i DECOUPLI NG CAPACI TOR DESI GN BACKGROUND The present
invention clains the benefit under 35 U S.C. 119(e) of
U.S. provisional application nunber 60/565,203 filed
April 23, 2004. The present invention rel ates ‘
generally to capacitors for integrated circuits, and
nore particularly to stacking thin-dielectric
decoupling capacitors for integrated circuits show ng
hi gh unit capacitance. In a pornmal configuration of
sem conduct or chips, power lines and ground I|ines are
routed to logic gates in integrated circuits. The
current from powHECOUPRING CAPSCITOR TESTIENEr | i nes,
| ogic gates, and finally to ground. During the
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of the logic gates, a large amount of changes in the current occurs within a short
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 decduph’ng 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




inter-digital fringing capacitors is very short.
However, because the mininmnum2 netal-to-netal space
is limted, the unit capacitance is |ow. The
inter-digital fringing capacitors are comonly made
of netal or poly FIG 1(b) presents a cross-sectional
view of an M M capacitor. An MM capacitor conprises
two conductive netal layers and a dielectric isolator
"layer. The- capacitance i s formed between these two
conductive netal layers. M M capacitors can achieve
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that woul o i nprove upon the conventi onal
kindsi of coivedngions] decoaphiog tapacttosd. Gt tgUNmgRpnstant may be too long
for high speed switching. Besides, the thin gate oxide is constantly biased at power

supply voltage. This may create oxide integrity problems when the gate oxide
thickness is less than 50A. As the oxide thickness becomes thinner with today’s

7 ”'fa‘t-vricati(jn tech‘niques; these i;ssues, including stress failure and high .leakége current,
become significant. Also, if the capacitor is near an I/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.view of the foregoing, this invention provides a
novel thin-dielectric capacitor design by stacking
multiple thin-dielectric capacitors to achieve high
gate 3 oxide integrity while providing high unit
capaci tance, |ow gate |eakage current and adjustable
time constant. In one enbodinent, a thin-dielectric™~
unit capacitor is disclosed having a first node
coupled to a first circuit donnection point and a
second node coupled to a second circuit connection
oxide mtegdity vhitet prewiding hégnenia chpacianen doweaenitakage current and
hin-dielectric capacitors connected in series

adjastolle fimansianst and second nodes, wherein a is

thi ckness of a gate dielectric for each
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frolﬁ following description of specific embodiments when read in connection

with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1(=2) 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 ofa thjn;dielect-ric 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.




FIG 3 presents a top view of a decoupling capacitor
"in accordance with one enbodi nent of the present
invention. 4 FIG 4 illustrates a sinplified circuit

schematic with decoupling capacitors integrated
therein according to one enbodi nent of the present

invention. FIGs. 5(a) and (b) illustrate sinplified _
schemati cs show ng decoupling capacitors using both
NMOS and PMOS devi ces according to one enbodi nent- of
the present invention. DESCRI PEION This invention
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invention. Wth the enpl 8ynent of this art, capacitor
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capacitors 212 and 214 are further coupled tg a
previding highoil capaditanenetlat Yespaesedirae can be seiNggdifisrentsvalues by
adjusting poly width of the thin-dielectric capacitor. Each unit capacitor as
disclosed may comprise at least two physical thin-dielectric capacitors coupled in
_series. The present invention is useful for high density integrated circuit
applications where the thickness of capacitor gate dielectric layer is less than 504 in

thickness and the minimum gate width for an active transistor on the same chip

with the capacitors is 0.18pm or less.

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 pbint with a first voltage level
suchasa posiﬁve pdwer 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




~assuned to be connected to a first circuit connection
point wwth a first voltage | evel such as a positive
power supply Vdd, and another end Node B, to a second
circuit connection point wwth a second vol tage | evel
whi ch can be a negative power supply Vss or ground.

Node AB designates the point between the two
capacitors. Provided s | these two capacitors have

equal characteristics, the voltage on each capacitor

is reduced to 1/2 of a sin§le capacitor design the
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One of the capacitors on the left 250 is
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ca -t%r232. And simlarly, the other capacitor 252 is

ormed by N+ regions 226 and 228 over N well 242 and
gate 234. These two capacitors are connected in series
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accordance with one embodiment of the present invention. One of the capacitors on
the left 250 is formed by N+ regions 222 and 224 over N well 240 and gate 232. And
similarly, the other capacitor 252 is formed by N+ regions 226 and 228 over N well
242 and gate 234. These two capacitors are connected in series through any
connection mechanism 230 such as a copper wire, shown as Node AB. Node AB
connects the N+ région 222 or 224 of the capacitor 250 and the gate 234 of the
capacitor 252. Node A is the gate 232 of the capacitor 250 and Node B is the N+
region 226 or 228 of the capacitor 252. Note that the thickness 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




connects the N+"fegi on 222 or 224 of the capabitor 250
and the gate 234 of the <capacitor 252. Node Ais the
gate 232 of the capacitor 250 and Node B is the N+
region 226 or 28 of the capacitor 252. Note that the
thi ckness of the oxide dielectric |ayer 238 between
the gate 234 and N-well 242 or between the gate 232
and N- well 240 in correspondi ng capacitor is |ess
than 50A. In sone cases, the thickness is less than
30A. The N-well profile depth can be less than 1 at?um "
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capacitors have the same capacitance, the siress voltage is equally distributed on two

capacitors. When the voltage on each gate is reduced to 1 /2 of its normal value, the
leakage current consequénﬂy drops to about 1/10 of its original value accordingly.
In addition, with this specific embodiment of NMOS capacitors formed inside N-
wells, it is easier to dissipate BSD charges, thereby reducing the chance of ESD

damage to the unit capacitor.

Within this invention, each unit capacitor comprises at least two serial physical

capacitors. The above disclosed design is particularly uvseful and advantageous when advanced

technologies have shrunk the fransistor gate size below 0.18um. When circuits are designed with
these small transistors, the capacitors used for decoupling, delay, or bootstrapping purposes are
preferred to have the thickness of the thin dielectric layer to be less than 50A while the minimum

gate width of an active transistor on the same chip is less than 0.18um, The active {ransistor 1s

shown schematically in circuit module 216 of FIG. 2(a),




capaci tors. Wen the voltage on each gate is reduced
to 1/2 of its normal value, the |eakage current
consequently drops to about 1/10 of its original value
accordingly. In addition, with this specific

enbodi ment of NMOS capacitors formed inside N wells,

-

it is easier to dissipate ESD charges, thereby -
reduci ng the chance of ESD damage to the it
-capacitor. Wthin this inventi on, each unit capacitor
conprises at |least two serial physical capacitors.

The a i scl qsed. desj ' ' : ;
advant T o RN STL AL T8RS bEr LB e Aptletor 300

ad B8 Eéadqasﬂogfg %Wa%?P%IEE 251 6hOBPodBRen Wiehe ﬁ%‘(qugﬁ"c frézention. The

are design ~these small transistors, _
steARROhIPAR]dEREabasidieanERidengnit dglagitanwiversus gate oxide stress.
boot st rappi ng purposes are preferred to have the )
Thépal62 sverfa thireoxide matehlsiforms dyegate desaihessas 524R FIG.
50A while the m ninu gate wi d f an actjve '
251 bl e coriasie A6 gn e SN el do8 ax g eime Mpde AB and
actjve transistor is. sh .SCh ' ' [ ' ;
hefig iy g BElGaeR oo BBl e it with
thy6f TN TN bi &?é%ﬁid‘s%[og&ﬁ)ﬁ@@areaof
CO@P é%géga%%gez&%?égg%%%gﬁggﬂﬁ ?ﬁglﬁoe enbodi mesnt of

thd Melafer 85 Bpdly ¥ REeD) it cERe iackbyl athistingitht edtth and/or
capaci tor can frade unit capaci tance versus gate oxj de

lerggth f the gafhmajrlay oBO@ towsisterst Hihe voiditdanddength4) e3ph capacitor

forns the gate described as 232.in FIG 2(b). Al the
SR INAET O B as

are:pipicady ebaniel bfym forgelasivelNoye fimesegs

I\klque AB and have the sane voltage. Two _
L e S
e S R R e S A

acipfiiRianHoin. Aeaahhief tihbeogata: ofthercaphcialr it determined by
transistors. The width and | ength of each capacitor

theargpdnsptingd dfythabejrity@aplem fohertbimthamiyonighwarriess in the

constant confi-gurations,
NMOS on P-subsirate structures. However, it is understood that other types of

capacitors such as devices operated in strong inversion can also be used. Same or
different type of dopant for capacitor source/drain vs. bulk (N+ over N-well in P-
substrate, P+ over P- substrate, N+ over P—substréte, P+ over N- well in P- substrate,
NMOS, PMOS) may be used. The same can be applied to N-type substrate. Aslong
as the capacitors are used in a stack fashion, they don't even have to be 4-terminal
MOS transistors. Fig. 5(a) and 5(b) show cross section and schematic views of an

embodiment using both PMOS and NMOS connected as capacitors for the
decoupling purposes.
. Such stacked thin-dielectric capacitor art may be widely used for various

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

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




Note that the embodiment of the thin-dielectric
capacitor above is the NMOS capacitors inside Nwells

such the NMOS devices are al ways operated in
accumul ati on region. As such, the tine constant of the
capacitor is determned by the response tine of the
majority carriers, rather than the mnority carriers
in the NMOS on P-substrate structures. However, it is
under stood that other typ8s of - capacitors such as
~devi ces operated in strong inversion can al so be used.
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placed as close as possible to circuit elements, the decoupling cffect is better. In

some implementations, the decoupling capacitors are usually hidden undernea#h
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 in the metallization structure of the IC design. As understood by those in the

art, metallization structure is formed over circuit devices to provide interconnections between

components. The transistor of FI1G. 6 represents a circuit deviee with the metallization structure

inchading the aforemenﬁbngd four to eight conductor laysrs formed thereover. 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 ot

embodiments for implementing different features of the invention. Specific




devi ce. Especially for devices nmade by technol ogi es of
0.13 um or beyond, a resistance device becones nore
i nportant. Furthernore, the decoupling stacked
capacitors may be placed in certain distance interval
406 which is nore than 100pm These di stance -
intervals can be even or un-even in arrangenent for~
the circuit. In sone enbodi ment, the distance
intervals may range from 109 to 500pn1 I n anot her
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9 enbodi ments of conponents and processes are
described to help clarify the invention.. These are,
of course, nerely enbodi nents and are not intended to
limt the invention fromthat described in the
clainms. Although the invention is illustrated and
descri bed herein as enbodied in a capacitor design,
it is nevertheless not intended to be limted to the
details shown, since various nodifications and
structural changes nmay bﬁ, de therein w thout
departing fromthe spirit\df the invention and w thin
the scope and range of equivalents of the clains.
Accordingly, it is appropriate that the appended

WHAT! &8 @BARED Tdnstrued broadly and in a manner
consistent with the scope of the invention, as set

1,forthir1thefoIImM

l D
TS: A circuit incor p‘g?]gglggmﬁpf’w eﬁt‘“&@ﬁ@%“lﬁ%ﬁgw’% Wi

diclebbrivamip bapagjtok, thecircalt @hpfigiig: ¢ unit capacitor, the
circuit conprising one or nore circuit nodul es; one

ou nodul es coupled to the circuit
(%gwg’ 8Wg ‘%ﬁ h decoupling nodul e havi ng one or

nDre unit capacitors each conprising: a first node
c ourloeshoteaieepuplingshodoles eoupled wal il MOdyks] witerehf eathe
cifcu a sec%w? node co Ied .o a second

dul e:
dﬁ“&?'%“éﬂi‘?@“@gﬁﬁ%@?qeaﬁmﬁfa CagRDTS CARICOREREB o u | o) and

two or nore thin-dielectric capacitors connected in
ser i es alfiedt nedsrvotplal tb b fist ci@titlconnection 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,
wherein the decoupling module is arranged between any two circuit modules, and

wherein the decoupling modules are placed with a predetermined distance interval
between them. the distance interval being larger than 50 micron.

2. 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.




second nodes, wherein a thickness of a gate dielectric
for at |least one thin-dielectric capacitor is |ess
than 50 angstrons, wherein the decoupling nodule is
arranged between any two circuit nodul es, and wherein
t he decoupling nodules are placed with a predeterm ned
di stance interval: between them the distance
i nterval being |arge; than ﬂg[nicron. 2. The circuit
of claim 11l wherein the first node is coupled to a
3-first power Thegissuitohglaimi wheechvibe firgdewedows] iseporitiye power
supploWREl. | evel . 3. The circuit of claim 12 wherein the
p?? . b
Irst power level is a positive power su level. y
g PPl 4. The circuit of claim12 wherein the second
“power | evel ikhegirgitofclam 12whsre thasgsond ppwer|levehis gpund.
[[11]] wherein -each unit capacitor is coupled to
S.either the first orTaesR ou : i
. resistor device. 6. The E??@%@fﬁ%¢ﬁﬁf%ﬁ%§ﬁ1_aﬁ%?%ﬁ????mr
is C‘B‘Sf?géq qitherdhe fipt opereend pewprdevet hroughs redigtordavice. capaci t or
i s dependent on a width or length of a gate naterial.
6.7. The circuit of cirmddRedilofthfh ¢l WhekdiEa SiphGihde df Sach
manufactured to  have at |east four conducting |ayers.
capagitorfh e Bait capacitords depprglemhor0 wher ei n t he @iwidthior leagih of a gate
matéfBpUf actured to {

The circuit of claim 11 wherein the circuit is manufactured to
have ¢ -~ at least four conducting layers.
8. o ©° The circuit of claim 20 wherein the circuit is manufactured to
have - - eight or fewer + conducting layers.
9. . A circuit incorporated with at least one decoupling thin-
dielectric unit capacitor formed under -~ . a power supply bus[[es]], the circuit comprising:

one or more eircuit 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 voltage supply;

a second node coupled to a second voltage supply that is at a level lower than the

first voltage supply; and




have ei ght or fewer conducting layers. 9. Acircuit
incorporated with at | east one decoupling thin-

di el ectric unit capacitor fornmed under a power supply
bus[[es]], the circuit conprising: one or nore
circuit nodul es; one or nore decoupling nodul es
coupled to the circuit nodul es, wherein each

decoupl i ng nodul e havi ng zg% or nn{edupit c?pacitors
e coupled to a firs

each coggfisinq;‘ﬁ,first ) d t

vol t age™opp el hinieleskis separiigreornselpd s gerics bawerndlsfisst and
sec¥@idod@e supply that is at a level lower than the

first voltage supply; and 12 two or nore

thin-dielectric capacjitors connected in series between

t heVierensd ss of 3 gejR diclseftiefor eanh hinglipeciria qapacktprdsigss gm0
m%@&ﬁ dielectric for each thin-dielectric capacitor is

3

ess than 50 angstrons, wherein the circuit has four
to eight cqonducting |ayers after being nanufactured,

andheffidhesmsuibhag Aeus ta/fight pondyctiglayess afppbangmanetgied,gad
the circuit is less than 0.18 mcron. 10. The circuit

of wHeRinM g2 WAMRE b LA hetitQratfftad o thc dictaEliets@hdn®D. BmiiaBg ed
between any two circuit nodules. 11. The circuit of

10.cl ai m 22 whergin,the decoupling. nodul es. are, pl aced
with a predetiecHrHrfc }%5@%@%%@&9& ing modiets 2rsnend

betidr8 afl 1§ 3G® nhdabes, val being larger than 50 mnicron.
12.

he circuit of claim22 wherein the thickness of

the gate dielectric for, at |eas ne thin-qgielectric .
11. ; .
capacitor i S'T@§§°¥Mﬁla5@2%‘ﬁ}§ﬁ#%ﬁgﬁc°@lmg modules are Ihaceg with

a predetermined distance interval between them, the distance interval being larger than 50

micron,

12. - .. The circuit of claim 22 wherein the thickness of the gate dielectric for at
least one thin-dielectric capacitor is less than 30 angsiroms,
13 A circuit incorporated with at least one decoupling thin-dielectric unit

capacitor, the cirenit 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




13. Acircuit 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, wherein each decoupling nodul e having one or
nore unit capacitors eaci]raorrpri sing: a first node
coupled to a first circuit-connection point of the
circuit nodul e; a secopd node coupled to a second
ci rcui t EQHRAS ‘i@r&%@ﬁﬂca@ﬁﬂ%@mcteém seriggefmea the Grpignd
secbdd hoMles,or nore thin-dielectric capacitors connected in
series between the first and second nodes, wherein a
thickness _of a gate dielectric for at |east one, |
t hi KEHTRP Recppestolagisdielegiic fof af lgagkone thimpiclserigyrgasitorghless
thatl30 eftstfortpe decoupl i ng nodul e has one or nore unit
capacitors arranged in parallel for providing a

decoggLigg function for one or nore circuit nodul es.
wherein the decoupling module has one or more ynit capacitors arranged in paraliel for

providing a degoupling function for one or more circuit wodnles.




