1 DECOUPLI NG CAPACI TOR DESI GN BACKGROUND The present
invention clainms the benefit under 35 U S.C. ~119(e)
of U S. provisional application nunber 60/565, 203
filed April Z3, 2004. The present invention relates
generally to capacitors for integrated circuits, and
nore particularly to stacking thin-dielectric N
decoupling capacitors for integrated circuits show ng
hi gh unit capacitance. In a _normal configuration of
sem conduct or chi ps, power Ines and ground lines are
routed to logic gates in integrated circuits. The

current fromp fAl r lines,
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switching of the |logic gates, a |arge anount of

BACIAGGRESUND t he current occurs within a short period
of tinme. Decoupling capacitors are used to absorb
and to

These glitches during_ current swtchin
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andBb& pAtcARHY HARAYIAOHEn-BERA M @bubEab akphcibMsdbr integrated
M M- capacitors, area Pon-IsoIator-Pofy Pl P)

circaétpakdwbioshigh airiifapaditehe@ct ri ¢ capacitors. FIG 1(a)
presents a top view of an inter-digital fringing
capacitor. The interdigital fringing capacitors are
f or fod naymeheonfigreratonsif serjenARCEH Py Vet linggend ground
. electrodes. The capacitance .of an i.nter-digjfal
linep AT BHPEE: G50 TR E e s By | BhEE eRgram power supply
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period of time. Decoupling capacitors are used to absorb these glitches during
current switching and to maintain a constant voltage between supply voltage and
ground. Good decoupling capacitors should show high capacitance per unit area,
low leakage current and short time constant. There are three kinds of conventional
decoupling capacitors commonly used in integrated circuits, namely inter-digital
fringing metal or poly capacitors , area Metal-Isolator-Metal (MiM) capacitors, area

Poly-Isolator-Poly (PIP) capacitors and thin-dielectric capacitors.

FIG. 1(a) presents a top view of an inter-digital fringing capacitor. The inter-
digital fringing capacitors are formed in the same metal layer with multiple-finger
electrodes. The capacitance of an inter-digital fringing capacitor is determined by the
spaces between these electrodes and density of the electrodes. The time constant of

inter-digital fringing capacitors is very short. However, because the minimum



netal -to-netal space is limted, the unit capacitance
is law. The inter-digital fringing capacitors are
commonly made of metal or poly. FIG 1(b) presents
across-sectional view of an M M capacitor. An MM
capacitor conprises tw conductive netal |ayers and a
dielectric isolator |layer. The capacitance is forned
bet ween these two conductive netal layers. MM :
capacitors can achi.eve bpth high unit capacitance and ™
fast tinme constant. But this structure requires _
me@A-tconabads kisnitel, Habuhitabparitarce ialosv.of he inter-digital
. capaci tance high which requires_nore conplicated
frin atitys bectmigeedy neideiafangtpl or poly.
ol y-htisolator-Poly, or Poly-Insol ator- Mt al
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power suppfy vol tage. This nmay create o>.<+i de g‘ngﬁglrhiigﬁ
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50A. - As the oxide thickness. becones.thi i
requitaayors CORICE RS BIVCESEM e IRE IS %&T’éﬂi”ggﬁ%%ly'ﬁ’gdamr Foly, or

i ncl udi ress.fajlur high,d eakage current,
POIYBE@B%EO%%&F?B%%PIS S%h@f?au{f e capacitor is near an
I/O pad, -the electrostatic discharge (ESD) may cause

thepgxi 138 ﬁE&qﬁQQ%SSQ@%JﬁQ ke f bBiradteléctriarapacitor. The
I mprove apacitor design that would inprove upon _the
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thickness is less than 50A. As the oxide thickness becomes thinner with today’s
fabrication techniques, these issues, including stress failure and high leakage current,
become significant. Also, if the capacitor is near an 1/O pad, the electrostatic

discharge (ESD) may cause the oxide breakdown.

Desirable in the art is an improved capacitor design that would improve

upon the conventional thin-dielectric capacitor design.

SUMMARY

In view of the foregoing, this invention provides a novel thin-dielectric

capacitor design by stacking multiple thin-dielectric capacitors to achieve high gate |



_«_ In one enbodi nent, athin-dielectric unit capacitor
is disclosed having a first node coupled to a first
circuit connection point and a second node coupled to
a second circuit connection point. It further
contains a first and second thin-dielectric
capacitors connected in series between the first and-
second nodes, wherein a thickness of a gate
dielectric for- each thin-di3el ectric Capacitor is |ess
than 50 angstronms. The construction and net hod of
oxidgpistegritprwicle priowidingdnglh onit capaeiteaice, lovogateleakagiet durrent and
addi tional objects and advantages thereof will be best
adjyg PEEENSIERbm t he fol | owi ng description of specific
enbodi nents when read in connection v~~ith the
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across-sectional view of an capaci tor.
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capacitor. FIG 2(a) illustrates the equivalent
capagitprswonneattrbimsdriss eerlHedligst Ang seapatnodes, iwherein a

accordance wi th one enbodj ment of the prese
thickngssefia ge d @@ul@?@ eﬁggeseﬂﬁk@'i i6§aPasEer |’%£%§? thanedf of
coupling capacitor in accordance with the
m¥5gﬁ%§din€nt of FIG 2(a). "' FIG 3 presents a top view

of a decoupling capacitor in accordance with one
entod BB uQiort A8d PIERSAb! bP¥ERInF-the invention, however,

together with additional objects and advantages thereof will be best understood
from the following description of specific embodiments when read in connection

with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1(a) presents a top view of an inter-digital fringing capacitor.
FIG. 1(b) presents a cross-sectional view of an MiM capacitor.
FIG. 1(c) presents a cross-sectional view of a thin-dielectric capacitor.

FIG. 2(a) illustrates the equivalent circuit schematics of a decoupling

capacitor in accordance with one embodiment of the present invention.

FIG. 2(b) presents a cross-sectional view of a decoupling capacitor in

accordance with the embodiment of FIG. 2(a).

" 7 FIG. 3 presents a top view of a decoupling capacitor in accordance with one

embodiment of the present invention.



4 " FIG 4 illustrates a sinplified circuit schematic
W th decoupling capacitors integrated therein
according to one enbodi nent of the present invention.
FIGs. 5(a) and (b) illustrate sinplified schematics
show ng decoupling capacitors using both NMOS and
PMOS devi ces according to one enbodinent of the =
present invention. 7 F.~C T2 TPTT(7N This invention
wi Il -provide a detailed description of the art of
stacking thindielectric capaci4tors for circuits using
adva d, technpl oqgi.es;. . . ' -hi ndi i :
capadios IERRARSRAEDT R SRS VAL EL G capacitors
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résponse time can be set to different values by
adjusting poly wwdth of the thin-dielectric capacitor.
EachFLR. 6(=0 apd by fusaatekisplified dchayatonghowngdedmgging
two physical thin-dielectric capacitors coupled in _ -
capseitbsgisiheoth NENENT andVeHOP slevices aserding &rong grmbodiment of
density integrated circuit applications where the
theytiesai 88€ngplicapaci tor gate dielectric layer is |ess
than 50A in thickness and the m ninmumgate width for
an _active transistor on the sane chip wth the
DESSRIRT{@Ns is 0.18prn or less. FIG 2(a) presents an
equi valent circuit schematic 200 in accordance with
one ﬁﬁ?i}ﬂ)eﬁﬁph il Sﬁﬂ&@iﬂe@ﬁ@t‘?ﬁleﬁ PSR b oV¥Hdar R stacking thin-
© enploynent o f%l art, capacitor 212 and capacitor
dieleddicahBa&RRORGI@R Ui 1Skl aBrantée tdohmobaiaci The sta2ltihg thin-
and 214 are further coupled to a circuit nodule 216
dielatteic ehpaditve cemdchieve highhgate oAjde integréigulavd leadage while
connected to a first circuit connection point wth a
proyiding highl urayeapiasiiance. dfie Femonge H5 fan ke %&xﬁ@ rdlgﬁf‘ﬁfﬂ%?’ alues by
. Vdd, and anot nd e B to econd circujt..
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characteristics, the voltage on each capacitor is .
appliedione avtiese tHe2thidkressohgipecitapgate dieledaisilgyer sdegs then S0A in
~art. The coupl ed capacitors divides and decrggses thgi
thickneseard ghe mierwaEae virthsior AneREYe Fegsisiqrn @g shg same chup

i oposed.on . ate.dielectric thereof, thereby

withd; ﬁ?l?’?c&té’ﬁstllsip' 8?/#6??6‘ the gate dielectric

FIG. 2(a) presents an equivalent circuit schematic 200 in accordance with
one embodiment of the present invention. With the employment of this art,
capacitor 212 and capacitor 214 are connected in series. The two capacitors 212 and
214 are further coupled to a circuit module 216 wherein one end, i.e., Node A, is
assumed to be connected to a first circuit connection point with a first voltage level
such as a positive power supply Vdd, and another end Node B, to a second circuit
connection point with a second voltage level which can be a negative power supply

Vss or ground. Node AB designates the point between the two capacitors. Provided



stability and reduci ng the chance of breakdown.

Further, when using two capacitors in series, the

| eakage current is cut significantly. It is recognized

that the |eakage current bears a general power |aw

relationship with the voltage as represented by

| g=V-n. While the unit capacitance is reduced by half,

the increased Ilifetinme of gate oxide integrity and

‘the reduction of |eakage current is nuch nore Phan

doubl ed because of the power |aw relationship on the
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cap el | profile depth can be less than 1.5 urn, or even
ess than 7.0 um It is further understood that t he

dopants for the source and drain regions of the
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conventi onal design, he stress lifetine is
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capacifioe Pag thiode Atiabid gaty 28hottstrapapiber 2rarlidodeais thedy+
region 9%1 or 2,% ot 3Rt galg)a{c%%lé goﬁm NI ote {h%qc ‘the gmckness of the oxide dielectric

layer 238 between the gate 234 and N-well 242 or between the gate 232 and N- well
240 in corresponding capacitor is less than 50A. In some cases, the thickness is less
than 30A. The N-well profile depth can be less than 1.5 um, or even less than 1.0
um. Itis further understood that the dopants for the source and drain regions of the

capacitor can be of the same, as well as different, types as those used for bulk region



hecause the gate dielectric | eakage current in

ultra-thin oxide sem conductors is very sensitive to

el ectrical stress, the | eakage current sib lificantly

decreases as the stress voltage decreases. In Phis

speci fic enbodi nent, because both capacitors have the

sane capacitance, the stress voltage is equally o

di stributed on tv~To capacitors. V~rhen the voltage

on each gate is reduced to 1/2 of its normal val ue,

the |eakage current consequently.drops to about 1/10 )
sucf?{x]s ik SeAld @h nakine, ue @stedds nglde in the N-audjionsaf the eapacitor,

IS specific enbodi nent of NMOS capacitors fornmed :

the d¢diShdeidMRbesS isilessitha8Liwn. t o di ssi pate ESD char ges,

t hereby reducing the chance of ESD danmage to the unit
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i nvention, T ethihb-Argirehest e -tapasidor can
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A A e o gL B G A

ey ve f e thalsarMeBis flasd Staork18Ery. 5(a)
gME‘3H§H§¥%y%gﬁg%P%Péggﬁég%??gn and %chenatic viéﬁg of an

enbodi nent usi ng both PMOS and NMOS connected as

capacitors for the decoupling purposes. Such stacked
thin-dielectric capacitor art may be w dely used for
various purposes such as in Vdd/Vss decoupling,

RC-delay circuits, bootstrap design applications,

etc. This invention nmay be enpl oyed for designG

conprising gate array



8 - or standard cell or device arrays. ~~Then placing

the capacitors in the circuit, they . <can be in
groups for a circuit, or for segnents of the circuit.
FIG 4 illustrates two different capacitor

arrangenment des bans. In the first enbodi nent, one or
more stacked unit capacitors 402 are placed between-
circuit segnments or nodul es 404. As shown, the
capacitors are coupl ed between Vdd and Gnd for
decoupl i ng purposes. |In nost cases, the capacitors

are &elp léggng% |8 gﬁa ;‘/]hﬁ‘%g PV% @aﬁut@? d stdrieughiradicdadtsit @ﬁpacito; 300

.device. evi ces nade by technol ogi es of

as RscdGeHmbeYe REN@BEHarRe Wills bt antediment of leguresninpvention. The
I mportant.. Furthernore, the decoupling stacked

stackag altintdiekctmiycapeciiranadrade et tapari@nse HpwEs gate oxide stress.

i ntervald06 which is nore than 1 These .di sta —
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egbodi ne | _GRPAG; SOWPhRA-drih eBRIdAIN firies with
havgggaﬁpgﬁ%ggg?gg@?ﬁéﬁlgs a lég%%tpling nDduFe 408,
copftfte B2 T sihbdiate capaieliRbed entl bajicaitos depunds albhicn the area of
ecoupl i ng nodul e 408 can be placed in different area
the '¢flateher therpoly pateldred, tit caanbéael’celpliétyeaﬁ]ggm@g traowadth an;l/ or
possi ble to circuit elenents, fhe q%%gggi ngﬁﬁffecthls tor
lenghie bf the gatematrsipe of Hsl BARTISIATS ohie® Wi Jc?ﬁ'm Lpf each capaci
capacitors are usuyally hidden und &M d
are tgREFagy & gu{i@'z%f%¥%rp%aet?vei¥1f%wilélnnﬁ$éve _Bllgtacréglg 1% or flofB
design may be widely used in IC designs with four to

el It £ONIUG! rpb a%RIE of Reuah- ABkerflacpuplibngbove is the

capacitors may . under one of power or ground
NM@? %Eéadit%rsgff'@fﬁe' 1C0a% grehitae NiVOSdsticenereatiways operated in
of cells or devices fornmed in a horizontal or )
accumﬂamafege%ﬂ. e borh, he bn}etm‘&nsm of gﬁe gﬁﬁ%llfléﬁ g@dgtemﬁngd by
capacitor design can apply to_standard cell . design, .
the rgepamsa tmrof the MajoEseasHEDy rathpr tatLaif‘b“:iL‘é AP SEL Hets in the
appl ications. Further, .the disclQ ' j
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diffef%rggfgﬁjeeé‘ﬁdd‘ﬁﬁtt wespakitdheurtyeirelrons. beple (NfH everdN-well in P-
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emb @'ﬁ{jﬁsﬁlg ebal PMBHS hed NMdEpetirieagdf asampatiterssfuirrthe  of
the 1 nvention and wi ~hzn the scope and range of

deco®@sliti s.of the clainms. Accordingly, it is
appg¥€$§§fe that the appended cl ainms be construed
broadly and_in a_manner consistent ~Tith.the scppe of.
¢ héurhgsaked RInaHEISarc PERTROT 1t PHY FOPT ORI a8 B perious

purposes such as in Vdd/ Vss decoupling, RC-delay circuits, bootstrap design

applications, etc. This invention may be employed for designs comprising gate array



o WHAT IS CLAIMED I'S: 1. Athin-dielectric unit
capacitor conprising: a first node coupled to a first
circuit connection point; a second node coupled to a
second circuit connection point; and a first and
second thin-dielectric capacitors connected in series
between the first and second nodes, wherein a -
thickness of a gate dielectric for at |east one
thin-dielectric capacitog is {ess .than 50 angstrons.'
2. The capacitor of cllaim1 wherein the first node is

or stal%g&égg gglll LPadvik Eﬁlagé’.otm%ﬁala&iﬁgfthe anghditoes Fetendrastighey

ed to a setond voltage | evel which is_|ess :
can Hehﬁ%réﬁ@ fof blestuiobit fagsegmments.of the circuit. FIG. 4 illustrates two

different capacitor arrangement designs. In the first embodiment, one or more

stacked unit capacitors 402 are placed between circuit segments Or modules 404. As
shown, the capacitors are coupled between Vdd and Gnd for decoupling purposes.
In most cases, the capacitors are coupled to either Vdd or Gnd through a resistance
device. Especially for devices made by technologies of 0.13 um or beyond, a
resistance device becomes more important. Furthermore, the decoupling stacked

capacitors may be placed in certain distance interval 406 which is more than 100pm.

These distance intervals can be even or un-even in arrangement for the circuit. In
some embodiment, the distance intervals may range from 100 to 500pm. In another
embodiment, multiple capacitors coupled in parallel are grouped together as a
decoupling module 408, which is further associated with the circuit. This
decoupling module 408 can be placed in different area of the circuit. If it can be
placed as close as possible to circuit elements, the decoupling effect is better. In

some implementations, the decoupling capacitors are usually hidden underneath

the Vdd and Gnd buses to save space.

This improved capacitor design may be widely used in IC designs with four
to eight conductor layers. One or more decoupling capacitors may be formed under
one of power or ground buses in such IC design for at least one array or row of cells
or devices formed in a horizontal or vertical direction or on one side of chip edges.
This capacitor design can apply to standard cell design, gate array, fully custom or

IP Library product applications. Further, the disclosed capacitor design can be
stacked physical capacitors as well as MOS capacitors.

The described invention provides many different embodiments or

embodiments for implementing different features of the invention. Specific



3. The capacitor of claim2 wherein a resistance
device is coupled between the first node or the
second node and the first or second voltage Level
respectively. 4. The capacitor of claim1l wherein the
first voltage level is a positive power supply. 5.
The capacitor of claim1 wherein the second voltage

| evel is ground.. 6. The cspacitor of claim1l wherein
a gate width of an active transistor operating with
the capacitor on a same chip is | ess Phan 0.18um 7.

embTHinenip af ceroponéntsleadmrocesses aierdesciberhtn halpedanty tch
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claim1 wherein the capacitor is configured for

Pr oXi@lbigh thdHRERESH 1 M@GhicdrarkPASIcABEd herein as embodied in a
capacitor design, it is nevertheless not intended to be limited to the details shown,
since various modifications and structural changes may be made therein without
departing from the spirit of the invention and within the scope and range of
equivalents of the claims. Accordingly, it is appropriate that the appended claims be

construed broadly and in a manner consistent with the scope of the invention, as set

forth in the following claims.



10. The capacitor of claim1 wherein the capacitor is
a bootstrapping capacitor. 11. A circuit incorporated
with at | east one decoupling thin-dielectric unit
capacitor, the circuit conprising: one or nore circuit
nodul es; one or nore decoupling nodul es coupled to the

-

circuit nodul es, v~Therein each decoupling nodul e -
havi ng one or nore unit capacitors each conprising: a
~first node coupled to a figest circuit connection point
of the circuit nodule; a second node coupled to a
second circuit connection point of the circuit nodul e;

WHATT {86 L MBSt hi n- di el ectric capacitors connect ed
ignt Sﬁé&}gﬁﬁii&@éﬁf‘ﬁ%éﬁga&%ﬁ&rﬁﬁﬂsm cond nodes, wherein
i

€sS of a gate dielectric for at |east one
thin-dielectric capacitor is |less than 50 angstrons.
a first node coupled to a first circuit connection pomt;

a second node coupled to a second circuit connection point; and

a first and second thin-dielectric capacitors connected in series between the first
and second nodes,
a gate dielectric for at least one thin-dielectric capacitor is

wherein a thickness of

less than 50 angstroms.

2. The capacitor of claim 1 wherein the first node is coupled to a first voltage

level and the second node is coupled to a second voltage level which is less than the

first voltage level.

3. The capacitor of claim 2 wherein a resistance device is coupled between the
first node or the second node and the first or second voltage level respectively.

4. The capacitor of claim 1 wherein the first voltage level is a positive power
supply.

5. The capacitor of claim 1 wherein the second voltage level is ground.

6. The capacitor of claim 1 wherein a gate width of an active transistor

operating with the capacitor on a same chip is less than 0.18um.
7. The capacitor of claim 1 wherein a capacitance of each capacitor is adjustable
by adjusting a width or length of a gate material.

. : . " o
8. The capacitor of claim 1 wherein the capacitor 1s arranged for decoupling



12. The circuit of claim1l wherein the first node is
coupled to a first power |evel and the second node to
a second power level. 13. The circuit of claim12
uTherein the first power level is a positive power
supply level. 12 14. The circuit of claim 12 wherein
the second power Level is ground. 15. The circuit of
claim 11l wherein the capacitor is coupled to either
the first or second power |evel through a resistor
device. 16. The circuit of €aim 11 wherein a

capaci tance of each capacitor in the unit capacitor is

beswieers twbivelthge peliintssti ng a width or length of a gate
material. 17. The circuit of claim11l wherein the

GECOIRLLIR, P, SRR OSSR B LU 1A Hhdicing o

Qupl.ing. are placed with a predeterm ned
Inglsf%w%gagﬁﬂggﬁgﬁigétmeen them the distance interva
bei ng I arger than 50 m cron.

10. The capacitor of claim 1 wherein the capacitor is a bootstrapping capacitor.

-

11. A circuit incorporated with at least one decoupling thin-dielectric unit

capacitor, the circiit comprising:
one or more circuit modules;

one or more decoupling modules coupled to the circuit modules, wherein each

decoupling module having one or more unit capacitors each comprising:
a first node coupled to a first circuit connection point of the circuit
module;
a second node coupled to a second circuit connection point of the
' circuit module; and
two or more thin-dielectric capacitors connected in series between the

first and second nodes,

wherein a thickness of a gate dielectric for at least one thin-dielectric capacitor is

less than 50 angstroms.

12. The circuit of claim 11 wherein the first node is coupled to a first power level

and the second node to a second power level.

13. The circuit of claim 12 wherein the first power level is a positive power

supply level.



19. The circuit of claim 11l urherein the decoupling
nodul e has one or nobre unit capacitors arranged in
parallel for providing a decoupling function for one
or nore circuit nodules. 20. The circuit of claim1l
wherein the circuit is manufactured by a process
having at |east four conducting layers. 21. The
circuit of claim20 wherein the circuit is

manuf actured by a processypaving eight or fewer
conducing layers. 22. A circuit incorporated with at
| east one decoupling. thin-dielec acH%fr
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conpr|5|ng one or nore circuit nDduIes one or nore
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16. The circuit of claim 11 wherein a capacitance of each capacitor in the unit

capacitor is adjustable by adjusting a width or length of a gate material.

17. The circuit of claim 11 Wherem the decoupling module is arranged between

any two circuit modules.

18. The circuit of claim 17 wherein the decoupling modules are placed with a

predetermined distance interval between them, the distance interval being larger

than 50 micron.

19. The circuit of claim 11 wherein the decoupling module has one or more unit

capacitors arranged in parallel for providing a decoupling function for one or more

circuit modules.

20. The circuit of claim 11 wherein the circuit is manufactured by a process

having at least four conducting layers.

21. The circuit of claim 20 wherein the circuit is manufactured by a process

having eight or fewer conducing layers.

22. A circuit incorporated with at least one decoupling thin-dielectric unit

capacitor formed under one of a power supply buses, the circuit comprising:

one or more circuit modules;

one or more decoupling modules coupled to the circuit modules, wherein each



a .second node coupled to a second vol tage supply that
is at a level lower than fhe first voltage supply; and
two or nore thin-dielectric capacitors connected in
series between the first and second nodes, wherein a

thi ckness of a gate dielectric for each
thin-dielectric capacitor is less than 50 angstrons, -
wherein the circuit has four to eight conducting

| ayers after being -manufagtured, and v~Therein a gate
wi dth of an active transistor on the circuit is |ess

decbBRN® nidHil B&\Ag 0A3.or thereaiitic tapacitbretahro?dprising:
~nTheFei n t he decoupllng nodul e i s arranged between

any two.circuit nodules. 24. The circuit of claim 22

wherfaishnodecatetalin 4 figstrvoltapesuapy; pl aced with a

predeterm ned di stance interval between them the

di stance_interval being |arger, than 5 i CLON 5. ,;7The

i ﬁ@amndolfwiq (ot srearn Gl ce e noRet it a%ﬁe"geéiroewer than
th E % tr|c f at, |l east one thin-dielectric capacitor
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two or more thin-dielectric capacitors connected in series between the first

and second nodes,

wherein a thickness of a gate dielectric for each thin-dielectric capacitor is less
than 50 angstroms,

wherein the circuit has four to eight conducting layers after being manufactured,
and

wherein a gate width of an active transistor on the circuit is less than 0.18 micron.

23. The circuit of claim 22 wherein the decoupling module is arranged between

any two circuit modules.

24. The circuit of claim 22 wherein the decoupling modules are placed with a
predetermined distance interval between them, the distance interval being larger
than 50 micron.

25. The circuit of claim 22 wherein the thickness of the gate dielectric for at least

one thin-dielectric capacitor is less than 30 angstroms.



