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| NDUCTORS FOR | C DEVI CES 5 DESCRI PTION 10 The present invention relates tpp?
sem condueO®@e/0w3vi ces, and nore particularly to a nultitumcTsdoenmozal

i nductor integrated in a sem conductor chip, such as those used for radio
frequency (RF) communications. mmmmmmﬁmmn nvention also relates to a

net hod of fabricating the inven n sol enoi dal inductor. 15

I nductors integrated in sem conduct epoisshi ps are normal ly fabricated in the

shape of spirals in one BEOL (back-end-of the-line) netallization |evel
(plus vies to connect to and fromthe return arm. Because of the linted

of about 1-5 ohns or greater) for a gDESCRIPIIOMNnce 20 val ue. Dual netal

| ayers, with interconnecting vies, are sonetines utilized to reduce the
'spiral resistance. Because the inductance value is directly related to the
| ength of the inductor trace, spiral inductors are limted to fairly snall

i nduct ance {yal : i ccupy a
T e S A

spi ral i nduct omulstumrotolenoidal mductosintdgrateddio seadccrBuciorchiy sideds|thosegsed

al | owed under the i.nductor t hus .spi ral . nduct or s cu f chip
real estate. | ﬁ?réﬁﬁlggﬁeGUWéﬁ‘gfﬁ%m O ’gb%%rﬁse {sné'elgtgonf a%)rrlglélgegg%gi n the
BEOL | ayers of nietlsidfdatiitatib@theGiveptivdmaRiturtl eulegsidaliadetdri m tations ari sing

fromthe high capacitive 30 coupling between the sol enoidal turns, which
arises fromthe fact that the total thickness of the BEOL | ayers is very

S
smal |, on tlAe dndustorymtepmied ingemiconduster chips argmermaty fabsigated &1 thgshapsiod |

turns are nece L | ertieal, |1 Mot e%@lc(? I j | ose
proximty al so%??%l‘lk !%%%%@:ggggggggto?g{r?alp{eg%ﬂgggug%h?ﬁ}a o) %adr%m t‘\’/\fﬁ&gﬁa t6 WO
02/ 073702 PCT/ 460 Fofihe Petatinraem). | Bedaise afshe lmited thicknedslof BE(lunetallizetionsi nce

sol enoi dal indyctance_.is dir I el at to crpss-seciional areg,..lh view
of the apove. drBRCRES 9roeeS oot ariS aPhredlsh 35 eyt Ry s
devel opi ng a mMyigh fesiktanceqbe B dadr of ABbIL 1 O olinid GQfradtedl firn givadndwotadelct or
chip which overconmes the foregoing prior art problens. The present

i nvent i on BPovivabe. Pualmetat @Vﬁsaswﬁéw&rwe?tw&o&%?misws@% leF‘itoareduce

sem conduct or  Ghd Byirall REisRRES BHcah 2R niRadce Va8 ks cﬂfééﬂ%;?&&e@td‘ﬂﬂb 1dn f
sol enoi dal 10 inddctor 1ntegrated in a sem conductor chi

wherein the
sol enoi d t ur ns the indueior trasie cpinalindugiens aredirniteshto daitl Smﬂémﬁlctﬂh@%\}fsl(@@ﬂ@i ng
capacitive couplin et 2 S (o] >h] :ne present
invention is diolr%%é%ggb ?uﬁgﬁﬂ%n eesgoggéasgdhrgqécﬁ{éﬁ?gglf}\%lla%%é%%&n@lhﬁgﬁ%
sol enoi dal coi |IBechaseitingel bamogmgnetaniixd @ of cspimbindectbr ismst asdioed, atiek devieewi t h.
Even

25  are typically not allowed under the inductor, and thus spiral inductors occupy a lot of

chip real estate.

Integrated solenoidal inductors can also be fabricated in the BEOL layers of a
semiconductor chip. These devices have limitations arising from the high capacitive
30  coupling between the solenoidal turns, which arises from the fact that the total
thickness of the BEOL layers is very small, on the order of about 8 to about 10 *
microns, so the solenoidal turns are necessarily in close vertical proximity to each

other. This close proximity also limits the cross-sectional area of the solenoid which
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further the present

sol enoi dal coil

of the chv@ oThB7¢x esent
provi di ng sol enoi dal

wherein the sol
cavity) etched
herei n denot es

sem conductor chij

about 20 to abJEIPPeéESO FROSF-3fHOnaratea. a1 | ows for

t urns,
«Because the sol

i nvention provides an integrated structure which has

s having a | arge inductance val ue, yet occupy a snmall area

invention, and its advantages, ar ®@CIHiSaR/AB42 by

20 inductors integrated in a sem conductor chip
enoidal coil is partially enbedded in a deep well (i.e.,
into the sem conductor chip. The term"deep well" as used

directhy linyts Weeskievkbié indbctareasineepnoildl ihdustanot is disectly

is fromabouyt 10 to about 50 microns, preferably from

| arge separation of solenoid

and thus reduces 25 the capacitive coupling between the turns.

enoi dal coils of the present invention have a |arge dianeter

cross-section (Irievhef the alave draveiacks in2Be prioraethereds awprtinyed peed foe i nventi ve

coi
of

sai d sol enoi dal
substrate of s
said I C chip. |
coi |

s can b L:

the chi pS ggﬂﬁﬂgi”%g
sem conduct or siveteoines the\iiegbing ptipr arsp®binsol enoi dal
an integrated circuit (1C chip,
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i ncl udes é%@éﬁ‘éﬁ%@%ﬁ%%@ﬁgﬁﬁ
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e present 1 nv

ic%ﬁﬁl]'fc‘?%r &uﬁ&ﬁﬂ: area
s'relfates 10 a
coil integrated with
wherein 2 WO 02/ 073702 PCT/ US02/ 07992
is partially enbedded inside a cavity forned in a
tor etegratgd i ayer s of

i pdal
SFRhe SRR mpleim 30100

e present

coil

i nventor, tlle sodwhwiictegratediib a seniconduoter shipyéherdin thetsolendid turhp atersafficiantlyct

of the present

conprises two SEPARHS

further aspect
t he above-nmenti

ion relates, to an.el.ectrical transforner ich .
g8 o ot P e B S g rBlige Bece 6 Sibagin
teinst he present invention relates to a nethod of fabricating
oned sem conductor structure. Specifically, the inventive

i nven

sem conduct or structure is fabricated by the foll ow ng processing steps

that include: Id;
integrated circult

sai d substrlate
first dielectri
said first diel

LR o) MR MBS Bty

soleobiddi qoils havisgladgeatdiameter erossesectinnistassosiatedghereyitheBwen ng sai d

) el SR 2R i R TPl sagniti e Mlenfigar ™

il

form ng a bott ailshilingh B ihdwitange saluenet dedupyg aismall Areadf theawh#p. or nore

dielectric lined cavities;

said substrate

20

25

30

25 (e) formng a second dielectric material over

i ncluding said bottom coil
The present invention, and its advantages, are obtained by providing solenoidal

inductors integrated in a semiconductor chip wherein the solenoidal coil is partially
embedded in a deep well (i.e., cavity) etched into the semiconductor chip. The term
“deep well” as used herein denotes a cavity whose depth from an upper surface of the
semiconductor chip is from about 10 to about 50 microns, preferably from about 20 to
about 25 microns. This allows for large separation of solenoid turns, and thus reduces
the capacitive coupling between the turns. Because the solenoidal coils of the present
invention have a large diameter cross-section (on the order of about 25 to about 35
microns), the inventive coils can be made with a large inductance value and yet

occupy a small area of the chip.

One aspect of the present invention thus relates to a semiconductor structure which

comprises a solenoidal coil integrated with an integrated circuit (IC) chip, wherein



el ement of said solenoidal coil; (f) renoving said second dielectric

mat eri al over said substrate not containing said one 30 or nore cavities;
and 3 WOO®2/00378702 PCT/ US02/ 07992 (g) form ng side coil REIT&R90992Nnd a
top coil elenent of said solenoidal coil, wherein said top coil element is
in electrical contact with said bottomcoil elenent through said side coi
el enments. 5 In one enbodi nent of the inventive nethod, side coil elenents
are forned i n safzoleddpidaboudl ispentnall:g&mbaidﬁd insideldmsity formed ironsubktrate obpaid oi |
elenment. FIGIA shows a ct |on scal e n integrated

i rourt (10 v SRndbosialy s bk ot thkine Faroyt SHOABR:  n e
substrate; whereas FIG 1 B shows a top-view of 10 the solenoidal coil shown
«in FIG1 A Atoroidal coil is a special case of the nore general

sol enoi dal shaps ohsemhodiment ddh@ms@t uyelmtentthméanmq@bmﬂ inglatl¢s a mhgnetic

configurati al.l . al | t
‘cross-secti naIC%g %3&8%1 o 18 0?%@%’5@%%%3 ovS\/Sc?g(())Ksﬂél &s)gg ]inothls of an
| C wafer at di fs]h&peeuftatsﬁo&ges of fabrication of the sol enoi dal coil of the

present invention. FIG 3 shows a cross-section of a solenoidal coil with a
magnetic core fabricated insi de it. 20 The present invention, which

provides a mul tAﬂdﬂ'iéi‘a ﬁa‘esérft‘ﬁ%ﬁt%n fe[hfte%%ﬁﬁ%cﬂnﬁaﬁra%@ﬁhﬁm%or chip
and a nethod of fabri catl n same, wWill now be described in nore detail
by referring tcotipssestanisa oﬂhlanoﬂabmng)angrmmenmgesmorappl ication. It
shoul d be ted that in the acconpanying draw ngs, |ike and/or

corresponding 25 elements are referred to by Iike reference nunerals.

Reference is fiAstill fimflier dspedtloBthd pledenitinsentvactiaentl aMbmw ofifitiriddingtthe Vi ew)
which illustrate the inventive sem conduct or stru% ure Specifically, FIGl
A conprises a SPPYEMEREoned semicRpductorstracBee Speeifisallyh NginyniKesemcondugtor

sol enoi dal coi |s‘&u5tﬁr519!fdﬁﬁi@aé@gﬂr%'iﬁﬁo@ﬁa? 6&%11%@@3%& ih@hdeed in the
substrate and partially in wiring lévels A top V|ew of sol enoi dal
coils 50 of FIG 1A is shown, for exanple, in FIG1B. 4 W) 02/073702

PCT/ US02/ 07292 0 (o) oi dal
coil 50 |ncll%udes Oﬁ %%mgggf (téa%hepﬂbgg &EOEQX@%T&F%%S%W JE t are in
el ectrical contact with each through side coil elenments 26. First

dielectric lay e([)) t]c')%n{nsg alf f?rrstrﬁdleg:%%mnlle?enai) 8;[fe§r%$dcs8f>stra?e 1n<r:‘i'3 glng in said one or more

cavities;

20  (c) removing said first dielectric material abutting said one or more cavities, while

leaving said first dielectric material in said one or more cavities as a liner;

(d) forming a bottom coil element of a solenoidal coil in said one or more dielectric
lined cavities;

25
(e) forming a second dielectric material over said substrate including said bottom coil

element of said solenoidal coil,

(f) removing said second dielectric material over said substrate not containing said one

30 ormore cavities; and



5 and substrate 10 and second dielectric layer 24 is forned in between the
top and bottomcoil elenents. The el enents nenti oned above that are not

i ncl uded wo 020 G%021LA- 1B wi | | be described in nore detail i ®CENES2/2MIY. As is
shown, the coil is fabricated partially inside a cavity fornmed in the IC
substrate 10 and partially within BEOL wiring levels. In this way, a truly
t hree-di nensi onal structure can be fabricated, which is neverthel ess

cont ai ned wi t h (gferrhitigekdeanfl ebmuntieay actdp ecil detmentvifsaidsolancidalcoflOvhéreip. | t
is also noted that the coils of the, present i.nvent.ion have.a | arge di angter
cross-section (8 temeoihelamentds ma"g?ﬁﬁ‘f‘gaigo‘lt@tﬁ&n?ﬁ@g@ﬂ c“ﬂlr%‘?né‘?‘g O?gijegagi | s
can be made W tyhe2olidld@dfntnduct ance val ue and yet occupy a small 15 area of

sthe chip. The processing steps used in the present invention in fabricating
the structure shown in FIGS 1 A and 1B will now be described in nore detail

by referring tq FlIGS .J as | J . th es Gl Rl

‘her ei nbel ow 28“ gﬁ%ﬁ?ﬁ&é%%%% ’avg‘i”s‘? ﬁlg?}ig()dzgld% E%)I? ?lgfn %Qt?ﬁaﬁe;@tljfl%g? (Id%
enpl oyed in t han@kwRp es)tonlyninehideoformatidrosfa top coiheleinenient i ve structure
illustrated in FIGS | A-B. The initial structure includes substrate 10 of an
integrated circuit chip having cavities 12 (only one of which is shown in

t hese draw ngs BR wRA &bl ' 1 ictrd e 2 whirared
aftor ALl the Fram B e e (Y e
conpl et ed, and terojsiat sdil/partislly ¢ralyedded inghe subsiunte; \thtrm%dﬁd\ﬂ shysvs agep-wiemtie or

boron phosphor Qus- do Lk lscat e ( | S, ' fer.
Thi s passi 3§t i %e §o§v§f&ql §5‘L§1°%@H8ﬁéﬂzf eliggéé;ll)dﬁfc%lﬁ? ngéécﬁagg%ﬁ%{@mbgnn%ed in
the region il yshéral tenodial sHape i which uiselesdidigbenh bick@panitielf | Tides
conventional materials well kno to those skilled .in the art, and
conventional prc88 @WQ@%@#?&?WW 1n Csr&??és.e"%onaf%'{ﬁ'mf
02/ 073702 PCT/ Y0RkHd992 For exanple, substrate 10 conprises any

sem conducting material including, but not limted to: Si, G, Site, GAs,
InP, InAs and other-like I11/V conpound sem conductors. Substrate 10 may
al so be a l.ayer i i/ 3l I, [ ] :
silicon- on-llgns ﬁé? ??{I‘([ %&W&%ﬁé&@ﬁrﬁ%@gt@ Vén%’/r%‘gon ezg?{rt]sv ?siao?ljféﬂé:%‘??r\?;%ﬂge
devi ce regi ons selehbigal dodlrofelk prosneiimveatiohor med on a surface of the
substrate opposite to that of cavities 12. Cavities 12 are fornmed utilizing
conventional |ithography (including applying a photoresist to a surface of
the substrate, MEMOFHORE aldAcssRBaIoA T aisblenbidalecolatitied Magietit Gofedfbibradatediin sl
devel opi ng t he .Pattern) and etching. The etching step includes a dry
etching procesdt-such as reactive-ion etching (RIE), ion beam etching or

pl asma etchigng or a chemi cal wet etch process that includes a chenical

etchant that is highly selective towards the substrate material. In_
accordance wi t Hhelpresenidowentionwkich provides awiultiwen sofengidal thduplormigeratedsinghose

depth fromthe upper .surface is from.a . 10 t a Lerons. W th
a depth of frorﬁf’g’g"(?ﬁfiu ?)r‘i%bp%"bdg © dﬁ?@ﬁ%ﬁ% éﬁ%%agln%ggy ?‘gﬁF;&%ﬁgg‘gfr“r ed.
Next, first di gheldeiadl byatfigd tolde drawiigp i hadmpasy thelpeesertrapplicationsitown i n
FI G 2A i ncl udi nsggt]g%Ft 0{) surface of subsirate 10 ?,Edhllg;{} cavities. 12 so as
to provide the shouldibegetediibatin g aecompagying GEvngss ke ARE/ Y GOLESRANGIECt r i ¢
material, wai chydRshibie tORRAPRIbYAkeABRNERuBMER. a5 Si 02; nitride such as
Si3N4; or polyimde, Is formed utilizing any conventional bl anket

deposition process which is capable of formng a conformal |ayer of first

dielectric mateg| tgb% . Eﬁ%m il ‘v?é GllidiE
material 14 mat;e/I£ %@eﬁéeg%gi?ﬁte ?/(; gﬁﬁmwég?mgsg%gﬁ epgs P fnlfl o% 38@0 ,Vﬁ
pl asma- assi st edllusiMiy the inveptive eniicmdactdr gtdvene.| SpeeifithinkE6 ldepueprisena
Fpr ocesses. The sttrrcllct(tler(ent %ts inglﬁldéshs%bgtlrages {0 having one or more solenoidal coils 50 formed
30 inside cavities that are formed in the substrate and partially in BEOL wiring levels 52.

A top view of solenoidal coils 50 of FIG 1A is shown, for example, in FIG 1B.



dielectric material may vary dependi ng upon the type of bl anket deposition
process and dielectric material enployed. Typically, however, the first

di el ect riwoOmdBro2al has a thickness of fromabout 1 to ab®GT/US2/#7982 ons,
with a thickness of fromabout 4 to about 5 microns being nore highly
preferred. 30 6 WO 02/ 073702 PCT/ US02/ 07992 Next, any first dielectric
material that is outside cavity 12 is renoved fromthe structure providing
the structure shown in FIG 2C. Note, that after this renoval step the

cavity in the substrate is lined with first dielectric..nmaterial,14. Th
renoval step oﬁ“??f‘é’_“%“@%@’ﬁb t$‘h‘_?f€$‘?ﬂ B entgR; Ag P@% IEI%I cPﬂrgB(S’?‘WE%F bitteyp cofl
cavities that af&ndnk D®dndMopltofl leletdenP3EHha] £6 i dl6ctiBdl @bhtadt with eatl$ tiRGidhOsded
sutilizing conventional planarization processes such as chem cal - mechani cal

pol i shing ( CVP)cod elegrentsdion Firshdipleatniedayer il A isrfoympedibetwarpgottgm cpil glemgat &2
other |ike diffusi I~ Er 4k . . , W or
‘other |ike gon%gP%gg%tdea?lfig%h?giqgéé:}rllj‘glggﬂ?gﬁggjég%gh‘éeg%gef(}hig))fbpt e coil
materi al is depotibmadil eedntsritheleienzentsangntioned kbqvh dhiad presios included insFIGER ed
that in FIG 2D referepce nuneral 16 refers th the bl anket |iner and
seed | ayer, whé%iigw‘ %8#@%?556@%?%&%@1?5@2&32 the photoresist. FIG 2E
shows the structure after photoresist 18 is patterned by 1-line, x-ray, and
etc. 15 irradiation with a | arge depth of focus. Note that in FlG_2E,

ref er ence numerAs is sigovem tler eodl is Febrigatedpartiplly insidg pepvhebrmed mthe IGpybstrate
devel oped in 'I;l- g, . LSt p ry A area for
subsequent li? or %@Pgﬁmﬁ% e c%??ggbgémﬁ??lg Inﬁﬁi\é,?\ha 8’ %gtsﬂg tf(i)’r}éé ghfv?\glt&ogfac hed
cavity, this patheanre mabsifsfriated, whieh isatevethebdse nmmsinedwith the thiokdess as wel |

th t of .th i d | Si nts, Lt i.ght | . th
ovel 20 of ¢ hdoRBEY oft B sBanastia I ineorgrehrds oy Heraent.
with vertical she@fionhkedh Bfzedndteratbdakediionkion tHeord@a ol edut 25 td 38 MidFasy;

consists only of the bottomelenments of the coil; fabrication of the rising
el ements of coitherelgpe the coilecapdranads yyithalargeindnetangs vaue oyl opupragmabny
step (usingsanqihels; consisting only of "vial"). Note the remaining
drawi ngs show this seco | it hography step, which nay be omtted in sone 25
enbodi ments. After appropriate cleaning of the devel oped areas, coil

el enent 22 are forned usi standard techni ques i ngl udi.n nat.limted
to: electr odepc;'ts}\etpf%(??,ss%%}gﬁseqsf’aﬁ‘athﬁHreﬁ'frgfr?v%ﬁ&mﬂ? ot't 4 & togﬁc%ﬁeéﬂ%‘ﬁ?%n are
conposed of a qQEBEM AEH WilOAGK BE Q¥RriBE Mahereidalail byebfeathg@ FIGE 2AW &nd
other |ike conductors. The resultant structyre 7 WO 02/ 073702

PCT/ US02/ 07992 WS#%#%@H%{%W@BWS@@HE#% 22 is shown, for exanple,

iii FIG 2FpgNote that in this figure bottomcoil elements 22 includes

portions of liner/seed |ayer 16. The renai ni ng photoresist 18 is then
stripped from Sipecidicaiy FiGiadrshows m @it stiuetprezhaids enpleyeddnithepresenpr ocesses
wel | known in t'E&en?i% in ﬁ)’?{qg?g? eln%?ﬁ“e%ﬁ‘ﬁ&u{eqnﬁgtra NPIGERLE PhdGid@t t om
coil elenents 'S renove romthe structure util1zing a conventi onal

et chi ng pr ocesstacinit iaslufissubsiatsH) ofum iptegaesisingit ship haviag eavitidsul2t(pakyed i n
FI G 2G

-

one of which is shown in these drawings) formed partially therein. Note the cavities
25  are formed after all the front-end-of-the-line (FEOL) processing of the IC chip is

completed, and a passivating layer (not shown in the drawings) of oxide or boron

phosphorous-doped silicate glass (BPSG) is deposited on the wafer. This passivating

layer is not shown herein since it is locally removed in the region illustrated.

30  The structure shown in FIG 2A includes conventional materials well known to those

skilled in the art, and conventional processes are employed in fabricating the same.



10 Second dielectric material 24 is then forned over the structure
utilizing one of the above-nenti oned deposition processes that is enpl oyed
in form ngob2/owrodi el ectric material 14. Second di el ectri ®@CRAISOZAHL2 24 may
be conposed of the sanme or different dielectric as first dielectric
material 14. In a preferred enbodi nent of the present invention, the first
and second dielectric materials are conposed of the sanme 15 dielectric.

Fol | owi ng deposfiotriemp‘lé sﬁbmﬂﬁllm&(ﬁmﬁﬁwmsmﬁmidaﬁu%%atbﬂm isduding, baendts

subjected to a _conventj.o aI as CWVP providing the
structure showlmMitedipFiptie 8?“&%&%6?&%8“‘?‘?@“3@#%2%?% rocess sone
of Dbottom coil s%tn%ﬁ@ﬁct&g 'Sﬁ’@étra‘tesl OarH%)’ﬁs& B€a [a9Bred @érftﬁﬁﬁdtﬁfor%@éﬂ d5i/52GEBY

-al so be renoved. 20 Conpl etion of m ssi n% part of the rising elenents
(i.e., side coiSi/Séhewelhasa %yon-gn-atsubtqm@@l)e hg sulsirate nody qomtpirBREIOUS active

dammscone, P o ot iebdos Aol ARA BBl FETEI i e Bl PHB RO iR,

di el ectric 28 hyticpoveritieenal |ithography and etching so as to form
openings in dielectric 28 which exposed bottomcoil element 22, and
deposition of a 25 conductive netal in the openi ngs Note that t he side
col | elements atfits b aicihies MIPARLNIEnioAR | EapBlifghal as
the bottom coil el enent. I's agal h enphasi zed hat t he forrratl onh of side
coil elenents rmytdnawetda@snfapeof sebbtrater ¢Xpoping thephotasesist tha pattarmofyr aphy

conduct 1 ve Hiat M ST QESoRRE R PAGEYBRY ek PBe 4058 BERIDERSTEH865 e
hori zont al el ersehirg firocess such@p réaﬁiﬂle-fbh&lmﬁﬁg (mE),ﬁdsrabeaﬁmﬁﬁﬁger plhgneoi |
| oops are fabricated elther?gwp art of t Iayers or .on ﬁ%p%of i he

BECL by el ect r GHMEITE chgmi ?ftPFQCfé?P qﬁ’&ﬂad&%ﬁa@@tﬁh@@ highly
(sanme or differgRbiRsolifls I & BMANRakkde tﬁgbéor@Jn%@amlshe Iﬂrefet@ﬁaattyo he

same conductive naterial as both the bottom and side coil” el enents) through
a mask (not shoawifies n%@eﬂemcava@ %msmdqnth foinghe ppen surfase isftermmebeyt 10do FI G

I n one .enb t I isin
the shape 015 Oatgé{lﬁgﬂp %%n an g%ﬁgxl\ﬁﬁa@% %to aﬁ&tiﬁétglg%ng%mgﬁﬁr%n
core of magnet ikightppefersdd. 10 32 such as Pernal I oy and AN Co may be
incorporated at a suitable position in the mddle of the coil, See FIG 3.
Specifically, magnetic material 32 is fornmed in the structure utilizing a
conventional dewnasfirktQliclBéAE ARferifH M isdBpdsRd oPérabé@BnRtft SHoReh iR'VIRG 2A
sputtering, plating or chem cal soluti on deposition. 15 Wiile the present
i nvention has Hedndipatheitenpufacy ofsibimtant gmm@ll«?ﬂhstoég@eé@ﬂmo
referred t n
p PO t:ﬂgtﬂfe%ut:étﬁtéa% Gzlt?e e A6 &a@&ﬁét&r by gtcgfe}tﬁgy 1§é<éclrﬁ ed

the art that th or egol ng an r changes i1 n be made
wi t hout depart |Qfgni)mdmsu¢lea8§p()t,lmmdﬁdu®ta@§®1‘bf Oltméylml‘é% srformedagilizingrany| t i s

t herefore intended t.hat inventi,on 0 xact
orme o dot o SEveriRRR dlafeRcRSHiin VSR kyith b BhosBe o AiRE p A ibiE TEE
of the Sppended)f(ﬂritldi&ectﬁ)cmaﬁéﬁ)aloﬁl/&l?tﬁg@tii’u(ﬁuﬂldﬂl&ﬁ@iﬂpléSﬁ?s‘tGY%&dm@teﬂﬂ14 ,
sen conductor str re.c ng. a sol enoj da inte r,at th an
integrated cirdB®t ‘{‘f Sltfﬁ@c é‘g}e‘ﬂ?o&% S%@Péﬁ%ﬁbtdtlasg&‘ @Sga sially
enbedded i ngi d%pﬁttegmgaalﬁﬂbﬂtet AkEBEnkap dépo%ﬂib'ﬁtpﬁr@éeﬁse@fmthﬁbldléés%t& fasd

partially in back - the-line layers 4 of said | C chip.
dielectric material may vary depending upon the type of blanket deposition process

and dielectric material employed. Typically, however, the first dielectric material has
a thickness of from about 1 to about 10 microns, with a thickness of from about 4 to
about 5 microns being more highly preferred.
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1 2. The sem conductor structure of Claim1l wherein the sol enoidal coil
includes a 2 nmagnetic core fornmed between coil elenents. 1 3. The

sem condwooznsteucture of Clains 1 or 2 wherein the sol egardso2emow: has a
2 toroid shape. 1 4. The sem conductor structure of any one of Clains 1-3
wherein said sol enoidal coil 2 conprises a bottomcoil elenment and a top
coil elenent that are in electrical contact 3 wwth each other through side
coi | el enent s. Nex}.any fiest delectisiaetial thatis oaikide eavify 1y r@neved ot thems 1- 4
wherein said sol enoidal coil 2 is conposed_a conductive rratgllri%al sel ect ed

from the group sng;;gqeg_\lrpﬁgmfgﬁh@;r,ucMe WSHWG@%.N‘T‘W%@W& gEoyRl step
structure of C eérge\:,ﬁy M&fegh&u%?qu' 1i8éd wfh Firs‘% %iélecﬁjicerﬁﬁt@ﬁél, 1ar ﬁla{é &R0 S off

-the sane or dif conductive materia . The. sem conductor structure
of any one of GChepmsentingentitay whichgesulis tufprmgtidress cavitiesithpt are died withnfisfout 10

to about SO.m crons.from. surfac f.said substrate . 1.8 The

sent conduct dr gt reln ¢ RRCy Bty SR Airpigs mpgoes st o 2
about 25 m CrOraﬁchéﬁlcal-rﬂ\&}ﬁﬁibﬁlﬁmﬁag(ﬂmpﬁaﬂéﬂﬁﬁg 1 9. The sem conductor
structure of any one of Clainms 1-8 wherein said cavity is lined 2 wth a

first dielectric material. 1 10. The sem conductor structure of Caim?9
wherein said fi famlgé.t (] cTaiW‘I‘ Fri: IWiNs &qﬂ&mm@ @arﬁ'& - 1y
sel ected from tpfg groﬁ%&g(tg'rgé’i st n% Té > an %Ii?ﬂée, anit r%ﬂe anﬁhg%%} %}dm. de.

1 11. The seni sesdaydrdge.gs Cuudl, Weoraftheuiice oomluctivednaterisl) 1o Uduseh foraleposition

cavity 2 inglud a secand.dielectrigc.material that.s rates,top.coil
chenent s A8m SO ot S fepfli, HfRE by Syl o SERRRIS 1 el e o
Cai m 11 wher eii FEARD réReie nGinelab L4 fofers toEbth td blahkieSlind bnd sed 1dyer,a
dielectric selected fromthe group consisting of .an oxide, a nitride 3 and
a polyi mide 1 ¥herepszefesnecmmeriliiSretorstodhe photesesistny one of dains 1-12
wherein said back-end-of 2 the-line layers include at |least a dielectric
material. 1 14. The sem conductor structure of Claim2 wherein said
magneti c core iFHGI2Fdbowa tire simgies after photeresiat 1&isipetteraed by bline, Keragrand stc.

consisting.f P L | oy...and Al Ni 5. isal dran I e i ch
conpri ses tl\svo élg{’dg%bqnd%tﬁ%gqr es%c?&) ?ffé?]g% f] tggﬁklgcgaaf%g%gﬁgﬁcﬁlgﬂe izch(;or e.
1 16. A net hod defiottsibe iateas bfifhe photerasisothdiwilie diveloptdnigngoomviestiongl t he

steps of 2 3 (a) form ne or re . cavities . in a substrate of an

Tt ogr ated o + PHPORSESyeTaT: DvERe e TGOS SoTRAtin SE el Flemepia)
over said substij @leald\6f Abttiched c&ﬁtfdt}ﬁ tffn SRR ERM dtiodSelenferkd-of the O
02/ 073702 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 PCI/ US02/ 07992 (c)

renoving sai d foPilsas vilkasdbe partofihe side Gising)gegmenss snites as sigtyly above thedovdli es,
whil e Teavilg itk WitkSdurflbeliss hd op BRiR chty)! FoP @it WitV eriR SiaG2¥idy' €S

as a liner;

as obtained by RIE, the pattern on this mask consists only of the bottom elements of
the coil; fabrication of the rising elements of coil, up to the wafer surface, requires a
second lithography step (using another mask consisting only of “vias”). Note the
remaining drawings show this second lithography step, which may be omitted in some

25 embodiments.

After appropriate cleaning of the developed areas, coil element 22 are formed using
standard techniques including, but not limited to: electrodeposition, sputtering and
plating. The bottom coil elements are composed of a conventional conductive

30 material such as Cu, Al, W and other like conductors. The resultant structure




(d) forming a bottomcoil elenent of a solenoidal coil in said one or nore
dielectric lined cavities; (e) formng a second dielectric material over

sai d subaveoatr/ersrex| udi ng said bottomcoil el enment of saidPsaresedbdat coil;
(f) renoving said second dielectric material over said substrate not
containing said one or nore cavities; and (g) formng side coil elenents
and a top coil elenent of said solenoidal coil, wherein said top coil

el enent is in eba@ininglsdttogoedibelemuts P2 Bashdwhdot exangsde, lin BI@ABNNotethatigh sai d
side coil el enent 1.17. The nethod of O .aim 16 reln id one or nore
cavities are fé@ﬁ%&”‘@;boﬁom QW%%Z%WHQ?W%W@ ipgr/se gy?f‘e]td:od of Claim
16 or 17 wherein said substrate includes a passivating |layer 2 forned
thereon. 1 19. The nethod of any one of Clains 16-18 wherein said first
diel ectric has ﬁeiemaihi:lgm@r@istﬂﬂﬂrﬂlabﬁdppeﬂ framm atseniere showim sy IdRs2F utilizing The
met hod of aim19 erein said rst di tr|c h K of from
Tbout 2 4 £ nEBENCRHOR! FraeSs frelyhSkm i figf 95&8‘255‘&?1[%5‘3?% 16- 20
wher ein said ficopfainthgbRpini &l ﬂaha{tsailsrsmavédo&mdldmuatubéam@t gleposi tion
process. 12 WO 02/ 073702 PCT/ US02/ 07992 1 22. The net hod of any one of

C ai ms 16-21 mewnﬁog éiphingprocestgcniag Ky Wt\é{ozr%ﬁﬁﬁ&%@aﬂed ustrdRdesss.
1 23. The et heggd g aim 22 wherein said planarization process is

chem cal 2 mechanl caF polishing. 1 24. The method of any one of dains 16-23
wherein said bottomcoil elenent is 2 fornmed by the steps of formng a

o) 5212 S AR5l b oF RSPt B A AU o0
cover portions abévémbﬂléneaelbﬁmﬁﬂl ;Jreqeeses ﬂmt iz;aunsployaaduﬁ fomﬁﬂﬂglﬁﬂeme&bﬁ'lcng ab
conductive material onto said._ liner/seed

.1 25. Th th d
24 wherein sai dagidd S@@néée%?qwnaa?na ?x‘éﬁcmp%mfe@gewg%@ﬁ%pf : Bnn
process. 1 26. gihgtheided: Gbicamit 119iﬂé1a?f14chﬁalﬁ%fe%@d%ﬁlb\ﬁﬁ‘i%{£t&ﬁ@b&séﬁcond

dielectric material Is 2 forned by deposition. 1 27. The nethod of any one
of O ai ns 16- 26nwntiomithe Srsépnd seponddiclgetss metqsialsraae pcztap¢se<ﬂacﬁthpsm@ss 1 28.

mechani cal ol AR TOFHEL foRRlibnBE SR ARILAR RRARTRS, wesERSRREE T

sai d side coil sebjecreditsa esrveitidml pﬁmﬂarizyhdmme&semhms Cﬂkdihprcdfalmgﬁlemeucwre

processes. 1 30, The one of .C ai ms ere sai |de
o | et ement s ahava B2 pipts R uPBgSm Gdeortpraces SMBE At PLoRART oo o
substrate incl wnngt S2kicht 5UPB0EHHS 16} fIrfR6é 6f VIR 2 hiaglalsoe@¥heedd Openi ngs
in said dielectric exposing portions of said 4 bottomcoil elenent; and

filling said openings with a conductive material. 13 WO 02/ 073702

PCT/ G502/ 04892 fng(;lletlo t@%fn?{sgglggan%@me ;062 i %ﬁ'e%gllmﬁfeﬁfsr%?fﬁ' d top

coil elenent is tion o ive naterial through a
patterned mask. acaﬁnpliﬁhed asparoaf thé BEOL fabrBhtiomef @E nhméaydtaahépdsmqems such

conprises el ectr sitio 0 2
wherei n side cSfa8 ﬁ Fs@ﬁﬁ%?r (ﬂ? garﬁ?sgglezﬂﬁ%?f)rredgns B ﬂ%ﬁgs e§8§ 2T 8%1 ?3% only
i ncl udes f or matpafemnii dékélrit AR bg @bhventiemit Hthography and etchlng so as to form

openings in dielectric 28 which exposed bottom coil element 22, and deposition of a

25  conductive metal in the openings. Note that the side coil elements are preferably
composed of the same conductive material as the bottom coil element. It is again
emphasized that the formation of side coil elements may have been performed earlier;
therefore the lithography and etching of the openings and subsequent filling the
openings with a conductive material may be omitted.
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10%8& ()- 3100@& o 106 £ coneToR Spceitian Haiswy §ueh ay CVID. plagma-assisted
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15  While the present invention has been particularly shown and described with respect to
preferred embodiments thereof, it will be understood by those skilled in the art that the

foregoing and other changes in form and detail may be made without departing from
the spirit and scope of the present invention. It is therefore intended that the present
invention not be limited to the exact forms and details described and illustrated, but

20  fall within the scope of the appended claims.



3GL0%& ()- CedEbC 3' 10%g& ()-10%& ()-GLO%& ()-Y '110%9& () -
Gl0%g& ()--10%& ()-e v dEbC 910%& ()- 10%& ()- 10%& ()-10%& () -
Y410%g& (We 02a07eps’ ()-ifaBbC ,)10%& ()- ' 10%& () - PCT/US02/07992
&10%g& ()-"110%g& ()-'a"! 10%=& ()- 10%g& ()-e245"?4C 10g; s10%g& ()-!S 4
109 ()- 110%g& ()- f/ @0%& ()- - 10%& ()-!X* "10%g& ()-y567DSENN , |
1090& ()- 1090& ()- 1090& ()- 10%0& ()-3"&L0O%T& ()-&10%& ()- 109
10g>AdENNV , | 109 s109%9& ()- ~10%0& ()- aADAMMIS)- 10%& ()- &L0%& () -
t109%0& ()-3CGIEMV , | 109 & 109%9& ()-% 1099& ()- '10%& ()- S
109& () -, 1090& () -

1 1. A semiconductor structure comprising a solenoidal coil integrated with an

2 integrated circuit (IC) chip, wherein said solenoidal coil is partially embedded inside a
3 cavity formed in a substrate of said IC chip and partially in back-end-of-the-line layers
4

of said IC chip.

2. The semiconductor structure of Claim 1 wherein the solenoidal coil includes a

2 magnetic core formed between coil elements.

3. The semiconductor structure of Claims 1 or 2 wherein the solendidal coil has a

2 toroid shape.

4. The semiconductor structure of any one of Claims 1-3 wherein said solenoidal coil
2 comprises a bottom coil element and a top coil element that are in electrical contact

with each other through side coil elements.
5. The semiconductor structure of any one of Claims 1-4 wherein said solenoidal coil
2  is composed a conductive material selected from the group consisting of Cu, Al and

3 W

6. The semiconductor structure of Claim 4 wherein each of said coil elements are

2 composed of the same or different conductive material.

7. The semiconductor structure of any one of Claims 1-6 wherein said cavity has a

2 depth of from about 10 to about 50 microns from a top surface of said substrate.

8. The semiconductor structure of Claim 7 wherein said depth is from about 20 to

2  about 25 microns.
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Z109a& () - XydEnN/ , | 1098 &3 1094& ()- Oyl09%a& ()- Y.109%& ()-, 109%& () -
F+109a7& ()- ) 10%& ()-cbC, | 10%0%& ()- "10%& ()-&10%& ()- 10T 10T 10T;
s109a7& ()W 00?F& () - c) edEbC, | 10% 10%g& () - 10%g& () - S LOYFLT(YSOE07992

1 10%g& ()-3 10%& ()-- 10%g& ()- jtdEbC, | 10%#10%& () -

O%g&'() 10%;;&'() 110%9& () - 10%& ()-9g 10%g& ()- F~$dEbC, | 10% | 110%g&' () -
/10%g& ()-, 10%& ()- )10%& ()-y&M0%g& ()- %0%& () - $W #$Y&3xnbC, |
109%&10% & ( )1 mgrmmdu@@@&ucmre ofSffy bReGRClajms 2-8 widef s4ijl cavity is lined
3L10%& () - gIE"BCLE& 10% Ooi&'() 10%& ()-Y m0o%& ()- 10%& ()-
10%& ()-"1 °/<zé£“ 10% 10% & ()- @ -

10%& () - @0%&' ()- 310cya&'()-l@c;' 10%&'() 310%& () - #$$h$$g%8@BnbC, |
010% s! 10%* & ()-!X) s! 100& (10% & f)

y&109%2& () - 94090 é’(i)* Se1Ricy qr)strmuljeo 'Claign §wheseipaid firspdigleotyie enatgrial is

2 composed of a dielectric selected from the group consisting of an oxide, a nitride and

3  polyimide.

11. The semiconductor structure of any one of Claims 1-10 wherein said cavity
2 includes a second dielectric material that separates top coil elements from bottom coil
3  elements.

12. The semiconductor structure of Claim 11 wherein said second dielectric material
2 is composed of a dielectric selected from the group consisting of an oxide, a nitride

and a polyimide

13. The semiconductor structure of any one of Claims 1-12 wherein said back-end-of-

2  the-line layers include at least a dielectric material.

14. The semiconductor structure of Claim 2 wherein said magnetic core includes a

2  magnetic material selected from the group consisting of Permalloy and AINiCo.

15. An electrical transformer which comprises two solenoidal coils of Claim 1 having

2 acommon magnetic core.
16. A method of fabricating a semiconductor structure comprising the steps of:
(a) forming one or more cavities in a substrate of an integrated circuit (IC) chip;

(b) forming a first dielectric material over said substrate including in said one or more

cavities;

N Oy AW
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110% & ()wo 0209462 () -"&10% & ()-)/*~+++5,, dEnbC, | 10% PCT/US02/07992
y#10% & ()-!10%& ()-:10%& ()-, 10%& ()- Z10%& ()-L

10%& ()-,,4../1/1/dE:/ 10z 10z;10%& ()-410%& ()- 1.10%& ()-, 10%& ()- &
10% & ()-9% 10%& ()-////71112xY:/ 10z910%& ()-10%& ()-1 !10%& ()-

109%2& ()- " RLOYUryremovdiDo®sis) diclkoriRuraerkit abutife said Oue@rioow&ayijies, while

1021208 (19,0 EBVRESEG St Gideet Py "gm?ié%é%)ﬁ OfpApy et b d e
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»s10%2 &' ()-410% & %) &310%2 & ()-880999%: y: dELC L0zm0%ge ()-3109%g&' () -1
MLOYg&' () - - 11 0%gkTquming pbeftprp yoil elegent _aysolenm okgoddepad ppe or more dlelectnc

10%&: () - GLPS /@‘ghﬁe?d*%%@% ()-10%g & ()-L 109%g& ()-9

109g& () -| << =n¥h> C 10z!a, "109%& ()-)310%g#& ()-'a% 109& () -

! 10%g&' ()-9ML0%g& () - 10%& () - | GRaaaaaadC 10z! " 10%& () - &10%& () - 10g

10g 14 (e) forming a second dielectric material over said substrate including said bottom coil

15 element of said solenoidal coil;

16

17  (f) removing said second dielectric material over said substrate not containing said one
18  ormore cavities; and |

19

20  (g) forming side coil elements and a top coil element of said solenoidal coil, wherein
21  said top coil element is in electrical contact with said bottom coil element through said

22 side coil elements.

1  17. The method of Claim 16 wherein said one or more cavities are formed by

2  lithography and etching.

18. The method of Claim 16 or 17 wherein said substrate includes a passivating layer

2  formed thereon.

19. The method of any one of Claims 16-18 wherein said first dielectric has a

2 thickness of from about 1 to about 10 microns.

1  20. The method of Claim 19 wherein said first dielectric has a thickness of from about

2 4 to about 5 microns.

21. The method of any one of Claims 16-20 wherein said first dielectric material is
2  formed by a blanket deposition process.
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10g; s10%& ()-410%& ()- &310%& () - @BBCpCCDAELC 10z! " 10% &' () - &10% & () -9
10%2& ()- 10%& ()-10%& ()-10%& ()- DPDEUEF6F8F9FaB7C 10z 10z;

s10% & ()woHbeMmL ) -! 10%& ()-f @ F10% & ()-!13"109%& () - &P oeh79F: F;
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102711 10%& ()-!'!1109%& ()-!10%& ()- !'10%&' ()- @109 ()-&

10%&' () - | wd RKKKKRbheinti@lofldy b Claimd D6-20 whereiDSt®)) (c) islo@riddOamit by af
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109& ()- ! 10%&' ()-z L 110%& ()- L 1109% ()- !'10%& ()- OKPPQ QQRQQAYNC 10z
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QQ Qg xRy RAEYNS. ﬂ@@nl@ho@of@m 23 wpg'em said planarization process is chemical-

2 mechanical polishing.

24. The method of any one of Claims 16-23 wherein said bottom coil element is
formed by the steps of: forming a liner/seed layer on said first dielectric material;
forming a patterned photoresist on said substrate wherein said patterned photoresist

does not cover portions of said liner/seed layer in said cavity; and depositing a

[V, T -G FS B S R

conductive material onto said liner/seed layer.

u—y

25. The method of Claim 24 wherein said conductive material is deposited by an

2 electrodeposition process.

26. The method of any one of Claims 16-25 wherein said second dielectric material is

2 formed by deposition.

27. The method of any one of Claims 16-26 wherein step (f) includes a planarization

2 process.

28. The method of Claim 27 wherein said planarization process is chemical-

2 mechanical polishing.

1  29. The method of any one of Claims 16-28 wherein said side coil elements are

2 formed by damascene or dual damascene processes.

30. The method of any one of Claims 16-29 wherein said side coil elements are
formed by the steps of: forming a dielectric over said substrate including said second

dielectric material; providing openings in said dielectric exposing portions of said

EEOR Y

bottom coil element; and filling said openings with a conductive material.
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