Jouyl g heati t hat . occur en in ting | arge current
into highly r e‘éiﬁﬁﬁi"% Dsf*‘?‘i]‘?gc?ou?”é@s‘%ﬁfg tﬁ%mﬁ"e Moie) F?CHFP‘%‘ t9 Ri‘f“‘?uﬁa Sigdt

magneti ¢ mat er jakaithRed el Q136 Gn B5:2685 8 plbar hibr@Boil Mot isaémbedded in Si-
approach to the “invention, two ‘conponents are obtained: 1) highl

conduct i ve Jrat midremhashingd etucazemand 2 inepnetic soneeetbelizetiomsingsb (law doetrhwty)

cmployed | n 1 oPAERY: ARPARAIU AP cCROR Ui HTARadss P eyl

m cr omachi ned @hﬁwﬁawt@st"ab@aﬂo@%cm@@gnetl c core is realized using
soft (low coercivi tgi magnetic materials such as CoNi P all oys, which
bl e

must al so be cong T\hﬁtﬁwd&@@nﬁabmﬂm of m¢1@cénomguqﬁ@dhwpqqme§he coil

008] The fund (o 0 t i ¢, devi ce are
Lhe toi I and Dot Sire” CIRORE Belor ol eritif Sl TRODL L o faly 30§ oree-
two types,10pl adifiiensicidl. Phingeeoild Grecienemly makd mFéllta&&I sp&@) shepe(E@uare or circular

generally formed in either_a spiral shape (square or circular coil . of
decr easi ng di "SR ERTERe L HAPEnET ShRS (Gewelwrhamdies gesedly iy (he

in the form oftepeatach IBQ%B’% the é’asé &gﬂéﬂ?&&% -cBI2R3HaqR @c&ﬂo?cm be

standard | C t echnol ogy can used a current can be Injected to
produce an apprsgcbmda"@ eurEmg pat ba:mjelcwd to pmdutﬁeanc@@s)pnafe magnetic flux. In the case

L eese 1oy 5 Pl efol RuclRtit Hondel o SoRCUANEES LPRLIEE s i
aﬂd t h&ougb- leaqlfiﬁﬂnﬁﬁplbﬂﬁg iechﬂlﬁges aidh a@@?lrdf& bopliapgabhd Qlﬁro?gh—xaa connections.
dovi ces and. si HEE SES o R e BUeKRE SHERE RIS i FUIOB9P OO Smont-
heating, the &Rkh dé@@és%h&i@ﬁa@e mésha:a&um iBeBled @fkrent & BRittdbBIouldhehidng, the
desirable to construct coils Iarg cross-sectional- area, short

| engt h and to G9&aesiyincy mgaﬁb%ﬁt £ To Pe hisndt s desirablp taj congsugt coils of large
cross-sectional area, short length and to use the highest conductivity material available

20 within the fabrication process.

[009] - Most of the planar micro-coils have been fabricated by depositing the
conductor material (e.g. a metal) as a thick {ilm on top of a Si surface, These planar
micro-coils can be formed with or without a core. For example, spiral inductors have
been fabricated for use in NMR ﬁ:icroscopy. L. Renaud et al., "Implantable planar of

25  microcoils for NMR microspectroscopy,” Sensors and Actuators A 99 (2002) 244-248,
describe the use of micro-coils in the analysis of small volume biological samples. The
micro-coil is formed by depositing a Cu seed layer on a Ti adhesion layer, on an
oxidized Si subsirate. A thick layer of photoresist is then formed on the Ti/Cu layers and
pafterned to form a spiral mold. Cu is then electroplated into the mold and the

30  photoresist and Cu seed layer are subsequently removed to insulate the Wires: Using a

substantially similar method, C. R. Neagu et al., "Characterization of & planar microcoil



20 within the fabrication process. [009] Mst of the planar

m cro-coils have been fabricated by depositing the conductor

material (e.g. a netal) as a thick filmop top of a Si surface. These
pl anar mcro-coils can be formed with or without a core. For

exanpl'e, spiral .indu rs. hav been fabri.cated far i .
ni cr oscopy. L%r ﬁ%’ﬁgaﬁlgaﬁjgﬁ mécfesyﬁ?%l iTats] aéldp‘g%tﬂ%?rs %f Gggﬁr‘%bg?oé 1 §e5egpe
NVR m cr ospecindose@pyouplieBaoesn ah @xMReial abhemnsttifg 28il (228 Q2 ) impfedited 48ceiving
describe the use of mcro-coils in_the analysis of srall volune .
bi ol ogi cal saPpREdnicHHeoll seias foransmit eperay &t the analsiialropuring the mpiants coil

seed | ayer on a figrdhegl.on. r - oxi di-zed. Si

thick | ayer of p@&?@r e?ﬁé%aissﬁ% 8% @grfﬁn%ng)éi %HQ%%O?&%F%%J gisg%vgﬁtages’
patterned %o mohwdirg: spiral nold. Cu is then electroplated into the

nol d and the phot oresi st and Cu, seed | ayer e_supsequent |y
renmoved to inégl at 2% BEIGEsS 851he cradugionis Afﬁ?ﬁ"é‘%"ﬁ&h@?ﬂ’ Otgﬁ%ﬁlffl' ar net hod,
C. R Neagu epjal . the fhamRELSLHZAL h%)é—%iaﬁr @tp@pﬂfase Qlzh aévergegfafflect

i mpl ant abl e crosystens,” Sensors and Actuators A 62 (1997) 599-611,
describe i ndubséqrenima@kiingstistmeé ereguticomdf edditdna ccammmeidts.i ng coi |

and an i npl an recei Vi pl.anar, 1m ¢ro-coil so. to.transmt
energy to thehﬁg}( er ala.('cglgﬁnﬁi ‘ﬁi g(tﬂﬁ"’t‘-io _?ﬂceap %H'SPWR%{%] f’]ﬂ‘]ﬂéggﬁ"‘:‘t?‘)fk
met hod f 010 f OfgFMEnBatBn0T ©- ¥Rbhet NRELFBDAOIRBGHVANLATP FesigD ahd GivHEERin
(1) The thickness of the conductor is determ ned by the photoresist.
(2) The final elpstenmergpetid ohterl &wish- withniFeu meerallop) foace, vibyaiiesh sewansion
adversely aff b e rocessi.ng. ste ' '

addi ti onal co(?ig hﬁr% sds‘n%%lﬁﬁmgﬁc © @ﬁleﬁ%neéa ﬁ%lﬂg%ﬁéﬁﬁg?%#agﬂéﬂdg ce the
optical swi t cliafplongaplisplaatmeret T d¢stetOwaOrenlinet aaihg atany cdmplidagdefbbrication
Mater., 239, 2002, 610-613) design and fabricate an electro netic
optical swit IO N?@E&?%@Fmp e 2 moﬁjraﬁli‘lpﬁé’ m‘f@r}%?eg%%amn and
di aphr agm sindwaePhadiig. Mhe bAt 6t hotIeREe b ahdnaid ddfe, RREHAGEduG:s {0k 8 da8t flux
produce the di aphragm di spl acenent. The system was realized using
many conpl i cale@&Zeabri cati on processes, including el ectroplating,

bul k m cr Omﬁctdhﬂj NOp, §XELITES etlﬁsﬁshcﬂ)%a%jhg@ S@]ﬂg—Encapsulated Spiral Inductors For
Micro Electro Mechanical Systems (MEMS) Applications, IEEE Trans. on Magnetics,
Vo. 33, No. 5, Sept. 1997, 3319-3321) design and fabricate a semi-encapsulated spiral

20  inductor, formed on pyrex glass that is bonded to a Si wafer. The multi-step process
includes the following: (a) seed layer deposition on a substrate; (b) photolithography to
form. an electroplating mold vsing a first mask; (c) copper coil electroplating; (d) resist
and seed layer removal; (¢) via patterns formation using second phc;tolitho graphy
process; () high temperature curing; (g) seed layer evaporation; (h) top magnetic and

25  via patterning using third patterning process. As can be seen, this process- requires
several stages of photoresist and photolithography, which places stringent requirements
on such factors as surface planarization.

[013] Photoresist is also used as a patterning, insulating and planarizing material in
the fabrication of planar micro-coils. Filas et al. (U. S. Patent No. 6,495,019) teaches a
30  process that allows the formation of a variety of integrated CMOS and ‘micromagpetic

components, particularly planar coils and transformers. The process involves forming a



15 waf er bonding. The coil does not have a magnetic core, which
results in significant flux |eakage. [012] D. J. Sadler et al.

(M cromachi ned Sem - Encapsul ated Spiral I ductors For Mcro Electro
Mechani cal Systems (MEMS) Applications, E Trans. on Magneti cs,
Vo. 33, No. Sept. 1997, 3319-3321) des n and fabricate a

seni - encapsul aﬁIéHP%WQIPhEW‘?SWHW%Wﬂ% i) FlepApiAte §|areRetihlgyer;agio 2
bonded t0 a Sisedff fler TRRxAMUL! ise&h@P pRi&R&S Sgho'tdi‘@ﬁﬂd%%/eﬁ hg Trolple@WalOan
(a) seed layer depoSition on a substrate: phot ol i tthography to
form an el ect nwﬂ@mm@anmldg/&mpng Tayet pvgtthmg@eh(: &ve 5@&3@ a:mnlducﬁng coil
el ectroplatin parte

formation usi %% fo(sr%%%hﬁ eﬁ%?% nd Se%ﬁ%%%éémﬁg 860853/%]]1%?%81# I@ﬁr ome’ Sp edific

tenperature cubpR@itiof)hs eadling)einae vaneroalliwd; sahiiyich@Dberagnetic19as of
25 via patterning using third patter nlgl? process. As can be seen

this process reagrtiematesaywpih shieklfes coif ashistigpidhe sreenetg feld produced by the
phot ol i t hogr aphy ., i g Olpi!)eq& 5 B 1 %gent requi rements on such
factors as surtace pl arlza i on. BP’ 3] Photoresist is also used as a
patterning, ineidlatiTig dsignpiranae |tgpe@g>fmtzxexcbﬂé suffer fiohe sdvafal hﬁﬁtﬁﬁdﬁ@, the
of planar mcro-coils. Filas et al U . S Patent No. 6,495, 01
teaches a 30 Dﬁﬁséé%‘?? briag tha Plkﬁkﬁlﬂfl%apﬁl&ﬁ' PFﬂ?‘?SWI Iﬁ‘iu%d\?%uf‘i’%% ?ﬂngaSPeCt'rano

| nt egrat eqo CM.afilaffl £ TR0 REH Gl HRBRSI SyeRATh: Sﬂ\lo%ﬁ-ési/s Rh&HREn layer
coils and transfor rs. he process”i nvo ves ormn |rs

patt erned phothetvesnst ﬂhmyexmcw-cdﬂsn wiist h ﬁﬁﬁlél emyopllaqer@nMQneMpIudmg
layer onto a eed | a, secon hotore i St r
is formed as &R %%‘I“ﬁqb Wam 5?3?(3%5% mi?%dp SRS FW@BD ) Beifent
magneti c | ayemiciohddadl fafersd ﬂ@@@ﬁﬂﬁ;t itH Gsup Byl sufﬁ(ieﬁt@r pRearbMble surfaces co that
electroplating into the patter ned second photoresist |ayer

specific 5 appreEeiveolzers ch bp daad ang Brasehi Phﬁf%%@sé@hrﬂd%a%good Gilectric
sandwi cheds belygen;d \R.d 6! deBliric TRABARL £d BERH:Bdowhllvellasi Sl e

coil and rest t the magnetic field produced by the coil
regi on bet weemﬂltlﬂwemﬁlaﬁgmd by Ghetinethihe heiesd gre @f the hrdseof pibmetofs, Whlch Limits

m cro-coils slﬁ agpbﬁjt%? r%ﬁ&c%rtﬁédésirgﬁ& éﬂé:%?%elfié?a%l%@?ﬁ severe being

t he photollthogr ocesses requilr i'gh aspect-ratio
[015] Recent research has also focused on the fabrication of 3-dimensional micro-

coils. For example, Chong H. Alm et al. ("A New Toroidal-Meander Type Integrated
20  Inductor With A Multilevel Meander Magnetic Core," IEEE Transactions' on
Magnetics, Vol. 30, No. 1, Jan. 1994) forms a toroidal inductor, with a multi-level

meander magnetic core (a multilevel core linking planar coils, rather coils linking a
planar core) was formed on a silicon wafer using multi-level metal interconnect
schemes. A complex 6-step fabrication process invelves () polymide deposition on a Si
25  wafer; (b) plasma stching a plating mold through the polymide using an Al ‘mask; (c)
plating a lower magnetic core into the mold; (d) deposition and patterning of a
conductor about the core; (e) plating vias; (f) plating an upper core onto the lower core
to form the meander. The inductor size was 4 mm x 1 mm, with only 30 turns and the
magnetic core material was electroplated NigiFeyo, producing an inductance of 30
30 oH/mm’at 5 MHz. '

[016]  Another 3-dimensional air-core micro-coil has been fabricated by using the



10 el ectroplating nolds fromthe photoresist |ayers. The photoresi st

i nsul ation | ayer between the mcro-coils nmust fulfill many
requi rements, including photostructureahjlity, ability to support
vias for interconnections between di fferent mcro-coil |ayers, the

ability to's uff cient I

successi ve | a‘%g?r\él % %% Sla%ir émgn POI ecl glgq égp 0%§ng§1t’}%§o§kr£%%%‘am% nd e
good di el ect rang l&ngmgrueas(“()ﬂ-cmp BDWaﬂl edre Ghicrsindostet &a:t hixthelfrda vy
br eakdown vol t age

Fi Ily, th
o e Gibelerison Euns deoaRaiph ARG Sl s P, Py Ken B it s+
to produce thgy %&p&s%ﬁgﬁﬂa{dnco%%&c%%% %9tﬁ§st 848 pRRERAL electroplated

research has al'so focused on the fabrication of 3-di rrenS| onal m cro-
coil's. Fors exgdapt &ptt@henygdudtor ieves tthanl confiechngéw bbEpi mﬂu%amtm Wl'til[ﬁé

Integrated 20 I nduct wul t | evel ander netic Core

| EEE Tr ansactYP8fs CWHecﬁ/ﬁﬁﬁ%’ﬂOE?O y §]6°trﬁg/gm§ Coﬁg‘fl\ié?&l@@%)g Fot ﬁ%ppgﬁmg
toroidal indughog, siifida. qh%éﬂ-sﬂaﬁé@'comﬁ%?adﬁgﬁée IRGREIdChE Qifingd & positive
mul tilevel core linking planar coils, rather coils |linking a planar

core) was forphetbresist aorgrmllyodemﬁ@} i meptangulpt imdsevrmafiona| The deformed

nt er connect ) t fab t
I(a) pol yni de ]ﬂ’@%’ & SB?POES%?‘%E )t(bfg s\?%‘?%g?l % %I) %ﬁﬂ;ém m% eﬁe Sco'ﬂ”%% Y8 Sir
plating my d dohs, oW Idcke npeibwoB eviatSiengiran tontﬁthSﬂfn.eci( ell seatioalts |d’fgtha coil

| ower magnetic core_into the nold; (d) deposition and atternig%of a
conduct or abolremetrelly Biceeasqsdle ‘ﬁﬂﬂéﬁﬁﬁﬁmﬁ 1§§Jts the pagpigyde ﬁ'gﬂ]& FUEHT St easre
onto the |lo n}]}éfﬁ tySl Ze was 4 mm
x 1 mm wt%ﬁgﬁ%d :t%r;én@é rragnetl ugggﬂ%?sgrlal was

el ectropl at eo[OM]s 1 Ref]l Babpicpdudi rigoek; AnducGmpcado. 3¥hulz) (fldemnigs grots

MHz. [016] An t her nsi ona co c -

fabricated by® ?fg'i f?&g‘i‘%@qg’ee@ésf’ o’rkﬁﬁlt %BY? gFtt %gé@rﬁ ?¢ cr Q@'E@?E df’)socfff'/emghre
and el ectrpdeppsdztibbf 2 MghdidAB0 M igmetdnadeang: Bhagin £25 fHidh by
3D air core mcro-inductor for high- frequen ap licat] onsmgsl ns%le@gld

def or mati on o¥U&HCFPREreHnd FopQ /st dippgfer s ire, Bhpre
62) describe Lhe  ftor @@tﬁnﬁﬂpﬂfateaﬂubrﬁ%&{c %Qihlcle@y The ! 8drfr@EfBeNEf such a

patterned, electroplated

fabrication is limited both by the mumber of turns that can be wound around the
magnetic core and the feasibility of integrating the fabrication to other

20  microcomponents. .
[018] More recently, Nuytkens et al. (U. S. Patent No. 6,606,910} fabricated a
toroidal-shape inductor on a printed circuit board (PCB) composed of two dielectric
layers sandwiching a ferromagnetic layer. A toroidally wound coil is formed by passing
conducting leads through both dieleciric layers by means of vias, so that the

25  ferromagnetic layer becomes the core of the coil. Primary and secondary coils can also
be formed in this way. The nature of the PCB may not permit the device to operate at
high current densities. An additional problem arises from the fact that the ferromagnetic .
material forming the core is nickel that is deposited by electroplating or electroless
plating. The use of various chemical agents in the nickel plating process introduces

30 phosphorus in the final layer which can adversely affect its magnetic saturation (see,
e.g. Wolfgang Riedel, "Electroless Nickel Plating," ASM International, Finishing



5 planar bottom conductor pieces, then connecting the bottom
conductor pieces with an upper curved conductor forned by

el ectropl ati ng conductor pieces on a suppofting convex surface. The
bel | - shaped convex surface is fornmed by curing a positive

phot or esi st or pgiiRahdr% rdepasiiRdiddd g, 18£4aH9ul ar mesa formation. The
defornmed photoresist support core is then stripped away, |eaving a

conpl et ed coi | [0if1 h Af cai belBer Grom tHEhabolvaciysionsnther aof saviead lmegtibrseshd
to interconnect: ections of.the cai dramatical |y i.ncreases the
coi|l resist ancael,sav%%%eg% ﬁ%ﬁo&ﬁ%?ﬁ?ﬁy Fyres gﬁ@%‘ﬁ?‘ist%? gaRpegummarized

i njected and, idtenefswre, limts the maxi mum nmagnetic flux density.

[017] M Babric, J. J. Mock, A P. Gay and S. Schultz ("Scanning
probe el ect r otedhefineensigpeoiihs fabrisglins prdyes limided maerptic figld)grad®@Giand, in

1897-1899) des&%&gm{‘ggqm&%ﬂﬁ elh‘g@c}r. n of a sol enoidal 3D
u er

m cromagneti c mani ator I'na 25 mcron copper wire i s wound
around a 50 ni @} The disipme tierbasiodlty Sorlgh ewicvarkibds of BR@rdsesit &és{%ﬁs and, as such,
solenoid was used to ﬁani 1ul ate mcro-magnetic particles. The

per f or mance of CSHEAFORPLFa{eH {2bEEALGR Pragessesi t ed bot h by the nunber of
turns that ca r . I o} the feasibjlit
of integrati ‘ng B?E%M%E%F%‘gg élbg%t%dg% g’% ﬁg%%%&%%cc{re%gggrl%g rPéﬁ%egs. 5 Tpﬁ%k’f restilt
More recertd y,in Nenetvkee surfates,alwhichUis 8. difdvaitge Noherb s@Q6qudd0 process steps are
fabricated a toroi.dal-shape inductor on a printed circuit board

(PCB) corrposecfe%wefl\/\o dielectric |ayers sandw ching a ferromagnetic

layer. A toroi@alNoheWIUWROIpG& drt nsthbed SR dblMo REssiiAY geﬁ&%%ﬁgﬂ;ﬂ%ﬁkﬁéﬁad
t hrough both dielectric ]Iq'%éers by neans of vias, sO that the 2
ferromagnet i c FaBs YerbWis Rlnarset arfpestdompedile wifrthenintegrativd of additional

secondary coi 'c&cﬁ%aﬁdéﬁz&q&&é%@maﬁgcﬁpi s way. The nature of the
ufty ade, .

PCB may not permt Ice to operate*at high current densities.
An additi dfal problemarises fromthe fact that the ferronmagnetic

material formng the core is nrj I i by

el ectroplating or -el ectrol ess@m%g%ﬁh@m%ﬁgyi ous chem cal
agents in the [080kelThpl bt st9e@0IARE Snventisd BURES 03 Re BH%?BHQLEJH%I‘ %’énérgﬁlg,
final layer which can adversely affect its nagnetic saturation {see,

e.g. Wl f gang REPHEINS apf cforpis swpenptiok Beldp) megnsgc Hepspradients and magnetic
I nt er nati onal grEisni shi ng

20 [021] A second object of the present invention is to provide an apparatus for
trapping, transporting, concenfrating, mixing and sensing small magnetic particles.

[022] A third object of the present invention is to provide an apparatus for in-vivo
nuclear-magnetic-resonance (NMR) ﬁ:icrospectroscopy analysis of small volume
samples.

25 [023]" A fourth object' of the present invention is fo provide an apparatus for
magnetically actuating a micro-mirror, which is 2 small flexible membrane reflectively
coated on at least one of its'sides.

[024] A fifth object of the present invention is to provide an apparatus for actuating
a variety of micro-electromagnetic systems (MEMS), such as switches, fluidic valves
30  and micro-motors.

[025] A sixth object of the present invention is to provide an apparatus for the



7 Publications Ltd., England, 1989, pp. 104-106. [019] As can be
seen fromthe above citations, there are several |imtations and
di sadvantages to be found in prior art stguctures and nethods which
can be.summarized as follows: 5 (1) The di nensions of the
fabrications praagubeioh bifeh8guilRERE wisoHudids@iadi ents and, in
consequence, |imted magnetic forces. (2) The designs are basically
scal ed down vEP8i oné sveniebisd @b Piarresestiinyrtiom to provisla oligro-maggetiordevices
conplicated f i cati o r e The .nro ne_associated with
the conplicat g%{ cfgg iﬂgengsegng&g‘rigc%is%&g %?osge%tﬁgooqu %gfffet ml‘ir@'ciowp%egt\feﬁn 2
surfaces, whi sibsirstea di sadvant age when subsequent process steps are
required: (4) ‘ﬁ& e of the prior art nethods are able to efficiently
generate hi ghl gnet‘é‘i’l@lghlt}éPBe"tg?fg%ﬁ IEAREEE BV BHGD i to reyiderparipgustpr that can be
L

surfaces comaitibh et Ninkdeard | li {@* cj r.euitry and
conponents on thg s%éerréé chip. f@gﬁ%@?xﬁ&@ﬁéﬁjﬁ@w GG The
first object BR8] hi 4 rimbebfdcoof ths prgefirionentien Bno ?fdﬁrﬂieaiﬂttﬁlcﬁ Sfparatus in the
generati ng, Fani u{ ating and focusi ng_nmagnetic tields, magnetic
field gradi ent%™dhd t9-goils g aays oS B @peP-oallsecond obj ect of the
present invenfghon i & LRPEHRN: G rs y anpi PR
transporting, f;O::)gﬂcent rati ntg, m?xﬁa?egﬁ% lgiér@?gngsr ?n%llrol%ar%asg%eﬁ%o coils and
particl esl0 [@2pp ofsuchimkicroedjlewherin thhmapeatie entpeitiey e tehlmicédshit e addition
provi de an apparatus for in-vivo nuclear.-magnetic-resonance (N\42)
nni cr ospect ro@fg%ﬁﬁm%}q%ﬁlémé’ﬁ%ﬁgﬂmmﬁﬁés Fes. 25 [023] A
fourth obj ectjogd] t hanpicesBtobiddy @R tleOftedcdt hReRicBVik 46 pﬁiﬁeﬁpapaésgg[tnuﬁyr 08
magnetically actuating a mcro-mrror, which is a small flexible

menbr ane r ef |1§E95q)-9@45ywherem field strengths and gradients can be enhanced, manipulated and

controlled by a tuned current.

15 [031] A twelfth object of the present invention is to provide a method of fabricating
such micro-coils énd arrays of micro-coils that permits integration with other circuitry
and components.

[032] A thirteenth object of the present invention is to provide a method of
fabricating such micro-coils on or in a Si substrate, the high thermal conductivity of

20 such a substrate providing a particularly effective heat dissipation and removal
mechanism.

[033]  The objects of the present invention will be achieved by the formation of
planar micro-coils and arrays of such coils; that are formed on or embedded in either a
silicon or a dielectric polymeric substrate and are formed of conductors having a cross-

25  sectional shape with large area and high thickness-to-width aspect ratio (fypically 10/3,
but 9/3, 11/3 or any aspect ratio greater than 3/1 is also acceptable), i.e., characterized
by a thickness (vertical dimension) that is substantially larger than a width (horizontal
dimension). The micro-coils so formed typically comprise two components, (1) 2 planar
micro-coil formed of Cu electroplated onto or into a Si or polymeric substrate; and (2) 2

30  structure serving the purpose of a ﬂux~coﬁcentrating magnetic core, the structure being
a ferromagnetic pillar, formed by electroless plating of a highly permeable



coated on at |east one of its sides. [024] A fifth object of the
present invention is to provide an apparatus for actuating a variety
of mcro-electromagnetic systens (NIEMS), such as switches, fluidic
valves 30 and micro-notors. [025] A sixth object of the present

For rof | i ds. ontSoRAER G e A CEa R N LOBa RSB R b el pm g gorer

present invent q@fuck 6f e d@ﬂpﬁﬁﬁ%ﬂlaﬂ&@f@y pRegRnet feldiey flagscontduitingpuldxdmilar
used for the mcro-sel f-assenbly of diverse m_crao-conmponen

on.a..

substrate. 5 [®2%pt plavesd BhIHREBHicEOres dh MAGEOSHINS 6xls [t Ierg P%fiwi%ﬂbf’@mems
provide an ind r : I i_@?ﬁ&r [s[NRIE Frie QMiSrof B NEBa,
of RF and BF c%ﬁ(r%"?ﬁéﬁllnc%% %%Q%aggﬁllc? ??él!’% A%ﬁt ﬁéd(’l)k%ﬂﬁg}:ﬁ? of tr?e
present i nvent thereby,sproddmgdndreldedinberetic Aua ploanrat It rotedttha the Bligpnehbstrate
pl anar micro-coils ang arrays of ch mcro-coils..[029] A tenth .. .
obj ect of the Eraé’s%’ﬁ?ﬂ?%z@ﬁ ﬁ%al?i%ﬂrg‘ebr%% the %W%ﬁ%?’%‘?rc‘@?ll °p fiflectric
10 arrays of s } 6dRngbd SueMiRr Sichn {RC.ARBACTHE GilRbPRAT bd &ilApRnarized,
enhanced by thg&ggﬁi)%i on gof feerronag%et ic pill ars or ferromag%gt i C
pillars and pl atabling pOGEPnarpredessmn tchbolsimicd ot cfffrienty eod rAllowingetiditipnal
IS to provide a desit% f.or cro-coi.fs wherein field strengths

sugh..m
and gradi ents CEHHE H%tﬁgéﬁgwﬁtﬁgl}‘eﬂﬂ]lcﬁ"éodsand controll ed by a tuned
current. 1f [ Ofgly A truehlitl-Bhi e6d thef athgs RUEBE Mrmbed ¥e Adco@Nwits atmRmber of
provi de a nethod of fabricating such micro-coils and arrays of
m cro-coils thenefemse rimbodimanésy altaf srhopw eoil Srames oy b lpgsified agpither meander
conponents. [0 i 0hj h r tord ks bSnd
provi de a mnet h@élf%@" %%%ggc%%ﬁgﬁsggsﬁ%tt n%mgfcgreogé%ldﬁée&gns% &?%e%ﬂ@s? ) or
substrate, thespiaylbdewitakhecarioksaioil whdpgs,ghch @fbclindnt & Awohtmacttwzed by the

providing a partleulat! dr & 5" imsds He8 ny OBl ' RRa0Rube TR elow. The

15  different geometries result in different performance characteristics and, therefore, make

the various embodiments suitable for a diversity of operations. Specifically, the
embodiments can be categorized as follows:
(A) planar micro-coils (spiral or meander) formed on or embedded within a silicon
substrate, with or without ferromagnetic pillars;
20 (B) planar micro-coils (spiral or meander) embedded in dielectric polymer, with or
without ferromagnetic pillars; and
(C) planar micro-coils (spiral or meander) formed on or embedded within 2 silicon
substrate, with magnetic pillars raised a substantial distance (compared to (A) and (B))
above and through the silicon and additional backside plates that contact the pillars to
25  form substantially closed magnetic circuits.
[035] As noted, the micro-coil cross-sections in the examples to be described will
generally have an aspect ratio (ﬂ:iclmess/wi&ﬂl) of 10/3, although other high aspect
ratios (“high” meaning greater thani 3/1) such as 9/3 or 11/3 will meet the objects of the
invention. These embodiments are achieved by a fabrication method based on
30  electroplating and chemical mechanical polishing (CMP). The choice of aspect ratio
values may ultimately depend upon the technology being imﬁlemented. The miniature



[ 033] The objects of the present invention will be achieved by the

formati ony@f 200918 00@ar mMcro-coils and arrays of such cqidisg2bddRbordy €
formed on or enbedded in either a silicqgp or a dielectric polyneric

substrate and are forned of conductors having a cross 25 sectl onal

shape vvlthl hi hthl sstovvl S

(typically 10F Oma%li?% é’?‘@“ f% Iﬁgﬁe%lf’ycr&?og %r &tllﬁgnm'f/& le
i s al so accepha@le8s materials, and g a@oatddﬁsﬂlg elbkttr@leis@lﬁtﬁi@,ﬁ&“ﬁe (ratﬁnluﬁ fabatation
di mension) that is substantially |larger than a w dt ri zaont al

di mensi on) . TREhAdCTBL kegieraibsd moas WY belppie Belcpnte w%‘ sqrigons of each of
conponents, (nq_fép?e eﬁ%ﬂ{bodﬂl to-coil fornmed of Cu electroplated onto
or into a Si or*polyneric su strate and (2) a 30 structure serving

t he purpose o[tna] f | Tie mivneevits @t bagrrargh &t sedecarays orpaa@erlram:stsumh arrays
being a ferromagnetjc pill

f d | t | |
hi ghl'y pernme Oé"uEgacb%ﬁhP 3%@%@%; - O 3 T”gm%ﬂl&fg] tsg]{:urf;a{
limted to thgf p frot n%ﬁcln P?Ieblr or @5,'; a ﬁ@IchBﬂ&%terﬁngtf&?e &R1thr tohecores of

pillar thereby I'ux) concentrating role simlar
to that pl ayeﬂa@yscnmgmeﬂs,(amcpham atmhm]acatmsoﬁplagnatmﬂéd mlaﬁﬂ@mf@a@fmxcme

nbodi ment | b tic bac t th
backsi de of (HE. et Bl TEScRreRe PR BLY ISR By BT tporiier Satay o teep

magnet i ¢ g UxndREE betentidl vwellsah 8¢ gk, ThemSdrd-t6l st thabgndts RNs
excel l ent heat-Sink and, further, that the diel ectrl C pol%rrer can

of fer di el ectuecessanyitp peagnsfizadhamesnsas meicsnl Praingithe plAT 2nf beeryse thenare
the silicon ca I n i
to. be carri oot T eleehpR WA oY LS, BECMILANE, RicREERS, B9
be i nt egr at ednsgrstic lihes ofi fhrxowitlobd mncél:&a{e@ﬂﬁ]mgﬂﬁem Hemeecibe Insegaetn field at
their arrays will be formed in. cod nber . of ref er

enbodi nent s, tﬁﬂ? hOCE’JiFO gpﬂlg{ e%?f&] 4 ce%r#\@? at that
meander  {5-OVgkRg +iNGRAR @gataare@aa@e e ﬂmmebﬁpﬂy aﬂae PRofdin Gﬁjtsﬁﬂﬂ o
repetitive mann spiral. Along with the various coil shape

each enbodi mehe %ﬂlﬁig{]@% aKisFmeriential é’éPubI;‘? eﬁth@Sh%%@thFWeldWeo‘fmi"% of the
coi |l arrays %gmbm%ﬁdnmdv dgé g&&%& i e Srd ks 36 @kt RE ©We oTB®md Br the

different ge tries result 1n erent " perfornmance characteristics
and, t her ef ormagnetik dicld brn vashifed fenbpeliinerncintsan thetdesice srrfege by properly

diversity of aper ﬁigag cun"ggte]ﬁl fel a%%lj,rl y, the
20
BRIEF DESCRIPTION OF THE DRAWINGS
[037] The objects, features and advantages of the present invention are understood
within the context of the Description of the Preferred Embodiments, as set forth below.
The Description of the Preferred Embodiments is understood within the context of the
25  accompanying figures, wherein:
[038]  Figures la-j are schematic illustrations of meander and spiral shaped coils and
arrays of such coils corresponding to different embodiments of the invention.
[039]  Fig. 2 is a schematic illustration of simulated magnetic field lines surrounding
loops of comductors haviﬁg cross-sections characterized by different aspect ratios,
30 including the 10/3 aspect ratio that is particularly appropriate for the present invention.

[040] Figures 3a-j are schematic illustrations of the processing steps required to



enbodi nents can be categorized as follows: (A) planar mcro-coils
(spiral or meander) fornmed on or enbedded within a silicon
substrate, with or without ferronmagnetic plilllars; 20 (B) planar
mcro-coils (spiral or nmeander) enbedded i'nh dielectric polymer, with
or wthout fe netic lars; and (C) planar mcro-coils (spiral

[ 1 OIMA

or meander) foffed" TGPot %I%‘&FD{I\HVFH_ %a silicon substrate, wth
magnetic pill a[(ﬁuLal sed 42 iS4 bgHepntit berfiaa lRNERy 6£QIREIAudre sfi) niddtd coil,
(B)) above and through the silicon and additional backside plates
that contact t#wvsng thabendias pas apdleaisthivsgiawhich Puyeng isdaiseiedragnet i c
circuits. [035 not ed, . t 1.G1o-coil .cr - L.ONS. -

exanples to beioégicri%% ﬁﬁ%%hé%%%ecfogsf'ﬁ?uﬁﬁa@%%gﬁ% g%%%%tOfF g’f) J:Eu{)iﬁgpad.

(thi ckness/5m dfoap] of Fihdted Saah 19 ugHes OF Belembti@Prodsp e®bs udedtin Gamingd gtto-
meani ng greater than 3/1) such as 9/3 or 11/3 wil] neet the_objects

of the i nvent¢@handmrblaavifynsariverrs laypelopasd @ved Bystats AnTupaiEty Bisned to
net hod based o | i chem cal nechani cal polishing
(CAP). The cho]:iig%%(r) e?ﬁo&é@{&hggﬂa{&% Sﬂg‘gﬁl‘ues may ultimately depend upon

t he technol ogy[ode] ng Figuek 6a%hed thelfoemationiofik ttiero M6l 2005 gh?2 594, but without
PCT/ SG2005/ 000184 10 ferromagnetic pillars are forned of ternary

al l oy Ni CoP orbgipEratineght pillgler meabl e  magnetic materials and are
deposi ted ypi ngys| ec 5510 atd Ng. WoTTENN =Tl o Wat-" Sy Mo s NEPN (51N
will be deltsﬂzri@egj Tors eu'??}%@%%%i"ﬁt Pk srihe b %’M"'@gesc? i pti%ﬂgﬂ
of each of thaaddreekeiated enbodi nents. 5 [036] The micro-coils can be

arranged in sefli arrays.or parallel arrays, such.arrays |1 awi ng. .
adj ustrent of WAE nabitat PROVY BIHERSE SGraat aips O R pgned 6n 6t in 2
i njected curr efbstratd 1Be Iniré-QHMANRL Wsed@td dnddeSnicidoethoBbiytodeceptor sites on the
field-concentrating role simlar to the cores of mnacroscopic cqils,
are placed at fuheTateahiviich sitesnihgnars Eapned) far sebeprsnibperagaept Aileyes fo the
coil. As agesyhlysbhe magnetic field is focused at these specific

| ocations and steep 10 magnetic potential wells can be created. The

m cro-coils generate the magnetic fields

DESCRIPTION OF TEE PREFERRED EMBODIMENTS

[047] . The present invention, in each of its embodiments, provides a method of
fabricating micro-coils and arrays of micro-coils in and on silicon substrates and

20  embedded within dielecttic polymer layers formed on the substrates (and the coils and
arrays so fabricated), with and without flux-concentrating magnetic pillars and back-
plates. These micro-coils and their arrays produce magnetic fields of large magnitude on

the order of 0.1 T and large gradients on the order of 10° T/m and are, therefore, suited

for a wide range of applications that require the exertion of strong magnetic forces at

25  small distances. In this sense, the micro-coils are micro-electromagnets. In addition, the
| micro-coils are micro-inductors and micro-receivers and micro-fransmitters of
electromagnetic energy. The descriptions given below will first describe the geometric
designs of the embodiments, with reference to Figures 1a-j and Fig. 2. A second section

will then describe the method of fabrication of the embodiments, with reference to

30  Figures 3a-j, Figures 4a &b, Figures 5a-0, Figures 6a-g and Figures 7a-1.



necessary to magnetize the magnetic material forming the pillars and,
because they are paths of |ow reluctance (highly perneable), once
the pillars are nmagnetized, the magnetic.Jines of flux wll be
concentrated through them Hence, the magnetic field at - the | ocation
of the pillar wll. be ?f gr.eat ast _nagni tyde and the magnetic gradi ent
at that 15 lo ORI AL ICAUCER @ PEERS AUE L EREEShe f| ux di mi ni shes
rapidly in thgo4ggi OrheOsHiISEGBNOo Heh@sdkdeh Helowl BdSall adwheRpedRelyeduptad to
wel |l is established in the imediate vicinity of the pillar. An

addi ti onal advesftiagdhopiesteal Hy inneatian, hys alse 1o heipoted dhat sad dopise may be
of the nmagnet.] ' | r | i .

devi ce surfacéh§¥£%§%%er?anﬁgﬁﬁﬁ%ﬁﬁ?ﬁ%w%%g&%ggé %ﬁcfﬁmfﬁ%f§¥%§§ﬁ1 ta

BRI EF DESCRI PEbficfdd bhbiEpIRRAW DS i} Tdsutkhd thehpapatti cifcefat ur es and
advant ages of the present invention are understood wthin the

context of thd4¥scrRgferaaist togis o (eqibMilb dhotsis Sk vHohs @hasg gnegader fipe opil
bel . Th hL ] : | |
wthin the cotPait SRyl HenffeE T 16 b ERRE e NoRalch:UBREPLORE tree

Figures |la | andiviickieots isdodped batkrat ifonistoafeatvmasadesrof pach!islrdiaatnt shainethr
coils and arraélra of such cails corresglondi.n to differen

t. . .
enbodi ment's offCFREN Hireta BhCh Heseiagt dows i Begagiog i i relatively opposiie)
i1lustratihgn Ofiresfidid! ahefryBgnat libitd€lhfmbdN@Scoil ldrauRdiyhd is baeR:t by
conductors having cross-seCtions characterized by different aspect
ratios, 30 i mictritialycorectihg/i®: indivelel eodls imseripni-ci dirgralytconnsctng gue coil to
appropriate f t he, present invwentian, .J04Q]. F gures | i s
schematic ill 3@‘? Pgﬁ?’oaﬁsls © ?aﬁ%\fcﬁfr%gce}’sg?dﬁgmﬁ%é r'eql]illcgg-aé tcﬁge%imftbé? r%ml
a mcro-coil cbnfifigathesont inny@#ivieBN .oppdiitd] difectpns4t iadjasers Cérdinaegraents,
overhead drawi ng of. a single square spiral mcro-coil, how th
bondi ng pads gﬁ@rﬂ@a&swﬁraaw%ﬁi%w FRFTE OPENTTH PERAEEHS ff‘é”&%%ﬂmj?ﬂe)
4b is a sghenyfriice £hARS: FRLLLANRA! F RGN dibthtikh 8L separReNHoRY oA ofthe
[0431 Figures S5a-miS a series of schematic process Steps used in
form ng a m criglds produced by each segment. This coil design is particularly well suited to the

manipulation and characterization of micro and nano sized objects. Not only does the
design offer the well defined, strong and localized magnetic forces that are effective in
trapping small magnetic particles, but it is well suited for integration with other micro-
20  electronic circuitry for the construction of compact, self-contained microanalysis
systems. Outer bonding pads, (15) both connect the coils and ailow external
connections to the coils. Certain of the figures will indicate two types of bonding pads,
larger outer bonding pads (15) which are connected to the outermost ends of the micro-
coil and used to make comnections to other devices and circuitry and smaller inner
25  bonding pads (18) that are connected to ends of a micro-coil that are within the
periphery of the micro-coil. inner bonding pads are typi_cally connected to outer bonding
pads by means of bridging leads (17), which needn't be formed of the same conductor
material as the micro-coils themselves, ,
[050] Referring next to Fig. 1b (coil M2), there is shown an interdigitated form of
30  the meander coils of Fig. la. In this device, two meander micro-coils (1) and (2) are

placed so that the coil segments of one coil are interwoven with those of another coil.



coil and pillar within a polynmeric layer formed on a Si substrate. A
substrate thinned to nenbrane proportions is also shown. [044]

Fi gures 6a-g show the formation of a mcrao-coil as in figures 5a-o,
but without the fornmation of a pillar. ya) [0451 Figures. 7a-1is a

series of sche%tic_qsteps used in formng a mcro-coil, pillar and
back- pl ate. [ 048F TEFGcods evrmiher dechisriy Fennpepd adepvaiclbhinggontact with each

mcro-coil S Pobiki. ¥AEK ndtkoRbil s AtertS EANAy shilRd The bBadhP blaBed RURY witt
used to gul de m cro-corrponents _tO receptor sites on the s strat at
whi ch sites théy namewtlpep peehefmicrosenisiitiue withipgherandenooafdfithd athertraictohmil

15 substrate. %VCIRJ Tl OF TEE.PREFERRED ENMBODI MENTS [ 0471 The
present invention, cl'geréﬁgél%egfnﬁuf dires W%%Wﬁo‘iﬂsc?ﬁl\g%@ AHe PRRRPOFHe but
fabricating nm teaweuhent@net BEdRNEnObf Bick bk VikBrehivARd PMheSinhéfeod feld
substrates and 20 enbedded within dielectric polyner |ayers forned

on the subst r at@sbq easdlyireerdien by vaminedhe apenisefanior deatign of e pireents or
W t hout flux-c | ReL ' I Ik ars. and .back- ates. These

m cro-coils an((gjvéﬁ ﬁﬁe%?‘;&aaé riag%/s pr ggggg%ha%‘%e N ?@%&%%Eﬂa}r%?r %‘8 properties of
magni tude on ireo-osidl 41 bt Bakk ifpaatichldigsgitably RE kA1 farBEle tBSHiAY SRandiysis.
103 T/ m and arﬁ, therefore, suited for a w de range of applications
that require tHe&ee ERdpEL Sy lioanerteray sermeetions e ks mieroxnils ng) |

di stances.ig n #{Bis SRLPGE; CL Q=R - ' - ghept t

i addi 1o dEYF o RpeRinepS REbAeY(hen ST al £ oD A0S o
and m cr o-t r aneedndeetype oficro-ebids; tachrimging tmagnetivaniys (shinen desrfifyped sridots™)

gi ven below wi |l fir descri be the tric desi sofg;t&{]e
enbodi nent s, V\]no?aﬁei 5? i?o@n%eé‘tef%elﬁ%ﬁgﬁggeﬁoqs}smaﬂﬁ SRy regen 2§ shapRd loops
section Wl fohes deigehibget keaBrRQdio8hs vallkl aadrb@hil 014t BSisists of small
enbodi nents, with reference to 30 Figures 3a j, Figures 4a 8:b, )
Fi gures 5a-o, PPYeriesyelese dralariopns &med withingareepmemdrng loppsoFaghtiow in
M cr o- Coi I15Desh@fs ANHPLRRes bir @E-loc%)g%g& éh-g%ﬁfcfoét!ucﬁ?esé&?ﬁnstl%t Rvs, through
di scussed bel ow are all advant ageously adapted to
which the current flows in opposite directions as in M1. A ferromagnetic pillar (19) of
NiCoP of high relative magnetic permeability, y;, is positioned at the center of each
loop and shown schematically as a "dot". In this configuration, the magnetic feld
intensity and gradient are equally focused at the tip of each pillar, resulting in islands of
20  high magnetic field and gradient being uniformly distributed over the micro-coil
surface.
[052] Micro-coil M4 is constructed as an array of substantially circular Ioops joined
to each other. Each row of the configuration conmsists of Ni, loops and the entire
structure coptains Ng rows, through which the current flows in opposite (aliernating)
25  directions. Similarly to micro-coil M3, a ferromagnetic pillar (19) of NiCoP, or other
material of high relative magnetic permeability, p;, is positioned at the center of each -
loop. In this configuration, the magnetic field intensity and gradient are equally focused
at the tip of each pillar, resulting in islands of high magnetic field and gradient being
uniformly distributed over the micro-coil surface. The essential difference between
30  micro-coils M3 and M4 is that the circular shape of the loop surrounding the pillar in

coil M4 produces a larger overall magnetization of the pillar, Outer bonding pads (15)



nmeeting the objects of the invention. It is also to be noted that
each design may be inplenented with or without a flux concentrating
magnetic pillar and wwth or without a 5 _ connected back-plate for
i ncreasing closure of the magnetic ci rcuitt. [049] Referring first to
Fig. la (coil M), there is shown a 3-phase neander type coil (1),
(2) and (3), dlovesxteaHerrascians 9 fiemirg-@dsi gn t he conductor in each

of the three I Kis gn r

series of par%F?fejl a%iﬂzhgse%%}hc%ﬁ uc'!ta%%ﬁ%sjgg%n ?%E%uégtﬁec&ﬁ? %%?%‘genﬁon’
current fl owsinb]mdiag; fr a;mtdpﬁ]@ tappieg smalhpartdledt énd@ugdmgdhes it¢vegrdslfBe positions
di rections. arr n_ ar rary . nunber_of ¢ Of this ty IS
Construct ed b3F L8 BEI FEARt BRI TR Py G 50 g e sl
series (i.g., %a%a@s%hyb&faaﬂ@%dama%ﬁme%é pds@ionk 38 tH3& M Ars wﬁ&eltﬁeytdas be
case for the coils inthis figure. Since the current in this coil
configurati onanfalmvdsaadwr@l atively opp05| te di rectl ons in adjacent

coi |l segnent ccording to A ere e z- onent onent.
or t hogonal om§11£ ﬁ@tﬁﬁj Ble%ltntg o? ?‘%\é\ig We’? » 8 ff“aeﬁn&@ﬁ 9'?06151
the summati ongOind &€ IERANRFCcAIGERAR §RtaS +RE chile coﬁde@de&i sleRtes o deriy
each segnent. This coil design is particularly well suited to the

mani pul at i on @ddavingrisceresgngiae pllarsdil Nrat dredy cmt#rm&q&l Si aetiSDHpgusist ef three
Not only es_t he off defin
| ocal i ze nagtﬁlectr?"%mgbﬁé 39) 5?’2“ e’i\é&ec Ve lbumetnr%%{ﬁ%ﬁgS% COPIF can be so

nmagneti ¢ par tdoph&sed. Thé mickber @f vadlslso sorreateld fctd tht pigkadd e cmtehhaiit heases
mcro 20 electronjic circui trxﬁafor the construction. of conp

sel f - cont ai ne8TwEk PRy degihasq differpaces @ﬂ"é\heﬁ’ilﬂ%?tﬁgﬁ%ﬂée n%af‘liaulaé‘?ﬁit%d

connect the %'Ha§e ARGt !)Pﬁﬁ’a:@ﬁ:ﬁfﬁ@&shﬁ%‘ﬁ&ﬁidnoﬂ%ﬁ%}eﬁda%e&&bﬁ 81 and S2 is
Certain of the figures, wll indicate two types of bonding pads,

| ar ger out er tb@n@ﬁnyuphm@@) ofnfi e avlbstavtrlite ciredart gheteas e of are
ends of t conppnect. Q_of

and ci rcufl]jter ymgnamarﬁrgs uar | nne dsﬁqubg%gac 4 (%ad %g}ss ‘% Q%e 95‘\5;&%3
connected to Iﬁﬁd&ndftheacumeﬂrﬁmmng ﬂmﬂghtthaaamymﬁ be progfaﬁme;jeas t’qah'ébymagﬁeuc
the mcro-co er are t cted to outer
bondi ng padsﬁ%‘% n'?rfglbfﬁ?a%ﬁ’fj? 8’8?9‘? P ls\ibﬁ?iﬁ W Eepehe cro-coils
formed of theoSiR GORIHE baticlel BB plate t@spléclaeBHﬂhCSIOaI@CEj SrelpARIVERHY 6511

[050] Referring next to Fig. Ib (coil M there is shown an
i nterdi git at ediiedfniragping small particles around e deep potential wells at the ferromagnetic

(J

20 pillars and thea transporting the trapped particles (linear fransport) from one spiral
micro-coil to another by programming the current in the coils. Electrical connections to
these micro-coils are made at outer bonding pads (15) which are connected by leads
(16) to outer ends of the coil. Inner bonding pads (18) are connected to outer bonding
pads by bridging leads (17).

25 [055] Refeming next to Fig. 1g, there is shown micro-coil 83, which consists of two
circular, independent, spirally wound micro-coils (1) and (2) that have a centrally
poéitioned ferromagnetic pillar (19). One of the two micro-coils (the inner coil) is
smaller than the other and is centrally positioned within the inper circnlar periphery of
the larger micro-coil (the outer micro-coil). By alternatively switching the currents in

30  each of the two coils, so that the current is ON in one micro-coil and OFF in the other
and vice versa, different magnetic field magnitudes can be obtained at the pillar. This



30 the nmeander coils of Fig. la. In this device, two nmeander
mcro-coils (1) and (2) are placed so that the coil segnments of one
coil are interwoven with those of another .coil. 13 The mcro-coils
are neither electrically connected nor phySically in contact with

each other. Each cro-coil has .alterpating narrow aced, and

widel y spaced zraa% o GiER 1% R CRAOW S0 JFRGHBOH BHObBaeler ety by

within the w dg %’fhe'fcﬁ@er% Rehe K& aﬂd(ﬁﬁ!ef coil@MBbrMirEeaM el 1SRallobNextemal
current dlrectlons inthe two | oops can be the sane or opp05|te but

5 the two cur reonnectigne t¢ ﬁbmp@&ﬁdéiﬂdgmg Ieadh fomhester Peding pads (4} e datesior
the magnetic f r a BB?

and/ or di rectlﬂo‘r?]:ldlg:'lg 1%"‘% rre gv‘yﬂoar%e(lil v%ﬁq?aeghﬁgﬁné&%%ngug en {?)![%1;{1!&9(:011
.zero. This3sm Cdnﬁsﬁﬁlshoﬂ@&g @g).shares the properties of micro-coil M

t hat make it partl cularly suitable for small particle trapping and

anal ysis. Outl8P0lhonRelsgingagst tp Fig 1h theR iesbowp miFosH et Aol i Fhghdwo
i -coi | |

(coi | ).t nardeantnt Sl RN Shhal Sl ERD, 20 (EPpe MBER il et

magnetic pill amses(lsdm\paralﬁblab leachi @higrds aamatheoisilr to the dttewdigihtel apipro-coil

centers. M crq-coi consists of _small rectan S d.lo
formed within Y&r Jéﬁ" IRCiE RRS C%Bﬁéefkﬂfﬁtffllés%aégﬁ) %é?ﬁgwa&m%f@%‘fﬂﬂ
smal | subgt angd @ﬁ Yy 3%9 8P0r Gl RAboliRAP: Swﬁé}_r B GubAch b3 ﬂaﬁae@ 'éltematwely

meandering | oops. Each row in 15 mcro-coil M consists of | oops
and the entir &etveacthartwocipielsi s vaaluﬂwém@wm&@ﬁﬁt@hﬁ@ﬁ@%mer@lﬁed

fl '
N GoP of i gh PEIE0L vEs RRORETE et piEle ARGy Bemsleghlibhoflo

center of eachhe@p-caitdl shown schemat i caIIy as a "dot ". In this

configurati on the magnetic field, intensity and %ﬁgﬁ%' ent are e yal Ig
focused at thd%%Tlp oRSTeEE W57t fuFis Lasthfeinghewe £ % sgri-spireh, i,
magneti ¢ fiisel d,apel GEAGN 6P5n BELNGE ygenf &i{cﬂiai/ c&icﬁ&t'fﬂcbéé?% 119\ ldebbRing radii,
mcro-coil surface. [052] M cro-coil is constru d as an array

of substant i aldoynestedom] paralicloaipendjady ﬁerdctefi erndactirg segrents Hakepntastvbgfends of
t he confi gurat r

contains NRro dlg ralrglﬁr ougﬁ%w@l I c%?%ﬁg% G%P‘?gg{a} Iti%e %%k?léfgtp%%scigﬁgygﬁﬂm aray:
(al ternating) This configuration provides a current gradient through the separate micro-coil segments

due to their decreasing total length and resistance, together with the field gradient
20  provided by the pillar. Thus, there is an enhancement of the field gradient as compared
to micro-coil designs in which the current is substantially constant throngh the micro-
coil element. .
[058] Referring next to Fig. 1j, there is shown micro-coil S6 an array of three semi-
spiral micro-coils, Iabeled (1), (2) and (3) at their bonding pads, of type S5, each semi-
25  spiral being concentric with the others and with a centrally positioned ferromagnetic
pillar and each semi-spiral having an independent current injected therein. The figure
shows these three independent semi-coils (3 phases) wound about a common central
axis and pillar (19). This coil cbnﬁguration, within its general applicability, -is
particularly well suited to radially transporting trapped particles towards the central
30 pillar location. As noted above, the varying circumferential lengths of the micro-coils

result in the inner micro-coils having smaller resistance than the outer coils and,



25 directions. Simlarly to mcro-coil M3, a ferromagnetic.pillar
(19) of N CoP, or other material of high relative nagnetic
perneability, r, is positioned at the cenger of each loop. In this
configuration, the magnetic field intensity and gradi ent are equally

focused at the ti f.each pillar., resulti in.jsl s of hi o
manet ¢ 1 el Geserty Radelits Barend Tr A BGR bk Sededf i Boed et » i
m cro-coi | subémesl aslhendssentredlin didk tel ernd@oketyarn B dNokin) fBiibsship
M8 and M4 is r%hat the circul ar shape of the | oop surrounding the
pillar in coPPldf produces a l|arger overal|l magnetization of the
pillar. Quter bonding pads (15). 14 allow external connections to the
mcro-coils. [053] Both M3 and M4 ar.e effective in neeting all the

obj ects of_the invention, includjng,,for exanple, trapping small
particles And gui di ng them t owar ds the“positions of high field
gradient at the magnetic pillars. Thus, if the coils are so used, the
smal | 5 parti glsop Wrhé rliGolc8est5Al g with QERANLNS MES! 1ali0RS Wil sultéi
pillars where they can be analyzed as desired. [054] ﬁeferjrl ng next
to Figures. | &raiseinthe HewimgiimpstiminppliceSpe eters of scienné end tecbndlegy: Suid

and S2. These_mi.cro-coils are both spiral type coj connect ed .

electrically Pﬁ%@r@%’sﬂeﬁcﬁﬂs%%uﬂa#éﬁﬁﬁ%S%ﬁ@ @#‘f‘f pa?“écrf"_f@'fm’é?t RF coils
their cent er sandB@hiutiGh. MiethsSRiiePAThShiRl-véiime fcaldisHoE fidiris Ak ksfnuplé 49 at the
(2) and (3), connected in series, but any nunber of such coils can be

so connet{ edMATRE O Bl fALCETY smalh dipenskes.cte feyedlis numbepphs dugd is
the current as.i r i i .

b ow 1t he. ragabi; SRRSER 4 BUERE 86 bebfbice oL, BIBREH, M BLEMIRG 0o
maxi mum fi el dngthinfetferenwitio ®hd¢h other Andditefmixénpce! Hetl wrennSdoanabtSRcirsto an

that the spiral windings of Si .ar ubstantially.ciycular, ereas .
t hose of S2 a?pé’rT%a%geuﬁg? ntFa PR S@?ﬁ?ﬂﬁlg .ca}f\s'?/gtl; ?ﬂﬂ%’édﬁﬁﬁ%t he micE-gpil
gradient is feifipradbng dtSerived aBbveefdd a @iodl Aferratick fol@nig WhikRBbyl the Wk 6f
t hrough t array can be programmed so that the magnetic field_can

be shiftetP frBRibREEGP PoTiglea oididridinten! meense piriclih et bataptily meved
mero coils EomMie.ReNalimaRRL évﬁ{cﬁﬁlfg‘;tﬁé%%ﬁg%é RicP 86 cofihtbtiohs

and S2 are particularly we suited to mal | partic

around t he deeifhepon ant ¢thor webyessing curtept diractionsa Goids Vg, S4 and S6 are particularly

effective for moving particles over small distances, while coils 81, S2 and S3 are

effective in moving particles for larger distances.

20 [060] The micro-coils described herein can be used as sensors that detect either
changes in external maguetic fields or changes in inductance. For example, the micro-
coils used for trapping magnetic particles can also be used to detect the changes in their-
inductance that results from the quantity of magnetic particles trapped on their surfaces.
f061] In the area of NMR, recent activity has been directed at in-vivo

25  microspectroscopy and, particularly, at the analysis of small volume biological samples.
To achieve progress in this area, there must be a large reduction in the size of NMR RF
detection coils. The coils described herein are well suited for these uses because of their
small size and because they can be fabricated by means of standard integrated circuit
(IC) process steps. The ease of their fabrication makes them particnlarly attractive for

30  integration with other elecironic components.



20 pillars and then transporting the trapped particles (linear
transport) fromone spiral mcro-coil to another by programmng the
current in the coils. Electrical connectiogs to these micro-coils
are made at outer bondi ng pads (15) which are connected by | eads

(16) to outer of, the coil .. lnner bonding pads 8) .are connect ed

to outer bondi ﬁd&%paﬁf lbaﬁ reflﬁég??% fﬁé%??a( E“?)Qagﬁ%_of(()‘é%]lﬂaﬂ_@f Spfaceigof these

next to Fig. laicrhheile ahd shoBRIOB-&; ﬁ@]!e'faﬁ?bati%bﬁ%léé%%ée?%o)ﬁs ?ﬁ btkvgasﬂy
a

circular, independent, spirally wound mcro-coils (1) and (2

have a cent ral ISEEHHETHG FREOYS fBrPgrendaes ¢itcuis for HF 2pd 8F appletiofs. t he

two micro-coil geai heth, SOhd decd I n.the other and. s
centrally posi io}ned vmg't |r?1 t Seaelséﬁﬁ)g‘rﬁgﬂegu %1%51%%%6 ﬁ%?‘i}“%?fs’ PHELS strong
| arger m cri- caid lo¢dlized magmatic ircesoncaiibis mByosAtdney, Natioeinorem ke Rigdgtant
the currents in 30 eaf,h of the two coils, so that the current is

in one mcro- cBIATRERG" BEFPS § VHENIR#eIIES dhe Pregionerissich dedefizedefyroes. The
magnetic fi el dmi@Rbilsu8aS e iR6esORH ﬂig}gq%%ﬁ]etg N Rade fat%ﬂg s I faces of

parti cul ar desi %n is particularly suit transportin
i cro-parti cl esstipeitiely kgattsdy fepibleg memtirangs,t thercbyr shengisg i the t dbeped uhe roptical

and i nner coils. Bondi ad 1 al |l ow external _ connections to the
coils. Bridgi rrégm?eerg?fso %?%156%‘?’%’ %ﬁd}{' prequing)thy grertiuentisipng, localized
bondi ng peids (ib&es aleewHbRMIasic valls AAGnibSARS.r OM out er bondi ng pads
to outer coil 5 ends are shown as (16). [056] Referring next to Fig.

I'h, there is sif8fin n¥eraoter srpBaation ddhs wreri-roilvssehbliesmf thapegantieettion
circul ar, spiral WQuR 1 Groycokls (1) and.( are interlaced, wth

their wres blgi %q%\g%g%se 915' bITgac T 8%%%%5’ inﬁulép%%ra o AT PAFOCHmpRpsnts
i nterdigitat edndiviingliyx GiblicatdP frotiheribty Refefds,Guflfidng SuCast Beited to TI-V type

separately set _as on/off aralle]/antiparallel and can 10 be of the |,
sane or of di ﬁ*’“’ﬁ%ﬁ@“‘%@&hﬁ%ﬁ&% 9%?’?5?%@34:% F &% SuRptEte-nfhecpapgonents to be
al ternati\uél y ashetbiesntBeeodat wifh hakrtic hEAPX MRy bl bet RSitioned at

magnetic field can be shifted spatially fromone position to
anot her . BondiRgoP PO sitesqn ipasebstraienbie cotn pietbese oprsptop sitashwhen energized

21 i Cng: 5. [b%liﬂrgﬁgfg?f{iaéﬂa@%& pdtbhtfal Grentd dnd alIEERA B2 oRAMINESL LnePR 1o
both trap the components at proper positions on the substrate and to guide the
components to those positions. If necessary, additional micro-coils can be positioned

20  along paths that facilitate the guidance of the micro-components 6 the positions of the
trapping micro-coils located at the receptor sites. Once the micro-components are held
in place by the micro-coil generated magnetic fields, they can be more permanently
affixed to the substrate by various bonding techniques known in the art, The micro-coils
can be positioned on the substrate or formed within the substrate. A plurality of

25  identical substrates, for example, can be provided with a fixed array of micro-coils and,
when the micro-components have been guided, held in place and affixed, each substrate
can be removed and a new substrate put in place for a repetition of the process. The
process of assembly, which is qualitatively similar to the process of magnetic particle
trapping briefly described above, can be carried out in a ﬂuid environment to reduce

30 local surface interaction effects,



15 which consists of an array of open circul ar conducti ng segnents of
decreasing radii, connected in parallel by radially directed
conducting segnents that contact the ends the circul ar segnents.
A ferromagnetic pillar is positioned at t%e center of the array.

Thi s configur thﬂ. dlent t hrough the separate
m cro-coi | segHeh RG>t ot al | ength and

resi stance, tpgst he’![‘hé'\d:dnbucltcb't@ ofhﬂ?bﬂt]:ﬁrrﬂgﬂo&ﬁils 2R Msrvated ety crbfesection of
pillar. Thus, there is an enhancenent of the field rgr adient as

conpared to higkamegiortio. @amelynid/3, fuidhe stiorose be highenhan tisyabe Rk pnl (/s
tant th
CoRSENT oL e 0 AR LB o

Fig. Ij, there ree sem - “spiral
m cro-coi ls, thibivetioql} obfajedandiof@jngathe tchfls withom chicigiepads (depth inypéhe
S5, each sem - 25 sp| ral .being conc ntri W|th t he ot hers and with a

central |y posTiFEH@PifemicrRRGda W Fh af 3 BREORAERINCRG 2 CRFTSePInArrhy
an i ndependeni, afe%tcmwﬁets?&lﬁpgg@rbweenmﬁs 'aﬂ%ﬁ coSiRRioh MR Smicrons.

t hr ee |ndepende sem -coi l ases) wound about a common centr al
axi s and pi | IEhus(ﬂ:Qa)]lthﬂ' partcwlei dxamplef iltpstrated belowy=10imiciops, vred erierons and

applicability, <is. cuIarI wel | ed toradially tr orti
trapped parti&f 8s™%Y r EETER Céﬂ‘f’?‘?ﬁ ‘%@n i 14} B 4518 aﬁh‘?fpf 2ig &
above, they Vapip@lFédcedssher antd g’ébmle@ﬁﬁtﬂ% ofl{y skl ot ﬂﬁfﬂﬁicbﬁon presadd fo
in the inner mcro-coils having small'er resistance than the outer

coils and, 16be dasem@ﬂobté,alaqem ea ebighoapetin G418 eradiogt ¢lepe Hispwperpide of

vol t age. If t ngt- (ofe) S : -1
that coil is gno@@%’l&n@&f Sé ?%Pﬁovm ng re afl?%?gﬁ?%’%%%%&s@%ém?&
- Zn~ | n Z nagplip®58]thel beantples belmldlsb sieplifiedh &t plooase swiph hnd efnbarens ¢he
to Fig's la -j .are_well suited use in the foll|o rrportant
appl i cation a{lfé‘g?mﬁ? é@?m %Oftotﬁ%‘f‘ﬂﬁ’mr&&mgfdl“ﬂ?%{h \r%]%g%’ PHEGWet i c
sensing, pyIcl Ret) MBQBeting th §3QNARGE: (NWBvn JTichERatl NkSkFion BE rg@ékstative

and actuation xing fluids at the mcro-volune scale is not nearly
as sinple as megiche ﬁeld lines that are produced by a single loop of conductor of three different

aspect ratios: (2) 3/10, (b)1 and (c) 10/3. As can be seen, the high aspect-ratio of loop

(c), which is the aspect ratio chosen for the examples illustrating the invention,

produces the most sharply curved field lines (10) and largest field gradient along the
20  narrow upper surface of the loop.

[067)  Three versions of the preferred fabrication process are provided, version 1

corresponding to coils formed with or without a ferromagnetic pillar, version 2

corresponding to coils with a ferromagnetic pillar formed within a thick dielectric layer

and version 3 corresponding to coils with both a pillar and a back-plate. For simplicity
25 and ease of visualization the figures will schematically depict a ‘single micro-coil

element and a single pillar formed thereon.

Version 1:
[068] Referring first to Fig. 3a, there is shown a silicon wafer substrate (10) having
30  an upper surface oxide layer (20) formed thereon (also referred to as a first oxide layer).

Note, that the wafer may also have a lower (second) oxide layer formed on its lower



10 macro-volune scale. At very snall dinmensions, the Reynolds nunber
of a fluidis wusually quite small and, therefore, no turbul ence
occurs. As a result, streams of fluid do ,pot interfere with each
other and the m xing of fluid streams does not occur to an

appreci abl e extept. .The.only.substantial cayse of mxing is .

41T usion.  The ek SR S1Te! iRARn Ayt & BUEGs PEdomBOVe Biippeedn future
good al ternat i patetring biocehsss, Th R8s PartichRr WEBoSinedd HoRYer, FRENEL iusper (first)
particles to stir liquids. Snmall magnetic particles can be rapidly

nmoved from si ¥ed¢ 8y Wity a gitids laye o e9npidsigit chi ng the current in

the mcro-coil fi ' el r Si -
current di rectgoggf;. %ﬁk%ﬁ &Fgﬁﬁ’s@@?ﬁé%&g{v@it@%I“%ﬁry&vlgé'f féeag ?W/(—If eng
for novi ng Yparpatieined o yepastied Fordhs tdepeition ofhihd miceichd cGhduc? zad GorSBthe
are effective_in poving particles for |larger distapces.. 20 [060] The

: ]
m cro=coi | s deSEPIHBAPTHe B EE SR RrsErrr£3d ouifs Byingpads diet & be used fo
ei ther changegpi, Q_le%ﬁffcﬁr&ﬁh?c@igﬁ@%tﬂl ﬁﬁsﬁé@ﬁic%—cdm%%g:%lbﬂa d'e&ﬁjipfgnfrgcgﬁﬁese

For exanple, the mcro- colils used for trappling nag c part
can al so be usmading pdétiegivet helowhanggsnction withiFig's 4aredd @b afwemictvadoil pattern

results fromthe quantity of magnetic parti s . tr ed on.their

surfaces. [061IFIH° %‘F"él&gSﬁglwoﬂrtgié%b%ggocritﬁ}?%gﬂg? feeils are 1o be
directed ay i NoMhad) t2BudH GE RF BESIcE QR MY eARMY inRAhE ISE YhiRrh¥ usRl DRIE (deep
anal ysis of small vol unme biol ogical sanples. To achieve progress in
this area, thefraetiveden pleh)aas e géchingdmeshpeipmi I thifeans 2lb ofifer KIWPOdREents it is
detection coil.s, ' descr - reLn_ar uj t for these
uses because O@dg%@?? (&%g Ir?%l Tl%gq'édedo%%ngﬂ%e%gg%%ﬂ?ﬁ@@%%ﬁm%éﬁgé}g rcf'ucvgél)é i
by means of sthanedatrleast twoegidattee) itive eide bnd §dton prfaceaad sieghsve abhepeamedo

of their fabrigcati kes them particyl arly ractive fo 30

integration wh 1%‘%%@%%3 b E‘Gﬁﬁ‘t@’ &?B‘g’rfgﬁfbs .‘La(tf%lcﬁ[l?)ﬁ% Onﬂsaﬁ‘??éé‘be trench) to
al ready baen dicaenSSEH, wtghﬁidﬂé}&, Whioed alohe (R RaRE). Pebdas & Sfurt RES Pertical
mcro-coils and their -conpatible fabrication enables these coils

to be easily FOFEEianchcicAriupas Hoes teotnmprea et dissonsiepied seanenisr(GF At
on, D! cabipne o0l T Tsaaasl  ASpaaL B g PuE e i
forces on var ifoussdm z’sri@s@/spaaw.tremxblms GseriFid ris. forr & @rertiengh gictaditthe grid, filled
with Cu to form a mesh), shown here, for simplicity, as a single trench (205). The single

20  trench (205) is understood not fo be one of the cross-sectional segments (30) of the

linear micro-coil french, but to be-a sfmple representation of a grid of orthogonal,

horizontally intersecting short linear vertical (in depth) trenches used to form a

conductor-filled mesh for bonding pads, such as shown in Figures. 4a and 4b. The

intersections of these short trenches form 2 grid of trenches which are filled with plated

25  conductor to form a conducting mesh. Each of the grid of short trenches that intersect to

form the mesh ((210) in Fig. 4a) has the same width, w, and depth, d,' of the micro-coil

trench, but its length depends on the desired cross-sectional surface area of the bonding

pad. As is shown in Fig. 4a, there are both outer bonding pads (15) and (150), inner ‘

bonding pads (18) and minor outer bonding pads (180). The outer bonding pads,

30  typically used to make connections to external circuitry, are on the order of 200 microns

by 200 microns, while the inner pads (and minor outer pads), typically used to connect



exanple of a type of systemthat requires the exertion of such

| ocalized forces. The mcro-coils can exert forces on m cro-nagnets
fabricated on the back surfaces of refleggtively coated flexible
menbr anes, thereby changi ng the shape and optical properties of

t hese systens; r S8 o er

| ocal i zed 10 E%%gseﬂgér/@ SW %@%&15 tf?ﬁ{%b%n% ésé altéan er%&fgr cﬁty’rolﬁmr being
[ 064] Yet anotihér c&ﬁqsrl dfdatﬂmrnnefnthemnonsf ahoeith fass émtﬂonémtmg ndelle for an

present invent | on o sel f.- ssenbl In this ess I
and diverse nf¥fo? e 05 4h, FSele fEBrE Yo 56 PTG 200
materials, ingidigisngn bl\e'ﬁ Ofwhﬁlls ”Meegeﬁcﬁes' b ey p@ond%%mpﬁ&kn%g& Qnly be
materials, can be assenbled on a | arge substrate. The ‘cOnponents to

be 15 assehbl exproxmaioly ﬁbamednwnt Yengthghiese dreneice il beafitbdnivith @- eoivator
can be positioned QuUS r tqr tes on,the _substra
ol o at 1 hesSRFe B i PP R GRERREh o b et Rinat i Bnp ot e e

magnetic pot ens) ival covered %y%n&néﬁéﬂelléfe?@om&féﬁlcﬁ thé Qﬂh@%;ﬂﬁ&bﬂ){s EDs the
both trap the conponents at proper positions on the substrate and t

gui de the cofgsheiesconticisisendpdsha joores micfo-pribleosfomn ¢ bordiag padohlate that
m cro-coils c e ned. 2 t faC|_

gui dance of t%&m %acnggﬁlg%) %Seﬁg]ﬁ gte O%%%%Q%%%n? ‘lgaélﬁbs PP 'h%él%lrg%&pgéﬁﬂrén the
m cro-coi 16 | perheswh ak UBMHQEQHQN&SHL A, QIE®r ptaemmefchﬁ:.gcmamemsin
are held in Iace b the m cro-coil generated magnetic fields, the

can be nore p mbedrmenghaye ay feed (e ¢t e, B’F@W@h‘g cpiBFEP
techni ques k g

t he substrat 2@0 or nehﬁn\;\naﬂsﬁ IJis-rllg?t ee%gtg}%?t%r)%%czo 0,80\1@% ure??ﬁéd ﬁbﬁﬁf%u@ﬁﬁm
i dentical subst ruad@@;md‘ that éﬂ@mp:l @chﬁaﬁnﬁerypml/mtedspmt haha ¢ncﬁehln$ﬁﬂays

of m-cro-coils an cQ nent een gui ded,: .-h
o ol See ana Spffide HERICHT SICOMRRNERERA RS FL 280 n
subst r at elioutprefmadi aaﬁ—_emamiena wepetthd u@'ﬂ B@peck hrmcpmeiﬁﬁsﬂ tHd) &rendhied &6H e
of assenbly, c I itatively sim|la o the process of X
magnet i c p)altrt @Pw{tﬁ&%ﬁ Hg™pPi 2FFGORed EFR 0568%%"8%@%5’%8%P?¢18’8P of

out in a fluige %@Mdh@@ﬁ@memtt@ ch QOGS aé%Ba:hﬁ’&ﬁ&f §ﬁ£&&ﬁeﬁd1§e%ﬁﬂﬁ{ch%ﬁem
effects. i8 Descriution of the Mcro-Coil Fabrication Process.
of the trenches includes patterns that will form the particular coil designs, as described

in Figures 1a-j, that are being fabricated. As noted above, and explained in greater detail
20  in connection with Fig. 4a and Fig. 4b, an additional mesh pattern of trenches is formed
at the ends of the micro-coil trench, which mesh pattern will subsequently be filled with
Cu and covered by a conducting bilayer to become a conducting bonding pad. In this
and subsequent figures, the grid of trenches at the end of the micro-coil trench is
indicated as a single trench (205).
[076]  Refeming next to Fig. 3¢, there is shown the trenches (30) and (205) of Fig. 3b .

[
h

and upper substrate surface oxide (20) subsequent to the sequential formation of a tri-
layer composed of an insulating oxide (32) formed by a method sﬁch' as thermal
oxidation to a thickness between approximately 500 angstroms and 4000 angstrorns, a
Ti/TiN barrier layer (34) formed by a method such as sputtering over the oxide fo a
30  thickness between approximately 200/200 angstroms and 2000/2000 angstroms and a

Cu seed layer (36) formed by a similar deposition method over the barrier layer to a



[065] The conductors of all of the micro-coils are fabricated with a
cross-section of high aspect ratio, nanely 10/3, but the ratio can

be hi gher than this value such as 10/2, 15/3 and 20/3, with a val ue
greater than 3/1 being preferred. The desi®ed aspect-ratio of 5 this
invention is obtained by forming the coils with a thickness, d,

(depth into th&uckngtsstei¥eea)appoximmicly SPbarestzerds apd P WOrrngsigomsf The three layers
mcrons, pr 0dU G il Qv 1B& ‘3&'& sfH=%4g B{‘)ﬁorr’igg'e %Mce@og&%%croyaﬁ trench
spacing, s, between turns in all coll configurations is m Crons.
Thus, in all thed geardndidgaradernshplagsmi dfl teatiiaataad dpebowide sifhcai Thesa three
w= 3 mcrons and s= 3 mcrons, In neral, hawever, d and w can . _,
vary, as |ong i@’eﬁsﬁé‘? Feqt’lg?‘ig & a]y fdgéjr B‘F@%B]I%n%%%ﬂ’émﬂ%gqu Wﬁ‘smthm the
geonetry iS5notefinky Suitable for the fabrication process to be

described, but also produces a high magnetic field gradient along the
upper side of [@Mg cBeferingmaxhtd Bigt Bé thérdes sowmathe dwpasitiininf dltreducting Cu

oe) oo o5 o1 0 SRS ER, B AP e R B G i
bel ow al so si r i
of the surfacefanehagiert e BHRREBepkitddl B0ar0dIEdtRG1atAL pRRRQ Thdt iOWell known in
process. 15 [0661 Ref errllgg to Flﬁg%z, there is shown a schematic

il lustration otheragpméseiHnet ibe descrbefhiat furthdridetadl HeravmsFor iekeritainethe figure (and

produced byga gigl.e./f00p 0t C t-or_.qf _t.hree dif M4 2 tomo 3
Pat oo (a0 3 0By RER mOBUGHENRle ook MpE Selliid BpR1S ) R i 50
aspect-ratio ofs dawopgendfa) collshirely bs citignsas petdyer ¢38) and Hbs @fted Biyerk REI no
exanples ill us]t rati n%_ he j nvention, produces the nost sharply

curved field |oREZDE tﬁ%ﬁ%?’r’i’&tefiargest field gradient along the 20

narrow upper spybpcer&krinRends0 P Fif ORY el 5L 8hdes HORBridtioh NBibsequent to a
preferred fabrication process are provided, version 1 correspondi ng

to coils formeehepiicshmgehamicehpalishizg (EMP) whthearper fwbbtrate surfaee & wsmoPe gxcess

correspondjfig i i tic pillar f L AN
Ch kol ey Eefiilich o e 36l LOTBANTLL ol idtpestl B b ok g
a pillar and asdbsicdte ptidized surfacessdndpibave itheyCu, 2bwadedoled $40)afhere it remains in the

vi sualization the fi.gure il tically depi.ct, a singl
oo cor | o1 EEREETR 2B Aol PR RS sty (e gpopnded by
[0681 Referri ngydriB$t The MR alsS Plankdifts @hd Sppeh OWhcd of lokide Ayeef09r It is to be

substrate (10) havi ngb L . . .
noted thatCu has a resistivity of 1.72 u@cm (micro-ohm centimeter), approximately 2/3

et .

20  that of pure Al, but more importantly, it has an electromigration lifetime of up fo two
orders of magnitude greater than Al. In addition, Cu is widely used in VLSI integrated
circuit fabrication using copper damascene or dual damascene metallization processing.
These properties make Cu an advantageous material for use in forming the micro-coils
of the present invention.

25 [073] Referring next to Fig. 3f there is shown the fabrication of Fig. 3¢ with the
subsequent formation of an approximately 1000 angstrom thick oxide passivation layer
(50) over the oxide layer (20) surface. Windows (openings) (55) are patterned and
opened in the passivation layer to allow the subsequent formation of a conducting layer
on the Cu bonding pad mesh (210). A plasma etch of the exposed Cu coil at the position

30  of the via window (55) is required to remove any CuO formed on the Cu during the

processing that could interfere with subsequent electrical connections to the Cu mesh



30 an upper surface oxide layer (20) fornmed thereon (also referred to
as a first oxide layer). Note, that the wafer nmay al so have a | ower
(second) oxide layer formed on its lower 19 surface, and either

oxi de layer nmay have a nitride layer forméd on it for use in future
patterning processes In this particul ar enbodi nent, however, only an
upper (first) Qﬁ@%@ﬁ“ﬁ?@?mﬁﬁﬁthout a nitride layer, is considered.

[069] Referri 4 Pexke%ﬁ']ﬂ: fbxt ?bbFEI grﬁffesxs Show tleh@n\ekieh o@fﬁ{'w withdan

now being 5 erne prepar or the deposition of
m cro- coi | coadiidtmai sa‘tmtqtiant dapaskton bﬁrarrgaﬁmﬁdotomiuefmm bdeyengwhigk Hs an

for inner and outer ngdi n ads _t. use

el ectri cal co?ﬁ’fEE’E’fD&F? %9%58“ ah ﬁ%@ﬁqrqayrg[(brp t("ll)’bu“"bm}:L
descripti of Ofad RESBrmdAOREth NG @GRS Setgi'eé’xﬁﬁpﬁﬁhﬁié‘tdlﬁ 200 Ndnid D00 Ofh gt ks
Fig's 4a and 4b. The micro-coil pattern is produced by formng a

mcro-coil tr éqikome@w)a ctepwsmornewelhélet bmneniﬁyetruoﬁﬁeampm@aﬁkl pecrprs thick Al

f or med) throu oxi,d t
using DRI E (d ﬁfP’ﬁ)e ﬁgg"f%b% 3?33‘?) e\éﬁ%e et ch@ﬁ%%‘%@ RaniE ?Mﬁ#gt‘%%s
this and all elhes 84BGEICHBRNTE: TYAIL Bilaye dRfdbl dorehetidber hise G‘ucﬁﬂe& baiding
-trenches are linear (although they ¥ be curved), .they . have a

12

| east two endsadmﬁé@(?;ié)@éﬂ%lcﬁ@lﬂﬁ??ﬁ the perdins grd ﬁé@én%}hés @Wé?ss?ﬁa%‘“&ﬁmh
Copreh 12100, rirffhed 8 1921408 4@81tgsf)b ' SrsBilod fles HLREL 0L Bybsgucnt

(which is unlformalon ‘the trenc trenc th, w (which is
uni f or m al ongstepehdstencivymd Banet de dHetst dfghe mvexmoa, IWLErothecaietals such as Cu,

Cross-secti on, the con nuoys li.n r tre di,sconnhect ed
segments (30) AuAr N ﬁd@?ﬂj disednkle F?P’ é %’Hﬁ lquogfr Ofiy an’ duter

posi tions per bﬂé}grc@h 4+ tbhiebgﬁ(fa{g:@ad t(&]i%l’w% hsS(17bPl’uEf&1iig a4y bcﬁhdﬁciung bridges

separate trenches (see Fig. 4a for an overhead view of the grid
filled wit h @@me@l therinteriorrand 19f 2 spivahmicirerall axdgpreripherl hasding Pa%(%own as

single trehch (Z0R)kig P 00ledls!d rﬁ?@%ﬁ%%veh&e“?ﬁ'%%ﬁ@%wﬂ% 25@in

be one of 0SS-Fect1 onal segnents near m cro-coil
trench, but t61gse4a&’s), rtp | @mipkepy éxaehbmimg)rpa@sf themgeliek. fheen shesgoerakre also

nori zontal |y it erSEChi S0r L) NSRS et R SRS
in Figures. 4a andfidlre, FOpand (TRpsdepkiians refreschieFieAblier Al bn dijchvesthe Cu
forma grid O]:neg}g g:? gahcﬁsenc\ngil’ t%g Cgl;:l:?lczfol cl',olllqigm(\i/]\_vntg,hthg {ayers %avmg the thicknesses noted
20  above. The formation of these bonding pads will be discussed more fully with reference

to Fig. 4b below. It is further noted that such bonding pads and pillar substrates will be

used in subsequent embodiments and will-have the same thicknesses therein. It is

understood that certain micro-coil shapes will have a plurality of ends and certain

micro-coil shapes, particularly spirals, will have interior (fo the outer coil periphery)

25  ends and exterior ends. In such cases, outer bonding pads must be formed exterior to the

coil periphery so that connections to the micro-coil do not cross over the coil windings

and possibly short-circuit thern, The Al (in the form of an Al on Ti bilayer) is used to

form the bonding pads (shown in greater detail in Fig. 4a and described in Fig. 4b), and

it also forms leads, called Bridging leads, to the minor outer bonding pads from the

30 interior inner bonding pads. In addition, the Al {or other metal) layer (as a Ti/Al bilayer)

is also used as a substrate (or base), (73) on (71), for a subsequent ferromagnetic pillar



25 conductor to forma conducting nmesh. Each of the grid of short
trenches that intersect to formthe nmesh ((210) in Fig. 4a) has the
sane width, w, and depth, d, of the mcro-coil trench, but its

| engt h depends on the desired cross-secti c?ﬁal_ surface area of the
bonding pad. As is shown in Fig. 4a, there are both outer bondin

pads (15) and @uB@ition|asval belsbewn iyempatersdetain Kigid kil mad Fialk @a@&n&hﬁgse
pads (1.80)' Th%f Rrégg':m ngll‘plgla?’é&gﬁenoge% ’Itlyﬁﬁi %aal Jug%fﬁ?&ﬁag formation of a
connections to external Circurtry, are on the order of DY crons

by 200 m cr ons ferwdgeetichgildrrin eartipalddy edvedtageonehecuke Al paid &} A catalyst for the

typically used fo connect 20 nner. cQil ends by_bridging |eads .to

out er bondi ng ﬁ?&%?le%rdép%gﬁkf’é‘t %i['ln"t'”i"]él‘?llE‘;‘}1 < HhTefoep, it @QPW.@]%QQOFF%%@G Bﬁﬂ% of, fhe
-30 mcrons by gﬁlafy, HrSco &hﬁaj 1:£10 The HRikdiRal CRREMNE AT HB SN li¥iraRor the
out er bondi ng pad, each OP the Intersecting trenches woul d be

approxi mat el y 20@r depasitonsini thesee agpuimlesmringes fhm eproximashf 30 mitroas to 90

o g e s o e PR TR 0 ML, gD T
m cro-coi |l trenc, bel tddohi AndragbstBtdaibResifmShaybhé hisdd) 88heh S8 uftirdthe final

3f) be covered by a conducting layer (not forned of t he “sane
conduct or as f si¢ ef thipillat r ench) that contacts the end of the formed

m cro-coil ;40 a.h _ndicncL d...Nat e, that . in thi nd. ot . .
ot ocess ng ¢ el apsRamarit & Tl dnd 3t swit Bl BoRReR, 8 % 3 i 2
10 trenches, sggReqgntlddite &OHTiclNa@d, laydNS0) RIS (ayeR Ivaifcipiset difleaiic mhteial
trenches, in this exenplary enbodi nent, have an asgect ratio o

. f
10/ 3, whi ch wi Fuchas dgnzogydlebitsgs dhergnalics aelpmest oy 35630}, FE71ET rRgotsst thgfber
conducting m CLQsao FeeTo R §e ' tof 4 fhSorh iTlar. si
under st ood tha?&?g 3@?%%#&%%@?%%@%%3’%%% (gispéfct réaé{miat%e%x?:réesﬁc%éhe
3/1 is accept gliieg fiprdesimdt priy thehobjlebtss 8).t Bhisi B¢Bnidyemis Fum.t baween
in this and-all_other ref erred enbodi.nents wher he 10/
a0 s chbeePPRHBAeN R BHecR A S PRl e b RR0S S GepRe (A pE R 4

m crons, a dephidbstrate (T3 ofid wiiicH SHaSpilbdncvill\h elutqaid The hsedahagnbfiembieda el the
are adj acent to_each, other,.q separatio f 3 mcrons.. The .

geonetrical paP¥&r Wﬁl &0 Ve‘ﬁ‘%ﬁ%&‘? ﬁgﬁlﬁa’e@%@:&n‘?ﬂt RER coptinpe £
the particul ar aRk kb gy fordBe 485648 ki@ dengiiNoFippt@atdlyd 0l mictoRgltio 8@ a

bei ng fabricated. As noted above, and explained in_greater detail . .
mushroom like struchwe as iflustrated in the following Fig. 31. It is noted at this point

20 that the process steps schematically illustrated in Figures 3a-3g can be used to form a
micro-coil without a ferromagnetic pillar, which also an eﬁlbodiment of the invention,
in which case the Ti/Al deposition (71} and (73) of the pillar substrate would be omitted
along with the pillar deposition steps now to be described.

[076] Referring next to Fig. 3i, there is shown the formation, by electroless plating,

25  of a NiCoP pillar (90} onto the Ti/Al substrate (71) and (73) as discussed zbove. This
pillar, which can also be formed of other, highly permeable ferromagnetic materials, is
plated to a height between approximately 10 and 50 microns in these examples, with a
small portion being within the BCB layer (80) and the remaining portion extending
above the layer. It is to be noted that pillar heights smaller than 10 microns and greater

30 than 50 microns are also suitable for meeting the objects of the invention, the

dimensional choice depending upon the application and coil design. The method of



20 in connection with Fig. 4a and Fig. 4b, an additional mesh pattern
of trenches is formed at the ends of the mcro-coil trench, which
mesh pattern will subsequently be filled wwth Cu and covered by a
conducting bilayer to becone a conducting*bonding pad. In this and
subsequent figures, the grid of trenches at the end of the mcro-coil
trench is i ndeamismspatngissicidgnewn ethe it @B Mot ASciilgddEreRap deteilng

next to Fig. there is sh the t.renches nd_.f 209) ..0f 5. Fl-
3b and upperﬁ"g@o_stﬁﬁ%@%lﬂeﬁgﬁ’g}ﬁéx%dgmﬁﬁ)s h"%‘?géga}n _catgoél (%hF_elg' 3iwith the
sequenti al f ofMtdn@NpdRtbrnhgl dfian obenigy (95 PHRE TRATIOAT ading pad bise (TN) axd (12).
(32) fornmed by a nmethod such as thernal _ oxidation to a thickness

bet ween appr okhrdtlesdyor eads ey shoramer Srdeing bad £ deads GwEshoyn) kave proyiously
barrier |ayer far @ 1tt @ .
oxt de to & S0°¢h s e S a it 3h A0tk B PR3 B Hle MR At piner

2000/ 2000 angsdst i @ hdnbing Gud. She tealayres théRbY, dlomstrdddiybeaeath thielBEB layer

deposition nethod over the barrier layer to a 21 .t 'ckgess et\/ve.er{i
appr oxi mat el y(88dThs hepd(s) srrtach g bondine Balys) rpawveﬂ#saurﬁ) 2aEHppagsivaion
conformally c ed si d : : ; :

mcro-coil t r%ﬁ% (§0§§j&ﬁ;&ﬁ§éb%ﬁ%‘%oﬁgmg%dasrgr€%§9p %{llgdrar:\ﬁcl)% H‘E@%%@%e?%%ﬂf :
upper oxi de sbiidgige leadhie Secesharp alepéndy exs thar eoit eliaper Sucht @ whhastiom Wil gie

quality plating depositjion of Cu.coil:s.within the renches. [O71
Referri ng{(ﬂexﬁ‘%‘?’ﬁﬂﬁ Yl%@@&ﬁogﬁ éaéﬁ%&{]ﬁeu%%ﬁg@ttﬁ%tnce%?mﬁeo ctically
conducti ng CushaFé’cV Bl crd 400 wiBINAQE biidWdabe thatt fe sHérfoaee hardier periphery
conformally filfing the trenches in a void- free manner. The Ia%igr |$S
Eaf

deposited by eifthe meerprcoidlaad these pasescaess be parnected oy bridging iads 19 bop

and will not pe cri ' -her detail herein. For clarity in

the figure (aﬁ%’ogig&ggﬁlgg%&%éﬁ&glmes) ,the entire tri-Ilayer

deposi tion, dp6} edRrEéRBng(rid4) toafig 4a3@)erd i3 skhgmati3ally illss heonst view
EY76}1 : trechend hsald vi

collectiv as conposjte tri-| d the three,l aye will no
onger belti f Poh EvpRapit et oyt U o Fie s Reate oo o et AR pe B
shown the fabgi&ad i0fcSIabHaIHIE BrockR steps GARALEREDIVE ¢h Bidinfed BafOfheDRbmgad

(CWP) of the upper substrate surface to renove_excess L
view clearly illustrates the continuous Cu coil winding (100), the coils in this example

D,

having width 3 microns, spacing between ‘adjacent coil segments of 3 microns and a
depth of 10 microns. These coils could only be seen as separate vertical cross-sectional
20  segments (40) ianigures 3d-j. The substrate (or base) on which a ferromagnetic pillar is
formed (19) is shown at the center of the coil. The inner end of the Cu coil is connected
to a Cw/(Ti/Al) inner bonding pad (18), which is a T/Al bonding pad bilayer (72, 70)
in Fig. 3g) formed over a Cu mesh as described beiow with reference to Fig. 4b. A
TY/Al bridging lead (17), formed along with the bonding pad bilayer, passes over oxide
25  covered micro-coil windings and connects the inner bonding pad (18) to an minor oufer
Cw/(Ti/Al) bonding pad (180). A further Cu filled trench (175) connecis the Cumesh of
the minor bonding pad (180) to the Cu mesh (210) of the major outer bonding pad (150)
which, after being covered by a Ti/Al bonding pad bilayer (200), is used to connect the
micro-coil to external circuitry. The outer end of the coil (16) is extended and connected
30 to an outer Cuw/(T¥/Al) bonding pad (15) identical to (150). Note that all trenches are
formed at the same time, with the same width and depth and are filled with Cu at the



15 electroplated Cu | ayer ((400) in Fig. 3d) as well as conposite

| ayer (38) fromthe upper substrate oxidized surfaces. and | eave the
Cu, now denoted (40) where it remains in the mcro-coil trench and
denoted (210) where it remains in the arrag? trench, surrounded by

| ayer (38). The CMP al so planarizes the upper surface of oxide |ayer
(20). It is to*BeeWABted that Cu has a resistivity of 1.72 S2 cm

(i cro- ohm centdzpt eR)aferrﬁ%pﬁwltHBfiig.' ¥, 2he 2] ﬁﬁJB?Il Al b6 Bhd R detailed
nore inportantly, it has an electrom dgration Iifetine of up to two
orders of nmagnientica copseatation oharypiéal Oui(Taddi bonding p@d, sush wé dgtrybondieg pads

in VLSl integrated .circuit. fabrication usi opper_d cene g
dual danascege?lritagiildlé@t inaﬁorp%tgreg@? . Paél’Eggsﬂg’ E&ﬂ?ﬁ %Bﬁ“&rﬁﬁ%?@ Fith
advant ageous neif@eicato beter Mﬁﬁinitgfjaaﬁ 15T, bR o Fal [sFaliRated as O THAE(AL on Ti)
present invention. 25 [073] Referring next to Fig. 3f, there is shown

the fabricati opilayer €0g) fogaedptan aph eontawing aduiemestt @ faNotthafthe fi/Al bilayer
approxi matel y . Nj [a)dl assjivation.l ayer 50). over
The’ oxi o 1 ayetHRDAR g L bke BAE BahE 5Pl 3l Mlery S 15t Up R 72)
and opened i nintig RaTHe \Catmesh ik aYRI filled @d Gvériogoraub sReteihy trenches (210)
formation of a conducting layer on the Cu bonding pad nesh (210). A

plasma etch of SEpridekigdesnns depth 3s the migieropiblprdharithapthepulsate yngiomed in
W ndow (9590 ¢ Sodr ! o CheliGn 8 TBURICA MartHO BT Rn [P el oMk
processing that could interfere with subsequent electric

connecti ons t odashiébe@iaboes (Fig Bc-4) hThe trandhlee axel shopiplimdan gegrje@®dyhose length is
Referring next .to Fig. , there is shown. the fabrication of Fig. 3f,
wth o addh (SRR PR ar e BRON F oaPBRa P G oo Rt i gridt
bi | ayer, whi chisitbe fdtne aPREOXT MRLEY-5I0raRgS Al PIAL bilSkr 28b), oF BBkt ilarger
barrier layer (70) and (71), but which 5 can be formed with a )

t hi ckness bet vBBRCPH BRR Hat evgred by thavacside theadesnodoner the pieshodbe Tiapdal

N T ayer (72) TS ey ST BoRhRRkR RRRE ol ALELARr el
?ppr O)c(li mat el y fOif%rithirf@l_r ?Jmlgmdnfs dfmmdown a'lﬂnﬁite?]ii ﬁ;dugttiidaazeare n:daléer FbghetI;]UM
ornmed covers . 1.4 € nai n sn. a onp es e
bondi ng pad f o%onglfng;pr? da%ﬁag 5 ?ﬁéss g%tg%étﬁ %\%’ yﬁ(ﬁ?ﬁg ;Elbe) Cu nboné:mg pag meshh as an

intersecting grid of trenches, each having the same width and depth as the micro-coil

trench, the grid becomes dimensionally comparable (for plating purposes) with the

20 micro-coil trench within which the Cu coil is plated. It is thus advantageous within the
present invention that the Cu mesh and plated coil are formed substantially
simultaneously (in parallel with) within the fabrication process. It is noted that inner
and outer bonding pads may differ in the cross-sectional surface area of the bonding pad
bilayer, but the underlying Cu mesh is formed in the same way and the width and depth

25  of the individnal Cu mesh elements is the same regardless of overall area, although their
lengths may differ,

Version 2:
[080] In this version of the invention, devices (including micro-coils and micro-coils
30  with pillars) are fabricated on the upper surface of an oxidized Si wafer and are

embedded within a layer of dielectric polymer, such as BCB or other suitable material



10 reference to Fig. 4a and 4b. It should be understood that the use
of Al in subsequent steps has been found to neet the objects of the
invention, but other metals, such as Cu, ,,Au or NI could also be
used. Here, the Al layer is used to formzleads froman outer

m cro-coil en I ad h as (1 in_Fig. 4a), . .

conducting br ?O_Q%g%?gﬁ;e{wv\éefg% ﬁ%‘pﬁg%a(ng\é\%g?m%%%gg%mﬁn%ﬁ tg%ltlby%%”@’rnﬂﬁ tbg picro-

and per i pher akoiboembatidedrarithin( & thoMa9& oFoidldotic byl theddls @Qféia:t!elsrauge of
i

formed as a Ti/A hila ef) over the Cu nesh_(shown as 220 in S.

4ag&b), to compBPETE IS BotharHerosas i eamReliapakith qhergaicelegizenie fbrieations
al so indicat gghahdr EF eHdr 1 (4.5); . [

pads and (17) fgr tﬁfeg%r‘?%a gs?ﬂﬁﬂl ﬂft %lﬁﬁﬁéﬁggﬁ%_%?#%%eg% such
schemat i caf| yfabupatiogentFoTi kxdmpllé,. ehe Abmloeddifie) dislentrid hgolfder S ParBtularly
each end of tQ{ﬁ/q.l m cro;coij w ndi‘[‘lfg]t dt6h,e | ayers having the, .
t hi cknesses ndT RS SpBoE G HH Rt i96HCHf 15t sty Wowkithgcinmstion (With

be di scussed midreeiédtlohit dMibks haliRFARCRE 8%&@&&&-, bécgggé%@%gér\%ﬁ cff dielectric

further noted that such bonding pads and pillar substra

used i n subseBtiEner @pbizilyompetiblndvith the plopvsies héthealiectriv mkingds asployed
therein. It i d that .certajn mcro-cail shapes w.l | have_ a
plurality of glnsélgﬂ g“ﬁléf%%lgoff"&fcn‘%‘?ﬁe% F%‘?@Sicﬂg’l%‘ﬁé\?)gglymﬁ’éﬁsﬁ%@&ﬁﬁ?@g by smaller
spirals, Wl |Ioksyehahisi.erior (to the outer coil periphery) 25 ends and
exterior ends, In such cases, outer bonding pads nust be forned
exterior to tH8L coRelegitpFiz Pasthereriashesinasebitotes whishtine Siiserstrate |l 0)
do not cross QY& adt e s Walol SLLY-ghort -circui.t them
The Al (in tho grassist k) &i@‘“ﬁf%??%gﬂ%'%fﬂ%ﬁﬁé‘%s(é Fide BT el
bondi ng pads {RphoiR) aml IgweaB8) nittkledaslers (8i hitrife). ABhcanilic daanran bediating layer

Fig. 4b), an Lt o fo | eads, . cal.led pridagi |.eads, .to the .
i gor ozjt er g%}ﬁ Fr%{’%&%fs“’w%metﬁh%&%‘%&iﬂw &% 4 : gdevra iR fagians eiching
addi tion, 1% heushls (bar nettlheited ), oo} ckaves, KOs, aMABANO BX )RTEI & siR

used as a substrate (or base), (73) on (71), for a subsequent
ferromagneti g ar 23 deposition, as will be shown in greater

T bilayer, derdted TaE R e i S pan pled ol A Aef by
of a ferrondbweis hepidifienal famation pEapattameddBislniayedde), femad sedsbbribed
Lo . CrLAY ik B, LSS PP s o BT e
20  deposition of a ferromagnetic pillar. As already noted, the Al layer (i.e. the upper layer
of the bilayer) can be another metal, such as Cu, Au or Ni, but Al is found to have
properties that meet the objects of the present invention in 2n exemplary and
advantageous fashion. The formation of this patterned layer is accomplished by well
known methods, such as the formation of the bilayer over the entire upper substrate
25 surface, followed by an etching away of portions peripheral fo the desired pattern.
[083]  Referring next to Fig. 5c, there is shown the formation of a dieleciric layer,
which in this embodiment is a layer of BCB polymer (70), formed to a thickness
between approximately 12 and 15 microns, and pattemed to produce an opening (72)
positioned over the patterned Ti/Al bilayer (60) and exposing a portion of the upper
30 surface of the bilayer. |

[084]  Referring next to Fig. 5d, there is shown the deposition on the Al layer of a



5 pillars, which contain nickel. The horizontal dinmensions of the Al
substrate for the pillar deposition in these exanples ranges from
approxi mately 10 mcrons to 90 mcrons, w.th horizontal

cross-secti onal shapes that are circul ar, square or oct agonal It is

to be noted th u te dlnen5|o be . used,

upon the fi naI IP? 1°8f° E@Hﬁ FrEymagpgt: B{)ﬁ%’] @ifbé’rethcﬁﬁle?? iy CytgegNICOP
Fi g.3h, there kgthEhmenodeh fialhy iif g, 03!:)Q£ thed BCE3ByM Tthisao b%tmﬁ&ﬂﬂﬁmther
coating of a dielectric layer (80). This |ayer, ichis adelectric

material  suchifaRmsenstiscye AL idnEh permeahilit qam be uasddnyiead of haliGRERAS has
serves to prot Eﬁéadk*égeno{hﬁc%sedpﬁ%&ﬂﬁ?%ﬂ %ﬁﬁ&g &ﬁe%ﬁg%é LP&;% bS5,
plating of a ferromagnetic pil since I"at esire onI
on the A bﬁseh@ﬁa)herEd{ﬂ:Rn:BﬁBaflaa‘mma@eﬂmmmenﬂeif\h@h@eﬂ:&eaamgr oxi mat el y

2 and 5 mcron and |% patterned tg produce an openl ng. (84)_over the
Al substrate fﬂﬁé et {hEigpres | there ik ﬁho“B’efhm@Pé%rw Fig| 4 efter the
nmagnetic naterj

shal | ow openi nge‘?ﬂgorﬁlf c\;\ﬂﬂ@ (ﬁgeneL cotr?}tq'ie#l?eﬂ% %%%drsgdwﬂsg%gﬁ\égﬂi E%ﬁnNyer %6%36)(80)
for the desi rethrinod at tHedibtl bilayfer €90pr oxi mat el y 50 microns, to form a
mushroom | i ke ructure as illusfra in the foll '_n,| :

is noted at thf@ﬂg | Hefotunat o e éffg%fég &#%%‘Q%ﬁ%@ @3#‘11%, Se, with the
illustrategi ns@sﬂiﬁ"eﬁﬁieﬁ@sﬁﬂl &%@%&HQ%QL' tSS)ch&j&éﬁ abB?thEé)TﬂRl ﬁﬂayer base of
wi thout a ferronagnetic”pillar, which dlso an enbodi nent of

invention, i nthaffireipilieagertiondomgdap adblpbmss b@weqﬂmproamhtﬂ?@o @igstﬂh:es and
pillar substr vvouldb om tted St ht ar _depo ion
steps now to gée& gjyﬂ[pﬁﬁs?fes err%%%%§(ggﬁ3 {ghmnﬁft%g? S the
shown t he fornpumon by el ectrol ess plating, 25 of a Ni CoP pillar

(90) onto the Ti /Al substrate and_ (73) as discussed above. Thij
pi I lar, which P8Rl al Befepmersy 1§f SHrihee, 1S KoY (e Setiration of Fiz 5f with the

ferr orragnerﬂ C iRkt Plishositisn opb%te(%@dtwyea (btgl &fﬁc@%} VEEP aRRBHR Rl eR! The
10 and 50 mcrons in these exanple smal | portion bei'ng

Wi thin the BCB3FByleyer (c8D¥s ﬁ#\?dﬁlrsthleorh@mf ﬂnerrgatp@pﬂlaofsoém@maﬁgmeéﬁi)@ﬂfh

the layer. It r . .
m crons and grtjéa %%%%#ﬁglﬁgg%%@(%%% g%g{%f ’?%g%ﬁggn?g?%nég |%h1c}1
t he objects oflsmh@tanmdismﬁmdﬂqlmb&seang&mfﬂﬁslam@0)}:fmoﬂxeeubhegtmdfongauqnmﬁthe

the applicat I_ 0(9 %}qgrogc%hl An %d&ond@e%cﬁé’ﬂ ﬂlqae used to form the mesh bonding pad

20  array as discussed above. The patterning is done using photolithographic methods well

known in the art and they are not discussed herein. It is to be noted that, in this version
of the invention, because the BCB layer serves as a form, the aspect ratio of the coil can
be much larger than 10/3, preferably exceeding 3, with aspect ratios of 20/3, 30/3 or
h.igher, being approﬁriate for meeting the objects of the invention.

25 [088] Referring next to Fig. 5h there is shown the fabrication of Fig. 5g with the
subsequent deposition, by electroplating, of a Cu micro-coil (99) within the patterned
trenches (95) of the BCB layer, the Cu filling the trenches conformally and in a void-
free manner. The Cu bonding pad mesh is shown as (98).

[089] Referring next to Fig. 5i, there is shown the fabrication of Fig. 5h with the

30  additional patterning of the BCB layer by the opening of a window region (94) ebout
the already deposited first pillar portion (80), said opening exposing thereby its upper



24 electroless plating is well known in the art and is not described
herein in detail. [077] Referring next to Fig. 3j, there is shown the
fabrication of Fig. Si with the additi o%l patterni ng of an opening
(95) over the Ti/A bonding pad base (70)"and (72). An AI Iead or

| eads (not sho , Or bridgin ead _or |eads. (not., shown)

previously 5 Hﬁ%ﬁief%ﬁ’r@obea%"t%ﬁ@\%aﬁ thispstage @&%F@ﬁ‘ﬁa%ntthe P%r F‘Hfar?ﬁtOF &
of the el ect r9ﬂ1§§§1a9hn@&e%b@'léy'eﬁfoxm@@%ﬁox@ﬁ%uhﬂgt bRorP&he ﬂfﬁ%eédelﬁﬂe%
“are, thereby, all enbedded beneath the BCB | ayer 80). The lead(s
contact the bartlingispase ¢y thprikow\apeninpdd4e duyi dtch @r&i aplesma etch of Cu

passi vation and K nne 0 Late pher
bondi ng pads. %\%@t%&g% be QFﬁngg}eﬁ&e &% 38‘1% Dr?i %eggglﬁf %tﬁléngﬁgﬁbtwgn %le
coi | shapeS Suedadp R8OGG b&tombs the Belal G0y &hor hiseahl Yortibh oShe pliled in
Fig. 4a below. It is understood that certain geonetricall shaped

m cro-coils w490l ha&éfemdaeﬁb%ﬁxg bia dlesse ishghovay deiolrcBelpsp mgtqafea second

out er periphe f C
by bri dgi ng Iéé(r&ggtog ﬁh%&f‘: ﬂﬁlg S eyongﬁﬁ%ﬁg%g%%dlsﬁpﬁggy %(Spﬁgi‘-ﬁgso:}e?&d
[078] Referri pgtioexin $eoplitbd)to #5d, antddeitionilhebh Gﬂﬁéméﬁﬁ dpyrokdnh At 1 Qtédons
an overhead view_ 15 of a square spiral_mcro-coil (100). and the

substrate for"ﬂ%s{1 é@nﬁl%‘;&nsﬁpltlhard{%@) plafrdnpidlar.: Fhg seqopd megionnohteopifar is
with the o) fiﬁguﬁgv £agh
vi ew cl ear %I%?ust ra&es t gé%%ggfﬁg%g%d%ﬁéc]%% ESSSh% I r%th %{: a
coils in thl spekampf the phegiad N ok gl'bWsﬂlﬂur@rdJrfsuompgmuem;pr@mtnmbdecmc layer
adj acent coil segnents aof 3 crons and a depth of 10 microns. These
coils could o %@S%’E‘gﬁt%gonghﬁﬁr‘tate vertical cross-sectional 20
segnents (40) [gom] Fi auiteSstae-ih thelABri&UBS et R8¢ o@as Sibsite WH Sdoptionally
ferromagnetic p| lar. is formed (19) |s shown at the center of the
coi | . The i nnetehednwitlyfion grample, @golutipy of Mnatewmtphqnjs will be

T o 6l kT, O, it
ref erence to Waigr todhe thj&\nedl' o/ thé pbint whénagt doguiley the )Jmpbmeme@h ﬁd:!@big sificorhor
Wi ndi ngs. and CORRGCRE PREERRcas Rine oty u PP E e T o Bt
Cu/ (Ti/A) boad !‘J:ﬂ:gsubﬁfhte( 18R}sideParddusenbieste Gito fthdt baﬁ/ bif‘ e ch waleZbdtopping just

nn h h of
connects the ‘Qeiovg%:rse sugstrate upper surface. Such a thin and flexible membrane can be used if the

20 coil is to be mounted on a device with non-planar configuration.
[092] Referring to Fig. 5k, there is shown this optional step of backside etching, to
remove a portion of the lower oxide (30) and nitride (35} fo expose the substrate and fo
etch a cavity (39) therein. The resulting membrane mounted micro-coil is shown with
the pillar that has been formed, but it need not have a pillar. The formation of an

25 embodiment of this second version without a pillar will be described below with
reference to Figures 6 a-g.
[093] The following figures, Figures, 5 1, m, will continue to show the wafer with its
backside etched, but it is to be understood that the remaining process steps apply
equally to a wafer that is not to be formed to a membrane thickness.

30 [094] Referring to Fig. 51, there is shown the wafer of Fig. Sk wherein the second
BCB dielectric layer and portions of the Cu seed layer ((85 in Fig. 5f) on which no



the m nor bonding pad (180) to the Cu nmesh (210) of the nmmjor outer
bondi ng pad (150) which, after being covered by a Ti/A bondi ng pad
bil ayer (200), is used to connect the mcro-coil to external
circuitry. The outer end of the coil (16) s extended and connected
30 to an outer Cu/(Ti/A) bonding pad (15) identical to (150). Note
that all trenchengdree ocfuredgavatbetthemsankby ﬂmiabh et‘ftt:hlmmosfam niteft dpove,

and depth and gl 3 WAL @ LU 28 AR LI kOIS i o

detailed ver tSeecaﬂa}%f Qg feate BlenONA S fnoted! Vi ﬁﬂﬂs‘a@d/ 1@T§h6ﬁ~h)thﬁﬁé&iltd1ﬁleﬁﬁ€hne
such as outer bonding 1é)jlads (15) and (150),_ m nor quter bhonding pad

(180), or i nneFoRBHYSn tﬁ&@“*‘é‘ai@)fhewbts a@m%@@ﬁéﬁ%@ﬂ@t@ﬁ?@?ﬂeﬁondl ng
d (150), ﬁgrgm
E?I a3(/er %2058) b[??r@ilrnrs]?flkoverg Lo %brs C%? ?hsg&g%%jﬂ-%@% é@l%??ﬂ%g%dledﬁcﬁgthyﬁ

the Ti/A bil ayemn (aghmmay}echﬂaﬁaccﬂp@jat rapldchs thefseepnd elidlatidiays #(P0) msFig.her)
separately dra | ayers in Fig, 3g. The mesh is a_.
Cu filled gri o‘ﬁ%r“’aérrf’fﬁﬁ’ﬁféﬁ% 15 gF At @@tq%i‘feg #@%?P@E{]?(I@l remgyffe Hefelird
to the same d I t

formed in 10 gigélgcbﬁilagr H‘h% %Ifiﬁhé%%lt%ent I %\%ﬁ%%%ﬁ{gy %%la@%ﬁfé& the ﬁé}&t of
formati on of tth@nmra-tceﬂt et leaves the appér podiscol ﬂhederammgeet(clfpi@araap@):d With

The trenchegs e.short |inear .segnent th IS te

(he requi rida b Famaia e R EAREHuTEr Dok e H ges el ane B gielecte-
width is the saFBiSHicRAtoi0éantddey ParefiPf6@I diclbdBE eldperfesihhiire RbtlRYREsed
(200), of slightly larger surface area than that covered by the nesh

i s then formedYdie Sﬂlhﬁfafﬁe%‘m DFRRerties @de%lex%ﬂ&raébﬁéb%@heéé‘?@fﬁw@ -coil to
| t t
single step. Suhgel ‘?é?l Wl or rre%%d ¢l cﬁ&ﬂ@f%ﬂ&%@}ecw X aBSCEWHy%r %%Bg%dhg

to peripheral conpdn ent S on a printe Board, “ar e
to the Ti/A vooduy mgopsact ek dyeCu bbmdm§p£ﬂ)meﬂ1 drhilad T4 d@bmang(lomew@m
bondi ng p rsectin trenches ach hayi

e g P iR el RS B o RS e, S e D hay be

di nensi onal | y seedipay abdlemtd e upbatsm&gcemm@:saed\mésn withefo? Bxample, a plasma
mcro-coil trench within which the Cu coil |ated. It is thus

advant ageous V#¥htReE90d preserconadantt Bh Tf/ Aateveren be gk h and
plated coil argodior med aeiibs BBALAA] ifhe description above included a ferromagnetic pillar.

The objects of the invention can be met by a similar micro-coil device that does not

20 include a pillar. Such a device is an embodiment of the invention within version 2.
Figures. 6a-g will illustrate the fabrication of the micro-coil device without a pillar.
[097] Referring to Fig. 6a, there is shown a substrate, which is a Si substrate (10)
(such as a Si wafer) coated with upper (20) and lower (30) oxide layers (Si oxide) and
upper (25) and lower (35) nitride layers (Si nitride). The oxide forms an insulating layer

25 for the substrate, while the nitride layer is used as a masking layer for backside etching.
[098]  Referring next to Fig. 6b, there is shown the subsirate of Fig. 6a, with the
deposition of a Cu seed layer (85), formed to a thickness between apprommately 500
angstroms and 2000 angstroms by a process of sputtering.
[099]  Referring next to Fig. 6c, there is shown the fabrication of Fig. 6b with the

30  deposition of a first layer (90) of BCB or other dielectric polymer. The BCB layer is
patterned (95) with trenches of a depth between approximaiely 15 microns and 20



simul taneously (in parallel with) within the fabrication process. It
Is noted that inner and outer bonding pads may differ in the
cross-sectional surface area of the bondi ng pad bil ayer, but the
underlying Cu nesh is forned in the sane 9vay and the width and depth

25 of the individual Cu mesh elenents is the sane regardl ess of
overal | ar ea, THFHAHGih inbptantiadlydheidickasss saoge ef the layes(o6h for ﬂlﬂf oheguent

this version gt,Lhe 4 P‘gr ro- 5!:?1" &k ﬁg&&g&dg‘?ﬁﬁc@tﬁé RrGad qff%“&nd

mcro-coils 30 wth p| are r|ca € upper Sar
an oxi di zed Spadwakgr amnbower é‘heegmlnteﬁmt@mv\dddal PLihr2 phmdlthograpﬂmoehaethbds ovell

ol yner, such a or oth sui tabl e eria for
oo g mries oa FrLHOIBRY B nOLT AT BT Rerels, FHiato bR ARt St i (i gersion
mcro- coids gmgeddesion %ﬂy Aepot i £ bt ihaxesﬂ ot b@l bRR G GhdRO] o) cferably

there is a greater rangé of optlons or use of the nfcro-coi

conj unct i on wéxckedotghBrwith @p@@tl retiesr o303, F3815r drclaghepnseinhapeanpsiate dor mbﬂmg
conpati bili tythOf tg with dielectric materials used in such 5
fabri cati ons. EgHe %3%? Vertltf'noél enbeddi ng dielectric polyner is

particul arly [oaghiant FeeRy heth@Fikhea Metd R-Eivh tE’@Ya'bﬁ@atioﬁ &f%‘lg_é?%cl’bﬁﬁﬂthe
In conjunction with mcroelectronic devices that involve

producti on, b@bmg@ttdﬁnosﬁm@pb]f telecigomdttingi ef @@rmx@ro-m @ﬁbm@n@mpgﬁmd
conpat | bl B W"&%iﬁ CEEEE(Q r eV| layerhgmh lﬁ.@mel Ctr?nc estc%ry ?]Yemal 0% void-

in such mcro po

char act er i zedid@ymatiel. IAGfondﬂa@pb@ﬁ:&gﬁ(%hﬁﬁls&fom{e%l] Referring to F| g
5a, there is shown a substrate, Is a Si substrate 10)

as a Si waf erP1datilfhig Sﬁ%ea%ﬁﬁrfa‘?%ﬁo%% hagkpide ot dp v cqﬂé?é’ﬁ@m(aéﬁ’
oxide) and uppRE vﬁ%S)foraé}Qm NG Tso ko of' K‘Cﬁ-ﬁ de ThAVIE (Sotk: q‘n:\a,{ﬁ': %tcgﬁ%ﬁ)gﬂl be

The oxide forms an 1 hsulatihg layer for the substrate
nitride | ayersuitgblgseniexispde Na@ldi IE@PI &P, Riby DIRAE los iptheme tegrhingyytol Blow the

soi19 (ous Pl ol LPRUSTOTRL S B o 10 RS
substrate of sEhlcgn nfiddomnembiagl The etchmg process will penetrate the oxide and nitride layers
on the substrate underside and penetrate into the body of the Si wafer, stopping just
below the substrate upper surface. Such a thin and flexible substrate can be nsed if the
coil is to be mounted on a device with non-planar configuration.
20 {0102} Referring to Fig. 6e, there is shown this optional step-of backside etching, to
remove a portion of the lower oxide and nitride and remove a portion of the Si substrate
(38). The micro-coil, now formed on the resulting thinned substrate, behaves as a
membrane mounnted micro-coil,
[0103] | The following figures will continue to show the wafer with its backside
25  etched, but it is to be understood that the remaining process steps apply equally to a
wafer that is not to be reduced to a membrane thickness.
[0104] Referring to Fig. 6f, there is shown the wafer of Fig, 6e wherein the first BCB
dielectric layer aﬁd those portions of the Cu seed layer on which no plating has occurred
have been removed by a suitable etching process (using etchants as noted above), -
30 leaving only the exposed micro-coil (99) and mesh (98) formed 6]:1 the remaining

portions of the seed layer (85). As noted, the subsirate is shown thinned to membrane



there is the additional formation of a patterned Ti/Al bilayer (60),
formed as described wth reference to Fig. 3g above. The bil ayer

w Il serve as the base for the subsequent 20 deposition of a
ferromagnetic pillar. As already noted, th8 Al layer (i.e. the upper
| ayer of the bilayer) can be another netal, such as Cu, An or N,
but Al is founqirdportiwaav, dut, pxgnmeraliﬂmubtteatemméhottdndvdlbpadieshimﬁedt he

present inventi exe r nd van Leo h| on.

formation of tH# ‘ﬁ@jp Ieef@%‘g Ellfeco %%ﬁcmclayer
met hods, such am7 @aﬁoh@ﬁiall?ﬂ liﬁfer bhBdY h&)ﬂ%rprﬁh’@éd énﬁlﬁmd&ﬁgnlt)rtﬁaﬂ&&ﬂ@des the
substrate 25 surface, followed by an et chi away of portions

peripheral to € digdastricdldyes 490 eha. WasOBBPY Figi b spéset theCursegd lager, could
th h
errg(r)g| Imssnts ?\évn gltS{;' 23)6/, er&%%B%E Qécloﬁld gie?%% fa{,ffgt 1L ?é’rgzreg %&Jﬁ: ﬁntélé‘gfssshghﬂy

bet ween appr ox ifeafeettyn it teight &;ﬁthmnﬂbm%ﬂ adlthpckhése baiag withinahe eiigebaween

opening (72) ositioned_qver the gvtterned Ti/Al bilayer (60)  and

exposing a por £ GHCHPS A 2 ppisrons3 1§4Jith6a£9€n@fontcn”ethblsmyérdwlfcmwayer: the
ayer of a7, 7 it paStalIal G (RIAER IRAABAR A i Byl fom
by el ectrol essdqaleaﬁmcrpgomfhds et I‘akeﬁmlt’pomsshdbyt}:l&&cspiﬂnamg&(cbf:ﬁ:)perms il for

5¢) in the t not ed that. ot her

materials W b F’b#lpg‘ér BF e S BBl e st With JOR B Gy
has al ready bg@tﬁe@leﬁ@ﬂﬁ&@@(ﬁﬁ NS ePivkndfionts WindeQGepbiaatBr {RSToABEnLEhe is
flux of the mcro-coil, 5 hence the requirenment of "a ferromagnetic

material of hi &Hoped hEdHiAL |dﬁ519051t{0®85?1)%ﬂé¥1 ihergindew tang eorfacging B Cu meske It

is shown the f e

| ayer to Ieave%tla%ég%%(ceo gggfcl por |on Oa%@?%th@%%{m&{hl%ﬁx {‘gg?amlﬂe’a
formed on the flaémd etbh,lsay}mt G(QcﬁDe)lechﬁ%ES(}ntactRedlehamegl lmgxbart’mmﬁa@ Thxf Ti/Al
there is s vvnthefarl atlo th the bsequent
Homosi t oot aveyiscoopdiagarl fiib ot okt HUGHR I B SR BF Byerool
base of the fihsdddpd Wit (ROBCBGR:] digleB®d 1dyer.a t hi ckness bet ween
approxi mately 500 angstrons and 2000 angstrons by a process of

sputtering. The seed |l ayer is thinner than the base of the
Version 3:

[0106] Version 3 of the present invention includes the addition of a backplate formed
20  of highly permeable ferromagnetic material formed within the lower surface of the
silicon wafer substrate, using electroless plating as has already been applied to the pillar
formation. Further, the magnetic pillar is extended vertically downward through the
upper substrate surface to contfact the backplate and, thereby, produce an enhanced
magnetic-flux-containing circuit forimed by the micro-coil, the pillar and the backplate.
25  This configuration very strongly focuses the magnetic field lines within the pillar of the
device, or within the pillars, if the device includes a plurality of micro-coils and pi]lérs.
[0107t Referring to Fig.7a, there is shown a silicon wafer substrate (10) having an
upper (20) and lower (30) oxide layer formed thereon. Each oxide layer is covered by a
layer of nitride, wherein nitride layer (25) covers oxide layer (20) and nitride layer (35)
30 covers oxide layer (30).
{0108] Referring next to Fig. 7b, there is shown the wafer of Fig. 3a now being



pillar. [087] Referring next to Fig. 5g, there is shown the
fabrication of Fig. 5f with the 15 additional deposition of a second
| ayer (90) of BCB or other dielectric polyner. The BCB |ayer covers
the first portion of the plated pillar (8% and is patterned (95)
with trenches of a suitable depth between approximately 15 m crons
and 20 mi cr ongattahédcin prepasstibys tfanttheadéposite ¢hitek ek sondarige Tie péiem is

| ayer (90)) for the subsequept for jon of the .Cu mcro-coil. An
o i onal ¢ r SreoB T Birch8L BbL P Arbieeait e R iR pandBpee
array as di scussedhabgyte Sheideaht @it Bybs 200 Mfo U T Gubstrate using DRIE (or
phot ol i t hographi ¢ net hods well = known in the art and they are not

di scussed her &ihst syifablegtabanthas thetetchingmachanism Hhedrapahosiinis expmplediave an

i nvention, cbe . t [

of 'the coi P cameepkibe e (R aLkiBs %l ol Bt P s REEpisBl c? e
Wi th aspect r atveason)co2&bdndigDio3he prefdited ighenstak B theRpAdIptihBER] dn@fin this
neeting the objects of the ig%/ention. 25 [088] Referring next to Fitg.
5h there is sRERFTedfabodBRent tis Bwchss willghavs g WWidihok haicrensndfudspth of 10

deposition, by.: t-rapl.at.i j i Lthi o, b -
pattorned tr SRaRac (SR ea, St LR CERIEP kirmisitac b el BartiBfar col
trenches conf desigl deoperihed in Fighs Magitdingfisteeatednner . The Cu bondi ng pad
mesh i s shQwn 98) 089] Referring next to Fig. 5i, there i )
shown the}il&abr['?@gfi g{ﬁfe & ftos g‘,\h Hﬂeﬁ’é’ SEJQ ﬂé&g‘?ﬁc}gﬁépé%gpgg‘ﬁ? fFis.
of the BCB | agpsuli¥qichio QRERENG AN foRnMoR SO Wi 88ke0tbnki®d)s #RR Wsnlatifloxide
al ready deposited first pillar portion (80), said opening exposing

t hereby its ufpaed2@a tyighese detween japproyimséely §0@ dngsvams and HAPG angshoms, a
of the fabricaii I [ of ) pi 1] have . a

| ayer forned 30%%‘% ib%’q%ﬁ #‘.B%S f? eEddg%gstﬁ% ioélnha%ol%o ?ht{él%%t?rsrsgég&%?naﬂ@rgﬁmaﬂneg
in this case a®p/200 tdpstravihe dodv20p@R0000a(:84dma afld . €t Gled| Ry . formiedpbas Ak
etch) of ul d need ta _be perforned befaore additional electroless
bl ot g o i PRR=LIAUR 1t R er GBI Y SB0 GOl Pan et 2L gnsstoms
pillar (80) toht eirés Ry&sCORdh ReffoiRNyfovihieRixbbRh weh8OREBRf lldw Athigh
next to Fig. 5, there is shown the el ectrol ess Iatlgg of a second

portion of anq‘JFQH@bPiatﬁii dprpsitios @f (Erods withingthe E&@%hgials&? o fig 3¢ [95dKe pasep

(80). This segpRdion For clarity in the illustrafions, this tri-layered formation will be shown as a

single, undifferentiated layer (38) in Figures 7¢ et seq.

20 [0110] Referring next to Fig. 7d, there is shown the deposition of a Cu layer (400)
over the tri-layer (38), the Cu layer conformally filling the trenches. The Cu layer is
deposited by an electroplating process that is well known in the art and will not be
described in further detail herein.

[0111] Refemring next to Fig. 7e, there is shown the fabrication of 7d subsequent fo a

25  chemical mechanical polishing (CMP) to remove excess electroplated Cu (400) and the
tri-layer (38) on the upper substrate surface and leave the Cu remaining within the
trenches (40) as the micro-coil and the bonding péd mesh (210). The CMP thereby
exposes and planarizes the upper oxide surface of (20). '

[0112] Referring next to Fig. 7f there is shown the fabrication of Fig. 7e with the

30  formation of an additional, second oxide layer (22) of thickness between approximately

500 angstroms and 1 micron (with approximately 1000 angstroms being preferred)



portion can be plated to add an additional height of between
approximately 10 mcrons and 50 mcrons to the already plated

pillar. The second portion of the pillar is 10 approxi mately

hem spherical or mushroomin shape as show# in the figure. The second
portion of the plated Ni CoP grows in three directions since there is
no dielectric leyeing thefint ngidadayar () dnd checaxpsdet dinfaces of fHITY mAko tdil &nd
stage in the fabrication the backside of the substrate can be
optionally et GRSy with, for exanple, a solution of KOH or TMAH :
(note: many et gfvasf S Rekkdind® Fléﬁcsm&@@lsﬁawﬁ 0k MRS MR Gilh E b eckside of
HNA, RIE, DRIE or plasma etching) to allow the wafer to be thinned to
t he point wher &¢i Wafa'c@jdledé@smm QM| oz othsf suitable eichivite asdibqussod almrve) to

silicon nitgid he. et chi.n rocess Wil enetrate the

oxi de and n$t r? ge IayéeE r%tQ (Sg-n of Rt 7&?%??%@@ ﬁ%ﬁ&%%’%ﬂg%ag‘g%ﬁ’%ﬁ”&h 530
into the body eficrbdschebig ppeteeed. St opping just bel ow the substrate
upper surface. Such a thin and flexi ble nenbrane can be used if the

20 coil is to BHlfbuReEaingnext telise dhaihens i shpvis tn fabricatidn @iﬁiaﬂgo‘ﬁi.th the
092] Ref 5 i h al
el Bl et £ PR ATL0 Mo Syl SRRl B! 0

nitride (35) tfenemgmmtﬂmermubﬁthmmomwto etch a cavity (39)
t herein. g,sultl ng. menbrane nmounted nicro-cqQil_is shown with the
pillar t h hatPlhde nREGringdexhioie: 7in theep 1§ showaihe febrseiigmet Fignt wherein a

formation of aidEeiRambon) nalndhl SuReanRlay 8Lk eY\"(ng!?Q?%@gﬁsQ?%gﬁﬁer

w Il be described bel'ow with erence to gures
fol | owi ng fi guswetace Bf er(ésme& mthpnmel bw@glpladléast oces owpteted hyafbeming a

wth its backsi rsfqod that the

remai ni ng pr océls/gleg ?Qme%m %lﬂ 0“ E L%?N%P tﬁ%%heﬂ’o?e Iﬁﬁs?‘ T5ftfe The
formed to a n"e‘rbiinyarnﬁ folﬂdnecklﬂfastota.ﬁ(ﬂn[:ﬁ:&éi] bEﬁ&rfe@i dgwgzﬁ:@teﬁ-i 250 Bdgstrdhebed 1
is shown t waf er of Fig. 5k_wherein the secon di electric

| ayer and ¥por tPHHE Bt behareedy bemgdesaipsd e8s o5 armgre dtyiled fisgptsion qfghis
29 plating hagoy @&%Lﬁaﬁ%e fRAVR: RERRsILE %ﬁg%ﬁﬂﬂﬁé J%!JH aRhRngh ?]ﬂ:'@gdow for

process as noted ove | eaving only the mcro-coil (99) and t
bondi ng pad ne&h W%)leerfquopoﬁ svipflow {@2) is formed to expose a portlon of the Si

substrate (10) for the purpose of subsequent vertxcal trench formation to accommeodate

the ferromagnetic piilar.

20 [0116] Referring next to Fig. 7i, there is shown the fabrication of Fig. 7i with the
addition of a layer (70) of BCB or similar dielectric polymer formed over the oxide
layer (22) to a thickness between approximately 5 and 50 microns with approximately
10 microns being preferred. A vertical trench (72), between approximately 55 and 100
microns in depth and between approximately 10 and 100 micron in diameter is etched

through the BCB layer (70} and the silicon substrate (10), the trench thereby exposing

I~
L

an upper surface of the NiCoP backside layer (60).

[0117] Referring next to Fig. 7k there is shown an electroless plated ferromagnetic

NiCoP pillar (74) formed within the trench (72), the plated pillar extending upward

from the upper exposed surface of the NiCoP layer (60) (on which it is plated) to the
30  upper surface of the BCB layer (70).

[0118] Refemring next to Fig. 71, there is shown the fabrication of Fig. 7k, wherein



seed | ayer beneath them As noted, the substrate is shown thinned to
menbrane proportions, but, in general, the substrate need not and
wll not be thinned. 5 [095] Referring to Fig. 5m thére is shown the
formation of a third dielectric layer (287) (again, typically BCB),
that replaces the second dielectric layer ((90) in Fig. 5g) that was
renoved i n Fi Byer5@0k thetBER liver h&dbseeendway by crbingdeatispthb exide tayee@?2) to

The third dielectric lay: 107) is, f d t t hi .t hat
1ot 1y gr eat e AR AR oh 4G hg piiat (AT T el POV B DRl 8L e
upper portion[oafist heefeBid:GRRAUNES Fig, Piteleds sHWRGSCRomANC Mgt b8 exemplary

formation of the third dielectric |layer, the substrate is passivated
and the di el eBtyp-gelf-asspmbiyaaodercema sdstrate 410 ndwen picel microeamponent (20)

di el ectrics pr ti t . . - SharsURSE I at )
Such' pr oper {1 Sugy g e Bk AwiBPBIADRE « ek 0N, B3bBH apec
be i nt egr at edowtlitd) afa ABEngWarCoyeito! 1Y midblasie (S@NTs dhowhelsBGB daghiedine
formation a w ndow is opened over the Cu bonding pad nesh and a

Ti/ Al deposi t PWHRY Bilisr o, of Phthinsthe isEbsfig &b e ROSKISR 9E diecerptas tsitp (O e
Cu nesh to ¢ ] i nec ]

the upper _surtasseapptfa SN keale it fEy S mBSRBRARN Ykl dy SRR
et ch, so thatthgostt s leowmn sadingonb@edes.whi bititrey TiidrAlcoll d§@r aleasithee on, or
made. [098] The, .device fabricated jn the description_above included a
ferromagn€t i VRS S ebéﬂr% BB peard Brfag ei%@ﬁ%naﬁofé@ﬁ%@%emwﬂ%s
simlar m crogisideddpittoRsly,N i RO biaffte! MMl AR R’ facPHER e
device is an enbodi nent of "the invention within version 2. Figures.
6a-g will il |assembdy end rentesten deledtnenl ehd/ohphysicah ofcopltiplsemil cliveniet histe-
apillar. [0 Ref.errin i there i wn o 8, trate
thich s a 5 CRsarrs ru fpll et Gon MBS HRHE MBS AR P Bed o
(20) and | owdll-V 3fe exidadtayensefds, ona laey sassdatelPaarof EDJongadentoibe
(35) nitrjde layers. (Si_ nitride). The.oxide forns _an insul ati | ayer
D5 or {15 S ST e et HOb AR RS 8 (eR roti e e SR Hghede
layer for backsdes @ru6dd i0he eﬁ&%&d Redr&esilsNGON@EL (660 Th BoilsGh redh8Y Ges,
is shown the substrate of Fig. 6a, with the deposition of a Cu seed
| ayer (85), fWraveenergized HuERpesHOHEE Wagnrtiapeicakalielis|apd spgciated magnetic
angstrons and,; r ¢ |

Ref erring ne%@%ggl?%gf%c@ e 1:eh% i @%ﬁ%ﬁs# éép?g%éﬁdg!tg ?’3# %5%?3& anélt;m
with the guide the components to those positions. if necessary, additional micro-coils (60) can be

20  positioned along pre-determined paths so as to facilitate the guidance of the micro-
components to the positions of the trapping micro-coils located at the receptor sites.
Once the micro-components are held in place by the micro-coil generated magnetic
fields, they can be more permanently affixed to the substrate by various bonding
techniques known in the art. The micro-coils can be positioned on or within the

25  subsirate. It is noted that the process may be advantageously performed while the
substrate and micro-components are immersed in a fluid providing sufficient viscosity
so that the guidance and fastening can be performed in a stable and regulated manner
and so that local surface interaction effects can be reduced or eliminated.
[0120] As is understood by a person skilled in the art, the preferred embodiments of

30  the present invention are illustrative of the present invention rather than limiting of the

present invention. Revisions and modifications may be made to methods, materals,



30 deposition of a first layer (90) of BCB or other dielectric
polymer. The BCB layer is patterned (95) with trenches of a depth

bet ween approximately 15 nmicrons and 20 30 nicrons (which is
substantially the thickness range of the Payer (90)) for the
subsequent formation of the Cu mcro-coil and with trenches (97) for
t he formati on sohctareh entidimgnsipedermeyedds fhbicatng tHkme-qodtdericen Figh g vwi8ieut
usi ng phot ol i t.hogr aphi c t hods | kn in the ar t e
not di scussed%%cg%?’gﬁ?ml tprﬁ?aérs t%ndb\ég%ﬁ tlaet%F 13%126’1,36 in Chi sgtej\l/eg%{sjolnb rﬁ@élsgl% and
_the inventi onmdnfifiABpeckndtatidipivhilbsilgblidegn MxhodfohfabAtageg siicharicro-
10/ 3, preferabl exceeding 3, with aspect ratios_of 20/3,. 30/3.or

hi gher, being ca% Seopesi with andoyithens Pmemagnaee pillims apd becnlpes nravesd rifh the
.[0100] Referring: ' [ i jon of
Fig. B wi th Chat Al eohfotth ore e LBk e R S o
mcro-coil (99) within the patterned 10 trenches (95) of the BCB

| ayer, the Cu filling the trenches confornmally and in a void free
manner. A bonding pad nesh (98) is also fornmed. | [0101] At this
stage in the fabrication the backside of the substrate can be
optionally etched with, for exanple, a solution of KOH or TMAH

(note: many etchants will be suitable, for exanple NaOH, EDP, HNA,
RIE, DRIE or plasma etching) to allow the 15 wafer to be thinned to
the point where it acquires the properties of a flexible silicon or
silicon nitride nmenbrane. The etching process will penetrate the
oxide and nitride |layers on the substrate underside and penetrate
into the body of the Si wafer, stopping just below the substrate
upper surface. Such a thin and flexible substrate can be used if the
coil is to be mounted on a device wi th non-planar configuration. 20
[0102] Referring to Fig. 6e, there is shown this optional step of
backsi de etching, to renove a portion of the | ower oxide and nitride

and renmove a portion of the Si substrate (39). The mcro-coil, now
formed on the resulting thinned substrate, behaves as a nenbrane
mounted m cro-coil. [0103] The following figures will continue to

show the wafer with its backsi de



25 etched, but it is to be 'understood that the renaining process
steps apply equally-to a wafer that is not to be reduced to a

menbr ane thi ckness. [0104] Referring to Fig. 6f, there is shown the
wafer of Fig. de wherein the first BG® dielectric |layer and those
portions of the Cu seed layer on which no plating has occurred have
“been renoved by a suitable etching process (using etchants as noted
above), 30 leaving only the exposed mcro-coil (99) and nesh (98)
formed on the remaining portions of the seed | ayer (85). As noted,
t he subsWhatis dlaimg@han t hi nned to menbrane 31 proportions, but, in
general, the substrate need not and will not be thinned. [0105]
Referring to Fig. 6g, there is showmn the formation of a second

di el ectrilc | apenicro-ddil7Jevicadan the genapitival fopusing andenariful BEOA dfmaghétic
preéferred enbodi nent) that replaces the first dielectric |ayer (90)
that wasgrg & Fig. 6f) so that the Cu seed layer could 5 al so
be renmpoved. The second dielectric layer is forned to a thickness that
is slightly greater ht‘ban t he hei(ghi of the mcro-coil, said

t hi ckness: bei hg Wt Ri A thE" PERGEBRIWEE A4S i crons and 25 ni crons.
Wth the formatjon of the second dielectric |layer, the substrate is
passi vat ed anyPPRY¥ BCE-eLh ?‘?I‘El-e pbaatisd sepdyctrrdisying @B asnestyabe srater
from dielectric properties that are not possessed by the Si

subst r at than &(je paigh praererceil dsingj fprmedsip segnaenisdiaivizizeat least| opgyof hwaristpefided
mcro-coil to be integrated with RF and HF circuitry. Subsequent to
t he BCB Eeoymatridabshapes inra teenvh fistowd itlroughesagbiugdper surfaae fel suit momo-amdl i s
followed by Ti/A deposition (101) within the wi ndow and contacting
the Cu niesting dttleastmyobmdstecessary to cl eanse the upper surface of the
exposed nesh wth, for exanple, a plasm etch, so that good

el ectrical coppasivatiid dkiddRydr fbted F¥LLaiEAr®Roflade. The Ti/ A 15

| ayer is a bonding-pad that. allows electrical contact to.be made to’

the m cro-coid dicRBRRIMRY rdelioVerd BRI R thiir! £hadi el ectric |ayer.

Version 3: [0106] Version 3 of the present i1nvention includes the

addition of RAflHaAl for nEkIccheaP Lot il (LAY Sot gagh'
material formed within the FUsur %lc'eg%l tcﬁ%ﬁ bLofl B RIBANA
coil ends or on conducting leads connected to said coil ends.
~ wherein the substrate is a silicon wafer having plane, péra]lel_ upper and lower surfaces,
the upper surface being covered by a first layer of dx_ide and the lower surface being

covered by a second layer of oxide and wherein said linear micro-coil is formed within a

trench formed through said first oxide layer and terminating within said wafer.

2. The device of claim 1 wherein said trench has a width of approximately 3 microns
and a depth of approximately 10 microns to provide a micrb—coil_ of aspect ratio

approximately 10/3.



silicon wafer substrate, using electroless plating as has already
been applied to the pillar formation. Further, the magnetic pillar
is extended-vertically downward through- the upper substrate surface
to contact the backplate and, therebyz7produce an enhanced

magneti c-flux-containing circuit formed by the mcro-coil, the pillar
and the backplate. 25 This configuration very strongly focuses the
magnet i c 3 i el Theidewse wf dldiinnl fubthepidnipaisingfat idast onedgillac fyrmed ofii t hi n t he
pillars, if the device includes a plurality of mcro-coils and
pillars. fol&dibhbiiRehesial REidet Kildpdmeabilif), Said pillahRWingarbidpet &id loaéer.
substrate (10) having an upper (%O) and | ower (30) oxide |ayer

. formed thgg esggiepl‘%%lﬁé)ib fed ﬂ)ﬁ?ﬁsﬂﬁn Sféﬁgﬁfjgféﬁﬁﬂ? etib BRI st@hoth] Eﬂéirﬂ@d-

wherein nitri ['ayer “(25) covers oxi 0) and nitride |ayer

het o 15 SRR dapbPeTve Bl oraid i CREIAL DRI ALl 7™
B o0uced BPRAGR RIS TR0y oLear R O FouR e OBP e or o

bondi ng pad nesh, through the Si oxide and nitride |layers and into
the Si sd#®rrate using DRIE (or other suitable etchant) as the

et ching nechanism The trenches in this exanple have an 5 aspect
ratio of 10/3 (but aspect ratios greater than 3/1 will neet the
objects of the invention) corresponding to the preferred di nensions
of the canductlihedetiot bf cliich 3 Whedeinssaidosibiéreis foethed oD icheetrblesdyslated enches

‘wi Il have a width of 3 mcrons and a depth of 10 mcrons. The
geomet I i oA haklial RROIP RAGRRDaRMMECERS ri!ﬂiﬁpétf_élﬂeﬂ%i-ﬂ%lef Edthpriving
coil design described in Fig's la’j being fabricated. 10 [0109]

-Referringlgg%gf%gﬁgﬁgdOquﬁkng?Lis shown the trenches (300) and

(205) of FiITg. bsequent to the sequential formation of a
tri-layer consisting of an.insulating oxide fornmed to a thickness
bet ween approxi mately 500 angstrons and 4000 angstronms, a Ti/TiN

barrier layer foroed over. the,oxi de. t.hi, cknes et

appr oxin Z|y7ﬁ§6@f§%ﬁ£§ﬁg§??@ﬁ§“ﬁﬁﬁf@6@8Fﬁﬁﬁﬁfgﬁé%??Sﬁgﬁg%%naﬁHﬁa.
d | ] d the 15 b j N t t hi ck bet

o oxt rahigkte B G TR SO T ore, oSS between

6. A micro-coil device that incluc_les a dielectric embedded micro-coil, for the
generation, fﬁcusing Vand ‘manipulation of még;netic fields comprising:
a substrate having an upper and a lower surface;

. aplanar linear micro--.coil, formed of a plated conductor having an aspect- ratio
greater. tha.n 31, formed_in segments havjng at least one of a variety of geometrical
shapes on the upper surface of said substrate, said coil having at least two ends;

| . a dielectric layer formed over said micro-coil and conformally covering said

micro-coil; and -



The three | ayers, which conformally cover the exposed trench
surfaces, allow a high quality plated deposition of Cu coils within
the trenches. See also Fig. 3c for this sane formation. For clarity
in the illustrations, this tri-layereggformation will be shown as a
single, undifferentiated |ayer (38) in Figures 7c et seq. 20 [0110]
Referring next to Fig. 7d, 'there is shown the deposition of a Cu

| ayer (400) boerding palstfor mildypele¢iBig)!l contretiGhs tb saidmicrondody crminkgted to
filling the trenches. The Cu layer is deposited by an el ectroplating
process tshidtcoil endvairlto kerelwtingleddsah@rate @ndedtéd tb shidicol@ndslescri bed in
further detail herein. [0111] Referring next to Fig. 7e, there is

shown t heyheAIM b 6&lityQfRfned ehrehSRAB LS éu‘Bs@ate SREH8M GAbndTRAMANAR!
polishing (CWMP) to remove excess el ectroplated Cu (400) and the

tri-layer; 380 tﬁ ?ett%]ﬂﬁt%g{l §HQ ?‘h@? stiby ef sﬁ&gceagﬂd c I%Q?lﬁgdb 0 n di ng

remaining wt tre e m Cr O0- COl

pad nesh : The e 0ses.an l,a s t.he u

bt e susPRRgPopes i@ﬁﬁfﬂ%&# P e PSR off Fendgiing B8

shown thglIe %gégcatlon of Fig. 7e with the 30 formation of an
addi ti onaf® BHIB%i de | ayer. (22) of thickness between -

- approxi mately 500 angstrons and 1 micron (wth approxi matel.y 1000
angstrons being preferred) 33 covering the first oxide layer. (20)
and the exposed surfaces of the Cu mcro coil and mesh. [0113]
Referring.to Fhedevigs oftchamed whersinahesitblsieaté asor siliavni voaferdfavitfy pharsh -t he
backsi de of the wafer etched (using TMAH, KOH or other suitable

et chant s pagllelippesaadoriiavehcds Othe dpsdreaifiedetng\ebiated B fiddt layer of
appr oxi mat e dept h” bet ween 300 and 550 microns, with 550 microns

bei ng pr gkRk afd thelOFdAlrReS Rid R eRBH atsecfﬂdqayeZBfoﬁlB@re i's shown the
fabrication of Fig. 7g with the addifion of an electroless plated

| ayer (60) of Ni CoP (or other highly permeable ferromagnetic
material) within the cavity. 10 [0115] F@ferring next to Fig: 7i,

there i Sgs hOWQ-hé E&néea&"chﬁﬂtd \gﬂergm Safd%lcro-co\ﬁlg Iformed of plated Cuto a width

of approximately 3 microns and a height of approximately 10 microns to provide an

aspect ratio of approximately 10/3.

9. The device of claim 6 further comprising at least one pillar formed of
| ferromagnetic material, said pillar having.an upper @d lower end, said pillar being
formed at a position of maxiinufn magnetic field strength gcnerat.ed by the micro-coil and
the low-er'end of said pillar contacting a patterned metal b.ase formed on said upper

substrate surface and the upper end of said pillar extending above said dielectric layer.



wi ndow openi ng (92) has been etched through oxide |ayer (22) to
expose an upper surface of the Cu nesh (210) and the bondi ng pad has
been conpleted by formng a Ti/A bilayer (77) within that w ndow
contacting that exposed nesh surface.3zgThe bilayer is fornmed to a
total thickness between approxi mately 250 angstrons and 1 15 micron
as has al ready been described. above. For a nore detail ed discussion
of this 1Bondilhgdpéde: dfztamdeehdrtia saiidpilies 39 formed ofithe vliettiolédsplat®y. | n
addition to the window for the Ti/A bilayer fornation, a w ndow
(92) is faromgntic exposidNiCopand bad patteriddcbade is apafisinedbiayed mprivind e
pur pose of subsequent vertical trench formation to accommpdate the
f er r omagmsiet 6f Nl fokBéd or2W1a8 kGl Referring next to Fig. 7j, there is
shown the fabrication of Fig. 7i with the addition of a layer (70)
of BCB or simlar dielectric polymer formed over the oxide |[ayer
(22) to a thickness between approximately 5 and 50 microns with

appr oxi ely—.1Q m crons hei preferred. .A vertical trench (72),
bet ween ni%‘p r OX| Pﬁﬁ?"é?vf%g‘m& dw%%l S?r‘fi@rﬂj)aﬁ & %‘OHﬂ%‘g{?ﬂPeéﬁPéBB@{ﬁﬁ%e n
appr oxi mat el %i)nlo and 100 mcron in dianeter is_etched 25 thrqugh the

BCB | ayefPRIo%imatsly 1Y ped 3 miczons aad said patemed base hashorizpaialdimendemspy -
exposi ng an upper surface of the N CoP backside layer (60). [0117]
Ref er r i n§etiest appsorimgtely7 10 audeilanicsonshown  an el ectrol ess pl ated
ferromagnetic N CoP pillar (74) formed within the trench (72), the
plated pillar extending upward fromthe upper exposed surface of the
Ni CoP | ayer (60) (on which it is plated) to the 30 upper surface of

the BCB llayer The Qgvicd dfklabh cRefieéin itivodisleatic 1ayeHs@. layet of BOB rhé&d ®ROWN
the fabrication of Fig. 7k, wherein 34 layer (70), the BCB | ayer,

has been gfigfRyHErR¥nQbEidkRthtely@3hd 90 LkiGoRxi de | ayer (22) to serve
as a passivation layer. The pillar (74) now extends above the

passivation |layer. [0119] Referring finally to Fig. 8 there is shown
a schematic diagram of an exenplary mcro-self-assenbly process on a

aui ded (the arbelRigoiba, GRkedH GE ST RIRINAD achiba ol BB,
dashed- spiral, a meander coil with reéfangular loops, a pair of interdigitated meander coils, a pair
of independent concentric circular spirals \yherein an inner spiral is formed entirely
within an outer spiral, a pair of interdi—gitatéd circular spirals, a meander coil with small .
rectangular loops formed within the larger loops, a meander coil with small ciréular or
elliptical loops formed within the larger loops, a semi-spiral coil, an array of spirals

_ having a common central axis, or as arrays of such shapes connected in series or in

parallel.

14, The device of claim 6, wherein the coil is shaped as a curved spiral, a square
spiral,'a meander coil with rectangular loops, a pair of interdigitated meander coils, a pair

of independent concentric circular spirals wherein an inner spiral is formed entirely



outline as a rectangular opening. A mcro-coil (50) is shown (also-in
dashed Iine outline) either on, or within the substrate at the
position of the receptor site (30). The mcro-conponent wll be
trapped at that site by the micro-coidp and ultimately affixed to
~that site by known bondi ng processes. An auxiliary mcro-coil (60),
also either on, or 10 within the substrate, can be used to facilitate
t he gui dwitbw avfoutenepindlca pricefiporiigitatedasrculdr siitads e dhgandey colli siith smali s
magneti ¢ gui dance and trapping process facilitates the assenbly and
connect i eptapgllecibopsclatmeaiatithin tdiyser bops, @fmemtér coll @vithnhalli cirenkaeor

m cro- conponents individually fabricated fromvarious materials,

i ncl udi ngpliptidal Mbs Fdried @dthirPthe 1drger Yodpk PLschB I FANGUC bR brrikpéBpiralss, OnN
a large substrate. Each of the conponents to be 15 assenbl ed can be
coated Witk kb S cSRLE L8l .26t o .

magnet i \(I:\h%‘}fa%g:r%es p!rmgglucedgui')‘€iI 0tr %%%ﬂé%%%%h?ﬁegfgﬁ%ﬁﬁgn %eg%% nglﬁd (60).
The coils alﬁ receptor sites, when energized by currents, provide
magnet i CP‘B% eé“nti al wells and associ ated magnetic binding energy to
both trap the conponents at proper positions on.the substrate and to
gui de the conponents to those positions. |If necessary, additional
mcro-coils (60) can be 20 positioned al ong pre-determ ned paths so
as to faéflitBredevire ofglairar cehesdin thedonflisg padcwmpoumedas a paftarpes bilayer
positions of the trapping mcro-coils located at the receptor sites.
Once t heofTiddldfonnerhore ntCa mesh df @ltels¢ating ICaddladytrenties mhd ars-comdcted
generated nmagnetic fields, they can be nore permanently affixed to’
t he substiratle tdyaid afidroLtsil RAdbrITY colducliiy bridpsnKieadythitrard dvdnédtéd toThe

m cro-coils can be positioned on or within the 25 substrate. It is
not ed t hginitaPBonARCHAS formedde said\imBioa@siunaty performed while the
substrate and m cro-conponents are imrersed in a fluid providing
sufficient viscosity so that the guidance and fastening can be
performed in a stable and regul ated nmanner and so that |ocal surface
i nteractigon o i I | 5.

under st olil)g b?f %ee%etgicggﬁms |I6Iv§%y§ﬁg%cﬁ%n§%nfg?a?%ggore ggargghmﬁ%ﬁ%d}ﬂ#%ﬁ S
of 30 the. ent, invention.are ill ustrati of the present
Cnvent i oft. FLAHRFOR O FCH PR Srerprime CRled nches pd 615 CoRISsIeg; ons
and. modi Iifrgc?ltyltc? Qasldlr:lr:ua ro-l%:%ilrég seorttg 'ccr)rl:? uggggsbﬂ&gefegt%l Lﬁét a%f:,5 connected to

similar bonding-pads formed on said micro-coil ends.

-17. A micro-coil device having a micro-coil, a ferromagnetic pillar and a
ferromagnetic Backplate for the generation, focusing énd manipulation c.)f magqeﬁc fields
 comprising: | | . |
a substrate having an upper and a lower surface;
a planar linear micro-coil, formed of a plated conductor having an aspect ratio-

greater than 3/1, said micro-coil being formed in segments having at least one of a variety



structures and di nensi ons enployed in fabricating mcro-coil devices
with and without ferromagnetic pillars and backplates for use in the
generation, focusing and manipulating magnetic fields, while still
providing a nethod for fabricating sugh mcro- coil devices with and
wi t hout ferromagnetic pillars and back-plates in accord with the 5
spirit and scope of the present invention as defined by the appended
cl ai ns. 8bgeoutestical shapkmpmibd uppsar strfack ofisaid sulssgiate oddv 2 rendhdprmyddghrough
generation, focusing and nmani pul ati on of magnetic fields conprising:
a subst r asié upperisada@nsaipeEl havig 28 ldasvten eady;f ace; a pl anar mcro-coil,
fornmed of a plated conductor having an aspect ratio greater than
3/'1, said M cheaEf Wit iHGubFHE chill BaBEABRASSthiRh RY oﬁé ihERShe PRARr Of
a variety of geonetrical shapes in a trench formed through said
UpPer. SULLARE oRRlld Silflalafil 916 Chiiey HARMERIOBbad SATInel WREERIhinsid
passi vati ng oxide [ayer formed over safd mcro-corl; a dielectric

| ayer foqu% gver said oxide layer; and bonding pads for malting

el ectri c*F8fhections to said micro-coil forned on said coil ends
or on conducti?g Ieads,conngfted to said coil ends. wherein the
substrate is af<romasgpticplpts WSR/fOHQe‘iS)?%Hf@?MHé{rﬁéW?e?alwgﬁ SRer ower
surfaces, the upper surface being covered by a first |ayer of oxide
and the Pwlse of eaid layer hringgybstanfiatlysd-planag with demig wensreface o1 g substratad
wherein said |inear mcro-coil is formed within a trench fornmed

- t hr ough swd ah dppes surbice dfsdidlager cantictimg thie nppersyrfadetdiisaid savigy; waf er . 2.
The device of claim1 wherein said trench has a w dth of

appr oxi mat el yaBopénidgofidfimedthebugh denipheodurfapp okt siisehte, skt dPedingns to
provide a mcro-coil of aspect ratio approximtely 10/3. 37 3. The

devi ce Ofsxtﬁ_ﬁcﬁﬁgﬂh;oﬁgﬁrthé‘ﬁibsﬁﬁgﬁﬁd éip'ﬂﬁin@fa pbﬁﬁ)itof Q418 féi'}drﬁafgﬁleﬁ@lra?&%pﬁér

sm'fac.e;
a ferromagnetic plgted pillar formed within said opening, a lower end of said
pillar contacting said exposed portion of the ferromagnetic layer and an upper end of said
' pillar extending above said substrat¢ upper surface;
bonding pads for malﬁng electrical connections to said micro-coil con;lected to
thé ends of éaid micro-coil or to c_:onducting leads that are connected to the ends of said

micro-coil.

18. The deﬁce of claim 17 wherein the substrate -is a sﬂic;on wafer having plane,
parallel upper and lower surfaces, the uppef surface being c;over,ed bya ﬁrét layer of
oxide and the lower surface béing covéfed by a second layer of oxide and wherein -said
linear micro-coil is formed within a trench formed through said first oxide layer and

terminating within said wafer.



ferromagnetic material having a high perneability, said pillar having
an uppefr and |ower end, said pillar being |ocated at a position of
maxi mum magnetic field strength generated by the mcro-coil and the
| oner end of said pillar contacting apatterned netal base forned on
sai d oxide and the upper end of said pillar extending through said
dielectric layer. 4. The device of claim3 wherein said pillar is
formed of the electroless plated ferromagnetic material N CoP and
said patterned base is a patterned bi-layer conprising a |ayer of Al

formed omga | FHeBevdde officlaif. 18 TR rélR Vaig refidh Mk Aivwidth offapprekimatdy d
dielectric layer is a layer of BCB fornmed to a thickness between

appr oxi Mefigh¥s shdB ko 88 phRREnatBly 16 HibOhO o Rblidd s Wies-doalr abjiel Hes a
di el ectric enbedded " m cro-coil, For the generation, focusing and
mani pul at | .Of tic fields conprising: a substrate having an
upper anéhggF%ﬁﬁg?gggface; a planar linéar mcro-coil, formed of a

pl at ed conductor having an aspect ratio greater than 3/1, formed in
segnents having at |east one of a variety of geonetrical shapes on
the upper surface of said substrate, said coil having at |east two
“ends; a dPel edbe fevisegiclaimdBwiprein die migraiced iscoveed by anerideopassivaian y
covering said mcro-coil; and 38 bonding pads for making el ectrical
connect i &ayst.t o said micro-coil, connected to said coil ends or to
conducting |l eads that are connected to said coil ends. wherein a .
cathy is fornmed through said | ower substrate surface and extends
Within said substrate to term nate beneath said upper substrate
surface, 2sai dTR@¥EVINe SFRMRMI 1TYwleremUBS ESiDisisBipeAQE b ic@Re@Epitdle: square
substrate, thereby -thinning the substrate and rendering it a

f I'exi bl e iRty ABfder coil With ARbESaObofd, i 7 RSl ted BRaskP eI Buit S

a silicon wafer having plane, paral upper and | ower surfaces, the

upper  Supf A6, HALALoSRUE G or ifeld Fherlid % o spiral is formed entirely

within an outer spiral, a pair of interdigitated circular spirals, a meander coil with small
rectangular loops formed within the Iarger loops, a meander coil with small circular or
elliptical loops formed within the larger loops, a semi-spiral coil, an array of spirals
having a common central axis, or as arrays of such shapes connected in series or in

. parallel.

- 22. . Thedevice of claim 17 wherein the backplate and pillar are formed of electroless

plated NiCoP.

23.  The device of claim 22 wherein the pillar is between approximately 55 and 100

microns in length and between approximately 10 and 100 microns in diameter.



oxide-and the | ower surface being covered by a second |ayer of oxide.
8. The device of claim6 wherein said mcro-coil is forned of plated
Cu-to a width of approximately 3 mcrons and a hei ght of
approxi-mately 10 microns to provide &3 aspect ratio of approximtely
10/3. 9. The device of claim6 further conprising at |east one pillar
formed of ferromagnetic material, said pillar having .an upper and

| ower end4. sailHe gévideatt clairinr1§ wHepsiite bahdiag pads dré furmed anmpattenmad
magnetic field strength generated by the mcro-coil and the | ower

end of sajléepbf TiAAL oAAEEG: B CudmBAlf @itéresbtiRE Gl filkdsenéies aRdaen sai d
upper substrate surface and the upper end of said pillar extending

above sapghnetie@UREN TS sdi@¥iEro-cosl en > td86n ﬁh}fﬁm?émé:ﬂe%ﬁh& derein

said pillar Is forméd of the electrol ess plated erromagnetic

mat eri al N n id ttern - tterned bil ayer

conpri si ﬁ%ﬁng&%g)y%?ﬁ%b%ﬁ%ﬁ' %%Seaoqjg%gggf‘%?/gﬁmg%ogﬂiep Yt. The device of
- claim9 wherein said pillar is formed to a hei ght between
approximately 10 and 50 microns and said patterned base has

hori zontal dinmensjons between approximately 10 and 90 m crons. 12.
The devi é& of Adnethed &f fpeingiannicreecadl devise dor toe pepeeationsfogusingand of BCB
formed to a thickness between approximately 15 and 20 microns. 13.
The devi venipilatibmbfmagnetibdieblswompasiogli | i s shaped as a curved spiral
a square spiral, a meander coil with rectangul ar |oops, a pair of

i Vg-ljer di gi t at egrovRidtesubsieate Bavillg Wsper andlowensiefeerjent concentric
dircul ar spirals wherein an inner spiral ‘is forned entirely wthin

an outer spir fdrmirfk Pddear @énch B AEsth diah@Gedh & AfdhaAngSR1dadd che ofla FBARF T
coil with small rectangular loops forned within the larger |oops, a
meander g0jdonlinidl §1IBL, whbfeit /b3 ough'saahpgglsg#@&%& RERRhavitft hi

the larger™| oops, a genl-splral COi an ar spirals having a

. ¢ . .
oo SRk RAL Bk eARt [AN3R Lol Eha ORI 1ERROR VL s
shaped a%nﬁm%ﬂ%ﬁ?d spiral, a square '

forming a grid of orthogonally intersecting trenches at the ends 6f said linear
trench and at positions peripherally disposed thereto, said grid of trencﬁes to be used in
the formation of inner bonding pads and minor and major outer bon&ing pads;

conformally covering said upper surface and the side apd bottom surfaces of said
linear trench and said grid of trenches with a three-layer sequential deiaosition further
comprising: |

. forming a first layer of oxide to a thickness t,;
forming on said first oxide layer a barrier Iayér to a thickness fb;

forming on said barrier layer a seed layer to a thickness t;;



spiral, a. neander coil with rectangul ar 'l oops, a pair of
|nterd|g|tated nmeander coils, a pair of independent concentric
circular- spirals wherein an inner spiral is forned entirely.-40
within an outer spiral, a pair of intgfdigitated circular spirals, a
meander coil with small rectangular [oops forned within the | arger

| oops, a neander coil with small circular or elliptical |oops formnmed
Wi thin the | afgefing ofpslayer dfethdpirioftr 201 dppesubatidt@itrtice SRidaes also
having a comon central axis, or as arrays of such shapes connected

i n seri egoorhally datd @ld thid-laydd ﬁeﬁ&iﬂoﬁ%n@ﬁllﬁigaaﬂlrﬁhﬁ HABR&IiA a VBRL-
bondi ng pads are fornmed as a patterned bilayer ~ of Ti/A forned over
a Cu nes Bmhﬂgersectlng Cu filled trenches and are connected
directly to sarJ nlcro coil ends or to conductlng bridgi ng | eads that

are connected_t.o d on id orI

ends. 16. The @Mt t[ﬁlﬁtfpoéﬁl%ﬂ %dsél%fg Cé’Pﬂucg‘Pfge 6%‘? ?F&“fa%{ﬁlﬁﬂé?e &YGr med
as a patterned bilayer of Ti/A formed over mesh

i nt er seciFpR§iten thatliegen theawperaybsire %ﬁr@c‘?}éﬁﬁéﬁgé’éﬁt Pémoé@tflsydtﬁ@tsal d

m cro-coil ends or to conducting bridging | eads that are connected to
sinilar bowdicteglayariwithiorsaiddrenphes afotmingctherebyid misreeoil donformalty ditlgeoi |
device-having a mcro-coil, a ferromagnetic pillar and a

f er r omagret tranchdeking ahds the)trcohhqaogré netietehdnof thoteshnrgd andnganiypiek at i on
of magnetic fields conprising: a substrate having an upper and a
l.ever  suki@ae tha isdoaladar WithGBE uppes bebsEaielsurfAce A8 dise Fortmifd AE@fuctor
donductor having an aspect ratio greater than 3/1, said mcro-coi

bei ng f ofed nicth $ABARALS.NAM B HirdiERSt One of a variety 41 of
geonetri cal shapes on t he upper surface’ of sai d substrate or in a

trench fornedg Is@]ra es)ﬂr %ﬁql%g &ra?e’k:deﬂ?orrr%%‘?h i | €ast

two ends; a cavrt e su stra cavi rough

an openln &Qst % wer gur V’@ sai d substrate and said cavity .
having st HLEeH A Wﬁaer ZePAERT W 0 sai

removing a portion of sald second-oxide layer above each mesh whereat
subsequent electrical connectiens will be made, eﬁ;posin_g clean conductor surfaces at
those positions; |

forlaling a second layer of cdnductiné material on said second oxide layer, said

second layer of conducting material contacting said mesh, said layer elect‘ic_ally

,F‘-\,‘)

contacting said micro-coil and forming a bonding-pad and said layer extending between
bonding-pads .; |

coating the upper surface of the substrate and said bonding pads with.a layer of
dielectric polymier;

removing a portion of said polymer layer over the bonding pad.



substrate; a ferromagnetic plated |ayer formed conformally filling
said cavity, a lower surface of said |ayer being substantially
co-planar with the | ower surface of the substrate and an upper
surface of said layer contacting the ypper surface of said cavity; an
openi ng formed through the upper surface of the substrate, said
openi ng extending through the substrate and exposing a portion of

sai d fer pomagmat inetHod Y€ tlaltp P8 whefeitl tha eglistratelie s SOWRRNBAVIG: fubath@ehlly
pillar formed within said opening, a |lower end of said pillar

cont act i REngednd RNEEERH P/ IbRBr RifabdiCal PR RQBRANBE 6xil@WSEr iR AInRR on
upper end of said i I'Tar extendi ng above said substrate upper °
S

pi | _
surface;bP@QggQg EH%§ for mating electrical connections to said
m cro-coi | connected to the ends of said mcro-boil or to conducti ng

| eads that are connected to the ends of said mcro-coil. 18. The
device of claim 17 wherein the substrate is a silicon wafer having

pl ane, Earallﬁ} uBger and lLower surfaces,  the upper surface being
covered BY a fhs method pérlain 25 o¥leaein fhedrensh iy sharad a§gropaied spiElrpysquare
covered by a second | ayer of oxide and wherein said [|inear

m cr o- cobpirala mmdmboﬁﬁ/ with rectangulenlobps, e paie df interdiggited aiegnder cals, apiide

| ayer and termnating within said wafer. 42 19. The device of claim
18 wher ebfiindepaddént ecdentriesiraulat siitalsofhergip mo xireakEtal isTormadosncirdy and a

" depth of approxinmately 10 mcrons to provide a mcro-coil of aspect
rati o ap@hxin@it@!syirdi0A gair e0inteldigitAeytifR1Rkped1fiathdBdan elith srbdl

m cro-coil is covered by an oxide passivation layer. 21. The device

of cl ai ”‘rele?amgﬁ‘fﬁ?fo@bﬁo%ﬂ@d G@thin the 1a§£@n§,gs,aasm@ange{ My RPihA cirdls gHar e

spiral, a neander coil wth rectangul | oops, a pair of

i nt er di glaﬁig{igzﬂ 1933 8816cd Gl the FarBA 1bonsOf s LRABRENG ?tm%gﬁf;éprﬁa%

circular spira erern an | nne sp|ra orned entir

having a common central axis, or as arrays of such shapes connected in series or in

parallel.
28.  The method of claim 25 wherein the raﬁo diw=10/3

29.  The method of claim 25 wherein said conductor layer is a layer of Cu deposited

bjf electroplating.
30.  The method of claim 25 wherein t, is approximately 1000 angstroms.

31.  The method of claim 25 wherein the first barrier layer is a bi-layer of Ti/TiN, the

TiN being formed to a thickness of approximately 300 angstroms, the Ti being formed to



wi thin an outer spiral, a pair of interdigitated circular spirals, a
nmeander coil with small rectangular | oops fornmed within the | arger

| oops, a neander coil with small circular or elliptical |oops forned
within the larger |loops, a sem-spirajgcoil, an array of spirals
having a common central axis, or as arrays of such shapes connected
in series or in parallel. 22. . The device of claim17 wherein the
backpl at e thikhegs ¢ff approdimattly266 dngdtrogiseod twthesdore et gappixBoitely280 The
device of claim 22 wherein the pillar is between approxi mately 55 and
100 m cengssroims. | engt h and bet ween approxi mately 10 and 100 m crons
in diameter. 43 24. The device of claim 17 wherein the bondi ng pads
are formed as a patterned bilayer of Ti/Al fornmed over a Cu nesh of
intersecting Cu filled trenches and are connected directly to said

m cro-coih en gc Blettho@ 8291?939 65 gﬂl%re% LALIR Gk B@Ecﬁné ﬁhgtrs] é@foﬁ&gcfwed ed

to simlar bondl ng-pa ornmed on said mcro-col A et hod

of formn levi,ce for gen ratlon facusin

mani pul afﬁ’ﬂoﬁ‘:&gﬁﬁf‘aﬁr&é horE oo anpre] B R e s

having u p&b and | o (gurfaces formngh |near trench of de th

and wi dt %ﬁﬂdcrﬂ%ﬁ\g eden ¢ byanesBnuhgrinahe bilayer sprpsisesfblgieraliTe rme

shapes, wherein d/w>3, through said upper surface, said trench having

si de andibdthidkmessbeiersa sppmaimately 388 and JRN0emesTomsingwhiek e de

used in the formation of a micro-coil; formng a grid of -

(]2 ixp ogond&yexyof Mdmwmm@emewaﬁmmhtetms amdl3 nmorossand Whamasmd{he nc h
at positions peripherally disposed thereto, said grid of trenches

t o be usemsh omprives & gridef bibgohallyinerscbontiraghen o depidd amd@idiawtnd

maj or outer. bondi ng pads; conformally covering said upper surface and

the si defigbdlwihihiaMa3a E@eQsr. of said linear trench and said grid of

trenches with a three-layer sequential deposition further

conpri si ng:

33.  The method of claim 25 wherein the oxide passivation layer is approximately

1000 angstroms thick.

34.  The method of claim 25 wherein said bonding pads are electrically connected to
said micro-coil by Al bridging leads when said connection is to an end of the micro-coil

( - that is interior to the periphery of said micro-coil.

35.  The method of claim 25 further including the formation of a patterned bilayer on
said oﬁde passivétion layer as a base for the electroless plating of a ferromagnetic pillar,
said patterned bilayer comprising a layer of Ti formed toa thlckness between
approximately 200 and 2000 angstroms on which is formed a layer of Al of thickness

between approximately 0.5 and 3 microns.



formng a first layer of oxide to a thickness to; forming on said
first oxide layer a barrier layer to a thickness tb; formng on said
barrier layer a seed layer to a thickness ts; 44 formng a first ‘
| ayer of conductor over said upper sufygstrate surface, said | ayer also
conformal ly covering said three |ayer deposition and filling all said
trenches in a void- free manner; renoving that portion of said first
conductor |ayer and sequential three-layer deposition that lies on

t he upper substrate surface,.retaining that portion of said first
conduct oB6.| ayEhe methbd of slaintl3§ nhaehes, opkamgiaboye saldepiBinbaseis foreted- coi |
conformally filling the trench, having ends that correspond to the
ends' of #Rcughiseiaciicladiflc PAtYnRL1age} AR Bﬁférroxﬁhl%nfeﬁ@ SillPRpldtéd Sifto Blidbak
with the upper substrate Surface and also Torm ng a conductor filled
mesh w t i sai d: gr : fﬁﬂ&%‘ﬁ"f ' | - 1 Of
oxi de onméglle%ﬁﬁ%s Eat% b%%c?%%%ﬂ%r%ﬁs% an %ﬂlgrog?%%ggn@es}ﬁr a esb ,0 @%gdlﬁ%l

| ayer bein . passi vation | ayer; renoving a portion of said second
oxi de | a%g‘:%‘r%’\?@"%%@weﬁesh whereat subsequent el ectri cal
~connections will be nmade, exposing clean conductor surfaces at those
positions; formng a second |ayer of conducting material on said
second oxide |ayer, said second |ayer of conducting materi al
contactiAf salks meibhd ofelpian Bayaereisl saist fefromiagretic pdher 25ca piHer foanel of

m cro-coil and form ng a bondi ng-pad and sai d | ayer extendi ng between
bondi ng- N&#dsP.; coating the upper surface of the substrate and said
bondi ng pads with a layer of dielectric polyner; renoving a portion
of .said polyner |ayer over the bonding pad. 45 26. The met hod of
claim 25 wherein the substrate is a Si wafer having substantially

38. A method of forming a dielectric-embedded micro-coil and pillar device for the
generation, focusing and manipulation of magnetic fields comprising:

pl;oviding a substrate having an upper and a lower surface;

‘forming a patterned layer of conductor over the upper substrate surface, said layer
to act as a base for a subsequént plating procéss;

férming a first dielectric layer, to a thickness t;, 6ve_r the upper substrate ;urface
and said patterned conductor layer; |

forming an opening through the first dielectric.'layt_er, said opening exposing an
upper sﬁrface of the patterned conductor layer; | |

plating by an electroless process, within said openjng, ﬁ ﬁ_rst portion of a
ferromagnetic pillar on the patterned conductor layer,_therhei ght of said first pillar portion
being ti, therthic;,lmess of said first dielectric layer;

removing the first dielectric layer;



pl anar and parall el upper and | ower surfaces, and wherein-a third
oxide layer is forned on both of said surfaces. 27. The nethod .of
claim 25, wherein the trench is shaped as a curved spiral, a square
spiral, a neander coil with rectangul4® |oops, a pair of
interdigitated meander coils, .a pair of independent concentric
circular spirals wherein an inner spiral is formed entirely wthin

an outer spi r 83positing gispeddryar ppdherubpirate sufacrseid saed leperbsing, diwosadander

coil with small rectangul ar | oops formed within the larger |oops, a
meander elsiuk theipehermedibonductorlayer being thihier ftansaid prdoped dapdnesor lajdriand
the larger |loops, a sem -spiral coil, an array of spirals having a

common cheihg edntabss withi itas arrays of such shapes connected in series
or in parallel. 28. The nethod of claim25 wherein the ratio

~ d/w=10/3 29. ftheidpet feshdiclebtat TydPovdd Bcield RgbiHE URSMEEOET tha¥@bnd S @

| ayer of Cu deposited by electroplating. 30. The nmethod of claim25
wherei n faQyel. -cqwgéi@m 2t_%%hli$gl%aépgﬁﬁrtons. 31. The nethod of claim
) I rst yer 1s

25 wherein the arrier al’bi-layer of Ti/TiN, the TiN

being forned to_a thickness of r oxi mat el 00 angstrons, the. Ti
bei g for med 10me B FakeeL BPRE D SR Dl B8 i ga e brice
th, . therfaf ore, . bei ng ?pproxi tely 500 angstrons. 32. The net hod of
cl ai m 25103 P hpvingeat esst Qng of apysrahy g epammetical shapesrand atdeast twagiwdeict i ng
bi I ayer of horizontal cross-sectional surface area approximtely 500
i crons Sadtrewmd temEnding of srideeeddayen achsaid genchhbigeing iawidthevithitpyeduces
conprises a layer of Ti formed to a thickness between approximately
200 and @0@Pectmafst ofop®»o8; which is fornmed a |ayer of Al of thickness
bet ween approximately 0.5 and 3 microns and wherein said Cu nesh
conprises a gfondlingfanGidah of atedhky at thé eddseE baid ghiérbenil each aid «1epiitiord
and width wand filled with said plated Cu layer. 33. The nethod of
cl ai m 25pettpheRilR dishEscd thddio PASBiryAl d{ARnba @5 bé Ssed BRI fbriwd:ieh ¥f
bonding pads; |
forming a micro-coil by electroplating, on‘ said seed layer, a void-free conducting
layer conformally filling said trench, said micro-coil having ends corresponding to said
trench ends and said conducting layer also filling said array of trenches to form a mesh;
rem'o'ving a portion of the second dielectric layer above the pillar, exposing,
‘thereby, an upper surface of said pillar;
.formﬁ'ng, by electroless plating, a second pillar portion on said exposed first piﬂar
portion upper surface, the total height of said first and second pillar portions being t; ;

removing the second dielectric layer and the seed layer, leaving only those

portions of the seed layer that are beneath said micro-coil;



1000 angstromns thi ck 34. The nethod of claim 25 wherein said bonding
pads are electrically connected to said nmicro-coil by Al bridging

| eads when said connection is to an end of the mcro-coil that is
interior to the periphery of said m ¢go-coil. 35. The nmethod of claim
25 further including the formation of a patterned bilayer on said

oxi de passivation layer as a base for the electroless plating of a

f erromagnet i clophirgarthird dicdtrisdayee withdhiskheay trthat éngreatei thep & bhtdgssrthagf

Ti fornmed to a thickness between approxi mately 200 and 2000 angstrons
on whi chty) sid dirdesyenthletepe confbormliyodoveimgsaidmicro-beil beant eppplexiynat el y
0:5 and 3 microns. 47 36. The nethod of claim35 wherein an opening

above saifleRhg bAd shaaepilkr ptipRd through said di el ectric pol ymer
| ayer and a ferromagne%)l c pillar is plated onto said base

y
el ectrol ess %I@
ext endi ng above qjc? EJ%F %rh?r?dg% yrr@%y %@#&%@%hﬁj‘ t‘“’ﬁg"dﬁ?
cl ai m36 ﬁ’en sai d ferromagnetl c pillar is a pillar fornmed of
Ni CoP. 3%1 thod of formng a dielectric-enbedded m cro-coil and
pillar device for the generation, focusing and mani pul ation of
magnetic fi eI%l%aﬂé'%ﬁ’r‘iﬂci%’F%m‘br oviding a substrate having an upper and
a |l ower surface; formng atterned | ayer of conductor over the
upper subst r aferming madectns@g@onéwmg laysr mcspidaapepingh dhe Inpar electrically
subsequent plating process; formng a first dielectric layer, to a
t-hi cknessamta:bﬁngvzﬁdmelskamqaﬁmnhgwdxmﬂhjg@adurface and said patterned
donductor layer; formng an opening through the first dielectric
| ayer, said opening exposing an upper surface of the patterned
conductor layer; plating by an electrol ess process, within said

openi ng, 3¢ fi1THd mPALY bPAai 39th:1%[d’tﬁé‘§9tﬁb@ﬁéan Iotac;ndqaom%mayérer ned
conductor layer, the height of said first pillar portion

comprising a layer of Ti of thickness between appromately 200 and 2000 angstroms on

which is formed a layer of Al of thickness between approximately 0.5 and 3 microns.

40. Th.e method of claim 38, wherein the tréﬁch in said second dielectric layer is
shaped as a cﬁved spiral, a square spiral, a meander coil with rectarigular loops, a pair of
- interdigitated meander coils, a pair of indepepdent concentric circular spirals wherein an
o inner spiral is fc')rmed entirely within an outer spiral, a pair of interdigitated circular
spirals, a meander coil with small rectangular loopé formed witﬁjn the larger loops, a
meander coil with small circular or elliptical loops formed within the larger loops, a

semi-spiral coil, an array of spirals having a common central axis, or as arrays of such _

. shapes connected in series or in parallel.



being t1, the thickness of said first dielectric layer; renoving the
first dielectric layer; 48 depositing a seed |layer on the substrate
surface; said seed | ayer being di sposed about the patterned conductor
| ayer, being thinner than said pattersged conductor |ayer and being
contiguous with it; form ng a second dielectric |ayer over the seed

| ayer, the thickness of the second dielectric |ayer being t2, which
i s greatélr thame method of caing3 Shwhereinosagiofinst dielectub layhr isaddyes af BCBecond
-dietectric layer, said trench being |inear and having at |east one
of a var fogiyd af a géukieds) §, badwesh apeoxiafackyl 2 bk micvensesatissecomii d
trench termnating at said seed | ayer and said trench having a width

W2 that peREWSyer & 1§$&%€BOBifdrﬁe&)fo 4 dicMess 'beft@édﬁia?ﬂroﬁﬁpﬁélﬁz%/ of
trenches at the ‘ends ot said mcro-coil trench and at” positions

peri pher érgnsdinﬁ%ﬁﬁgr .tap gﬁfgagd t 'cﬁiel@c,rtrti@}éiygﬂ.c is Fdrfrd§ '&f?%ﬁ&mps% t}’%eéﬁn
the formation o bonéﬂng pads; tormng a mcro-col y -

el ectropl ating, . on, sai eed | ayer, a void-free conducting |ayer
confornaﬁW%Wﬁ%ﬁ#ﬁ&f@%ﬁﬁﬁ?¥@%§h, said micro-coil having ends

- corresponding to said trench ends -and said conducting |ayer also
filling said array of trenches to forma nesh; renoving a. portion of
the second dielectric |ayer above the pillar, exposing, thereby, an
upper suf?-aceThd metipdobelhinndd whevem saif hiply aseeigptioisdd8. pl ati ng, a
second pillar portion on said exposed first pillar portion upper
surface, the total height of said first and second pillar portions

being t4 ; renoving the second dielectric layer and the seed |ayer,
~ leaving gnly Thosemhp@bf ¢18ins3DivhtRe LB dppoyRiatéhaimiaioas beiwai h sai d
mcro-coil; 49 formng athird dielectric layer with thickness t3

that is Q&ﬁ@ﬁﬁ@whh@%ﬁh%ngut | ess than t4, said third |ayer thereby
conformall'y covering said mcro-coil but not conpletely

" 44.  The method of claim 38 wherein the conducting layer is a layer of electroplated
Cu of thickness between approximately 15 and 20 microns and said seed layer is a Cu

seed layer of thickness between approximately 500 and 2000 angstroms.

45.  The method of cldim 38 wherein the pillar is formed of the electroless plated

ferromagnetic material NiCoP.

46,  The method of claim 38 wherein the bonding pads on ends of said micro-coil are
formed as a bi-layer comprising a léyer of Ti of thickness between approximately 200
and 2000 angstroms on which is formed a layer of Al of thickness between approximately

0.5 and 3 microns.



covering said second plllar portion; form ng openings in the third
diel ectric |ayer over said mesh, thereby exposing said nmesh;

cl eaning said nesh; and formng an electrically conducting |ayer in
sai'd openi ngs, the layer electricallys; contacting said nmesh and
form ng a bonding pad. 39. The nethod of claim38 wherein the
patterned | ayer of conductor is a bilayer conprising a |ayer of Ti
of thick#idss Pet methnd apgrioxdSrwhetein @0suhsichit@BAE1 aradethaving pbne, patdllch
is formed a | ayer of Al of thickness between approximtely 0.5 and 3
. m crons. ugier addhkwee blitdes) bn ehali dNvid8ch Wk die fdimed b &yehof Si okRiedn
second dielectric layer is shaped as a curved spiral, a square
spiral, ﬁmﬁﬁ@@ﬂﬁhc&thmﬂwﬁﬂlﬂﬁﬁﬁ&an9U|ar | oops, a pair of
|nterd|g|tated meander coils, a pair of independent concentric
circular spirals wherein an inner spiral is forned entirely within
an outer spiral, a pair of interdigitated circular spirals, a .

aops. | e EmealifePein Pt rec%@ﬁﬁﬂﬂa@#“ s e per e b BspRef o mec

within the larger |oops, sem -spiral coil, an array of spirals
havi ng athé losist F‘gls“ﬁtﬁlsgffa%rto égeléfhrbﬁw 46 URRFE ﬁ“bsgﬁtﬁﬁéga“@d?mect ed
in series or in paraIIeI 50 41. The nethod of claim38 wherein said
first di Eﬂoémeraﬂeﬂlbiymembga@ | ayer of B CB forned to a.thickness, tt
bet ween approxi mately 12 and 15 microns, said second dielectric

| ayer is a |layer of BCB fornmed to a t hi ckriess t2 bet ween
approximately 15 mcrons and 20 mcrons and said third dielectric

| ayer i s49.or nBGnéthodofifoifiepasiclédri®eimbeRidd ndpiordexlidevice for tHbgaabitidh
m crons. 42. The nmet hod of claim 38 wherein said high aspect ratio is

10/3. 43focI§iE%%‘éﬁQﬂ b6 &f MhAR VRIS chmPdsih@ approxi mately 3
m crons and t apprOX|nate y ‘10 mcrons. 44. The nethod of claim

_38 wher ei n t N CORAUCEINEGl BXGhe biSufbe BES 16¥er SliBfcky OPI at ed
depositing a seed layer on the substrate surface;
. forming a first dielectric layer over the seed layer, the thickness of the first
dielectric layer being ty;
forming a micro-coil trench through said first dielectric Iayef, said trer_:lch being
 linear aﬁd having at least one of a variety of geom‘etri_cal shapes and at least two ends,
said trench terminating at said seed layer and said trench having a width w that produces
an éspect ratio of ty /w >3;
forming an array of trenches at the ends of said micro-coil trench and at positions |
peripherally disposed thereto, said aﬁay of trenches to be used in the formation of

- bonding pads;



Cu of thickness between approximtely 15 and 20 nmicrons and said seed
llayer is a Cu seed | ayer of-thickness between approxi mately 500 and
2000 angstronms. 45. The nethod of claim 38 wherein the pillar is
formed of the electroless plated fergonmagnetic material N CoP. 46.
The met hod of claim 38 wherein the bonding pads on ends of said
mcro-coil are formed as a bi-layer conprising a |l ayer of Ti of

t hi ckness bet foemingappicextoibbelyctZPlatimgtor?O0Dscad pgtr; awsidaircewondivting
formed a | ayer of Al of thickness between approxi rrately 0.5 and 3

m crons. laﬁér coftformalle fillRlshed tﬁB‘ncl@ |said il -WTEI9ing cHidd ShreRatinglis siis a

Si wafer having plane, parall upper and lower surfaces, on each of
whi ch su r i
| ayer of&éﬁﬁﬁﬂﬁt r| fa&ﬁg‘%‘%n%qynﬁﬁ alg‘g ﬁ?’n I%gildm 388%.5%%0(%% Si ng

Lo, the S Y elsS sl Rrer ehQE R, pRARE ol BN B,

flexible od.of form.ng, a eI ectri c-enbedded
m cro- cof ﬁé’?ﬁgrci@’afg}ati“ﬁé’eﬁ"éﬁé?aé pigro-corl R4 mEty and mani pul ati on of
magnetic fields conprisin provi ding a substrate having an upper and
a | ower surfa@@iﬂngdqu@mdtdg lelgetaic daveriwith fhaekness t thet is @pater %laétsﬁ?lflace
formng a first dielectric |ayer over the seed | ayer, the thickness
of the fsecend didleetriedayer thelebyeonfoemally ¢adverifigsand mjpra—cnil emdmesi;| trench
through said first dielectric layer, said trench being |inear and
having at | eafimingepehings ahé Sdcynddiclkepizdiyer 6@dr ssillapsh, thardbydxposiagt
two ends, said trench termnating at said seed |layer and.said trench
havi ng asamglreghvm t hat produces an aspect ratio of tl /wl >3;
formng an array of trenches at the ends of said mcro-coil trench

and at posi tlag&mﬁdnﬂtgﬂ%%&y di sposed thereto, said array of

trenches to be use ormation of
forming an electrically conducting layer in said openings, the layer electrically

contacting said mesh and forming a bonding pad.

50. The method of claim 49, wherein the trench is shaped as a curved spiral, a square
spiral, a meander coil with rectangular loops, a pair of interdigitated meander coils, a pair

of independent concentric circular spirals wherein an inner spiral is formed entirely

=

within an outer spiral, a pair of interdigitated circular spirals, a meander coil with small
rectangula'r loops formed within the larger loops, a meander coil with small circular or
elliptical loops formed within the larger loops, a semi-spiral coil,” an array of spirals |
having a common central axis, or as arrays of such shapes conriected in series or in

parallel.



bondi ng pads; 52 formng a mcro-coil by electroplating, on said
seed |l ayer, a void-free conducting |ayer conformally filling said
trench, said mcro-coil having ends corresponding to said trench
ends and said conducting |layer also f§3ling said array of trenches to
forma nmesh; renoving the first dielectric layer and the seed | ayer,
| eaving only those portions of the seed |ayer that are beneath said
m cr o- cobl. an@hemsthod bbelainmd® wvherdosaid fistdieleetric dayenisarlayir oABCH ckness
t2 that is greater than t1l, said second dielectric |ayer thereby
conf or mafdrined av £ thidkdesat; betweeh @pprokimatid 1 fresd 20 fndurofsrand egdsecogd i n

t he second dielectric |ayer over said nesh, thereby exposing said
mesh; cl @RMCHE 187k ARFE: of BB F6hiRh Ada BickAbRE] Bdthadd ppeidateli HJ

| ayer in said openings, the |ayer electrically contacting said nmesh
and fornpg a hading . pad. 50. The method of claim49, wherein the
trench i s Shaped as a curved spiral, a square spiral, a neander coi
with rectangular | oops, a pair of interdigitated neander coils, a
pair of independent concentric circular spirals wherein an inner
spiral is forned entirely, within_ an outer spiral, a pair of

i nt er di gP2-at edhemetigh 8f 0%(1511 A vdierein saichhigh aspest TRUMS 1/ A gl |

fectangul ar | oops formed within the larger |oops, a neander coil wth
small circular or elliptical loops fornmed within the |arger |oops, a
sem -spiral coil, an array of spirals having a common central axis,
or as arfays ohe methodskiajas 48 ovhesit welis appeimaslySrmicrons pad glis el . 53
51. The nethod of claim49 wherein said first dielectric layer is a

| ayer of afsBrinfalyMXiniceons. t hi ckness, ti between approxi mately 15 and
20 mcrons and said second dielectric layer is a |ayer of BCB forned
to a thickness t2 between approximatelyl5 mcrons and 25 m crons.

54.  The method of claim 49 wherein the micro-coil conducting layer is a layer of
electroplated Cu of thickness between approximately 10 and 20 microns and it is
deposited on a Cu seed layer of thickness between approximately 500 and 2000

angstroms.

55.  The method of claim 49 wherein said substrate is a Si wafer having plane, parallel
upper and lower surfaces, on each of which surfaces are formed a layer of Si oxide over

Awhich is formed a layer of Si nitride.

56.  The method of claim 49 further comprising thinning the substrate by etchmg,
through the lower substrate surface to a depth below the upper substrate surface to

produce a flexible membrane.



52. The nethod of claim49 wherein said high aspect ratio is 10/3.

53. The nethod of claim49 wherein W is approximtely 3 mcrons and
ti is approximately 10 mcrons. 54. The nethod of claim49 wherein
the micro-coil conducting |ayer .is ag4g4ayer of electroplated Cu of

t hi ckness between approximately 10 and 20 microns and it is

deposited on a Cu seed | ayer of thickness between approximately 500
and 2000 angstrons. 55. The method of claim49 wherein said
substrate is a Si wafer having plane, parallel ‘upper and | ower
surfacess7,0n gacdhddl ofMbinGihg 8 WitBCRd, Filler ndrbaBihlae WitiBra wbsthite OXi de
over which is formed a layer of Si nitride. 56. The nmethod of claim
49 furth Iﬁgﬁg&ising thi nning the substrate by etching, through the
| ower substrate surface to a depth bel ow t he upper substrate surface
to produce fl.axi bl ne. 54 57 ..A e .of formng a .

m cro-coil, S?TPYlg%nga‘?ns b%r%g%%%ﬁgemv&p?ﬁ?%ndéogﬁrbs rate conprising:
providing a substrate having an upper and | ower surface;. formn

t hrough said ’ﬁﬁ-‘ﬁ’é’& @Wﬁé@,ﬁ%ﬂ?ﬁ% %P PGP ﬁ‘&cﬁ ﬁWﬁb{%ﬁt%P%ast
one of a variety of geonetrical shapes and at |east tw ends, having
a dept h of aavpsiel aftagometricolrbppgsind peleass Hee endsahqving adenth & angh witlew: t han
3; formng an array of trenches at the ends of said mcro-coil trench
and at pwebdrtindsaspparatphdivakd grealershbos®d t hereto, said array of
trenches to be used in the formation of bonding pads; conformally
covering sai diotipiigranstiag of atcheddtfcenda odsdideidrodceil trotichaind sapekitiongr o-

A

¢oi'l trench and array of trenches with a three-layer sequenti al

?ﬁpoii ti paﬁtp%aﬁnp Blsposed MRtS)] A0 arf9 oTiRHcHRs td BeSlsed BVBE fmaldn 68 tO a
I CKNEess ;

bonding pads;

conformally covering said upper;substrate surfaée and the interior of said micro-
coil trench and array of trenches with a three-layer sequential deposition further
compﬁsing:
forming a first layer of oxide to a thicknéss 1o |
forming on said first oxide layer a barrier layer to a thickness tbi
forming on said barrier layer a seed layer to a thickness t;; -
forming a layer of cbnductor over said seed layer, said conductor layer also
conformally filling the trenches in a void-free manner;
removing that portion of the conductor and three-léyer sequential deposition that
lies on the uppeér substrate surface, refaining that portion of the conductor and three-layer
sequential deposition within the micro-coil trench and array of trenches, forming,

thereby, a micre-coil conformally filling the trench, having ends that coincide with the



form-.ng on said first oxide layer a barrier layer to a thickness tb;
form ng on said barrier layer a seed layer to a thickness t5; formng
a |l ayer of conductor over said seed |layer, said conductor |ayer also
conformally filling the trenches in asvoid-free manner; renoving that
portion of the conductor and three-layer sequential deposition that
lies on the upper substrate surface, retaining that portion of the.
conduct oendand thehtreneh had/eavingseqippat suaface thpois ico-ipbanavvith ihe upher substrate
mcro-coil trench and array of trenches, forming, thereby, a

M Cr 0- COkdrfac® BhdA18RFdrinidd 4 mkdtOwithie (e @ngiof tedshes)g ends t hat coi nci de
with the 55 ends of the trench and having an upper surface that is
co-planar w t i HRB6Hd @él%?&to%gr S §BeEare R Rt 8 ELFIhAGniBrolREN
within the array trenches; formng a second oxide |ayer over said:
substr at rf nd co-planar mcro-coil and nesh surfaces;

form ng §“§§$#?§%?ﬁ?bugh the | ower surface of said substrate, sai'd

cavity extending. fromthe | r.surface tawards the upper.surface
and penetrati Jf?é’%%%catvﬁ'@ t‘h‘ﬂ?é}vﬁf) FOVE syitfigoe Og s f"?bi:&@tet ??P(g VIR S’FtS’;(Ef%t e
depth tc ; formng a nagnetic backplate within said_cavity;, forming a
pl ur al i t frowfthelnaver sedaogitewards Seiugpecuraee adipgeetyagpe into therifitedor ¢fgheni ng
exposing a central portion of said substrate upper surface and the

" r emai ndesubsfrats & ah apppeximatesiepthdosi ng upper surface portions of the
mesh; cleaning the upper surface portions of said nesh; and formnng
an el ectri cal formoguimagnesig bhekpdite withinasaill capieni ngs, the | ayer
electrically contacting said nesh and form ng a bondi ng pad; form ng

a dielectric faya f{ﬁlﬁaﬁ@&ﬂ@%ﬁn@ﬂwﬁﬂﬁ@afd@cmmdeiw&,ailﬁsﬂfpeﬁﬂfgd_
oxi de | ayer, salf Ielectric layer having an upper surface; formng

a secondgf Cogﬂ%fa &ﬁ&ﬁ%mlg; HehitisGBdtla¥e doperRPcS Aldtnd thAsder bEsdid@yer,

said tre assing't ugh the first opening in the oxide |ayer,

through the. s SO At &Mhce portions of the mesh; |

cleaning the upper surface portions of said mesh; and

forming an electrically cof}ducting layer in said openings, the layer eléctrically
contacting said mesh and forming a bonding pad;

forming a dielectric layer of thickness t4 over the upper surface of said oxide
layer, said dielectric layer hﬁving an upper surface;

{ | forming a second trench extending verﬁcally through said dielectric layer, said
trench passing through the first opening in the oxide layer, through the Si substrate and
terminating at the upper surface of said backplate, wherea.t it exposes a corresponding
porti_on of said backplate upper surface;

forming an electroless plated pillar conformally filling said second trench, said

pillar being plated onto said exposed upper surface portion of the backplate, said pillar



termnating at the upper surface of said backplate, whereat it
exposes ‘a coiresponding portion of said backpl ate upper surface;
formng an electroless plated pillar conformally filling said second
trench, said pillar being plated ontgg sai d exposed upper surface
portion of the backplate, said pillar 56 extending vertically upward
fromthe backplate.and term nating at the upper surface of said
di el ect r bxteddiyevertieaily uplsarnd fremukes begkplae adi edredntating af thy epper 5@ factlod
met hod of claim57, wherein the trench is shaped as a curved spiral,
a squar egzi® Bieldtric 1ayd¥eaiddaen coi | with rectangul ar | oops, a pair of
interdigitated nmeander coils, a pair of independent concentric
circular spir ‘M’g% - r spiral is formed entirely wthin
an outer spi rge}ﬂ?t’va pa??ﬁé%w}dnltg%ﬁdi gitated circul ar spirals, a meander
coil with small rectangular |oops fornmed within the |arger |oops, a
neander coil with small circular or elliptical |oops formed wthin
the larg | oQps, em -spi_ral. cail,, an arr f spiral,s . having a
comon cgért raﬁlﬁ%ﬂegﬁ"ﬁ(??c@gn é?*‘ﬁ]}%elﬁfhes'ﬁ??ﬁﬁ?rfié% B HHEEE ‘Iﬁ’na iqél%ees
~or in parallel. 59. The nmethod of claim57 wherein said second oxide
| ayer i ssHiglpencandercaihvith rrstangulpelonse A pals pf wHgrdigiterd moansien Rfls; # BHE
and 1 mcron. 60. The nethod of claim57 wherein the pillar is forned
of el ect phinderengdénttcenceniritofixcula dpiralwhereinho donst sptabisfosredgnéirdy n t he -
" backplate is fornmed of electroless plated N CoP. 62. The nethod of
cl-ai m 57 withiat £i sutéhgirtlab poir of irtdrdighgtpd cixdulmtspirals, Adh&nd&toil 6dth shiredl
rret‘hod of claim57 wherein d is approximately 10. microns and wis

appr oxi Madefinyuldr [Hopé Bthed SAthin e 14784 s Of mednder vt ehal Eirchdir @r

conductor layer is a |layer of Cu deposited by electroplating.
elliptical loops formed within the larger loops, a semi-spiral coil, an array of spirals

having a common central axis, or as arrays of such shapes.connected in series or in

parallel.

59. The method of claim 57 wherein said second oxide layer is formed to a thickness

between approximately 500 angstroms and 1 micron.
{ 60.  The method of claim 57 wherein the pillar is formed of electroless plated NiCoP.

61.  The method of claim 57 wherein the backplate is formed of electroless plated

NiCoP.

62.  The method of claim 57 wherein the ratio d/w is approximately 10/3.



65. The net hod of cI ai m57 wherein to i s approxi rrately 1000
angstrons. 66. The method of claim57 wherein the barrier layer is a
bi-layer of Ti/TiN, the TiN being forned to a thickness of

approxi mately 300 angstrons, the Ti bsing forned to a thickness of
approxi mately 200 angstrons and tb, therefore, being approxinmately -
500 angstrons. 67. The method of claim57 wherein the electrically
conduct i 63 | a¥ke mbthodiohdainhs7 whoredi hip appdsiniaiely 10 nlietpes anslowy | si ng a’
| ayer of Ti formed to a thickness between approxinmately 200

-angst r onsppackdma@DP3 afigshy. ons on which is formed a [ayer of Al formed
to a thickness between approximately 0.5 mcrons and 3 mcrons. 68.
The nethod of claim57 wherein the substrate | ower surface is etched
to a depth of approximately 550 microns. 69. The method of claim57

wherein ghe S'T'R%ﬁ @tog of 8}‘1‘5‘1@ Wh%l% sa&@cﬁhﬁ&&qa 1M1a§9_b8f Cuﬂ%ﬁ‘tgfﬁ&lam

EDP, HNA, R E as an et chant

rrethod olygllaq_m 57 V\/nerel n the diel ectrlc llayer is a |layer of BCB
formed t %ess td, between approxinmately 10 m crons and 50
m crons. :

- 65.  The method of claim 57 wherein t, is approximately 1000 angstroms.
{-:7?‘) - .
| 66.  The method of claim 57 wherein the barrier layer is a bi-layer of Ti/TiN, the TiN
being formed to a thickness of approximately 300 angstroms, the Ti being formed to a
 thickness of approximately 200 angstroms and t,, therefore, being approximately 500 .

angstroms.

67.  The method of claim 57 wherein the electrically conducting layer forming the -
bonding pads is a bilayer comprising a layer of Ti formed to a thickness between
approximately 200 angstroms and 2000 angstroms on which is formed a layer of Al

=
N
12

{ ) formed to a thickness between approximately 0.5 microns and 3 microns.

68.  The method of claim 57 wherein the substrate lower surface is etched to a depth

of approximately 550 microns.

69. The method of claim 57 wherein the substrate lower surface is etched using KOH,

~TMAH, NaOH, EDP, HNA, RIE, DRIE or plasma etching as an etchant.



58

70. The method of claim 57 wherein the dielectric layer is a layer of BCB formed to a

thickness, t3, between approximately 10 microns and 50 microns.



