; e3er~GoBBCt ELXEF6* GT~GQ] D<.” SI LI CON- BASED | NDUCTOR FI ELD The presently
claimed witing relates to the field of sem conductor processing. 5 Mre
particularly, the presently claimed witing relates to a novel 0Op-.ks \%\\\\“
i nductor with varying $paci ng between the turns of the induct or\\\w\‘m

i nductor performance by reduci ng substrate as well as conductor % 150%
current. The present witing discloses a silicon-based inductor wt 5
varying netal -to-netal conductor spacing. 10 BACKGROUND ART | ncreasi ng

Cetenreh actvitree 6 Tocus on the devel opnent of i nexpensi vey TMMIAINDN

‘| ow power consunption, and |lo | Advances in techkp®egy
are making it possible to devgwcﬁg’(ﬁ%@my (RF) circuits on a
single silicon chip. Silicon, with its mature technol ogy, |ow fabrication
cost as WeELDas hi gh packing density is recognized as the only nmateri al
able to satisfy the needs of a rapidly grow ng conmuni cati onmarket. To
fulfill all tiheapbaerdyrelaimanedtingplitesiorid feldoficerdicondetdnsbdcdssipgr t ant and
i ndi spensable circuit 20 conponents is the on-chip silicon-based spiral

i nducgor. LR C L1 - L Z ' . | i hor (Q
i nduc%orsM %g?gﬁgmgalgggt eéﬁ%lebgﬁglgh#ﬁfwggl?é%gérﬁésftg%%gm F %qﬂgﬁé@&l%%{rgg%hat ed
circuit (1C applicatjons. One difficulty in achieving such high-

et or YaistngBliping Sebietihe e e dugete o rteCielho? BeTortiafte

techni ques, nethods and 1 processes have been proposed to inprove the
per f or mameducHIg sybstratofs el agconduetor pddynanmenb r Ehepesent writing diselosesy gh
substrate | osses conpared to the | ossless substrate used in nonolithic

m cr owav gilicoh&gsaliaductor with yarfyldy i0gtal-wehel agdufteespaeing. , U. S; Pat. No.
5,884,990 to JoachimN. Burghartz et .aL, 5 entitled "Integrated Circuit

I nductor”, issued March 23 1999; N Camilleri, D. Lovelace, J. Costa and N
Davi " n ends for Silicon RF Device Technol ogi es", |EEE
El ecﬂpon%@ﬁ‘b@ﬁﬁ@ Vol . 17, No. 9, pp. 428-430, Sept. 1996: John R
Long and M1les A Copeland, "The Mdeling, .Characterization and Design of
Monol i t hi ¢ | ndletegsng demands fr Rersongt mabile cemmupicationeqBMEnt: at e
Grcuits, Vol. 32, No. 3, pp. 357-368, March 1997; and Joachim N,

Bur gha~t have motivated recent mespaseh aptiviias,tenforgeen thedlewslepment ofnki ns,
"Novel Substrate Contact Structure for Hgh-f1, Silicon Integrated Spiral
| nduct or $nexprastve, Bimall sire, lgwepewen caxsrimptionpendrgw neiw)leveb. 55- 58,
1997): 15 Tedi ous processes:such as etching away the silicon substrate
under neatspstenss. i Aduancassinhtachniobegy are maddme it possiklectoedevedop whdior at e
effects. Wiile this mayfachi eve good results, this processing techni que
rai sas r érdcaienky {RF) sivests orka giaglesjliocgn \chép.d Sihdon ,omitht #5 makmeani cal 20
stability. Since the conductive substrate contributes significantly to
capaci t i vechardogymJowt fabricasionf st iasduell asshigh pdadking densitgtiser conmon
approach is to increase the substrate resistivity (see e.g., US. Pat. No.

S, 884, 99Qéeo§miéﬂ 25 thebhlydneeeral bRMosdatisfp the tdeedo R aorpidlyuncommon f or
current :

growing communication market. To fulfill all the above-mentioned

requirements, one of tha most important and indispensable circuit

20 components is the on-cl{ip silicon-based spiral inductor.

Nevertheless, difﬁculties of realizing high quality factor (Q) inductors
pose a great challenge fé:r silicon radio frequency integrated circuit (IC)
applications. One d’ifiiculty in achieving such high-Q inductors is dealing

25 with substrate losses. Several fabricating techniques, methods and



2 technol ogy because | atch-up imunity for a highly conductive

substrate

has to be maintained at tighter design rules. Another barrier far obtaining

a high inductance (L) value is the 5 typical usage of alum n~-mc
(Al Cu) interconnects in the silicon process. Alternatively, int
technol ogy, thicker and less resistive gold (Au) netalization to
| ossl ess substrate may permt a high performance inductor to ;be
fabricated. However, nay cone at added expense. 10 O her possi bl
alternatives include enploying an active inductor, whereby its e

opper
he GaAs

gether with

e
| ectrical

propert i pyocesees baveleed proposgh tadmprove the perforiayce lof silicac-biaged
i nductor, high Qfactor and inductance can be achieved in a relatively
smal | si bhedripdndactoBstbechiise af pheizdiigh wubstraté lossebicgmpawdr tolthe

consunption and high noise |evels, which are not acceptable for

| ow power

and hi ghldssbepsenshstepiel used innaondlithid dhiciowrave hetegeated croait QMIMICT) ve
I nductors is very sensitive and dependent on their biasing circuitry,

maki ng t beshridlogy (ersaigi, WS RhtdN6f 5B84{9900tclBsdcitm RO Blifharz @K1,

prof esses and material limtations in the existing mature silico

n

t echnpl ogytiakedidtegdtatsdrCREaIH Inkiucest”! is8RE6E ML RONDIY M. canvidiati onal
spiral inductor renmains the sinplest and nost effective on-chip I nductor. 3

f Figurep A gnfdadd, QUiCstB add NSIDA4E, ‘N@vﬁﬁz{v@%ﬂrﬁ@n@ﬁ‘réﬂ&’é‘?&ﬁsﬁ%ﬁ current

108 in the substrate 104 and its nmagnetic flux interaction wt

108 n t1 i anc tc TTux T i
| nduct or S0 G SectIoe R AR T bR TR eliRes. VAl RS

that of the
| spiral
B; o

nauct or S0 G Ril 1D PEITE, T2hE AMINRYELARIRRR] PEE MO, <hown

Characterization and D:esign of Monolithic Inductors for Silicon RF ICs”,

10 IEEE Journal of Solid-Stiate Circuits, Vol. 32, No. 3, pp. 357-368, March

1997,

and Joachim N. Burghartz, A.E. Ruehli, M Soyuer, D. Nguyen Ngoc, and

Keith A. Jenkins, “Nove] Substrate Contact Structure for High-Q Silicon

Integrated Spiral Inductors,” Tech. Dig. Int. Electron Devices Meeting

(IEDM), pp. 55-58, 1997)i
15
Tedious processes such as etching away the silicon substrate

underneath the inductors have been introduced to remove the substrat

e

effects. While this mayjiachieve good results, this processing technique

raises reliability issues like packaging yield and long-term mechanical

20 stability.

Since the conduct:ﬁve substrate contributes significantly to capaéitivq

and magnetic loss for inductors on silicon, another common approach

is to

increase the substra’te; resistivity (see e.g., U.S. Pat. No. 5,884,990). This

25 method seems promising but the option is uncommon for current CMOS
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wWithiits inductor current ;110 traversing the spiral and with its

associ ated magnetic field 112 (H ndu~r)' Currents are shown with an "x"
going into the Figures and a "point" com ng out of the Figures, in the
conventional 10 manner. According to Faraday's |aw, an inage (or eddy)
current 108 is induced in the substrate i.04 underneath the spiral inductor
102. Since the silicon substrate 104 has glow resistivity, this inmage
~current 108 can flow 15 easily. In conpliance with Lenz's |law, the
direction of flow for this induced current 108 is opposite to', that of the

i nduct or 'taclendlogybeddise THtcB-1e anaiMisy FoParaghly cofBEPRYE Gubstlde
(HS"bSt ~ace) 106 in the substrate 104, which opposes the magnetic field 112

(H~du~r haftothenidiftuihed at®ightb desifis vhles. i N a degradation of the ]
i nductor's overall useful inductance.” Figure 1 also 20 shows the inductor's

under pass 111 connected to the spiral by vias 113. Arrows are used to show
the direction of nagnetic fields. Al so shown are a field oxide |layer 130, a

spiral armintgrs el i G M i re er pass

i nter-netal di‘[ngoet(&:{tE %?’c ggggp %ﬁ%ﬁnﬁﬁ&%ﬁﬁn@%&ﬁ susiogfrb?%%lél%elaﬁ%currents
108, eff f . A ener i A i_nper turns of
spi ra? i ﬁg’hc agru $ %Egot?cér%g@@gﬁnggﬁé%fg%ﬁ:% @ﬁggé%%cﬁig{f&geeﬁﬁgﬂé formation
of these _conduct e ree 0 | Edd Wh11 ag,a conduct or eddy
magnet i c WPﬁ?(sSBEg'E??S%%&i ﬁ’h@f‘% C%ﬁ'&% E?Fi}n‘?‘%@bg@’d&?foﬁnaéﬁﬁ Eﬁsﬁﬁgﬁr rent

| sPu~ 110 ich, fl in the di.recti as indicated. This curyent, 110
gener at eﬁoﬁ (5751% &&gﬁéﬁaﬂﬁ&ﬁgﬁ}tﬁf‘yﬁﬁqﬁﬁe?& S g’é%“ﬁﬁ iRy ﬁ’&gmé{ ﬁ;%]ig%‘u m
intensity at the center, of, the i.rgl ,102. For the case o hyge i nduct or
05 s 1 h R urn e G0 BE P ied: Howerrr.amaugaers 6 #ideds 2 doos not
pass through the center of the spiral 102 but 10 rather through its inner
turns 22X €to a tine varying nature of the coil current, the generated
magnetic flux Bsp~r~, 112, also varies with tine. In accordance to Faraday
end 3hz's laws, an electric field is magnetical ly induced in these inner
turns 220, generating circular eddy currents | EaaY 208 which flow in the
di recti on oppd3ther passikde iadternativeangelude emphesting arcactivg inductorhe

magni tude of this induced electrical field is proportional to the
deri vat i veherfebp(ity eldctticaleproperties aredessrihgd shirnggh ins aetive circuitrye very

In an active inductor, high Q-factor and inductance can be achieved in a
relatively small silicon drea. But this approach suffers from high power
15 consumption and high noise levels, which are not acceptable for low power
and high frequency applications. In addition, the performance of active
inductors is very sensiti\ire and dependent on their biasing circuitry,

making them-time consuming and difficult to design.

20 With current processes and material limitations in the existing
mature silicon technology as well as stringent circuit specifications, the
conventional spiral inddctor remains the simplest and most effective

i

on-chip inductor.



signifficant at high frequencies. The eddy currents 208 will cause a
non-uni forminductor spiral 20 current flow 110 in the "inner turns 220 of
the spiral 102. On the inner side of the inner turns 220) the inductor
current 110 (I Sp~~) and eddy current 208 (1Eddy) flow i'n the sane
direction. The outer side of the inner turn 220, however, has a very | ow
current density because these two currents (110, 208) are in the opposite'
direction. In sone cases) the magnitude of the eddy 25 current 208 can be
| arger than the spiral current 110. Therefore, the 5 resul tant coi
current (not Higome)lA andHéigumrdud dhustraterthe formasioR2df iniducell eddy n t he
"wong" direction. This drastically reduces the overall inductance as well
as qual icuyrémcl103 imthe sabstrdge tlfd afiPits magnedi: flex interhbdonorithethat i n
order to achi eve wi despread acceptance, and to ensure affordability, any
net hod of therinidogtan Refeching t6 Figure-laaed Figdue 18, in whedonveativerds the
above-1isted drawbacks, should be conpatible with existing sem conductor
fabri catsppralihdeeteb02 d8siphythe andeatdr @8R 5§ plardr and Fabkbatedbhisgon- based
i nductor. A further need exi:sts for such an inductor forned to reduce
magngt i hiphHs esnduetive siltenf @ibatraemef. Bbhetid 1088 becurdwhea i n the
substrate by the inductor. A further need exists for an inductor forned to

reduce t; ey i i S : i-aduct or
R e i S R S R L

C L1 SRS UGG LA 00 LA RUBESIBSH Ml i SR
B SRR RIS, {OCARp Rt RSl e ...

Enbodi ment's provi 0 an i no ornmed to redulc

due to t o] £ CUrr i Ie he Jf by the 5
i nduct orﬁ%%%%glgﬁe%tg&tﬁlrtog%%ﬁg&u%s%ﬁhégﬂ%ﬁ%ﬂ&’?&befcgﬁ&gghpgta?educe t he
effects of conductor eddy(currents induced in the inner turns of the

i nduct or™2BHEdi nent s provide for an inductor which may be formed with

exi sting sem conductor fabrication processes such that significant
revanpi ng of sem conductor capital equipnent is not required.

According to Faraday‘s law, an image (or eddy) current 108 is
induced in the substrate 3.04 underneath the spiral inductor 102. Since the
silicon substrate 104 has ;rlow resistivity, this image current 108 can flow

15 easily. In compliance with Lenz's law, the direction of flow for this induced
current 108 is opposite toi that of the inductor’s current 110. This generates
a parasitic magnetic ﬁeld! (Hg petrate) 106 in the substrate 104, which opposes
the magnetic field 112 (Hlih,dum,) of the inductor 102. This results in a
degradation of the induci:or’s overall useful inductance. Figure 1 also

20 shows the inductor’s undprpass 111 connected to the spiral by vias 113.
Arrows are used to showfi the direction of magnetic fields. Also shown are a
field oxide layer 130, a sibiral arm inter-metal dielectric layer 150, and an

inductor underpass inter-metal dielectric layer 140.



A silicon-based inductor in a sem conductor is disclosed. One enbodi nent
provi des for an inductor having a netal region conprising turns. The netal
regi on. has spaci ng between adjacent turns. The width of the spacing

bet ween adj acent turns varies. The spacing has a pre 15 determ ned-w dth
that optim zes the performance of the inductor by reducing eddy currents in
the turns and reducing eddy currents induced in a substrate. One enbodi nent
provi des for an inductor having a spiral structure. 20 The spiral structure
may have a nunber of turns with the spacing between the turns of the

i nduct or bei n@thér fiein sebstrhiteeddy cdereats 108, Sddtabf sdidisdtbr eddp | ar ge
spaci ng between the inductor's inner turns nmay serve to reduce both

conduct ogyG@dys gehéRNES iAHetiRR ek HHPLEES lgﬂﬁﬁl 1Rd Get6ry AR -no;ErB{-:S’ the

structure inproves the inductor's overal |l  performance. 7 n one

enbodi mﬂ&ﬁleﬁf&.“ﬁ‘%ﬁe%‘ilwﬁréw grgxeiﬁrﬁﬁﬁﬁhetff thegé c&%@u@ﬂ} %Hg? of the

: S
spiral structure. var 1 ous enbodi nents, the turns e spfral structure

embod; ot irent] 08Ty, (S el oy Eh SReeCP BAEY iR 200 SFBE e
9uckor amyhnRULGH R KA U Brrdiobe 20N Shiel odheE BB o0ce,
the prer 89 A tBhb Rl PEIGR 0 58 plel o Brorlie R REROLOF B B g
80 .G T ST ey R AT ARG B e e o
descri pt FRe SLBRRECRBRRSIr 40 WHD Ferel e 20D, SHeres PRI ton:
magnetic flux 112 does not pass through the center of the spiral 102 but
10 rather through its inner étums 220. Due to a time varying nature of the coil
current, the generated magnetic flux By, 112, also varies with time. In
accordance to Faraday qnd Lenz's laws, an electric field is magnetically
induced in these inner turns 220, generating circular eddy currents I,
208 which flow in the dfrection opposing the original change in magnetic
15 flux 112. The magnitude of this induced electrical field is proportional to
the derivative of B(t) with respect to time suggesting this effect to be very
significant at high freqtilencies.
The eddy currents 208 will cause a non-uniform inductor spiral
20 current flow 110 in the iinner turns 220 of the spiral 102. On the inner side
of the inner turns 220, t;he inductor current 110 (I, ,) and eddy current 208
(Ig44,) flow in the same ciirection. The outer side of the inner turn 220,
however, has a very lovs; current density because these two currents (110,
208) are in the oppo’si.te= direction. In some cases, the magnitude of the eddy

25 current 208 can be largfef than the spiral current 110. Therefore, the



FIGURE 1A is a top sectional view illustrating a conventional silicon based
inductor. 10 FIGURES 1B is a side sectional view the conventional
silicon-based inductor of Figure 1A, ihustrating substrate magnetic | oss
mechani sms. FIGURE 2 is a toy view of a conventional spiral inductor,
illustrating conductor magnetic |ost mechanisns. 15 FIGURE 3A is a graph
illustrating a conparison of the inductance of circular inductors with

di fferent fixed spacing. FIGURE 3B is a graph illustrating a conparison of
the quality factor 20 of circular inductors wi~~h different fixed spacing.
FI GURE 4msiibant <o} cvecentotrot shawnbin the indwetos)si inder twiunst 820wvilh varyi ng
spacing, in accordance with,enbodi ments of the present clainmed invention. 9
FI GURE 4Bw $nghei derongt diverdion/i Thindrastéically aeduces the avestallt or with
varyi ng spacing of Figure' 4A, in accordance with enbodi nents of the

pr esent indactedteiasvealliasnqualityl fackRr &fthesiraluptepdORl | ustrating a conpari son
of the inductance of circular inductors with varying spacing, in accordance
wi th enbodi nents of the present clainmed invention. 10 FIGURE 5B is ‘a graph
illustrating a conparison of the quality factor of circular inductors with
varyigng spaciAg yet Bnatiea ceeeen)in brésibesiakivve Widédpreadeacdyptanakmed
invention. FIGURE 6 is a top sectional view of a square spiral inductor

Wi th 15 y#ed Y6 BEsSRABTOELMBIULY 24Ny RbletMod! 6F f@hﬂihg dnlloSehipsAEGRI-BABEE W th
enbodi ments of the present clainmed invention. FITGURE 7 iS a side sectiona
vi ew of i gbafk GrhibRNEEmEk the \WoY b1t 6R FraMb RRMEBOuld P U NS, i N

accordance wth enbodi ments of the present 20 clal med invention.
compatible with existing semiconductor fabrication processes.

10 Thus, a need existp for an on-chip silicon-based inductor. A further
need exists for such an inductor formed to reduce magnetic losses due to
the formation of eddy currents induced in the substrate by the inductor. A
further need exists for an inductor formed to reduce the effects of eddy
currents induced in the turns of the inductor itself. A further need exists

15 for an inductor which may be formed with existing semiconductor
fabrication processes such that significant revamping of semiconductor

capital equipment is notirequired.

'



The drawings referned to in ‘this description should be understood as not
being drawn to scale except if specifically noted. 10 DESCRI PTI ON OF THF~
PREFERRED EMBODI MENTS Reference will no~v be nmade in detail to the

preferred enbodi nents of the invention, exanples of which are illustrated
in the acconpanyi ng drawi ngs. Wiile the invention will be described in
conjunction with the 5 preferred enbodi nents, it wll be understood that

they are not intended to limt the invention to these enbodi nents. On the
contrary, the invention is kﬁ{ﬁﬁgﬁ%t o cover alternatives, nodifications
and equi val ents, which may i ed within the spirit and scope of the
invention as defined by the appended clains. Furthernore, in the follow ng
det ai | ed descFhePresef twmtingd Providesfor apwanehipnsilicondased induetari ¢
details are set forth in order to provide a thorough understandi ng of the
pr esent Embediments posdderforisuchi an ibductioviforrsed doareduce roagneticy skill in
the art that the present invention nay be practiced wthout these specific
det ai | s lodsesatuecto thnes fearmeats on wdledd dyreammentstinddsed i thedubsizate bytheent s,
and circuits have not been 15 described in detail as not to unnecessarily
obscér e indpetirs Binbddments grovide fortsueh. arcibddétor fosmed tohredpeeshat

i nvention provide for an inproved spiral inductor by optimzing iits

spiral ' sffeetsibf tondwétor eddyttintrents jratiiced. inTihiesinn2d tulkheowghheuch | ayout
optim zation techniques, the performante of a conventional silicon-ba$ed

spiral ijpdyetor. EatbdEnmiapredidd forai ivductor Heeh iy ibel foRidednwith-1 n one
enbodi nent, the spacing between adjacent turns is narrower near the outside

of the icagishe setticoAtiuctet fabridtidiipfoRESNs 6WER RREE sitfficRht al conduct or
eddy currents are reduced, in 25 enbodi nents of the present invention. 11
To achi e¥gahiHRgRitT dhiTBRaG Lt S1ELHRASe PRt vt RERRALRIY
10
A silicon-based inductor in a semiconductor is disclosed. One
embodiment provides for an inductor having a metal region comprising
turns. The metal region; has spacing between adjacent turns. The width of
the spacing between adjfacent turns varies. The spacing has a pre-
15 determined width that oi)timizes the performance of the inductor ny
reducing eddy currents in the turns and reducing eddy currents induced in
a substrate.
One embodiment provides for an inductor having a spiral structure.
20 'The spiral structure maﬂr have a number of turns with the spacing between
the turns of the inducton::‘ being larger near the inside of the spiral
structure. A large spaci:,ng between the inductor’s inner turns may serve to

reduce both conductor eddy currents and the induced substrate current.

Thus, the structure irhproves the inductor’s overall performance.



magnetic | osses due to the formation of substrate eddy current 108 may be
reduced. The basic work.~ng principle is to mnim ze undesirable magnetic 5
flux 106 created by the indluced substrate eddy current 108, especially at
the inductor's core where theinmagnetic field is the strongest. This may be
acconpl i shed by reducing the current density at the inductor's inner turns
220. Meanwhil e, when the current density of the inner-turns 220 is reduced,
t he induced substrate eddy current 108 at the inductor's core will 10 be
very nmuch weaker. A~ a resulit, parasitic nmagnetic flux 106 generated in the
substrate 104 directly under the inductor's core is smaller and this

i ncreases the_resul tant_indyctance as well as quality factor of the spiral

i nduct or 102. In enegmpodimentqshemidth of thextums isgreater near the utdide nay
serve to reduce both the effects of substrate eddy currents 108 and

conduct oof thiigpiral stmicturnsIn Maweusrembodimends sttectunmshbef theespirath turn 220
is.too large, the overall performance off' the inductor 102 may be

degr adedstriiciureemay/be fick 138 asanptalt tegiiny,, suwhnasiceppdreor atweinnge Jad
quality factor for 20 inductors fabricated on a;0.25~m technol ogy) having
di f f €5 enstilli other epstudimenits thenindictorandydd pladerndibgerstagkedit is seen
that the inductance plots of the three inductors 10~ are al nost the sane.
However , sfrugtiire. 3Bheladactdicmalyise dircillagdachdt@renduct or 102 displays a
slightly better quality factor than thée other inductors Q2 because it
occupies a smaller area conpared to 12 the other two inductors 1A2.
Therefore, the inductor 102 wth 2~m spaci ng nmay have snaller parasitic

oxi de and subghegé andanhet bBjkees andRRAVHALAGS mﬂerbx%EéﬁP{ﬂWéi&?oﬁ'%llbe mor e

evident if the difference in spacing between the i'nductors 10~ 1s greater.

5 Embodi gpriotb®hebiife MbotGiditd ﬂh‘b@tetﬁgiﬁt?ﬂ\ggbggisﬁﬂl frPElPé‘aPPXRlaﬂgln’&%ﬁ or 102

with varyling spacing to mniim ze netic Toss nec di scussed

her ei@. Ei y ] 12003V e I { of one
ot reF et Bie T e hiliaPaseoRiletn Y CRHARAS N RS e, 102

of Figure 4 i n - A . _The inductor 102 may conprise a netal
such as, g{%’fﬁléé%ﬁ%@jﬁiﬁ%%%%% @'Oapvggg,ﬁ%?%gs. However, the inductor 102 in

general conprises any electrically conductive material. In one enbodi nent,
the metal is any low resistive netal with good




o T
magnetic properties. Goad magnetic properties may be defined as those 15
magnetic properties that are suitable to forman inductor with desired
characteristics. The spaci ng between the turns 220 for this inductor 102
decreases gradually fromthe center inner turns 220 to the outer turns 220.
Wth a |large spacing in-the inductor's inner turns 220, nutual coupling at
its core may be substantially reduced. This may sonmewhat degrade the 20
i nductor's 102 performance because mutual inductance between the turns 220
reduces when their sPaci ng Lncreases. (On the other hand, a | arge spacing at
the i nduStEBE DEpeR P’HQ% QY THREDRAWINGS he conductor eddy current 208
effect. Additionally, induced substrate current 108 may al so di m nish.
Reducti on of Biehacdempesndngtdravdagy, whicleare 2o@rantatedei Bndufoam & e eddy
current 18 may nore than conpensate for any reduction in 13 mut ual
i nduct anpert ohthistsperificatiany tidustiretesveenbodiments of shesnye@tiohaamd,t eri sti cs.
Thus, an enbodi nent provides for a netal region conprising turns 5 220. The
netal regogathbrovitipébe dgstriptiernsastt dc enpldinthe f2fciplastdf thiee spaci ng
varying. The spading has a pre-determ ned wdth to optim ze the performance
of th® i iwweitdon:102 by reducing circular eddy currents |Eaa,. 208 in the
turns 220 and redw ng substrate eddy currents 108. Furthernore, the spacing
has a pre-determ ned width that may optim ze the effects of 10 mnut ual
coupling at the cope of the inductor 102. The netal region may be said to
have respect i WGIPRE W iYat tppedectidhal ¢itky ANGFrAfing A ébriventfonalhsdlites m
adj acent ones of said turns nmay refer to the spacing between one turn and
its adj ap@Bbd GHAQcw. @ ; 9i ven point. 15 Figure 4B shows ark enbodi nent in
whi ch the spacing between 4 turns decreases such that ~1 > Sz > S3.
However, it is appreciated that the spacing need not decrease; gradually
fromthe inner turns 220 to:the outer turns 220. Modre generally, the

| ndugpor str UGHESRESAR s Hgm@ge&%ﬁ@mqﬁaiasﬁvéﬁawglj HR¢bADasegUTer  Of

turns 220. \When conparing a’'first spaci ng between adjacent; turns (e.g.,

) oo oA RIEAP DB oL BERHs FHAREZ s fchpaiye 10

second spacing is re tovar 0 Spir
spacing may be snmaller. Thus, this

FIGURE 2 is a top view of a conventional spiral inductor, illustrating
conductor magnetic Ioss; mechanisms.
15 |
FIGURE 3A is a graph illustrating a comparison of the inductance of
circular inductors with ?different fixed spacing.
FIGURE 3Bis a éraph illustrating a comparison of the quality factor

20  of circular inductors with different fixed spacing.

FIGURE 4A is a top sectional view of a square spiral inductor with
varying spacing, in accordance with embodiments of the present claimed

invention.



| eaves open other alternatives for the spacing between the turns 220. For
exanpl e, the spacing may have portions for which it remains substantially
25 constant as the spiral 102 is traversed outward. The spacing nay al so 14
T increase for portion of the outward traversal of the spiral 102, although
this may be undesirable, as the nutual coupling may be negatively inpacted.
Figure 4B al so shows a field oxide |ayer 410, an inter netal dielectric

| ayer 412, a netal N-1 layer 414, and a netal N |ayer 416. 5 For exenplary
puri poses, Figures 5A and 5B conpare the inductance as well as quality
factor for three different 4-turn circular inductors 102. One inductor 102

has a filed i .2~m.  the second, i ndyctor 102 has a varying spacing
of 4~m $~t mﬁgﬁﬁﬁﬁfﬁﬁs\ﬁ slﬂet%tlgﬁafw ogﬁﬁ&smglaaﬁ spaealimdsiater withn 220,
the third apductor, 102 has a varying spacing of 2~ m_ 3~ m and 4~ mwth
the | ar g3V Ingspaging of Fignse dft.dn a¢nordance wikh erabpdimants ofthenduct or 102
w th larger spacing at its inner turn 220 is better conpared to the one
with a firgsentsplaimed. inyeatiosduct or 102 with increasing spacing frominner
to outer turns 220 shows worse performance conpared to the 15 fixed spacing
i nduét or 1Q2. Hence, the inductor design with decreasing spacing frominner
to outer turn 220 yields the best performance anong the three inductors 102
inthjis samPI&URE 54 iapppesphtiBdstriading hecomparisbni ofvidre imduétaneetof
limted to the sizes 20 of spacing chosen for the; graphs of Figures 5A and

5B. Usi drculineinducters pech nanyiyg Ispadirg) iy accdrdianee witdubhthodinetger
i nprovenent may result if a design with a larger spacing for the inner

turns 227 thedpresent clabmeddpentionf or the outer turps 220 is adopted. For
exanpl e, a spacing of larger than 4~m nmay be used inside and/or snaller

than 2~, m may be used 25 outside. 15
10 FIGURE 5B is a graph illustrating a comparison of the quality factor
of circular inductors with varying spacing, in accordance with

embodiments of the present claimed invention.

FIGURE 6 is a top bectional view of a square spiral inductor with
15 varying spacing and varying width of the turns, in accordance with

embodiments of the present claimed invention.
FIGURE 7 is a sidq sectional view of a stacked inductor with varying
spacing between the turné, in accordance with embodiments of the present

20 claimed invention.

The drawings referred to in this description should be understood as

not being drawn to scale except if specifically noted.
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The ‘present invention is also well suited to be inplemented with varying
w dth inductors 102, e.g., the width of a turn 402 increasing gradually
frominner to quter turns 220. The present invention is well 5 suited to
using an inductbr 102 in which the width of the turns 402 decreases
gradually frominner to outer turns 220. Figure 6 shows an enbodi nent in
whi ch nod only does the width of the turns 402 increase as the spiral is
traversed outward, but the spacing between turns 220 narrows as the spiral
is trave r ' ' r portion 10 (e.g., SI)
of the szﬁngeﬁéﬁﬁﬁmﬂﬁ%ﬁgaﬁmﬁgﬁu on (e.g., Sz) closer
to the exterigr. Tf~is may further_ enphance the inductor's 102 per unit area
i nduct ance asReéprenss wilbppwybe mads in detaiktathe prajerred embedienents afhat t he-
w dth of the turns 402 continually increase as_the spiral is traversed
out war d. the inveptien sexgmplescofywdiiph @re dllpsirateh in ghe agcompanying tion (e. g.,
15 W) of the spiral 102 is nore narrow than the width of a turn 402 (e.g.,
W2) cl osdrawingseVWxile theinyentiphevitbbe degtribed i gomjanthiontwith thesquar e
spiral inductor 102, it is appreciated that other. structures may be used
wi t hifn t peefepred embodimenty)iit mitinbeé undefstoodizaipthey aremniliaténgesl togonal , or
elliptical spiral inductors' 102 or the like my be used. O her enbodi nent
provi deslihwit thedakentiontovthiese ambadipents.n@uctlor eonteagythe Invéhtishigt es an
enbodi ment of a stacked inductor 102 with each of the three spirals in
successi #gtendedrtd ever lternativas, dhalifications arid Gauivdlbnts! dtirhhadiy e a
spaci ng between turns 220 which 25 di m ni shes towards the exterior of the
spiral . fclide@wridhin Hd spiritland seepeof tiesliientionsasldefined By tdeel ectric
| ayer 718. It is appreciated that it is not required that each spiral be
fabri cat ggpehfbd icligimtd. C FurtheBnste) 18- tHeofol1ewanp detaidstt dsstiription®y the
fabricated with a substantially fixed spacing and another with a
Subsmi'nk%eéém_ PReheRs, MhmeARlgpeifi¢ BetAR 4R sdtSforth irPofdaV@y sed outward.
O her cofbinations may be used as well to vary the spacing between turns
22~ of t I3 ; t $1otR eNgY or

?»‘Fg%; %Tt%ra’n[% %ggﬁeﬂgl’% QPEH@B&#&S@G%@&R ¥ Ane/

conducto y currents e Teduce e present 1hvention

TR R TR AR AR o
educe ool SR Ao G Hipld pRRELALD D iRy PUMELA LS vert s
s, of i SOHEL 0L, RS ADNENt) 20, REQH S50 06RO EENGH Gogh i et

oSBT 0 TS5 BT SRS e RS SRR ©

invention.

Embodiments of 'fhe present invention provide for an improved spiral
inductor by optimizing iits spiral's metal-to-metal conductor spacing. Thus,
20 through such layout opg;imization techniques, the performance of a
conventional silicon—baéed spiral inductor can be enhanced without any
process modifications. In one embodiment, the spacing between adjacent
turns is narrower near ;'the outside of the inductor spiral. Both substrate
eddy currents and épiral conductor eddy currents are reduced, in

25 embodiments of the present invention.
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The foregoi ng desckiptions of specific enbodi nents of the present invention
have been presented for purposes of illustration and description. 20 They
are not intended to lie exhaustive or to limt the invention to the precise
forns di scl osed, and obvi ~usly many nodifications arid variations are
possible in light of the abpve teaching. The enbodi nents were chosen and
described in order to best;explain the principles of the invention and its
practical application, to thereby enable others skilled in the art to best
25 utilize the invention and various enbodinents with various nodifications
17 are suited to the particular use contenplated. It is intended that the
scope of the invention be defined by the O ains appended hereto and their
equi val ent s. To achiegetigh parfamaamee induateris| 10¢%en techmology,
conprising: 5 an electrically conductive regi on having a shape formed of
turns; saagnetiedesses aueytodivedormiationrof gubstrate eddy @anrrerite108 mnay beai d

el ectrically conductive regi on having respective spaci ngs between adjacent

ones of redaicddt (Flms basicsworkieigamtincipld iyt aridimiie/andegirable mapeeti®g at a
first ;location being greater than a spacing at a second 10 | ocation; and

sai d 5sedbued 106 caéated i tincindueed dubstrttecsddpcurreifn08aeshdcially atakat i on i s
to said outer turn. 2. The silicon-based i nductor of daim1l, wherein said

turns fdodustords edverwherd thio tghetid. fields $heistriingeasedHisdayde of C aim 2,
wherein said spiral structure is a substantially circular spiral. 20 4. The

si | i con-asathlidhédchp redicifah® &nmea@ﬁsﬁgf at dheRhAaktord HoRer fudss @
substantially rectangul ar spiral. 5. The silicon-based inductor of O aim 2,
wher ei n g2, d Minvhils WHEA YhE ceréhtdensity Ui tAk iMnBR AN 2R0SRI ral - 19
reduced, the induced substrate eddy current 108 at the inductor's core will
10 be very much weaker. Ag a result, parasitic magnetic flux 106 generated in
the substrate 104 directly under the inductor's core is smaller and this

increases the resultant inductance as well as quality factor of the spiral

inductor 102.

15 Using a large uniform spacing between the turns 220 may serve to
reduce both the effects of pubstrate eddy currents 108 and conductor eddy
currents 208. However, 1f the spacing between each turn 220 is too large,
the overall pex:formance; of the inductor 102 may be degraded. Figures 3A
and 3B, respectively, com:rpare the inductance and quality factor for

20 inductors fabricated on a-0.25um technology, having different fixed spacing
at 2um, 3um and 4pm. From Figure 34, it is seen that the inductance plots
of the three inductors 102: are almost the same. However, Figure 3B shows
that the 2um spacing inductor 102 displays a slightly better quality factor

than the other inductors 102 because it occupies a smaller area compared to
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6. The silicon-based inductor of Caim1l, wherein the wwdth of said
electrically conductive region is greater at said outer turn than at an
inner turn of said electrically jconductive region. 5 7. The silicon-based
i nductor of Claim1l, wherein said electrically conductive regi on conp9ri ses
al um num 8. The silicon-based inductor of daim1l, wherein said
electrically 10 conductive region conprises copper. 9. A silicon-based

i nductor, conprising: a nmetal region co~aprising a spiral structure, said
structure havi ng an outside; 15 said spiral structure having a first

spaci ng pet ween, ones,of tu alLd spira u ai d spiral
structwtﬁg SR ?@%@8%@%{1% t?é?vxﬁ'{frfn@h’égor ﬁi @EHFP@pg?mgai d
spiral structure, Sﬁld secqpd s CI n ugwng cl oser to sai d_out si de than
sai d fi MY Elsﬁﬁ e PRray trate capagitaBedthd [8aci ng bei ng
smal | er than said fi[st spacing 10 The 5| | i con-based iihductor of Claim
9, wher dagiation i ge Oanaawﬁnlﬁyae more exideng dbthe differemcedneynacivg t he

width of a turn at a second;location, said first |location closer to said
out si de hebwre she indediars 1034s goprtes. to said 25 outside. 20 11. The

si |l i on-based i nductor of Chaim9, wherein said spiral structure is
substantially planar. Y 5 12. The silicon-based inductor of Caim@9,

wherei n said Emﬁudﬁnentsmﬁth&msmtpinmntuohmmh@fokQﬁnmlrmﬁuatdmmzlr es.
13. The silicon-based i nductor of Claim9, wherein said netal conprises
al um ni with&hrying spacing to minimize the two magnetic loss mechanisms
discussed herein. Figurei4A shows a top view of an rectangular inductor
102, of one embodiment. Figure 4B shows a cross sectional view of the
10 inductor 102 of Figure 4Al taken across line A-A’. The inductor 102 may
comprise a metal such as:, for example, aluminum, copper, etc. However,
the inductor 102 in general comprises any electrically conductive material.
In one embodiment, the n'getal is any low resistive metal with good
magnetic properties. Good magnetic properties may be defined as those
15 magnetic properties that :are suitable to form an inductor with desired
characteristics. The spacing between the turns 220 for this inductor 102
decreases gradually from Eﬂ;he center inner turns 220 to the outer turns 220.
With a large spacing in‘tile inductor's inner turns 220, mutual coupling at
its core may be substantiijdly reduced. This may somewhat degrade the
20 inductor's 102 performante because mutual inductance between the turns
220 reduces when their si)acing increases. On the other hand, a large
spacing at the inductor's Ein.ner turns 220, may reduce the conductor eddy
current 208 effect. Additionally, induced substrate current 108 may also
diminish. Reduction of both the conductor eddy current 208 and the

25 substrate eddy current 108 may more than compensate for any reduction in

13



14. The silicon-based inductor of Caim9, wherein said netal conprises
copper. 15. The silicon-baséd i ~ductor of Cdaim9, wherein said spiral
structure 15 conprises inner turns and outer turns and wherein the
respective spaci ng between ones of said turns decreases fromsaid inner
turns to said outer turns. 16. A silicon-based inductor, conprising: 20 a
nmetal region conprising turns; said netal region |aving respective spacing
bet ween adj acent ones of said turns, said spacing varying; and said spacing
bei ng ire-deLernined to reduce eddy currents in said turns and reduce eddy
cur r ent ButRg é@@umnaestlwﬁaﬂ@.creaszmg the averathindwetiorsnl®3sed i nductor of
Claim 16, wherein said pre-deterni ned spacing optim zes inductor

per f or neh@radipristi¢seasi ng the effects of nutual coupling at a core of said
i nductor while reducing said eddy currents in 5 said turns and reducing
said eddy currents induced in said substrate. 18. The silicon-based

I nductor of Claim 16, wherein said spacing is w der between adjacent tines
of outer turfThushan dmebodienent paceidesdoea afetabmregidnicompriSinkdturie
silicon-based inductor of C'aim 16, wherein said turns forma spiral

strust ue0. Athe heealstdgiamw hajapadingbotween aldjdderitrbukts 28 rwith the w dth of
an outer 15 turn is greater than the width of an inner turn. 21. The

si | i conspaciag viargigd. oThefsgdeingrhbs, a pherditermaned iwidihtter optifmize Ihe a
plurality of stacked spiral 'structures. 20 22. The silicon-based i nductor

of O ai pe#Brmaes of the dhdusRiral 0F Byredaeingtirehiliimeddy cufbentd 11,¢ozodased
I nductor of Claim 16, wherein said netal conprises copper. 22 7
in the turns 220 and redu¢ing substrate eddy currents 108. Furthermore,
the spacing has a pre-detézmined width that may optimize the effects of
10 mutual coupling at the coée of the inductor 102. The metal region may be
said to have respective spacing between adjacent ones of said turns. The

term adjacent ones of said turns may refer to the spacing between one turn

and its adjacent turn at a ;ugiven point.

15 Figure 4B shows ari embodiment in which the spacing between 4-
turns decreases such that S, > S, > S,. However, it is appreciated that the
spacing need not decrease gradually from the inner turns 220 to the outer
turns 220. More generally, the inductor structure 102 is formed of a
conductive region having a number of turns 220. When comparing a first

20 spacing between adjacentif turns (e.g., S,) and a second spacing between
adjacent turns 220 (e.g., éz), where the second spacing is more towards the
outside of the spiral 102, i;he second spacing may be smaller. Thus, this
leaves open other alternatiives for the spacing between the turns 220. For
example, the spaciné £nay have portions for which it remains substantially

25 constant as the spiral 102 is traversed outward. The spacing may also

14
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24. ‘The silicon-based ~~nductor of C aim 16, wherein said netal has good
magnetic properties such that said inductor is formed with desired
characteristics. 5 25. The silicon-based inductor of Claim 24, wherein said
metal has a | ow resistance. 23 .A@wy. A 9. A3& A AFa. A9. Al9. A 9.A _.Ar.A
r.A 9 AL A ; AU A(Y %A A9. A L. A A% A AF % r$z24B~"!
I f}xsnid_Z] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]ca]ca]ca]ca]ca]calca]lcalcalcalcalc
a] ca] ca] ca] ca] ca] ca] ca] ca] ca] cZa] ca! Di#ks_bntC4| zupkf a\ W ca] ca] ca] ca] ca] ca] ca
] ca] ca] ca] cal] caU] cr‘] ca] caLca] cal ca] cay ca] caj] ca] ca] ca] ca] ca] ca] ca]ca]ca] ca
] ca] cal mewease for portion of the outward traversal of the spiral 102, although this
'} xrmhe”Ykfa\ W] ca] ca] ca] cal cal] ca] ca] ca] ca] ca] ca] cal] cal] ca] ca] ca] ca] cal] c
ay ca] c@l]l&}&b@am]ld%qw a]as at}l@d]l@&?ah]m&] I may be negatively impacted.
KL " PKESS$$% BRRE- (((*)B*G**f++}xsnid_Z]]]ca]ca]ca]ca]ca]ca]c
a] ca] ca]th]mea]d:BaMsa]sd:m]msaat (fm]lda»]mdﬂ bgyjer dl16abndhtea] metaladiebdotaikcdayen] ca] ca] ¢
ajcal ++x,,,,,-\---- ./u//15000012141x111*2i 222} xsnid_Z]]] ca] ca] ca] ca] ca]
ca] ca] cat]l@a]ma]atzd]lﬁa] laq]ena]lda]md]acm]eca]ma:]m]m ca] ca] ca] ca] ca] ca] ca] ca] ca]
ca] cal ca! 23MB33364mis444( 5p556U6647{ 77v8888@9: ": . :;V

; }xspid_Z]]]ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal ca] ca] ca] ca] ca] cal ca] ca] ca] ca]
ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! ;; =" ===>F>>0®i ??MaaaaAvAAAA/ BqBBCCC
Df DDEFdFFF} xsni d_Z]]] ca] ca] ¢ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]
ca] ca] ca] ca] ddrcatemptaiycpiitpdses] Pigwrk G2 aalPRGoRHEAEHHR ildubtd#EaKKGLLLE
Mo MVWMWANNNNCK OO} xsni d_Z] ] ] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca] ca]ca]c
a] ca] ca]azalel] podaalinaiatde ficitirea]diffbeaitchlen] cirbeiriRd@etors 102.
R/ RXRRVSSSSS7T} TTPUUUOVVWWhWAKX XXXFYY} xsni d_Z]]] ca] ca] ca] ca] ca] ca] ca] ca] ca

] ca] ca] @hé @ﬂ&@&t@@]l@&] lead aaﬂmaﬂ spddiag of Al ¢RbGetaRl fdeadbsabeadigsnbcal cal YY

"ZhZnZj\ Ma aV\aaaaaaa

cLccced &p&ﬁﬂbd,ﬁ%lﬂ,]é‘ﬁd ofht 34t R|th3]SRANt CHe R ?%},CtﬁlgCa] ca] caj ¢

ajca]ca]caJca ca] ca ca] ca] ¢ca ca] ca] ca] ca] ca] ca] caljcalcal f[tfffgggghThhiiij$

iﬂ&c??c;]mghuc \%/rzr?hg ?(ﬁl d] et r1 2h s ca c %%1%% caﬁgl?caz]lca] ca] ca] (r:a
PGl Y %ﬁﬁ%ﬁ%‘]ﬁ’ée‘é?]s&?l‘n? %ﬁaﬂéﬂ%adﬁ? R R R
%g/g] ((:?] @kg@;&c‘%§ %%ﬁ/kﬁg&%%%%?§€ gkﬁlllé:raiucr%] fﬁ’O 1s$bé%ter compared to

109& () -$100&: % 1439810
109 8 1?56/%&@ h? fed Ei’%m 10 + Cf@%é%?g‘)”éh 'PG%aesinE SR @3os" 10%
10 10 10>s109&

E} A?VK /8“11’6%3(’/?1@/93&9() %%8) ) 2‘]‘%50%’%%9&%"%‘?’%% )_ P Qgéé(abe()

| #1010?& fgxedw skﬁé%(ggfﬁuclor 165 \Hg’r(i/cae 1t g‘in uc]:]:owéeggn with decreasing

spacing from inner to outer turn 220 yields the best performance among the

three inductors 102 in this sample.

It is appreciated tHat the present invention is not limited to the sizes
20 of spacing chosen for the]graphs of Figures 5A and 5B. Using other size
spacing may lead to eveni better results. A larger improvement may result
if a design with a larger Espacing for the inner turns 220 and very small

spacing for the outer turns 220 is adopted. For example, a spacing of larger

than 4pm may be used inside and/or smaller than 2um may be used

25 outside.
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gradually from inner to quter turns 220. The present invention is well-

5 suited to using an inductpr 102 in which the width of the turns 402

decreases gradually fromi inner to outer turns 220. Figure 6 shows an

embodiment in which not only does the width of the turns 402 increase as

the spiral is traversed outward, but the spacing between turns 220 narrows

as the spiral is traversedf. More generally, the spacing of an inner portion

10 (e.g., S)) of the spiral 102 is wider than the spacing of a portion (e.g., S,)

closer to the exterior. This may further enhance the inductor's 102 per unit

area inductance as well és quality factor. It is not required, however, that

the width of the turns 4d2 continually increase as the spiral is traversed

outward. More generallj{, the width of a turn 402 of an inner portion (e.g.,

15 W,) of the spiral 102 is more narrow than the width of a turn 402 (e.g., W,)

closer to the exterior.

Furthermore, whiiie Figure 4A shows a square spiral inductor 102, it
is appreciated that other;-structures may be used within the spirit of the
20 invention. For example,% circular, polygonal, or elliptical spiral inductors
102 or the like may be ué;ed. Other embodiment provides for stacked, as well
as copper inductors. Figfure 7 illustrates an embodiment of a stacked
inductor 102 with each o?f the three spirals in successive layers of inter-
metal dielectric (7165, 716b, 716c) having a spacing between turns 220 which

25 diminishes towards the eéxterior of the spiral. An underpass 111 is
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10@10%@kingipezd l0vigs 118-16d dikdeqtrie 14yerT 18:+ Rt ivappre ciatad tha Gyt 19het () -
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10910% &equired1Ieat &ach- s;ﬁﬂé]%e&fz{b)nc‘a@&ﬂ &1i¢h iddfbicalddimensions. For
10b=10%8& ()-\----. K. . dEbC3
example, one spiral may be fabricated with a substantially fixed spacing
and another with a substantially decreasing spacing as the spiral is
5 traversed outward. Other combinations may be used as well to vary the

spacing between turns 220 of the inductor 102 such that substrate eddy

currents 108 and/or conductor eddy currents 208 may be reduced.

Thus, the present i;nvention provides for an on-chip silicon-based
10 inductor, based on layout iioptimization technique. Embodiments provide for
such an inductor formed fo reduce eddy currents induced in the substrate
by the inductor. Embodiments provide for such an inductor formed to
reduce eddy currents indtjlced in the turns of the inductor. The invention
provides for an inductor which meets the above needs and whose formation
15 is compatible with existiﬁg semiconductor fabrication processes such that

significant revamping of semiconductor capital equipment is not required.

The foregoing deSc;E'iptions of specific embodiments of the present
invention have been presénted for purposes of illustration and description.
20 They are not intended to H:)e exhaustive or to limit the invention to the precise
forms disclosed, and obvipusly many modifications and variations are
possible in light of the abpve teaching. The embodiments were chosen and
described in order to bestiexplain the principles of the invention and its
practical application; fo thereby enable others skilled in the art to best

25 utilize the invention and various embodiments with various modifications
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1. A silicon-based inductor, comprising:
5 an electrically cond:uctive region having a shape formed of turns;
said electrically cox%tductive region having an outer turn;
said electrically copductive region having respective spacings
between adjacent ones of said turns of said electrically conductive region;
a spacing at a first location being greater than a spacing at a second
10 location; and

said second location closer to said outer turn than said first location

is to said outer turn.

2. The silicon-based inductor of Claim 1, wherein said turns form a

15 spiral structure.

3. The silicon-based ihductor of Claim 2, wherein said spiral structure

is a substantially circulay spiral.

20 4. The silicon-based inductor of Claim 2, wherein said spiral structure

is a substantially rectanéular spiral.
i

5. The silicon-based inductor of Claim 2, wherein said spiral structure

is a substantially polygonal spiral.
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electrically conductive r¢gion is greater at said outer turn than at an inner

turn of said electrically conductive region.

7. The silicon-based :;inductor of Claim 1, wherein said electrically

conductive region comprises aluminum. -

8. The silicon-based Z;inductor of Claim 1, wherein said electrically

10 conductive region compygises copper.

9. A silicon-based inductor, comprising:

a metal region cmihprising a spiral structure, said structure having
an outside; I

15 said spiral structu:;re having a first spacing between ones of turns of

said spiral structure;

said spiral structu%re having a second spacing between ones of said
turns of said spiral stn‘id:ture, said second spacing being closer to said
outside than said first spiacing is to said outside; and

20 said second spacirjg being smaller than said first spacing.

10. The silicon-based i:tnductor of Claim 9, wherein the width of a turn at
a first location is greaterithan the width of a turn at a second location, said
first location closer to said outside than said second location is to said

25 outside.
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11.  The silicon-based iaductor of Claim 9, wherein said spiral structure

is substantially planar.

5 12. The silicon-based inductor of Claim 9, wherein said inductor

comprises a plurality of stacked spiral structures.

13.  The silicon-based inductor of Claim 9, wherein said metal comprises
aluminium.

10
14.  The silicon-based inductor of Claim 9, wherein said metal comprises

copper.

15.  The silicon-based ihductor of Claim 9, wherein said spiral structure
15  comprises inner turns and outer turns and wherein the respective spacing
between ones of said turns decreases from said inner turns to said outer

turns.
16. A silicon-based inductor, comprising:
20 a metal region comprising turns;
said metal region Haﬁng respective spacing between adjacent ones of
said turns, said spacing 1;rarying; and
said spacing being :!;pre-determined to reduce eddy currents in said

turns and reduce eddy currents induced in a substrate.
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spacing optimizes inductor performance by increasing the effects of mutual
coupling at a core of sai;d inductor while reducing said eddy currents in

5 said turns and reducing:; said eddy currents induced in said substrate.

18.  The silicon-based inductor of Claim 16, wherein said spacing is
wider between adjacent pnes of outer turns than between adjacent ones of
inner turns.

10
19. The silicon-based inductor of Claim 16, wherein said turns form a

spiral structure.

20.  The silicon-based jnductor of Claim 16, wherein the width of an outer

15 turn is greater than the width of an inner turn.

21.  The silicon-based inductor of Claim 16, wherein said inductor

comprises a plurality of btacked spiral structures.

20 22. The silicon-based ';nductor of Claim 16, wherein said metal

comprises aluminum.

23. The silicon-based inductor of Claim 16, wherein said metal

comprises copper.
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25.  The silicon-based inductor of Claim 24, wherein said metal has a low

resistance.



