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i nvention relates generally to sem conductor circuits ovi di ng

el ect r W& A(H¥SGi6schar ge (ESD) protection, and nore sB@Eﬁ’ﬁFQS’é’P?‘%ﬁ‘O to a

di stributed ESD protection schene. 1 _Background of the Invention An
Integrated circuit may be subject to an Electrostatic D scharge (ESD)

event in the manufacturing process, during assenbly and testing, or in the
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cl'erent s from dammge. A ADISEEIDDORORERATION oun 2s ' an"acti ve

Met al Oxi de Sem conductor Field Effect Transistor (MOSFET) clanp circuit,

typically consists of three functional elenents; a Resistor 20 Capacitor

(RC) transient detector circui ‘;%m e buffer circuit, and a
| arge MOSFET transistor, whic lgle(fgiés as t e%. mary ESD current shunti ng

devi ces Active MOSFET clanp circuits may be enployed in networks
di strigut ed along the I C power. buses to provide robust and consistent ESD

prot ect on 1 or TH ik elhiePchtaly {hePRdsmaddbt bRbaii25 embodi ment s o

such netvvorks are ovvn i n tent” 6,385,021 entitled "Electrostatic
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to a distributed ESD protection scheme.

10 Background of the Invention

An integrated circuit may be subject to an Electrostatic Discharge
(ESD) event in the manufacturing process, during assembly and testing,
or in the ultimate system application. In conventional integrated circuit
15 (IC) ESD protection schemes, special clamp circuits are often used to
shunt ESD current between the power supply rails and thereby protect
internal elements from damage. A type of ESD clamp circuit, known as
an active Metal Oxide Semiconductor Field Effect Transistor (MOSFET)
clamp circuit, typically consiéts of three functional elements; a Resistor-
20  Capacitor (RC) transient detector circuit, an intermediate buffer circuit,
and a large MOSFET transistor, which serves as the primary ESD current
shunting device. Active MOSFET clamp circuits may be employed in
networks distributed along the IC power buses to provide robust and
consistent ESD protection for multiple Input/Output (I/O) pads. Multiple

~ 25 embodiments of such networks are shown in U.S. Patent 6,385,021

entitled “Electrostatic Discharge (ESD) Protection Circuit” and assigned

to the assignee hereof.



-2 FIG | illustrates one such distributed ESD network 1000 in an IC
protect nultiple 1/0 circuits 1030-1032. Wiile only three 170} cNB%ufrU(ué
shown in this schematic, in a typical inplenentation the distributed

net wor kvevensdisamconpass a nmuch | arger bank of /0O ci rEVER00Y22Zi rcuit 5
1032 includes an external connection_%ad 1050 that is coupled between the
Vss bus 1042 and the VDD bus 1044. ATi ode 1052 has an anode connected to
the Vss bus 1042 and a cat hode connected to the 110 pad 1050. A di ode 1053

has an anode connected to the I/O ad and a hode n ed t he VDD
bus 1044. In odﬁ@thﬂuﬁrﬁﬁsﬁm T@h‘@@ é@ﬂfﬂﬁ’ Roﬂiﬁi g'tforrred
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Buffer cings ”ﬁ)/53 Bﬁé afa{Blleceonfitittéd b thesHO pad dind dtathode

series- connecte I nverter stages, not shown, between the |nput at

node 1065, @cféﬂat(?ﬁleoVbB‘Bust p044e [ opeasiarhple OBSTRhetwaek 1060, Each. |
I nverter stage typi cal has a PMOSFET with its source connected to the

VDD bllﬂi) 1Qﬂéd1@d@l IQSEJNEIFEEiiew dsha Pusactive neNWiliido diode andithe diiedous 1042.
o 1052 is formed as a N+ active in P-substrate diode. A clamp N-channel
MOSFET (NMOSFET) 1054 is connected between the Vg bus 1042 and
the Vpp bus 1044. The gate of clamp NMOSFET 1054 is connected to a
Trigger bus 1046. Not shown in I/O circuit 1032 is the circuitry desired
15 tobe protectézd, such as for example P-channel MOSFET (PMOSFET)
and N-channel (NMOSFET) output drivers, and other circuit components
typically required for I/O operation. I/O circuits 1030 and 1031, each

identical to I/O circuit 1032, are also shown in FIG. 1. A remote trigger

p—

circuit 1040 contains an RC transient detector circuit 1063 and a buffer

20 circuit 1064. RC transient detector circuit 1063 includes a capacitor 1061
connected between the Vg bus 1042 and a node 1065, and a resistor 1062
connected between this same node and the Vpp bus 1044. Buffer circuit
1064 may, for example, coniain a series of three series-connected CMOS
inverter stages, not shown, between the input at node 1065, and the

25 output to the Trigger bus 1046 at node 1066. Fach inverter stage
typically has a PMOSFET with its source connected to the Vpp bus 1044
and a NMOSFET with its source connected to the Vgs bus 1042.




WO 20041015776 PCTI US2003/ 022850 -3 Three buses are shown in FIG 1, a Vss
bus 1042, a VDD bus 1044, and a Trigger bus 1046. These buses}&r &y 2004
typically routed around all or part of the IC periphery, to serve the 1/0
circuiwe2pgiondi’éy placed in this region. A series CYHS20eHEA3¥W bus
resistors, each labeled R1, is showm,_,5 on the VDD bus 1044 between two

adj acent 1/0 circuits, or an 1/0 ci Feuit and an adj acent renote trigger
circuit. Each resistor represents the 19 distributed parasitic netal

resi stance for that segnent of the_ VDD bus 1044 between two adjacent
circuits. The Bheea buggsraershawmen bil(sils 4 Veebiel 042, a 3hw BugdOddy cuit to
t he physical center of the adjacent circuit . be used 10, .in making

t hese restid anldaegen bus &Qgén ‘heggi huses ee &ypisailgroptedaround allgwn with t he

consi der aBAS Of AherdbrpRRETYs to REAP: KA Gty R aly iadF TS cur o or
var | abl e Foaiobranpeesf Hedmertt but kesttots, shitheled Ry ' WRSm on the
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referenced to groun s.” The primary ré&sponse of ESD network 1000 to

13 eimbqll ekt ey and Ao acpe st gl bovestD e
0. 7V.10rhiia ihhkmgihegacesistance calculations. While these resistors are all
shown with the Iabel R1, it should be understood that these resistance
values often vary considerably in magnitude as the physical spacing
between I/O circuits, or between an I/O circuit and a remote trigger
circuit, is varied. Similarly variable incremental bus resistors, each
15 labeled R2, are shown on the Trigger bus 1046. Incremental bus
resistors may also be shown on the Vg bus 1042, but are not included in
FIG. 1 in order to clarify the schematic. Note that in a typical IC
application, additional I/O circuits and additional incremental bus
resistors (R1, R2) may be added to the ESD protection network, as
20 indicated by the dots placed to the left and right of the elements shown in

FI1G. 1.

Integrated circuits are often most susceptible to damage during
positive ESD events coupled onto an 1/0 pad referenced to grounded Vss.
The primary response of ESD network 1000 to this event applied to ¥O
25. pad 1050 in FIG. 1 is.as follows.. Diode 1053 forward biases as the /O
pad voltage very quickly ramps well above 0.7V. This then produces a

rapid voltage increase over time (dV/dt), or voltage slew rate on the Vpp



rapid voltage increase over time (dv/dt), or voltage slewrate on the VDD
10 NOV 2004 WD 2004/015776 PCT/ US2003/ 022850 -4 bus 1044. Tjgs Iﬁ(@t Irzgg],‘m ent
detector circuit 1063 is one type of voltage transient dete Do M t or
vol t agwosioemoisaise sensor circuit. In response to th@CTaiSpoasmptase

ESD-i nduced dV/dt on the VDD Bus 1044, transient detector circuit 1063
initially holds node 1065 well bel owd/DD. The 5 buffer circuit 1064 senses
this input low and outputs an inverted and anplified signal that drives
the Trigger bus 1046 to VDD. This turns on the nmultiple clanp NMOSFETs
1054 di st rhuui@44i AheaRE transient detiector dipcwit 0GB isionsetypieeof eoltage t ri gger
circuit 1040 is driving only gates of the distributed clanp NMOSFETs 1054,
t he resul ttranpientr detectorauiratt onvoltage skov Tateyspnsongdrcral eln Eespepyesnal | |

Once turned on, this cunul ative network of clanmp N ETs acts as a | ow
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of clamp NMOSFETs acts as a low resistance shunt between the Vpp bus

1044 and the Vgg bus 1042. The clamp NMOSFETs will remain

conductive for a period of time that is determined by the RC time

constant of the transient detector circuit 1063. This time constant should
15 be set to exceed the typical duration of an ESD event (200-500

nanoseéonds), while short enough to avoid false triggering of the clamp

NMOSFETs during normal ramp up of the Vpp bus. The Vpp ramp up

during normal IC operation typically requires 1-5 microseconds.

As described above, transient detector circuits respond to an
20 applied ESD event by sensing a rapid voltage increase over time (dV/dt)
on the Vpp bus. It should be pointed out that another type of ESD
-detector circuit, a voltage threshold detector circuit, exists in the prior art.
Voltage threshold detector circuits respond to an applied ESD event by
sensing that a predetermined voltage threshold on the Vpp bus has been
- 25 - exceeded: - If this-threshold-is not exceeded, then the clamp NMOSFETs. .. .. ...

remain nonconductive.
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During the ESD event described above, the 1/0 pad 1050 vol tadke KGY £88tto a
peak | evel set by the sumof the voltage drops as the peak current of the
appl i eW ROV EFEWt {1 ows through the intended dissi pafCoVS2HEBH0 | n t he

i ndustry standard 200V Machi ne Mbdel . ESD event, the 5 peak current forced
through the IC may reach about 3.8A."In order to protect fragile elenents
inl/Ocircuit 1032, the ESD clanp network nmust typically prevent the 110
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experiences a positive D event renced to grounded

Vss, the @@i&m’% pféi%ﬂt the YO PRI $0]!tﬁgé frotostiginbuitrvd Achdehl 1/ 0

circuit, rn I n parallel”. However, due to the resistance on the VDD

bus, onl yybfigoe FAiRie thiEshotd swhich bgpieally vatiesdh 4 gl freas6dl(Pdd, in both

~ directions afong the bus, tend to shunt the majority of the ESD current.
) The. cunul @épetrlias oacprovkess kechmvlygy addvoutpat befifer iconfeyratiMiSFETs al | ows

25 mul tiple devices to harnlessly dissipate verci/ | arge ESD curr ents. In
10 Assuming, for example, an 8.0V failure threshold for the /O circuit and a
3.8A peak ESD current, the net resistance through the entire dissipation
path may not exceed about 2.1 ohms. Such an ESD path requires large

active devices and robust interconnections between these devices.

U.S. Patent 6,385,021, from which FIG. 1 is based, teaches the

15 benefit of distributing small claap NMOSFETs 1054 in each of the I/O
circuits, as opposed to less frequent placement of larger clamp
NMOSFETs along the power supply buses. This approach minimizes the
impact of Vpp bus resistance on ESD performance. When any I/O pad
experiences a positive ESD event referenced to grounded Vss, the

20 individual clamp NMOSFETs 1054, distributed in each I/O circuit, turn
on in parallel. However, due to the resistance on the V, bus, only the
clamp NMOSFET: in the vicinity of the stressed pad, in both directions
along the bus, tend to shunt the majority of the ESD current. The
cumulative effect of the many individual small clamp NMOSFETs allows

25 multiple devices to harmlessly dissipate very large ESD currents. In =~ -

networks with much less frequent placement of large clamp NMOSFETS,
1/0 pads placed most distant from these clamps suffer reduced ESD



networks with nmuch | ess frequent placenent of |arge clanp NMOSFETs, 1/0
pads placed nost distant fromthese clanps suffer reduced f@DYJD\F7W 7104
WO 2004/ 015776 PCT/ US2003/ 022850 performance due to increased ) o
cur r enwd wewersresi stance (I R) voltage drop fromt he PSIVERZEEHD22830 pad to
the large clanp NMOSFETs. Note that even in the distributed small clanp
NMOSFET networks as illustrated in Fl 1, large clanp NMOSFETs are still
needed at any point where the VDD 5 bus is broken or termnated, to
adequately protect 1/0 pads near the end of that VDD bus segneni. Wt hout
thi's | ar gpetfampandddiET increaseheadent-tingepzesisianes R hyoBAZE APD bus
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a single sient detéctor-circuit 1063 anmong )
the Vpp bus is not terminated. With this configuration, the network of
small clamp NMOSFETs in the I/O circuits can provide complete ESD
protection.

U.S. Patent 6,385,021 also teaches the benefit of placing all or part
15 of the rail clamp trigger circuitry in a location remote from the I/O
circuits, driving the Trigger bus 1046 which gates each of the clamp
NMOSFETs 1054 in a bank of /O circuits. In many respects, this is
preferable to the alternate ﬁpproach of placing separate trigger circuits in )
each I/O circuit, to drive only the clamp NMOSFET located in that
20 individual IO circuit. This is because, in many chip designs, the VO
circuit is the most constrained portion of the IC periphery i terms of
substrate or physical layout area. ‘Reducing layout area in the /O circuit
ofteﬁ translates directly into smaller IC die size. RC transient detector
circuits typically occupy a considerable layout area. Therefore it is more
25  space-efficient to share a single RC transient detector circuit 1063 among . =
multiple clamp NMOSFETs in-a bank of I/O circuits. The sizes of
- elements in buffer circuit 1064, on the other hand, are typically scaled .



multiple clanp NMOSFETs in a bank of I/Ocircuits. The sizes of e]lenents
in buffer circuit 1064, on the other hand, are typically s$qpn/NIV 2084 0 Nov
2004 WO 2004/ 015776 PCT/ US2003/ 022850 -7 dependi ng on the total channel

wi dt h oYO 2Md/0t78p NMOSFETs that trigger circuit nudCTAFG2063/022850t aught in
U S. Patent 6,385,021, elenents of huffer circuit 1064 may be conveniently
pl aced either in renote trigger ci reiit 40, in each individual 1/0 circuit
1032, or divided into portions 5 and placed partly in the renote trigger
circuit and partly in each I/O circuit. It turns out that there are sone
l'i mitati ordepending ba thetotalichgnBebwidey abitie, clamgnNVISIAGTs eatf ul | buf f er
circuit 1064 in the renote trigger circuit 1040, as shown in FIG 1. One

|i mi t at i orfrigigen ciieni mpst deiyh: izgs taghtiaty.S: Ratenrb6.48m G s edemwentset ween any
/O pad and_its closest renote trigger .circuit 1040 is. |limted,. due

pri mari | y afduffesirewyd Qdamay heopenyeentpplacesd ¢ithes W MMQIeIEEEEro pad to
the renote tri, r.cirgujt. Thi imtat] can.,be. best denonstrated by

si mul at i ngVEM H/ea mﬁv@ﬁﬂ@mlﬂﬁz&a@&ﬁiﬁf@t&ﬂﬂ 088 nul ati on

t ool s d anal.yzi the.resultin 5 nodal voltagges,, Assu e network of
Fa 1Y s ariiged fardl 3n e emde tHedst Prolif ab 3Ry iEAB AT Dis
resistors. .Consi der the case where |/O pad 1050 experiences a positive

3. 8A peakc(l,]iﬁuF nt ESD event referenced to grounded VSS. Assune that the

si zes of diode 1053 and clanp . NMOSFET 1054 in each I/O.circuit, and the
magni t ude of rdsfymsourthahthzge are somp Ihmtations vadh the sesyEngdd D he

sinmul ated voltage on 1/0 pad 1050 rises to a peak, O&IPS. OV during this ESD
event. At hehwopsawhesplacingdhe fer epeuifd) IEAEABELECY he di ode

thi's di odeURat e 35 shesi dRd1Ch 1.nEnosk AL oryIBaPiS SGReeh ifbout 3. ov.

Ther efl%r © tl:tlfﬁethg%%gximum distance between any I/O pad and its closest remote

trigger circuit 1040 1s limited, due primérily to IR voltage drops along the
Vpp bus from a stressed I/O pad to the remote trigger circuit. This
limitation can be best demonstrated by simulating an ESD event on the
network with standard circuit simulation tools and analyzing the resulting
15 nodal voltages. Assume the network of FIG. 1 is part of a large bank of
1/0 circuits and incremental bus resistors. Consider the case where I/O
.pad 1050 experiences a positive 3.8A peak current ESD event referenced
to grounded Vgs. Assume that the sizes of diode 1053 and clamp
NMOSFET 1054 in each I/0O circuit, and the magnitude of resistor R1 on
20 the Vpp bus, are adjusted so that the simulated voltage on I/O pad 1050
rises to a peak of 8.0V during this ESD event. At the peak ESD current
level, the voltage drops across the diode 1053 and the parasitic
interconnect resistances (not shown in FIG. 1) from this diode to the I/O
pad and to the Vpp bus typically sum to about 3.0V. Therefore the peak
-.25. .voltage on.the Vpp bus local to the stressed 1/O.pad.is.about 5.0.volts.. ... ... .
ESD current will be routed along the Vpp bus-in both directions away

from the stressed pad with the majority of the current shunted through the



25 vol tage on-the VDD bus | ocal to-the-stressed-10 pad-is about5.0 :
volts.--_ ESD current will be routed along the VDD bus | ;ﬂll@h{]@ﬁ%’;ections
away fromthe stressed pad with the majority of the curre d

t hr oughkyd bevsbir7élov 2004 WO 2004/ 015776 PCT/ US2003/ 022850S2083/ab2810r i but ed
rail clanmp NMOSFETs 1054 wthin 1-2 ohns of VDD bus resistance. Note that
due to this current flow, the peak VBB bus voltage is found local to the
stressed 1/0O pad, and drops off in both directions away fromthe stressed
pad. In this exanple simulation, the peak VDD bus 5 voltages local to 110
circuits 1@&kribt@dPraikethmp NMVIOSFEJuerO3 mdthin 11Q4chmaraf Vpy ¥ns4. 5V, and
4.3V, respectively. Therefore the drain termnals of the distributed clanm
NMOSFETs widdistanchi et that diaé fre thistcurntntdiew, it peak dépebus rvoltagetie
proximty to the stressed 1/O pad. However, the gate termnals of the .

di stri but eﬂamichhpnammh&measec{) 162 pail aaredi drops bEf inobetdndireciionyawagvel |
since they are all driven by the renote trigger circuit 1040 via the

Tri gger . bufronnale stressed pagoin dhis @@mdleesmnaaupneﬂ%p@dgéfm el of the
Trigger _bus will be dependent qon the proximty of the renote .trigger
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1040 via the Trigger bus 1046. It is important to note that the voltage

level of the Trigger bus will be dependent on the proximity of the remote
trigger circuit to the stressed I/O pad. When activated during an ESD
event, the remote trigger circuit drives the Trigger bus to a voltage level
15 equal to the Vpp bus potential local to that trigger circuit, in this case
4.3V. Therefore, clamp NMOSFETs closer to the stressed IO pad than
the remote trigger circuit will have a gate-to-source voltage (Vgs) less
than the drain-to-source voltage (Vds), while clamp NMOSFETs more
distant from the stressed I/O pad than the remote trigger circuit- will have
20 Vgs> Vds. Clearly, when the stressed 1/O pad is located greater
_distances away from the remote trigger circﬁit than in the case desexibed
above, the IR drop along the Vpp bus leads to further reductions in the
resulting voltage level of the Trigger bus. It is very important to note that
the voltage level on the Trigger bus is critical to ESD network |
.25 _ performance. The drain-to- source on-resistance of theclamp .. .. .

NMOSFETs is approximately inversely proportional to Vgs, under these



the voltage level on the Trigger bus is critical to ESD netwark 35
performance. The drain-to- source on-resistance of the cli an%lB N E@Hs S

approxi mately inversely proportional to Vgs, under these 1 0 NOV 200$ WO
200410WO72084/85176US2003/ 022850 -9 bias conditions. TEEFASSE03I0 pads nost
distant fromrenote trigger circui t_g_wi |l suffer the worst ESD
performance. Another limtation with“the ESD protection circuit described
in FIG 1 is that the Trigger bus 1046 is subject to having voltage
contention_ 5 issues when there are pulti te trling?er.ci rcuits 1040
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si ngl e5 r taspes when thare are aonltiple semote dggercireunithy 040 plaggd M fficult to
partition 15 the VDD bus_into sbﬁaosnall segnents, lgus tgﬁife Is a need for
a new di paralinliadeng she Voirahps A rlv@itrigere gEEUIts dpeaiedsHEeEet he - maxi mum
| ength of {he projected VDD The distributed rail cla t.wor k
descri beddistanges ﬁ@%@ﬁﬂ%ﬁsﬁ%‘?% Pﬁar‘ﬁ‘w}?{/@@% ?%PPF&QHV%C REEET ¢ aj |
cl anp. NMOSFETs ced in, ea 2 .cirgyit. This sc be a
i Cat | o5 #0 ARG Valiee Ienery npisceui gauss eRRBS BB Cui 15 i s
y. large or vyarjes. consi,der abl I Il t . [For exanpl e,
many | G HoneRTieRIpRHIRRR ) ol sPHod REadBRS BRE R IEe chbretiol 70, £ i
from oSt Adas & f5°5beeat 8ib ViR Bii/and place only one remote trigger cirenit
1040 per Vpp bus segment. Therefore, the maximum length of a Vpp bus
segment is limited, both to minimize IR drop from a stressed I/O pad to a
remote trigger circuit, and to a length which may be served by a single
remote trigger circuit. In IC designs it may be very difficult to partition
15 the Vpp bus into such small segments. Thus there is a need for a new
distributed rail clamp network with fewer limitations on the maximum

length of the protected Vpp bus.

The distributed rail clamp network described in FIG. 1 contains a

phurality of individual, discrete, rail ctamp NMOSFETS placed in each

20 /O circuit. This scheme can be a limitatioﬁ in designs where the physical

- spacing between I/O circuits is la:rgé or varies cdnsiderably around the

periphery of the IC. For example, many ICs utilize I/O circuits of a fixed .-
physical height and width, taken from a standard cell design library.
However, the spacing or gap between I/O circuits in a given IC can vary

25 - depending onthe number of 1/0s required and the physical IC core size.
Therefore, in many IC designs, there are significant gaps between I/O

~circuits.  In addition, it is common to increase the spacing between I/O



However, the spacing or gap between I/Ocircuits in a given |[C can vary - 25
dependi ng on the number of I/0s required and the physical 1c0ct0d &l
Therefore, in many | C designs, there are significant gaps between I/O ,, .
circui wep 2domoesdehi tion, it is conmon to increase the SPAVFRGOVEL¥Een 1/0 1 O
NOV 2004 WD 2004/ 015775 PCT/ US2003/ 022850 -10 circuits near the IC
corners, to accommodate radial bond-Wrte sweeps in the package. There is
also typically a large gap between 110 circuits as the netal buses are
routed around the IC corners. Froma distributed ESD network design point

of view, aiscudamdénrabeI€tootness,dorangionsmodataradiahbondiwire gweepgdps
between-110 circuits has a negative inpact on ESD performnce. For
exanpl e, ahe phatkpge. Therbas alsertypically a laegekgap baiweery L) §ey118/28 circuits
woul d suffer decreased ESD performance to Vss as conpared to an 1/O pad in
a bank wi tthe npétadbuaes greatonted araund dhe dGieynenhis is due to the fact that,
in a network 10 of identically sized small rail clanp NMOSFETs distributed

al ong a resi Stipsen RANSHibed RSP retdarhdidshin peiiitwiivievs dry gapy sensitive
to varying increnental bus resistances Rl between the clanp NMOSFETs. One

approadh thapgRbniOGifuiRyoranybvaeshilizy it @apsbetween i@ dirprtsthaga thi s
problem is to augnment the clanp NMOSFETs in the 110 circuits 15 with

-addi ti onalpeghtive iyt oicESDrperformanpac dforaniansples andéd padin ter cui t s.
While this approach is effective at mnimzing the worst case increnental
VDD bus r eghedraica bRak et widkely spaopd ldsheEndts would swifendegraasedires that a
| ar ge, nunber of uni que spacer cells be designed _And placed for each

di f f er ent ESRA@erfotmanesto Vie asicopopated m%@ padang ﬁ@g( With s preferred

Simpl o, mpbostealbnaNeA gD cEcrES.  Chert Sk, e dack iR TELVAGE | eal |
Ther e-fl%r e’of\eﬁggtigi §§9ze‘3 s?mnpallNrmﬁErTrisp NMH%TS distributed along a
resistive power bus, the I/O pad ESD performance is very sensitive to
varying incremental bus fesistances R1 between the clamp NMOSFETs.
One approach taught in U.S. Patent 6,385 ,Q21 to minimize the impact of
this problem, is to augment the clamp NMOSFETs in the I/O circuits
15 with additional clamp NMOSFETs placed in spacer cells between I/O
«circuits. While this approach is effective at minimizing the worst case
incremental V_ bus resistance R1 between clamp NMOSFETs5, it
. typically requires that a large number of unique spacer cells be designed )
‘and placed for each different spacing between /O circuits. However, |
20 since it is preferred that ESD protection networks be constructed with a
minimum number of simple, modular, and reusable ESD elements, this
approach is not ideal. Therefore, when sizing clamp NMOSFETs in these
distributed networks, the designer often simply assumes a single R1 value
for incremental bus resistors between all I/O circuits based on the worst
25  case actual pad-to pad spacing in the IC. This-worst-case spacing is often
twice the minimum pad-to-pad spacing measured if all the /O circuits

were abutted. A disadvantage of this approach is that.the resulting ...



di stributed networks, the designer often sinply assunes a single R val ue
for incremental bus resistors between all /O circuits basefdjoRQyhg)4or st
25 case actual pad to pad- spacing in the IC. This-worst-case spacing is
of t en WQRW&OIFIE m ni num pad-t o- pad spaci ng neasur ed PCH/GERE03{0A2850/ O
circuits were abutted. A disadvant ag of this approach is that the
resulting } 1 0 NOV 2004 WD 2004/015776 PCT/1US2003/ 022850 -11 required
cl anp NMOSFET channel width is then about twice the width that woul d have
been required if all the |/Ocircuits were indeed abutted. For these
reasons, twoguiced clampNVOSFET nbmﬁmrc&hmﬁhelsabeubtmedﬂie wislthd utilize
a m ni num nunber of unique ESD el enents, whiich 5. would all ow for

o ke o a0k vy ol il 0
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place 1/0 circuits around the IC periphery with arbitrary spacing.




the ESD clanp circuit of FIG 2; FIG 4 illustrates in schematic form -
anot her enbodi ment of a distributed and boosted ESD protectlibri®etaBBtk in

accordance with the present invention; 15 FIG 5 illustrates in
per speeyo y@+horm a | ayout of the distributed and booIBUSHEINPEOt ection
network in accordance with the present invention; and FIG 6 illustrates

in perspective forma layout of the dBunting device in accordance with the
present invention. 20 Skilled artisans appreciate that elenents in the
figures are illustrated for sinplicity and clarity and have not
necessarily been drawn t @B@edDesciiptiopxafithed)rawmgdi mensi ons of sone of
the elenents in the figures nay be exaggerated relative to other el enents
to hel p.inprove the understanding of the enbodi mnents of the present
invention. 25 Detailed Description_ 1 0 NOV_200% WO 2004/ 015776 ‘

PCT/ | US2003/ 022B5e prasent inkemtion és Slustrated dyr wiay off exgnploand &t Bet i on
circuits, the control electrodes of the. nultiple shunting devices are

of ten bi adémited by the aeepmppaying figares,n wiichdeke selererrasdndieateosi ti ve
current_electrode. It is a goal of the present invention to inplenment an
ESD pr 6t ecitmilar@lemgings.such that 5 the vol tage applied to the control

el ectrodes of t S ting devices is. greater.than voltage on the
positive cur'rerﬁle@l gé b Smisgﬁ? é@’nq ﬂé’%%ﬁ@ﬁﬂe ‘ggmeach
shunting device, thereby inproving the distributed rail clanp network

per f or manc@Whd reducing the |ayout area required to inplenent robust ESD

prot ection i 1 G s ;0. e STRRHLMER: Rknl HEGBLARABH obRUERLQR RIS des ar

protection network in accordance with the present invention, : )

10 FIG. 3 illustrates in schematic diagram form a control circuit for
the ESD clamp circuit of FIG. 2;

FIG. 4 illustrates in schematic form another embodiment of a
distributed and boosted ESD protection network in accordance with the
present invention;

15 FIG. 5 illustrates in perspective form a layout of the distributed and
boosted ESD protection network in accordance with the present
invention; and

FIG. 6 illustrates in perspective form a layout of tl.le shunting
device in accordance with the present invention.

20 Skilled artisans appreciate that elements in the figures are
illustrated for simplicity and clarity and have not necessarily been drawn
to scale. For example, the dimensions of some of the elements in the
figures may be exaggerated relative to other elements to help improve the
understanding of the embodiments of the present invention.

25

Detailed Description



protection circuit where.an array of shunting devices are coupled in
paral | el between an ESD bus and a V$5 bus and distri buted

plurality of 1/0 and power supply pads to be protected. Cﬂjf3ﬁ§%3¥@4

tri ggeWEIpHIRSF®, whi ch nay be placed in |ocations r @BUS240382286hese pads,
15 are utilized for controlling the jndividual shunting devices both during
an ESD event, and during normal circtit operation. ESD events may be
coupl ed fromany stressed pad onto two separate buses; the ESD bus which
routes the high ESD currents fromthe pad to the positive current

el ectrodes of tndknawnidisteibskechraihglaraplE¥9 pratertrorBeisenityuhewengtol20
controls the trigger circuits. Since the trigger circuits draw very little

currenlt V\A@é@ﬁ:@?@ﬂ ﬂmmlb' I&rslmati@@wipe@ﬁg@@ftgatégq?ﬁ%atamltagevmtage

d B : k

i rourt o SetsdRandhe valthze AR (o e peUnar CORBI o ERds olitin d Eomk r o

| d he myl.tiple shunting devi | |evel Iy 25
o eat er ¢ ALA0G RESHLDVETo S Poplngt oh R Bectionr CErut ShebaRRENT, 1t ne
o S, it VR B T a1 BB PR GRS icave ¥ Duses
PCT/ Uszoogké’a%éﬁﬁ?aﬂ %}%y@%l&%&?ﬁg ttﬁg P%@ﬁide%uﬁlﬁé?%%ﬁﬁodtehW§38§ﬁ§esser ves as a

grounded power “sup SO connec a powner—s y external to
the 1C | el ' A h&@a . buses may not
directly ﬁ%:eoﬁfr]\ec to gﬁ&@%erna br&\ggvfs?{?pg%r_eﬂ%e sgl%g%remy al so be

coupl ed t gikriblifecPidil ERfind WERVOAL BetBrilnd e raiishEahe Ifogadict 0

parallel _ Vss netal . " FI G 2_|I1ustrates 8_nee ( nt of the
present i pufiiitédio impRiBen@dbaSPBID pretdctidbrneivgtk 9 is provided within an

integrated circuit. ~The ESD protection network 9 includes a variety of
circul® porti o@mne embodiment of the present invention provides an ESD
protection circuit where an array of shunting devices are coupled in
parallel between an ESD bus and a Vg bus and distributed among a
plurality of I/O and power supply pads to be protected. One or more
trigger circuits, which may be placed in locations remote from these pads,
15 are utilized for controlling the individual shunting devices both during an
ESD event, and during normal circuit operation. ESD events may be
coupled from any stressed pad onto two separate buses; the ESD bus
~which routes the high ESD currents from the pad to the positive current
electrodes of the multiple shunting devices, and a Boost bus which
20 controls the trigger circuits. Since the trigger circuits draw very little
- -current when enabled during an ESD event, there is almost no IR voltage
drop along the Boost bus between any stressed pad and the trigger
circuits. Therefore the trigger circuits are able to drive the control
electrodes of the multiple shunting devices to a voltage level generally
25 greater than the peak voltage level on the ESD bus. o
In one embodiment, the ESD bus and the Boost bus serve as

separate positive power supply buses that connect to power supplies



10 including I/0O pad cells 20-22, and a power supply pad cell 40. Each pad

cell may be described in both a schematic sense, as shownqign Mﬁfzg@, and
in a physical |ayout sense, occupying a specific area in ?he ﬂgeri phery.
Each ofvghesespsd cells is coupled to a Boost bus 12PCAARUIBESL 14, a

Trigger bus 16 and a Vss bus 18, which are also included in the ESD 15
protection network 9. A series of i néfenental bus resistors RL is showi on
the ESD bus 14 between each of the 1/0 and power supply pad cells. A
simlar series of incremental bus resistors R2 and R3 are_shown on the
Trigger buktdhadng the CBhIkewines the V. daseerveeny 2 gragaded oy (R1, R2,
and R3) represents the effective distributed arasitif tai(r_;r si stance for
20. that . segpbynbusithahaisoaonesptmid OIS Wpi)ééﬁtql’%@ Hﬁnﬁﬁ‘c tPIBad cells.
The bus length fromthe physical center of one such pad cell.to.the

physi cal cdterratecimbbdimentss eny qrzall @@ﬂﬂe%@! & Bsescray| ot dweel¥y i n

maki ng these resistance .cal cul ati ons |l e . the incremqental hus resistors
al ong a bwsnacet t AN SEEXMAMPONEL nggfeﬂs%wa\aﬁe f"& CFQ‘%PSIFii%Qhom d be
25 understood_that their resistance val ues often,var ek in

magni t Wde the silieompybsisae tﬁ'p?elf‘?‘ﬁ éﬁ% é't‘&%téﬂtseﬁgac%ch 11\( ?W‘%lgﬁ&@%nd t he

| C periphery.. Increnental bus resistors may al so be shown on the Vss..1 0O N
OV 2004 ¥y bpm 776 PCT/ US2003/0228-50 -15 bus, but are not included

the i ner ement alt iohis? ﬁa&%@é@%@%&%@& G 1 eSS IR A RS0l 22:“
ESD ci : : y : ) - ] .
the : Lfﬁ'é%n ESEL 58O hrwr e iy WBYAded withip pHRLERiLE SRR T le ©

. T B - ' 18 h
gﬁ% 2nd al iﬂbeoﬁﬁp B’g&l%ﬁlgp Wgﬁglﬁ%%ﬂa#gw? r{?{ gg)ggygf%%?on _mrar;a %or)k
9 as_shovn,bindiRg 1A' ad Eelld $0-22, dd 4 pohetsupplidpailweil 4paEahl pad and

i ncrement A rs (not shown), “which nmay )
cell may be described in both a schematic sense, as shown in FIG. 2, and

- in a physical layout sense, occupying a specific area in the IC periphery.
Each of these pad cells is coupled to a Boost bus 12, an ESD bus 14, a
Trigger bus 16 and a Vgs bus 18, which are also included in the ESD

15 protection network 9. A series of incremental bus resistors R1 is shown
on the ESD bus 14 between each of the I/O and power supply pad cells.
A similar series of incremental bus resistors R2 and R3 are shown on the
Trigger bus 16 and the Boost bus 12, respectively. Each resistor (R1, R2,
and R3) represents the effective distributed parasitic metal resistance for

20 - that segment of the corresponding bus between two adjacent pad cells.
The bus length from the physical center of one such pad cell to the
physical center of the adjacent pad cell may, for example, be used in
making these resistance calculations. While the incremental bus resistors
along a bus are all shown with a single label, for example R1, it should be

25 understood that their resistance values often vary considerably in
magnitude as the physical spacing between pad cells is varied around the

IC periphery. Incremental bus resistors may also be shown on the Vgs



be provided along the periphery of the chip. Wile a bank of only four 10
pad cells is shown in FIG 2, it is assumed that smaller or J8rjoy Béltks
may be inplenented. In a preferred form the four buses forma conplete
ring aMfuA4OHET C periphery, with all the 1/0 and p&REUSIMNIMIRES0 pads on
the IC protected within ESD protecti_gg_netvvork 9. If the ESD bus 14 is
broken at any point, then as describ earlier, large NMOSFET 15 cl anps
(not shown in FIG 2) nust be placed at' or near both ends of the ESD bus
segnent to, properly praqtect. 1/.0 pads placed near the ends of the segnent.

1/ 0 loag gebus,ézmagemogmgluméuu ﬁ-ﬁ%uesaf@rrfézmlad&ﬁﬁ%%sﬁhﬁmpfa@ in bt hat is
12, | ESD 14, Vss 20 18. A
Sfﬁﬁeeslz R %Jﬁa@é’r?s&fqefﬁ%t té%hﬁfgéu@aud ﬁim@%@?%gés&@eiigb%a?ﬁodle
i . 1/0 31. A ' 3 '
%ﬁ%%?&f@’r&”ﬁ%ﬁw%%g%ﬁr%ﬁ B BSD hendeSiedy ﬁm&o?avieﬁﬁ gaae&%réatrﬂ,;” £SD
14. A P- - i.st. PMOSEET .34 i
echt Fode WAIANRG AndabtRts o 3¢ Bl as %angfnmﬂaﬁe%s«ﬁs@%?&ufféﬁfnz
or Sgat & or B REIBGS HEBISTHE" THBoli s 12 BSEEpul 19, TRl o 1T
be descr i ow i i _ -
be descry SRS b FeIeS bl BnliaNe IV SAUESE OB Rding o\
apl i ed { aht/IBDtotdtiort HfyGAM H8hBEIBY the B LPHIEOINENCYRTe enabl i ng

| ow resi stance drain- to-source conduction roug

cont ai ned. aﬂdiﬁbﬁall]g&l cBR¢ afflihcreinéaPBudrEdigivne (n6f sﬁb\wrﬁwh{d{ﬁi or,
cl anp NMOSFET 36, whi ch has a source that Is connected to the V88 bus 18,

32 et e Ao L s S TG S 1
10 padcells is sh%%?xi n %ﬁiG. 2, itis asggme(zlethaf smallaeg or largae,rrebaillkg1 e
may be implemented. In a preferred form, the four buses form a
complete ring around the IC periphery, with all the I/O and power supply
pads on the IC protected within ESD protection network 9. If the ESD
bus 14 is broken at any point, then as described earlier, large NMOSFET
15 clamps (not shown in FIG. 2) must be placed at or near both ends of the
ESD bus segment to properly protect I/O pads placed near the ends of the
segment.
I/O pad cell 22 in FIG. 2 includes an external connection pad 31
that is coupled between the Boost bus 12, the ESD bus 14, and the Vgg
20 bus 18. A diode 32 has an anode terminal connected to the Vgg bus 18
- and a cathode terminal connected to the 1/0 pad 31. A diode 33 has an
anode terminal connected to the YO pad 31 and a cathode terminal
connected to the ESD bus 14. A P-channel or p-type transistor,
PMOSFET 34, has a first current electrode or a drain connected to the /O
25 pad 31 and a second current electrode or a source connected to the Boost
bus 12. The control electrode or gate of PMOSFET 34 is coupled to a -

control signal (not shown) that will be described below in connection



| /O pad cell 22. In this enbodinent, 1/0O pad cells 20 and 21 include the-
sane circuitry-as found in 1/0 pad cell 22, as shown in FI?UZq i . 10
NMOSFET 36 provides a direct current path between the ESD 'bus gl an the .
Vss buswdwsmdisieng an ESD event. Note that the indi vikiElS2003202289 such as
cl anp NMOSFET 36, contained within each of the 1/0 pad cells are connected
in parallel to provide distributed ESf®-protection independent of which 1/0
pad receives the ESD event. Not shown in I/0O 15 pad cell 22, is the
circuitry to be protected, such as the PMOSFET and NMOSFET out put drivers,

the pre-drinigi FEGL Sui However, didag aopositive ESDwavent aplptiedripdéOgpacui try,
and other circuit conponents required for normal 1/0 operation. Power
suppl y pad3iethis 40ontrol Bighal ds iputleddesnear Eyg, ennblingdomertsistanc@drgad 41
that is coupled to a positive power supply bus VDDl (not shown), and
coupl ed betowsenraeheombigatiorbthrongh th@é%ﬁ)ib% Mso sontamedwithiu¥/O 18. A
di ode 42, a diode 43, a_PMOSFET 44, and a clanp NMOSFET 46 _are shown in
power supppgd gell 2218 anN-ghannekgr sHype dransistos, pamp NMMAISERI 36 t he
anal ogous el enents in 1/ Otﬁad' cell 22. Thglr e{/or g i %t this 25 enbodi nent,
the power Wibgh 1apasoueg that issamgsiehia the Vanbupds: abdaydrai)  the ESD
protection network 9 ju Lke ar O pad. ter | ments may
utilize di ¢¢@%@5595$%§Sééwof£phﬁwr£@w@}a aﬁi@ﬁ*ﬁf %5\}%2004 WO
2004/ 015776 PCT/ U$2003/ 022850 , - 17 prptect, o N etaining the I/0O pad
prot ect i onc%{brﬁﬁqg‘ﬁoi?ﬁ? 351%%&1‘4%11% iﬁ ;&P@.Caﬁe’x@@ %\M‘j‘sﬁﬁgﬂfé@ cont ai ned
wthin 1/ d cel 0:22.. a la ==L i 1. & D0, power
suppl y pagll @Pﬁl&&ﬁhg‘zi‘omﬁgs&rﬁg 3&1@%@&1}@3& .ei% %Q%@ ?Jgﬂu%@% hgt? e
controlle -1 L L.aGUI ' r : | | via the
o or b fale BifcH#9Sls fobhliTh HO°Pad BeR 2 s ORI iP B2 2. | Cfilop V1 2 1 )
10 - NMOSFET 36 provides a direct current path between the ESD bus 14 and
the Vgg bus 18, during an ESD event. Note that the individual clamps,
such as clamp NMOSFET 36, contained within each of the I/O pad cells
are connected in parallel to provide distributed ESD protection
independent of which I/O pad receives the ESD event. Not shown in /O
15 pad cell 22, is the circuitry to be protected, such as the PMOSFET and
NMOSFET output drivers, the pre-driver circuitry for these output
drivers, the input circuitry, and other circuit components required for
normal I/O operation. )
' Power supply pad cell 40 in FIG. 2 includes an external connection N
20 pad 41 that is coupled to a positive power supply bus Vpp; (not shown),
and coupled between the Boost bus 12, the ESD bus 14, and the Vgg bus
18. A diode 42, a diode 43, a PMOSFET 44, and a clamp NMOSFET 46
are shown in power supply pad cell 40 and they should be assumed
identical to the analogous elements in I/0 pad cell 22. Therefore, in this
25 embodiment, the power supply pad Vpp, 41 is b_ouplcd.to,.and. protected
by, the ESD protection network 9 just like an I/O pad. Altemate

embodiments may utilize different approaches for power supply pad ESD



circuit 50 has a first termnal connected to the boost bus 12, a second
terminal connected to the trigger bus 16 and a third ternmihfl NoynB#Et ed to
the Vss bus 18. The trigger circuit 50 conprises a RC transient detector.
10 ci r M 2008215776nc| udi ng a resistor 52 and a capaci t BETAS200342P350 puf f er
circuit 54. In one enbodinent, resi?gor 52 and capacitor 53 may each be
formed froman NMOSFET or a PMOSFET.!’ A first termnal of resistor 52 is
connected to the Boost bus 12. An input of buffer circuit 54 is connected
to a second termnal_ of resistor 52 and to a first termpal of capacitor
53. 15 An [getesitonpfwhile retainingdbiet/@padpripeiien appreramidlustiagribim bus 16. A
second termnal of capacitor 53 is connected to the Vss bus 18. In this
embodi menttIGudfer circuit 54 conpri ses an odd nunber of series- connected
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has a gat e connec Fgger ce conhec to the

oSt PUS oY s S8 CORAA A, FERAE oRE 12 by, enooct ment

PMOSFET 58 tion CITCult t1 0% WO 2004/ 015776
PCT/ US200 403337 Connbod 186! ORek Bus 1EAid G3h Ehdinaloiiétied ke ESD bus

- 14 to the Boost bus 12 b after an ESD event and during norna
) oper ati onthé Mg Hri¥el §1s Thelisiigaer icalcuit 0 veaijikivRCIahSigntdefeBidbevent . |t
" 1s a goal of tsﬁe ESD protection circuit in"FIG 2 to protect the 5 multiple
1/0 an@ pewenitsihpnghptidg o resistpoSPtandea Espacites3, auliplbadfdreircuit

54. In one embodiment, resistor 52 and capacitor 53 may each be formed

from an NMOSFET or a PMOSFET. A first terminal of resistor 52 1s

connected to the Boost bus 12. An input of buffer circuit 54 is connected
to a second terminal of resistor 52 and to a first terminal of capacitor 53.

15 An output of buffer circuit 54 is connected to the Trigger bus 16. A

- second terminal of capacitor 53 is connected to the Vs bus 18. In this

embodiment, buffer circuit 54 comprises an odd number of series-
connected CMOS inverter stages (not shown) between the input and the
output nodes. Each inverter stage contains a PMOSFET with a source

20 connecied to the Boost bus 12 and a NMOSFET with source coupled to
the Vg bus. It is important to note that, when enabled during an ESD
event, the buffer circuit 54 should drive the Trigger bus 16 to a voltage
level equivalent to the voltage level of the Boost bus 12, local to that
trigger circuit. Also contained within power supply pad cell 40 is é

25 PMOSFET 58, which has a gate connected to the Trigger bus 16, a source
connected to the Boost bus 12, and a drain connected to the ESD bus 14.
In this embodiment, PMOSFET 58 forms an equilibration circuit that



any one of these pads, referenced to grounded Vss. Consider an exanple ESD
network sinul ation where 110 pad 31, in a large bank of pgdnNeyl P64
experiences a positive 3.8A peak current ESD event referenced to grounded
Vss. Awmgeesdisais t he si zes of di ode 33 and cl anp NVOSEERS24BI/MIBSANd 46 in
each pad cell, and the nmagnitude of resistor Rl on the ESD bus, are
adjusted in the sinulation so that th “voltage on I/Opad 31 rises to a
peak of 8.0V during this ESD event. The primary intended ESD current

di ssipation path for this ESD event coupled onto I/0O pad_31 is through the
forward bifasetions oolelsaricallyshorscirou thakIPrms b tmthe BeostbasdZhus i n
both directions to the network of clanmp NMOSEETs cf ustbered In proximty to
the stresdeth aferpadESR eventcandduniagmaraal I(heperatign, DU EEMANSnavoi dabl e

sources of voltage drops between_ the str ed |/0O pad and the drain
t er mi nal sSBbS@DMWWW&aﬂFégg}GY@L t he combi ned vol t age drops
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50 is no ed t90 any stressed 1/0 pad via the Boost bus 12 that is
separ gpe Beofd hS_iﬁiﬁgth%\d&én} afePRd Hfghdtuddosfresimor RIr omghaESISD event ,

the trigger circuit 5 )
- bus, are adjusted in the simulation so that the voltage on I/0 pad 31 rises

to a peak of 8.0V during this ESD event. The primary intended ESD
current dissipation path for this ESD event coupled onto I/O pad 31 is
through the forward biased diode 33 to the ESD bus, and then along the
15 ESD bus in both directions to the network of clamp NMOSFETs
clustered in proximity to the stressed I/O pad. As described earlier, there
will be two unavoidable sources of voltage drops between the stressed
1/O pad and the drain terminals of clamp NMOSFETSs 36 and 46. Firstis
the combined voltage drops of approximately 3V across the diode 33 and
20 its resistive interconnections to the I/O pad and the ESD bus (not shown
in FIG. 2). Second is the IR voltage drops along the ESD bus in both
directions away from the stressed /O pad. The peak simulated ESD bus
voltages local to I/O pad cells 22, 21, 20, and the power supply pad cell
40, are 5.0, 4.7V, 4.5V, and 4.3V, respectively. These specific Voliages
25 are given by way of example only. As before, the drain terminals of the
.distributed clamp NMOSFETs are biased to different voltage levels
-depending on proximity to the stressed I/O pad, with the peak voltage



5 only drives the distributed clanp NMOSFET gates, and therefore consunes
only a very small fraction of the current dissipated via the1|@S[ﬂ0\pL2§n;o
the nultiple clanp NMOSFETs 36 and 46. Very little current is routed onto
t he Bod%® 24481572 as conpared to the ESD bus 14. |t iFRCTAS20ed2asfage of the
present invention that very mnimal IR voltage drops 10 occur either along
t he Boost bus from any stressed pad tidthe tri gger «circuit 50, or fromthe
trigger circuit to any of the clanp NMOSFETs 36 and 46. For this reason,
the voltage level on the clanp NMOSFET gates is largely independent of the
proxi mi ty Bfundhlocabtothe stresggdrpad.r Aukey featuneof the ESI2 prateotipad. This is a
significant, i nprovenent over prior art circuits. 15 In the enbodi mrent shown
in FIG 2,Cm}&ﬂ@3m&tedsnlﬂé‘u 4 &5 i ghe tri gger cspui S0 isgrwow conplabta / O pad
to the Boost bus 1%. &ri g.a po§itive ESD event applied to 1/0 pad 31,
the cont r AMEFEESHEdd4 ¥ip the Bresybese 12 shatgrssparatgArom therhighn to near

near the rfeirsDoRs 140 Natt fof usBe sbEsiarent 46 sieest Aaeg o | or
comi neb K Ehe BB Pl B el Emp MMOSE T 2oy Gatihefsfte - ansi ot or s
(FLOLGD) BTN Bl tePhion B Mot e R o7,
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10 occur either along the Boost bus from any stressed pad to the trigger

circuit 50, or from the trigger circuit to any of the clamp NMOSFETs 36

and 46. For this reason, the voltage level on the clamp NMOSFET gates

is largely independent of the proximity of the remote trigger circuit to the

stressed I/O pad. This is a significant improvement over prior art circuits.

15 In the embodiment shown in FIG. 2, PMOSFET 34 is used to couple the

ESD voltage from the I/O pad to the Boost bus 12. During a positive

ESD event applied to I/O pad 31, the control signal connected to the gate

of PMOSFET 34 is driven to near Vgs, allowing PMOSFET 34 to turn on

and pull the Boost bus 12 up to or near the full stressed I/O pad voltage.
.20 PMOSFET 34 and other similar transistors (not numbered) in the

plurality of pad cells 20-22 and 40, combined with the circuitry.that

controls the gates of these transistors (FIG. 3), function as a plurality of

pull-up circuits. A primary intent of the ESD circuit shown in FIG. 2 is

to maximize Vgs for the multiple clamp NMOSFETSs 36 and 46 in each
25 1/O and power supply pad cell, respectively, in order to minimize the

effective on-resistance of these shunting devjces. In the ESD network

simulation described above, with onty minimal degradation along the



via trigger circuit 50, to gate each of the distributed clanp NMOSFETs 36
and 46. In the previously described prior art network sinulaébog ?
referencing FIG 1, the peak Trigger bus voltage was only 4.8Yv P 5.2[][11r
Recal | whado4iizy7on-r esi stance of a clanp NMOSFET i s ap@r/ostaeanzisse

i nversely proportional to Vgs under these bias conditions. Therefore, the
ESD protection network 9 illustrat ed2Pn FIG 2, alnost halves the on-

resi stance of the distributed clanp NMOSFETs. Wth the gate of each '10
cl anp NMOSFET bi ased to near the highest voltage on the IC, the on-

r esi st ancepath, thee fult vebtpaghMIIHE stiessed T4Otpade(8.Oniolts)iiz edupled enteel ps

maxi m ze the distributed rail. clanp network performance and mnim ze the
| ayout ar d¢herRgostrtaus 12 VﬁmW@&HEn;?(ﬂébiheESDUplﬁd enta the diiggerbys 16mhi s

"boost ed" ESD network desi gned as taught herein provides 15 enhanced ESD

pr ot ect i orviadriggep stsait 20, thegate icach ot thei disbuted slampNMOSEHETS A key
requi rement for effective operation of the, boosted ESD .network descri bed
above is tinanduid.dinsthe pravaensy ascRibedmrier aynetwer #YORnough to

limt the peak volt t the stressed.1/0 pad to 20 hel t defi ned

vol tage’ t Hﬁ@@ﬁapmg g?& ib ﬂlﬁﬁe%ﬁ%gﬁr by ¢ Wﬂ‘?é?"gﬁ’o‘ﬁg‘f -el ements in
ESD protectio etwprk 9' in FIG .2 I ch,ar | he critica ath for
char gi ng dteeal B thresrresislance pf 2yt MVOSKET A arpronisaaiet) 34,
incremental bus resistors R3 for the Boost bus, elenments in tri %gér
circuit 50nversely proposiional to Mgsundenthese keas eonditionss Thetgdere, Big . nust
be properly sized to achieve this requirenent. It is an advantage of the
present i RSDtprotedtion netiverk 8 itlnstratad/irs FHGL 2c ahmesit kalvesdheant hr ough t hi s
critical path during an ESD event, these elenments are ,1 0 NOV 2004 VO . )
2004/ 0157 TésiBamdes0he/ dizainted 21 angs NIWQS B st WVithethet gate ofezpghr enent |
even for networks containing very .

10 clamp NMOSFET biased to near the highest voltage on the IC, the on-
resistance of each clamp NMOSFET is effectively minimized. This helps -
maximize the distributed rail clamp network performance and minimize
the layout area required to implement robust ESD protection circuits.

This “boosted” ESD network designed as taught berein pfovides

15 enhanced ESD protection as compared to the prior art circuit shown in

FIG. 1.

A key requirement for effective operation of the boosted ESD
network described above is that the distributed clamp NMOSFET's turn )
on guickly enough to limit the peak voltage at the stressed I/0 pad to

20 below the defined voltage threshold for failure for that I/0 pad.

 Therefore the elements in ESD protection network 9in FIG. 2 which are
in the critical path for charging the clamp NMOSFETs 36 and 46 gates,
including PMOSFET 34, incremental bus resistors R3 for the Boost bus,
elements in trigger circuit 50, and incremental bus resistors R2 for the

25 Trigger bus, must be properly sized to achieve this requirement. It is an
advantage of the present invention that, due to the very small currents

routed through this critical path during an ESD event, these elements are




| arge nunbers of 1/0O pads. There are multiple further benefits to this
schene. First, the increnental bus resistors R3 for the I?' &9@?@42 and

R2 for the Trlgger bus 16 nay be nuch larger than the associ

resi st Y@ 2001576 t he ESD bus 14. Therefore the Boost PETEISEM3EES0 buses

need only occupy a small fraction of ,fhe |l ayout area in the |IC periphery
consuned by the ESD bus. Second, eve|$1vmth sonewhat resistive increnental
bus resistors R3 and R2, there is very little IR voltage drop along these
two buses, due to the small currents routed onto these buses . 10 during an
ESD event . emﬂbr&m douneefdhis rquitemen exay fioe nerwosks eontainysg iryt ance

f tr d t hout f tl t t Kk
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cl anp NMOSFETs 36 and 46 a 25 single trigger ci For the

reasons dedeong keseatipy buséd)QIued HeBrhal Hofredits 2oufeddntbUubiedAbagHTENt S
typically greater than the ‘total bus Iength around the 1 0 NOV 2004 WO

2004/ Qb 7 R aFS0 e RL 8 Therefite trigger circuit 50 may be placed a large

distance away from the stressed /O pad, without significantly impacting
network performance. Third, due also to the minimal IR voltage drops
along the Boost bus 12, large numbers of trigger circuits may be placed in
parallel along the Boost bus, without any significant bus voltage
15 contention problems as seen with prior circuits.
In a preferred form, multiple trigger circuits, such as trigger circuit
50, will be distributed along the Boost bus 12 with a frequency ranging
from every 5 to 20 I/O pad cells. However, in certain ai)p]ications, more
“or less frequent placements may be preferable. In most any case, the
20 maximum allowed distance between adjacent trigger circuits will be
- much.larger than the physical width along the Boost bus of a single I/O
pad cell. This maximum distance is set to minimize the slight IR voltage
drops and RC delays which may occur along the Boost and Trigger buses,.
and also to limit how many gates of clamp NMOSFETs 36 and 46 a
25 single trigger circuit must drive.
For the reasons described above, the maximum length of an ESD

bus 14 segment is typically greater than the total bus length around the



peri phery of an IC. Therefore the distributed ESD network 9 illustrated -in
FIG 2 may be inplemented in a preferred enbodi ment in whighyshellsour
buses ring the periphery of the IC, protecting all, or a subset of the 110
and powes 2e401H7y% pads in the I1C. In alternate enbodi mri/es20034@2280 Tri gger
bus 16 may be divided into nultiple, separate segnents along the ESD bus
14 and Boost bus 12. For exanple, th@2ful | network of distributed clanp
NMOSFETs 36 and 46 may be partitioned into multiple smaller networks so
that each smaller network of clanp NMOSFETs is gated by a single Trigger
bus segnenseripheiynst 4n IC dhesrefiore thegiismibuted EShsietoouki®illustiaedt one
trigger cirtcuit 50 to at |east one clanp NMOSFET 36 or 46. Wth the

conf i gur atindGs2 inhdpberiaipldmientdd G arefestedembeodiment $i gwhighdhghy si cal

| ayout is greatly sinplified. In one enbodinent, all the ESD el enents
wi t hi n 1/ Gomatuses rim2theayertphenyrefided G, prateating allagnasubsetcel theand thi s
cell placed in all the functional 1/0 pad cells on the, IC | kewt se, all

the ESD ell¢@mmdspowepsuwpply ppds i theilCelln alterpate emmbodimghtiedd®n a second
| ayout cell and this cell placed in all the functional ower. supply pad
cel I s dh thdgge bundpanayde Wéd%%rlﬂuitﬁp eF?Parﬁ%ﬁ‘F%m,gnﬁ z[\]ﬁmgp a few
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oper at ikf)n,S;Tiahq@quégg@a?SB@g?@%ﬁ]g@?ﬁ;g ?%bm pr ot ect i‘on
and much 1608 9 SRSnlE TIRRAUERRlofl ALCHREI TRk PlReBiche T2 TR
13 NM #0031 alffle 1t Ydst oreth g 522 UrAM1£ 2638 at least one clamp

"NMOSFET 36 or 46.
With the configuration as illustrated in FIG. 2, ESD network

design and physical layout is greatly simplified. In one embodiment, all

the ESD elements within /O pad cell 22 may be arranged in a first layout
15 cell and this cell placed in all the functional /O pad cells on the IC.

Likewise, all the ESD elements in power supply pad cell 40 may be

arranged in a second layout cell and this cell placed in all the functional

power supply pad cells on the IC. Therefore this network is very

modular, with only a few elements repeated numerous times. Note that
20 by placing trigger circuits 50 in each power supply pad cell 40 as shown

- in FIG. 2, the frequency of placement requirement for trigger circuits
should be met, since in most IC designs, power supply pads must be this
- frequently placed. Therefore, in most cases, simply placing the pad cells

as needed for normal circuit operation, will guarantee a robust, cofrecﬂy
25 implemented ESD protection network. This makes the ESD network 9 of

FIG. 2 very simple to implement and much less prone to design and

layout errors than prior art circuits.



-23 In one exanple of ESD network 9, the diode 33 is formﬁzwy active
in an NVELL diode, with a P+ active perinmeter of 400 mc ct ual

di mensi ons are provided by way of exanple only and may vary significantly
depend204¢B17The specific application. The di ode 3PCrgIszo03H2286e as a N+
active in P-substrate diode, with a active perinmeter of 400 m crons.
PMOSFET 34 has a channel wi dth of 60“vhicrons and a channel length of 0.45
m crons. NMOSFET 36 has a channel width of 180 microns and a channel

| ength of 0.45 microns. The increnental ESD bus resistance Rl i s assuned
to be about 0.2 ommexample 6bFES2 petarny 21the dodenbhisformedaen Bius
resistance R2 is assuned to_be about 15 ohms, and the cor respondi ng

i ncr enent ActigigderamdEVELd: diedravith 3 B+asiiveaerpetes ol Ml mieransms. The

mcrerrent;{ Vs bus resi stance (notf, shown in FIG}F{ i i s,assuned to be
about 0.2 Wnﬁ@nér?fﬁﬂﬂm )51“’2% onpy, g IBHVARAL | anp

éNmNé'?E_ETaEGéﬂiﬁc’@%ﬁ qie' £ hpen th f&ﬁﬁ%ﬁgﬁl& c%tiolihiﬂ‘éecﬁeﬁel P rout
{ESL;? 6{}1”?5'9 bt o Pl PG i R Al SR ARG
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ﬁgfugﬁgv\; ??\nlﬁ%@ﬁgxg?&ona I?Spgl\kg\?%%ry pa s£lI lllgnﬁad ce u(ppl ?‘/olrous’
exanpl e VipRa, m}s/%sta\)?\lo%hgﬁnﬁ%l JepvRi of PR Eﬁﬂlscei'llleéﬁ)creﬁ?e)htﬂ ESI;be pl aced

in the sane. ESD ne t hat | the ESD bus 14 serves as a
positive Bﬁ@@ésﬁtmizlembl@as@ﬂﬁe&@ﬂ%omodmasmm THeRlo redpotngd to the
IC, then VDDI, VDD2 and VDD3, may not exceed the ESD bus supply Vol tage
duringon Omtmdlﬁal)?ﬂﬂrggbt bus rasiftance R2319@dsumed to be about 15 ohms,

and the corresponding incremental Boost bus resistance R3 is assumed to
be about 5 ohms. The incremental Vg bus resistance (not shown in FIG.
2) is assumed to be about 0.25 ochms. It is an advantage of the present
invention that clamp NMOSFET 36 in I/O pad cell 22 may typically be

15 reduced 40-50% in channel width, and therefore layout area, as compared
to the prior art circuit described in FIG. 1. This is due to the higher Vg
on the clamp NMOSFETs provided by the boosted network described

herein.

In the illustrated embodiment of the ESD network 9 as shown in
| 20 FIG. 2, ESD protectlon 18 prowded for the power supply pad Vpp; In
| power supply pad cell 40. Ttis assumed that this pad connects to 2
separate positive power supply bus, not shown in FIG. 2. Additional
power supply pads and pad cells, for ekample Vobpz, Vo3, similar to
power supply pad cell 40, may also be placed in the same ESD network 9. .
25 Note that if the ESD bus 14 serves as a positive power supply bus, and
connects to a power supply external to the IC, then Vpp, Vpp, and Vpps,

may not exceed the ESD bus supply voltage during normat IC operation,



WO 2004/ 015776 PCT/ US2003/ 022850 -24 to prevent | eakage due to forward

bi asi ng of di ode 43. However, if the ESD bus 14 is not ﬁO@nﬁﬁgeﬁ]ﬂQ}o an
external power supply, then VDDl1, VDD2 and VDD3 nmay eac o] ct' to

ext er navo pamwors7gappl ies with differing voltage | evel BCT/U5R20PH§23850
configuration, during normal 1C operation, the 5 ESD bus 14 will sinply
rise to a voltage | evel one diode dr6p bel ow the highest of VDD1, VDD2, O
VDD3, due to forward biasing of diode 43 in the highest voltage power

supply pad cell. It should be well understood that although specific
f unct i ons, tespieiveas lddkagendetmborverd ftigsingaledigsierd 3 .a S vgeerr, € ch of the
pad cells in FIG 2, other pad cell functions may 10 be used. In an

al t er nat e ESBvbusrddtisafoteopngetefbiokamexterpplpower sEBPLY, dhe’ Ypoan¥pbapaci t or
53 may be fIig})ed about node 56 so that the resi stﬁr IS aﬁgf Led to the Vss
bus and t hand Myasimay eash conpestta exteraalRRYer sURPIGY PHth &r ansi ent

detector configured in_this way, the buffer circuit. 15 54. may, utilize, for
exanpl e, ayolagmlevgibeln @lsﬁf&n%ﬁﬂeg?@&gma}iIrG/@P?@i‘%iB%s Those

] ;k?'g% te:i@g l”ﬁé%@%ﬁflgvhi siPelY sk iAol o bl o MR
54 i F1 G Higheet o Vemndtons R aves AR o PR BiA0e B e e 7 150 ¢
o por f or ieheStveAfe Pl ipbLRAA TN RRFOMA Bl ihdepGbodhabe used
or ot ect ed TR B SEGiRcAREROTS SR PR A0 Rifer PRMPRAVEBELAD) (87 5™ or

near a voltage dene leeniyohtEes 3 eBkr phdicell Feetionbysiay2, | oca
25 to thatdht}'rrbéger %ﬁ}gt&?'tthéﬁ? shoul d "be pdi nt ed?out t hat the voltage S
threshphd gle or circuit found in the prior art and described earlier,
does. not work well in. the.

In an alternate embodiment of ESD network 9 in FIG. 2, resistor 52

£)

and capacitor 53 may be flipped about node 56 so that the resistor is
coupled to the Vs bus and the capacitor is coupled to the Boost bus.
With the RC transient detector configured in this way, the buffer circuit
15 54 may utilize, for example, an even number of series-connected CMOS
inverter stages. Those skilled in the art will recognize that there are
- multiple additional transient detector circuits than the one shown in FIG.
2 that will effectively serve in this application. The function of the buifer
circuit 54 in FIG. 2 is to sense, invert, and amplify the transient detector’
20 output signal at node 56. There are many common circuits that may be
| used to perform these functions. In geheral, a trigger circu_it 50is.
required that senses a rapid ESD—inducéd voltage transiént (dV/dt) on any
protected I/O or power supply pad and then drives the Trigger bus 16 to
or near a voltage level equal to the voltage level of the Boost bus 1‘2, local

25 tothat trigger circnit.

It should be pointed out that the voltage threshold detector circuit

foﬁnd in the prior art and described earlier, does not work well in the




1 0 Nov 2004 WD 20041015776 PCT/ US2003/ 022850 -25 boosted ESD networ k
descri bed herein. There are three primary reasons why tlc!i@ N Vtimt,case.
First, the actual voltage threshold of these detector «cirCults iIs very
sensi t MOR20PHOIEH6mal seni conduct or process vari ati onsPaRYS2004B2283hge of
operating tenperatures for the IC tage thresholds may 5 vary in a range
from2-3 volts due to these factors’**Second, there is not enough voltage
mar gi n between the mninum detector circuit voltage threshold required to
not interfere with normal |1C operation, and the defined maxi num al | owabl e
vol t age oboastedrBSEruetvakpdescaibederamn.eSbets; are thipg propasyoreasgast hr eshol d
detector must not turn on during normal 10 c|rcuyit _operation- For exanple,
an | C wi t Whypthis is theosase. dista gheae V%ﬁ@&?&h@?ﬁ"&dﬁoﬁltﬁ@%ﬁpﬁgﬁpﬁr see a
post - manuf act uri.ng bumin at VDD5.£ valts,or, higher. To.insure that the
Gotector GHEHIFHS HEBESSRALIVEtE DQRRIAL SIHGPRAVFHOT RACESS VIALORR FGnal

ot ect or % EANEE ol CPenyBecammptabees B0t s ¢ VB MeglRai ol Lol 1o
L:bspg "B bR RS AR VolbRi & MR ALY, SRl e afESS 1 U, o
reshol d | - ' ' | .
From 6. 1060 NgAgh ha R Hertvekn e thiRRp doXubTaut ol ™ 7 O"00
oot e 11 SrerhdRL iAo el WAHEFSEATIC EPetR A BEESD oven:

renote from Sse not proper|

whi ch woulids é&%ﬁaﬁrﬁlﬁﬁaéﬂdﬂwﬁbﬁgﬁ@g}%@bﬁ% ﬂfes%ba%tepdcpdﬁﬁﬁg anTBEP coul d

cause bus voltage contention pr when nmultiple trigger circuits are

di stri but gdepth ARGREID SoltabetlrdshelBdetdctoPafust e tifg on dosirgnodaakct or
circuit 51 specifically, and transient 25 detector circuits I n general, are
nuch fi@sscienitidperstion Fonsiaeaplepah 1€ winhoV] e£8.drwalts desinginvethalbove. For
these reasons, voltage threshold ’ i

' operation, will typically see a post-manufacturing burn-in at V,=5.0

volts or higher. To insure that the detector circuit does not fire during
burn-in, and to add additional margin to account for process variation, the
voltage threshold of the ESD detector circuit must typically must be set in

15 arange from 7-8 volts. This does not provide adequate margin to protect
fragile elements in the I/O pads during an ESD event. Recall that the
critical voltage failure threshold during an ESD event for an I/O pad
typically varies in a range from 6-10V. Third, due to small but
unavoidable IR voltage drops along the Boost bus 12, voltage threshold

20 detector circuits placed somewhat remote from the stressed I/O pad may
not properly detect an ESD event which would cause-a locally placed
detector circuit to fire. This could cause bus voltage contention problems
when multiple trigger circuits are distributed in parallel along the Boost
bus. The RC transient detector circuit 51 specifically, and transient

25 detector circuits in general, are much less sensitive, or immune, to the

problem areas described above. For these reasons, voltage threshold
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circuits do not work well in these distributed protectio
al ternate enbodi nrent of ESD network 9 in FIG 2, multiple

I IO

i nst ances of

buf f er wed bsbdlolis75¢8 nmay be placed in each 1/0 pad cel | POT/@S088/02285% he cl anp

NMOSFET | ocal to that pad cell, such that only the RC tra
remains in the trigger circuit 50. |8 further alternat
buffer circuit 54 nay be divided into portions, wth a f
to trigger circuit 50, and a second portion local to eac

nsi ent detector 51
e enbodi nent,

irst portion | ocal
h 110 pad cell. 10

In the ESDieiRiN@ESIS detéctor cirtcndisido RoGwork welk inthegedistiibuigid 50 is

shown in power Supply pad-cell 40. In other enbodi nents t
circuit ma%y raabtionakcewprbe placed in 1/0 pad cells 20--22,
spacer I

In addition told hnaﬂﬂemmnbodlmbnt ehESiynetwetpFlin

15 FIG 2, the individual clanp NI\/DSFETS 36 and 46 %‘i
speci al s pmstancesafduffeneisenis St may be placedHareash 1 IQ%B

s between pad cells, or wherever adeg‘gate ) ace i s_avail abl e.

One formis to provide these clanp NI\/DSF fregu
di st ri bt eheatlomp NMOSIFERUocahto Wﬁtll%‘dt cﬁ%ﬂﬁﬁé ﬁlﬁﬂ}?&s. ces 36 and

46 are shown as 20 NMOSF It sho e appreci
shunting déengent éﬁ@a@%g}lﬂ?mj“%$% %ﬁﬁfp‘ﬁl ng

his trigger
in special
shown in
so be laced in
cell tgrliven e.
I ternate
i on. For

Flera of %ﬁf&%@%ﬁwﬁﬁ ?ﬁhl} gy Tﬁﬂ@@ﬁdﬁﬁ PhftiaRs! coti 11 or
el oot 1 oni cuitys P35 Borfiti| il T Bt Eichli "L kR sfeo @ bhrith ‘?“"Mct.on

Wi | e Spect'(;éfch'\%cggd%%ﬁ' ces are illustrated, it should

be. vveI I )

10 In the ESD network 9 illustrated in FIG. 2, the trigger circuit 50 is

shown in power supply pad cell 40. In other embodiments this trigger

circuit may alternately be placed in I/O pad cells 20-22, in special spacer

cells between pad cells, or wherever adequate space is available. In

addition to the placement in IO and power supply pad cells

as shown in

15 FIG. 2, the individual clamp NMOSFETs 36 and 46 may also be placed

in special spacer cells between pad cells, or wherever space
One form is to provide these clamp NMOSFETS frequently
distributed along the ESD bus 14.

is available.

and widely

While the clamp shunting devices 36 and 46 are shown as

20 NMOSFETs, it should be appreciated that alternate shunting devices and

shunting circuits could serve this function. For example, a PMOSFET,

two or more series NMOSFETs or PMOSFETs, a junction field effect

transistor (JFET), a triggered silicon controlled rectifier (pnpn), a

Darlington configured bipolar transistor circuit, or any electronically

25 controlled switch could serve this shunting function.

While specific MOSFET devices are illustrated, it should be well

understood that ESD network 9 in the integrated circuit may be



understood that ESD network 9 in the integrated circuit my be 110 NOV 2004
WO 2004/ 01i 776 PCT/ US2003/ 0228, 50 -27 inpl enented with ot hep Nmegq}gﬁ
transistors forned by other types of sem conductor processées, such as
CMOS, wopee0t377Bi CMOS, SO and bul k, Si Ge, and ot hePGI/U$200B2858t | on, t he
di stributed ESD protection network 9_contains a 5 plurality of integrated
circuit pad cells and buses requi red’for operation of the network. Any of
the plurality of pad cells 20-22 and 40 is- subject to receiving-an

el ectrostatic discharge voltage and associated current. The circuit

oper at i onirapkanémteddwythtdthentyEsd afteamsistorefemptd y\otbenpmesed at  any

ot her pad is anal ogous to that described above for an ESD event at 10 1/0
pad 3 1. semicendesiepeocesses, spphias CMOQM hipolya BiEMQS,axdl asd pad, such
as to the VDDl _pad 41 instead of to Vss, the ESD network operation and
current phikks angdeothess. same except that diode 42 woul d provide a

return path fromthe Vss bus. 18 to rounded VDD1 41. Therefore, the
net V\ﬁr k ; hown fﬂloﬁﬁ:@u@, &ﬁ‘l" 3&%@8&%@&%?&%8‘&1%ﬁlet‘l@%gt%f’éwﬂérﬁ/ two pads
[ E ' 9. T MOSEET 58 i n .Fl 2

gguit I ie%r aﬂ“gfr’rﬁéﬂes i}?tgg e C%FH% Ibaétg%ﬁ%@?‘ﬁgﬁsg%r%ﬁﬂﬁ?&%r ?Ewe%%ﬁgiﬂ?’gges on
and i mmedPaorky eny af daephliny Of R W 2B AL bR 5 Pcsrer
58, 02 20 ASURANEYH PR IR R M SRSl et bus
eset triGRant gpPrdiff BRCTAH Wit JRCESD Shenced e Eing Vol pRbLed e s

) event. aﬂ{érrpv%ﬂ ﬁ%ﬁa&ggﬁgl ﬁm‘i%ﬁé%@ﬂbé@@bb%'fhr dhESpatvest at he vol tage

25 of ESD bus 14 ow, around one volt. However, w thout
10 1/O pad 31. I the ESD event is applied from I/O pad 31 to another pad,

such as to the V,

g Pad 41 instead of to Vg, the ESD network operation

and current paths would be the same except that diode 42 would provide

a return path from the Vss bus 18 to the grou'nded Vpp; Pad 41.

Therefore, the network shown in FIG. 2 allows for ESD protection
15 between any two pads in the ESD protection network 9.

The PMOSFET 58 in FIG. 2 forms an equilibration circuit and
provides a method to equalize the voltages on the Boost bus 12 and the
ESD bus 14 both during normal circuit operation and immediately after
an ESD event. Itis important, however, that PMOSFET 58 be

20 nonconductive during an ESD event in order that the Boost bus voltage
12 may properly exceed the ESD bus voltage 14. A primary purpose of
PMOSFET 58 is to discharge the Boost bus 12 after a first ESD event to
reset trigger circuit 50 so that it may correctly respond to a second ESD
event. Once a first ESD event is sensed and fully dissipated, the voltage

25 of ESD bus 14 will likely be low, around one volt. However, without
PMOSFET 58, there is no comparable dissipation path to Vs for charge



PMOSFET 518, there is no conparable dissipation path to Vss for charge A0
NOV 2004 WD 2004/ 015776 PCT/ US2003/ 022850 -28 on the Boost b,ug &é fgﬂzer a
first ESD event, the Boost bus 12 would renmin charged for.a¥s i ant
peri od voh 26du0es776Mhi | e this remmant charge on t he Boo®ET/BeR9031228%ul d not be
a problemfor single applied ESD events, it could be a problemif the
integrated circuit is subjected to 528 series of rapid ESD events in short
succession. Recall that the trigger circuit 50 is designed to detect an
ESD event by sensing a rapid dv/dt transition on the Boost bus 12. If the
Boost bus JiRiheRBeokpbienai nAfieerefise ESAD evenedhafBeostts 12 muldsp event
the smaller resulting dv/dt transition during the initiation of a second
ESD event memyainahadged fondeigumificant peiiod afrismer i Wiule diig genasb. Therefore,
the equilibration circuit (PMOSFET 58) is needed to proyide Eﬁharge

bl eed- of f qhetrbe borthetBoosdoss 18ugoul nef besa pmblquOEsmg\i%@PP edafter the
ESD event is over. During normal |C gperation, the Tr.igger, .bu 6 is held
to near VIBSDpexeants,itico bempgﬂémféhwmtemﬁe@em%tg%&meﬁ D 1o the

par asi 13 ¢ PeeriseohrARAMEDLCdaan Shart eCssUon MEchEeRs SEEEr 0 i ng an
assi ot PRt 505 @esignedt oo erbansids Beat By s rafri e Y/ AC L G pe
that may. deinigiena e epshuf 22 Ttk Bk bRtia MRt SR tfit  Sred in:
ncl udi rig SSRORNDALFIALech piER B AL fugeht U et etiting SVRRG e 22
as i 11 ust Agelition Filhe thd Arationlta S Al B30 WLt w8 e S are
simiaggy LaLhe P fire B 158B4FEIrRR 00 Therefore, the equilibration circuit
(PMOSFET 58) ié needed to provide a charge bleed-off path for the
Boost bus 12 to Vgg via the ESD bus 14, after the ESD event is over.

During normal IC operation, the Trigger bus 16 is held to near Vs
potential, and PMOSFET 58 will drive the Boost bus 12 to the ESD bus
15 14 voltage. A second benefit to PMOSFET 58 is provided by the
parasitic P+ drain to NWELL diode that exists within PMOSFET 58.
During an ESD event on I/0 pad 31, for example, this diode (via the ESD
bus 14) may assist PMOSFET 34 in elevating the Boost bus 12 potential.
Tt should be understood that PMOSFET 58 is only one of several devices
20 or circuits that may be used to implement these intended functions.
Hlustrated in FIG. 3 is one example of the ESD elements contained
within I/O pad céll 22 including an embodiment of the circuit that
controls the gate of PMOSFET 34. In one form, each of the /O pad cells
of FIG. 2 may be implemented as illustrated in FIG. 3 wherein the'gates
25 of each of PMOSFETS 34 are similarly controlled. For convenience of
jllustration, the same elements previously illustrated in FIG. 2 are

identically numbered in FIG. 3 such as pad 31, diode 32, clamp



il lustration, the sane elenments previously illustrated in FJél hﬁo\gr,\ﬁ%
identically nunbered in FIG 3 such as pad 31, diode 32, cl. Z &/ 2004

WD 2004/ 015776 PCT/ US2003/ 022850 -29- NMOSFET 36, di ode 33 and PMOSFET 34
as wel WQaWEBEET6 bus 12, ESD bus 14, Trigger bus 16 P&RTA/SEHE/092850 bus 18. A
PMOSFET 60 has a gate connected tocé#ﬁ]e ESD bus 14, an electrical body
connection to its source that is cdrnhected to the |I/O pad 31, and a drain
connected to a first 5 termnal of a resistor 62 at a node 61. A second
termnal of resistor 62 is connected to the Vss_bus_18. An 'npﬁgﬁf an

g S

i nverter SAMOSEBEAGidiaded3 apdEFMONSEHET 4 suwslh assBopst/ug &2

connected_to the gate of

STt GRS o
e TV M B
whi ch 15 el evates,t he .Bost, bus Voltage it . vol t age
when t isFerJé'l&afgf ggﬁgg&gﬁ%%f?,{bﬁgnﬁaﬁsé %c&?\q@é%ﬂﬁﬁﬁée%#&ﬁé%ﬁgs a )
Pow to - nERmsstEaR- e st b5 ¢ BRFLRE A EREGHTR I torcfecblo Mo eesed
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PMOSFET thres no ed up to nedr the I/O pad

vol t age. ﬁwf@ gm .| AnSIeRIé 610a BRokOFB W abnhesteditouBe SO P31 . . PMOSFET
60 may easl yS rlvganofﬁlél 61 high. Wth the input at node 6 assumng a

hi gh or aghd weatigede of idde 641¥ @bhaecd tof the Boostebishi2 gt epefatidiyOSFET 34

| ow, enabling | ow resistance source-to-drain conduction in )
10 diode 64 could be implemented as a parasitic P+ active to NWELL diode

associated with the PMOSFET 34 or may be implemented as a separate,

discrete diode.
In this embodiment, PMOSFET 34, diode 64, inverter 63,

PMOSFET 60 and resistor 62 comprise a pull-up circuit 70 which

15 elevates the Boost bus voltage to or near the I/O pad 31 voltage when this
pad is siressed during an ESD event. This circuit senses a positive ESD
event applied to IO pad 31 and drives the gate of PMOSFKET 34 low to
make PMOSFET 34 conductive. During an ESD event, when the
stressed I/0O pad voltage exceeds the local ESD bus 14 voltage by more

20 than a PMOSFET threshold voltage, node 61 is pulled up to near the I/O
pad voltage. Resistor 62 is sized to be somewhat resistive so that
PMOSFET 60 may easily drive node 61 high. With the input at node 61
assuming a high or active logic state, inverter 63 will drrive the gate of
PMOSFET 34 low, enabling low resistance source-to-drain conducﬁon in

25 PMOSFET 34. During normal operation, node 61 will be held at Vgs by
resistor 62, causing inverter 63 to hold the gate of PMOSFET 34 ata
voltage level that Iﬁakes PMOSFET 34 nonconductive. Therefore, pull-



25 PMOSFET 34. During normal operation, node 61 will be held at ﬁﬁl by
resistor 62, causing inverter 63 to hold the gate of PIVO&F@':TNB\JL a
voltage | evel that nakes PMOSFET 34 nonconductive. Therefore, pull
10NOV2QQst0d 2684/ 015776 PCT/ US2003/ 022850 -30 up ci reetai/uszpis/@esves to

el evate the Boost bus 12 to or near the pad voltage during an ESD event on
110 pad 31. It should be well undersi¥dod that nmany other circuit el enents
could alternately be used to performthe function of pull-up circuit 70 in
FIG 3. 5. For exanple, PMOSFET 34 can be replaced by an NMOSFET with

appr opri aﬁ.l?l ﬁﬁf’lﬂg &9 defvdd iR SRNALSHY Bobstbus dRttoyr wéarethaguael yoltRy©SFET 34
vy r

can be to enoved and only diode 64 used in a standal one

conf i gur a\,ek D egsdabagOpatidl 64 is used, there will be an
unavoi dabplleﬁ)@llgo%% drop of about 0.7V fromthe 1/0 pad to_the Boost Eus 10

12, during an ESEh&vidrtie wall hedérstaodvhidt ipany iother Cirewil SleTRSBIS WY Kk

performance, it has the advantage of sinplicity, as the. . - ifcuit 70
need onl y alipmatebnbeiuseditogerform the fanciean o€ pullsup lﬁﬂla%llg%% ilﬂiﬁg- 3.
Qr.,art

transistor, may also be used in |ieu of PMOSEET 34. T | or.
di stri lsut %ﬂ@jaknp]le@ﬁ’M@&%TB%bﬂﬁ@ElﬁNC%ﬂ?m NNEHSEE{];WH@ a plurality
of individual, discrete rail_clanp NMOSFETs pl ac«;ﬂ I n elacg,gi%cel | .
As descr i hpprepriatiesthangesdoshagaie cantpk CHCPEY + HFFRAGH> a8 ere
there are significant gaps between L/ Q.pad_cells, .or r gap between
pad cel | s%mbcyowdmﬁ%i @ﬁmﬁﬁﬁlgaﬁ @p@qﬁp\’f'e? Wﬁgl C. This is
due to the fact that the increnental ,ESD .bus ;2 | Rl is
pr opor t i og@nfigyrafps. Jgaéﬁ .fﬁﬂBEéﬁ?d‘?ggtlsM g}%@é’}’ﬂ?@%n RL between 1/0
pad cells | eads, diregt to varhabi |y Ay 4 @Egé e, To
adequat el {PNgVel leiﬁ@A%Q&PPﬁ#}%‘tﬂe’gvoﬁggﬁﬁg I ?‘érﬂlq% edrl{/ where R |)s
great eﬁ)t ’ 1t2r,] %u%nagma.jn %'@%ﬂf.h WAL tl‘ﬂsdévlﬂl 'Yartially reduce ESD petwork

performaﬁée, it has the advantage of simplicity, as the pull-up circuit 70

need only then contain diode 64. Other devices, such as a bipolar

transistor, may also be used in lieu of PMOSFET 34.

The prior art distributed rail clamp network described in FIG. 1

15 conthins a plurality of individual, discrete rail clamp NMOSFETSs placed
in each I/O pad cell. As described earlier, this scheme can be a limitation
in designs where there are significant gaps between I/0 pad cells or
where the gap between pad cells can vary considerably around the )
periphery of the IC. This is due to the fact that the incremental ESD bus

20 resistance R1 is proportional to this spacing. Recall that any variability in
R1 between /O pad cells leads direcily to variability in I/O pad ESD
performance. To adequately protect /O pads in the region of the IC
periphery where R1 is greatest, the clamp NMOSFET channel width in
every I/O pad cell is typically sized based on simulations assuming a

25 network with R1 fixed at the highest value found in the IC periphery.
There are multiple problems with this approach. First it is inefficient,

since the clamp NMOSFETs are oversized in those regions.of the IC



)

every I/O pad cell is typically sized based on sinulations assum ng a 25
network with R1L fixed at the highest value found in the | [peyipriday.

There are nultiple problens with this approach. First it is inefficient,

si nce MW@20WANTI7TINMOSFETs are oversi zed in those regi ®3/Ussbo3wbms¢C 1 O N O
V 2004 WD 2004/ 015776 PCT/ US2003/ 022850 -31 periphery where the 1/0O pad
cells are closely spaced. Second, t heke may be significant variability in
ESD performance fromone I/O pad to the next. Third, this approach does
not work well in an application where one or nore pad cells are placed

wi t h very peaiphery ayseredhe 14O paidgtdllsr aregclosgladspaekts Seicontdhthere asay t he Rl
associ ated with the ESD bus segnent spanning these gaps nmay be too great
for di stribeuignificantyamabilitykis SDp@’fgfmeDCC\fmenﬁ Orpard tathe approach to
reduce each of these problens is to augpent_the clanp NMOSFETs in the 110
pad cel | s Dgxt-h Thard, thisrapproach dpesmos ok weldagan applseaiton sherg pet ween
/O pad cells, as 10 8es ribed ear]Jier in references to both FIG 1 and
FIG 2. wemeonmopapagcelisrare placed with veryplsrsaaps {p thaneig &es that a

i 1 Por ant Pepsilig Ingbis,el acR L grciarrEralelie BERbESEaRen0 s descr i bed

bel i de . dul ar, ESD desi i th f i '
o ements. Saori? BBSE 2B Y bt v SR B At bR BB ESlY on 1

physi cal | Y8 WAl SR TRRE REBH L Rk hobs P RRORRCR o

cont1 puout, GBS MHOSREISAATHID, BLPS Wiy WaRERpRNeT Y. A
e on - of S T e R R P B e ormance
- 10 described earlier in references to both FIG. 1 and FIG. 2. While it may be
effective, this approach typically requires that a large number of unique
spacer cells be designed and placed for multiple different spacing
between pad cells. Therefore, the embodiments described below provide

a more modular ESD design, with fewer unique design elements, where

15 desired.

It is one goal of the present invention to implement an ESD
protection network wherein the rail clamp NMOSFETs are physically
separated from the I/O pad cells and placed in a substantially continuous
and vniformly distributed manner around the IC periphery. As will be

20 described in reference to FIG. 4 and FIG. 5 below, this new ESD network
scheme allows for minimum rail clamp NMOSFET channel widths in the
region of each /O pad cell, and minimum variability in ESD performance
from one I/0O pad to the next, while allowing the maximum flexibility to
place 1/O pad cells around the IC periphery with any arbitrary spacing.

25 Nlustrated in FIG. 4 is a portion of an ESD network 100 for
protecting a plurality of I/O and power supply pad cells in an IC. /O pad
cells 120 and 121 are shown. A Boostbus 110, an ESD bus 111, a



fromone 1/0 pad to the next, while allowng the maximnumflexibility to -
pl ace 1/0 pad cells around the I C periphery with any arbitr&rM ﬁp?@i ng. 25
[l'lustrated in FIG 4 is a portion of an ESD network 100 fio‘ 9 o] éting a
pl ur al g 2@f/0157@ and power supply pad cells in an |. @cwuSxopier2ssel | s 120
and 121 are shown. A Boost bus 110, an ESD bus 111, a . 10 NOV 2004 WO
2004/ 01776 PCT/ US2003/ 022850 -32 Tr i“%er bus 112 and a Vss bus 113 are
provided as in the simlar ESD protection network 9 of FIG 2. A network
160 of clanmp NMOSFETs 150-159 is distributed along the |ength of the ESD
bus 111. Bapdpetitanpl 12NEEREV 53 s 15S mespravided as tothesimedar ESIhe ESD bus
111, a source 5 connected to the Vss bus 113, and a gate connected to the
Tri gger bysotetfidn mdworkithof HIG. &. aAmetmosked abolange NMOREE s soci at ed
with 1/0 pad cells 120 and 121, and are instead grouped fogether in a
separat e 180s159 nidisdribhtadhalampsibeiengtinef the ESD gﬂ& drlile CHEPRrent al

bus resistors R4 is shown along the ESD 10 bus || et n each of the

ol 2’ NVOBAERSHEG. 150.159 Bamaiinin cernacicdto the SRR e SOUCE: or o Rs

and R6 is shown along the Tri r us 112 and f he Boost, .bus 110, -

r especi véeppnectgdiorthsi ¥spbus %ﬂg» P@‘? agipe CR@PeF@Brthg'ﬁtstngggr éPFect i ve

cor  espond 13 ot Wt (s ¢ arap INQSER TS a0 horirirocRisd Hh 1he pus
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. 10 bus 111 between each of the clamp NMOSFETs 150-159. A similar

series of incremental bus resistors R5 and R6 is shown along the Trigger
bus 112 and the Boost bus 110, respectively. Each resistor (R4, RS, and
R6) répresents the effective distributed parasitic metal resistance for that
segment of the corresponding bus between two adjacent clamp

15 NMOSFETs 150-159. The bus length from the physical center of one
such clamp NMOSFET to the physical center of the adjacent clamp
NMOSFET may, for example, be used in making these resistance

_ calculations. Incremental bus resistors may also be shown on the Vgs
~ bus, but are not included in FIG. 4 in order to clarify the schematic.

20 The Boost bus 110, ESD bus 111, Trigger bus 112 and Vgs bus 113
may extend along the periphery of the IC expanding the ESD protection
network 100, including the rail clamp NMOSFET network 160 as shown

- by the dots in FIG. 4, to include additional pad cells (not shown) which
~ may be provided along the periphery of the IC. Ina preferred |

25 embodiment, the four buses should be continuous around the integrated
circuit periphery or the periphery of a semiconductor die, protecting most

or all of the pads in the IC or die. In the event the ESD bus 111_i§ p:9}§en



network 100, including the rail clanp NMOSFET network 160 as shown by the
dots in FIG 4, to include additional pad cells (not shom)']nghyglv 20y be
provi ded al ong the periphery of the IC. In a preferred 25 enbodi nent, the
f our bWEOMOHHST6d be conti nuous around the integrat eBCT/ESWHPI28Fer i phery or
t he periphery of a sem conductor die, protecting nost or all of the pads
in the ICor die. In the event the bus 111 is broken 1 0 NOV 2004 WO
2004/ 015776 PCT/ US2003/ 022850 -33 at any point, then large, discrete rail
clanp NMOSFETs are required at or near the ends of the bus_ to properly
prot ect | alCupapoind, themplaageddiseraterad clamp NMOAEHIsareequigd a0y 120 in
FIG 4 includes an external connectjon padsﬁ 1, .5 ? di ode, 132 (not shown
in FIG 4neantherends ofithe tmts &) prapeglyopeotgetsl cellp easfheni ode 132,
which is not shown in FIG 4 for clarity, has an anode term nal connected
to the vsendhgtth@dus. cat hode terninal connected to the 1/0 pad 131. Di ode

tor m:ﬁzl j&ﬁﬂi&&é%é selliza ?%ﬁﬂc&%ffs“%eh” %g%ﬂ%@ﬁﬁég%ﬁdnﬂ%ﬁiﬂﬁﬁﬁefa ed
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t hese out Vers, the input circurtry;” and other circulit conponents

requi 1 od § g dapLAR) hd DOPRRA LDIMAOI B3 aridie iimiha] | ar to 1/0 pad

cell 120. s e I't 1nc es the. sane circuitry as found in

) 1/0 pad cgddnektdd _t@mesfmgggamﬁl hd 4 cafodteralindhcomdotéd td théut required

for proper operation o
10 ESD bus 111. PMOSFET 134 has a drain connected to the I/O pad and a

source connected to the Boost bus 110. The gate of PMOSFET 134 1s

coupled to a control signal as described in connection with FIG. 3. Note
that there is no clamp NMOSFET specific to I/O pad cell 120. Not
shown in T/O pad cell 120, but typically found in such pad cells are the

15 PMOSFET and NMOSFET output drivers, the pre-driver cifcuitry for
these output drivers, the input circuitry, and other circuit components
required for normal I/O operation. J/O pad cell 121 is similar to /O pad
cell 120. In this embodiment, it includes the same circuitry as found in
1/0 pad cell 120, as shown in FIG. 4.

20 Not shown in FIG. 4, but required for proper operation of ESD
network 100 is one or more trigger circuits analogous to .triggef circuit 50 -
in FIG. 2. These trigger circuits may be placed optionally in I/O pad cells
120-121, in power supply pad cells, in special spacer cells between pad
cells, or wherever adequate space is available. An optional equa]izﬁtion

25 circuit (not shown), analogous to PMOSFET 58 of FIG. 2, may be
connected between Boost bus 110 and the ESD bus 111 and gated by the
Trigger bus 112, for maintaining the Boost bus 110 and the ESD bus _1 11



network 100 is one or nore trigger circuits analogous to :trigger cni cuit
50 in FIG 2. These trigger circuits may be placed optiondl(yidh HDZD pad
cells 120-121, in power supply pad cells, in special spacer cells between
pad ceald moyms7wher ever adequate space is avail abl e. PER/USRRO3®AZH0
equalization 25 circuit (not shown), anal ogous to PMOSFET 58 of FIG 2, may
be connected between Boost bus 11034nd the ESD bus 111 and gated by the
Trigger bus 112, for nmintaining the Boost bus 110 and the ESD bus 111 N O
V 2004 WD 20041015776 PCT/ US2003/022850 -34 at related potentials during

normal ci ﬁﬁélﬁteﬁ@ﬁftéﬁﬁ@l@ @nthahbemahcicsi oparation akdkafjer aafiffld of the ESD
network 100 illustrated in FIG 4 is the clanp NMOSFET network 160, which

is inpl engpdgd separate fromthe 5 1/0 pad cells 120-121, and which
conprises an array of individual clanp NMOSFETs 150-159_di sér_i uted in a
somewhat cont i Aaess featdraiof the ESDmetweriall 0g1lusaated lyﬂeﬂdéh Ay therhere are
two i nportant requirenments for the nost. efficient possible.i r}ﬁéﬁment ation
of clanp dluBsFNMQSKETaetsank Tk which isimplepsnated seRaEG{TaMRdDfet wor k
160 be placed with an 10 essenti.ally constant cl an‘BE IHE/ES@ET crannel wi dt h
per unSt 1/éhpadceHs 126plBlisand whigh £0npEseLaR 8RrayOL NdIYIdUgL AR, v ser ved
by ESD network 100. The only .exception to this requir | scussed
earlier, NMESKHES léﬂdy%ﬁl%ﬂgﬁgﬁp Bé SQWE?&%@?%"?%&S@ UDgfosrngrn ete clanp
NMOSFETs are typically needed to oper | r-m ' | drail
cl anp 15 HEDREF .O%QJ%KQWHIR T t elaé% ﬁ%@%ﬁ&ﬁﬁ%ﬁﬁgﬁﬁ&%ﬂ%% FET
network 160 is that .there be. ng. signifi.can | phery
bet ween i aﬂﬁ Wﬁh%ﬁg@fag OF«NEE‘FE’?EISBI%%"{?%@?‘ (Zf gﬁ%ﬁ%%%q‘ Ilrllet work 160
which meej s, the L0 TEqu LSRRGS aplt (AR AUk AU e placed with an )
10 -essentially constant clamp NMOSFET channe] width per unit length of
ESD bus 111, over the region of the IC periphery served by ESD network
100. The only exception to this requirement, as discussed earlier, is at the
ends of an ESD bus segment, where large, discrete clamp NMOSFETs
are typically needed to properly terminate the distributed raii clamp
15 network. The second important requirement for the clamp NMOSFET
network 160 is that there be no significant gaps along the IC periphery
between individual clamp NMOSFETs 150-159. A clamp NMOSFET
network 160 which meets the two requirements of constant clamp .
NMOSFET width per unit length of ESD bus, and has no gaps between "
20 individual clamp NMOSFETs 150-159, over the region of the IC
periphery served by ESD network 100, may be defined as a “continuous.
shunting network.” It can be shown that this ideal network provides two
very important advantages. First, it insures that the I/O pad ESD
performance will be constant, independent of physical placement of the
25 1/O pad cell along the IC periphery. Second, it provides this uniform
protection to all pads while utilizing a minimum total combined rail

clamp NMOSFET channel width throughout the network. For these



NMOSFET wi dth per unit |ength of ESD bus, and has no gaps bet b
I ndi vi dual cl anp NMOSFETs 150- 159, over the regl on of t N@\J\Aﬁ@rl phery
served by ESD network 100, nay be defined as a "conti nuous shunti ng

net wor WG 2008/05a16 be shown that this ideal network precrdszomwerssyery

| nportant advantages. First, it insures that the 1/0 pad ESD perfornmance
will be constant, independent of physical placenent of the 25 |/O pad cell
along the I C periphery. Second, it provides this uniform protection to all
pads while utilizing a mninumtotal combined rail clanp NMOSFET channel
wi dt h t hr oergoasy it tid theradost efficiomt anﬂaaﬁnp@cﬂ\isﬂﬁi@@hwi@ﬁOMOl 5776

PCT/ US2003/ 022550 -35 reasons, it is the nost efficient and conpact

possi bl e ppkimentationpfardistabiiter! ckamp NMOSBETenetsrenkpl (MVESFET net wor k
160 for protecting a distributed array of I/0 and power supply pads. A
further puniactinge distrbutediarrayof WO eadpowensipply pagds: A MBFBERMVOSFET 5
channel width is that. it _.also mnim zes,the, off state I%ﬁg t hrough the
net wor k dﬁdﬁ’ﬁﬁaﬁ%i@rﬂﬂmﬂ@m@ﬁt@?ﬂl qombmedgadbclapmnr Ny a physi cal

por 1 ofl of HIE) 36t 3 MEFEEE s, MRS Lo OCh H e FAARE IPOUS Bhoun.  The
conti nuous cl a NMOSFET 1 twork 160, which forns a contl nuous shunti ng
net wor k, Pgﬁwgpqq%&of%agﬁgf%féﬁag 216 of the integrated circuit. In
LI s, embod o601 1 Fnel 38 NFOBERL Y AR G bR Bl e
! %Bﬂﬁéﬁ’ﬁﬁ@%@%ﬁﬁeﬁbﬁ&%ﬁgﬁﬁaf? WEsiroL i SR oo e
’ nggfng connec on pa ]g frtl\cl)\% é%o?vmﬂgaﬁhfeeéé énﬁé‘%mﬁwﬂgd%% el _udes "
cor r eg@ONgitibrkA 60, which forms a continuous-shunting network, is positioned

along an edge 216 of the integrated circuit. In this embodiment, each of

clamp NMOSFETs 150-159 is identical, and placed as closely together as

the design rules of the process technology allow. 1/0 pad cells 120 and

121 are placed opposite the IC edge 216 from the clamp NMOSFET

15 network 160. Note that there is a significant physical space or gap

between the two I/O pad cells. I/O pad cell 120 includes an external

connection pad (not shown), a diode 132, a diode 133 corresponding to

FIG. 4, and a pull-up circuit 136. The pull-up circuit 136 is assumed

similar to or the same as the pull-up circuit 70 described in reference to

20 FIG. 3, and includes the PMOSFET 134 from FIG. 4. In this
. embodiment; I/O pad cell- 121 is -considered identical to ¥/O pad cell 120.

The Boost bus 110, the ESD Bus 111, the Trigger bus 112, and the Vg

bus 113 from FIG. 4 are not shown in FIG. 5 for clarity, but in one

embodiment, these buses may be routed in one or more layers of |

25 metallization over the clamp NMOSFET network 160 and the ESD
elements 132, 133, and 136 contained within each I/O pad cell.



FIG 4, and a pull-up circuit 136. The pull-up circuit 136 is assuned _ -
simlar to or the sane as the pull-up circuit 70 descriquﬂ N[lp\jrzﬁﬁerence to
20 FIG 3, and includes the PMOSFET 134 from FIG 4. In thi enbodi nent
1/ 0 pagccmbdmwistl i s considered identical to 1/0 padrcalis2ee@22850he Boost
bus 110, the ESD Bus 111, the Trigger bus 112, and the Vss bus 113 from
FIG 4 are not shown in FIG 5 for cB@rity, but in one enbodinent, these
buses may be routed in one or nore layers of 25 netallization over, the

cl anp NMOSFET network 160 and the ESD elenments 132, 133, and 136 contai ned

wi thin each 1/ Qiﬁ@éitl@@bla-méPMDSPET@D&O%%@%@WEEI@@TA]HSZ@OS/ 022850
-36 Since the clanp NMOSFETs 150-159 are separate fromthe 1/O pad cells,
it is a sipadlcellsnitiara sibopleanattptfortexammplat o areatmglsengleyloyouteell to
represent clanp NMOSFET 150, and then copy this single cell into a |I|inear
array of taleepieseant clamp NMOSFEACES0: and then eopyHiissingle eallimtpry 5.
network (clanp NMOSFET network 160). It can be further explained, wth the
ai d of FI tnear arraytoinidentical agutied anstanaes fh O B CORIRELS SRt di vi dual

e Rl s S ST, B Sos  L2,
or of et od WO ACRRE Co dp 4t BHRIRIIZER AT SERRBUOE AR WISHEeR) Hip NVOSFETS
scen in PRSI demm NS ERS AP Gl NpenbRie Rt e, {77
P ARG N i - 1
e tal er Ot SRR EE dadeigndin hage EER B ORI BP0 dge 276 ) °
10 performance for all the protected /O and power supply pads. Each of the
individu\al clamp NMOSFETs 150-159 occupies a certain height and
width in the IC periphery. As can be seen in FIG. 5, by abutting the
individual clamp NMOSFETSs 150-159, it is possible to minimize the
height of each clamp NMOSFET 150-159, to meet the target clamp
15 NMOSFET width per unit length of ESD bus. If there were gaps between
clamp NMOSFETs 150-159, then each clamp NMOSFET would have to
be taller, displacing I/O pads 120 and 121 further from the IC edge 216.
This can only add to the total IC area. By designing the clamp )
NMOSFET 150-159 with a constant height, and placing them in an

20 abutted manner as shown in FIG. 5, it is possible to achieve the ESD
protection network 100 in a minimum possible layout area. Note that the
distributed clamp NMOSFET network 160 layout configuration
illustrated in FIG. 5 will work equally well for large banks of mirﬁmally
spaced T/O pad cells, as well as widely spaced I/O pad cells.

25 An advantage of the ESD protection network 100 in FIG. 4 and
FIG. 5 over the circuit in FIG. 2, is that banks of I/O pad cells to the right

and left of any stressed pad are not needed to insure robust ESD



This can only add to the total 1C area. By designing the clanp NMOSFET
150-159 with a constant height, and placing themin anq.qg mazal]&ted manner
as shown in FIG 5, it is possible to achieve the ESD protection network
100 i nVeO pdowaMm possi bl e | ayout area. Note that the rdiTsuS20a3uezs30 cl anp
NMOSFET network 160 | ayout configuration illustrated in FIG 5 will work
equally well for |arge banks of m nirpé | y spaced I/O pad cells, as well as
wi dely spaced 1/0O pad cells. 25 An advantage of the ESD protection network
100 in FIG 4 and FIG 5 over the circuit in FIG 2, is that banks of 110
pad cel | s pesfarheanceghin ESBdptctection netyosk 166sds gdathppNMSFBEEeded t o

i nsure robust ESD 1 0 NOV 200r WO 2004/ 015776 PCT/ US2003/ 022850 - 37

per f or nenaetwork &80 isriorpdementedhseparaie from thenCopadrpe NmoIRETefOret wor k 160
is inplemented separate fromthe I/O pad cells. Therefore, even if only a
si ngl e 1/ evpadf esly ajsingleddOpast oeld ¢ placed long tharpakionpefthentisDi11, t hat

hi bi t_ robust _ESD per for man It is a further vant age
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protection ne OVer 'prior esigns 1s sinp Irfed ESD

desi on i NNIDSRER \dHARAREM any BoIHAInothy 16 R48MAS2 B3, and

pul I -up circuit to place 1n® _ _ S easier to
gener ape EoRiMidES shntng nedfofle the reblltingl/O PACESD performance will

be constant, independent of physical placement of the I/0pad cell. These

are significant advantages over the prior art.
A further advantage of the ESD protection network 100 over prior
art network designs is simplified ESD design within each 1/0 pad cell.

15 With only diodes 132 and 133, and pull-up circuit 136, to place in each
1/0 pad cell, it is easier to generate libraries of I/O pad cells with multiple
functional configurations, physical aspect ratios, metallization schemes,
etc. In addition, it may be convenient to create multiple clamp .
NMOSFET network 160 designs for different metallization schemes,

20 target ESD performance, etc. With these library elements available, the
optimum I/O and clamp NMOSFET network cells may be independently
chosen for any IC application. This can greatly simplify ESD network
design. | |

It should be understood that the layout of FIG. 5 is exemplary only

25 as numerous modifications.could be made. For example, the rail clamp
NMOSFET network 160 may be moved to a location opposite the /O pad
cells from the IC edge 216. Many other physical arrangements of the rail



functional configurations, physical aspect ratios, netallization schenes;

etc. In addition, it may be convenient to create nultiple .
NMOSFET network 160 designs for different netallization séﬁi?@@v 2szrtarget

ESD pewioroomewseis etc. Wth these |library el enents av&iOTAS2803/022830 opti num
1/0 and cl anp NMOSFET network cells nay be independently chosen for any IC
application. This can greatly sinpl 1‘31837 ESD network design. It should be
understood that the layout of FIG 5 is exenplary only 25 as nunerous

nodi fications. could be nade. For exanple, the rail cla NMOSFET net wor k
160 may belamy dMVIOSEETbaetvonic bifycthiet O el celds,erdthedébDclements he | C edge
216. Many ot her physical arrangenents of the rail 1 0 Nov 2004 V\?

2004/ 0157%6tRETheSAD gadoaiBsmay I8 osiearqn MIEHE TARSIRRATEARIASPEChET | / O pad
cells, or the ESD elements within the |1/Q pad cell roye. convenient.
An i npor t His easipadimenft lsmtsth@rﬁiaﬂlpmqsfgﬁdietmf(cll ET network
160, which is ideally inplenented jn arrﬂ_FW P@nd al orll_g the 1 C periphery,
i's 5 physideally/imsplementedfinamakew band along eIG REIPPETY AT i s formed by

an array of individual clanp, NVOSFET 0- 159, di st ri bu’ ed | onmewhat

conti nﬁouphﬁﬁ@auﬁisﬁﬁafﬁtmrthe%[ﬂ%fHéﬁ%\ilijzgalﬁéaﬁﬂdbg 05&[96{113??%61 portion
of the clanp FET 1 fr | reidde can be
seen 10 &Hay mﬂ Wé%@ﬂﬁwfémseﬁ%%@v@é@bﬁeu&lg% %‘51%8% H|f£r11tdi vi dual
NMOSFET segnents or fingers wired in parallel. The channel w dth di nension
of each fFAGRRUEYS AR Y EONT- the |1 C edge 216. Drain, source and gate

F G o, A dra i Tgge SRTBIH sraRRfE 1dyodk ot £ pRffon B Earkep 72 CFea o
a porti OHNTC/IGW%, froid PiS. 3% stfown in FIG. 6. Here it can be seen )
10 that clamp NMOSFET 156 is implemented as a plurality of individual
NMOSFET segments or fingers wired in parallel. The channel width
dimen.sidh of each finger is perpendicular to the IC edge 216. Drain,
source and gate regions of a single NMOSFET finger within clamp
NMOSFET 156 are labeled in FIG. 6. A drain region 214 of this clamp
15 NMOSFET finger is connected to a portion of the metal ESD bus 202. A
. source region 210 of this clamp NMOSFET finger is connected to a
portion of the metal Vs bus 206. Four square contacts to the N+ active
are shown in the source and drain regions of each finger. A gate region
208 of this clamp NMOSFET finger is connected to a portion of the
.20 Trigger bus 204. The multi-finger clamp NMOSFET 156 is formed from
alternating drain and source regions between the gate regions. Clamp -
NMOSFET 156 may contain additional fingers to the right and left of
those drawn, as indicated by the dots in FIG. 6. Clamp NMOSFET 156
may also contain fewer fingers than shown in FIG. 6. In a preferred form
25  of clamp NMOSFET network 160, clamip NMOSFETSs 150-159 are '
identical abutted elements. Therefore the precise number of clamp

NMOSFET fingers in each individual clamp NMOSFET 150-159 18 not



source region 210 of this clanp NMOSFET finger is connected to a portion
of the netal V55 bus 206. Four square contacts to the | re shown
in the source and drain regions of each finger. A gateNﬁe@ﬁm\y@Bg of this
cl anp NEdEMIFTOQger i s connected to a portion of thec3fustoszgaesso bus 204.
The mul ti-finger clanp NMOSFET 156 is fornmed from alternating drain and
source regions between the gate regi¥hs. O anp - NMOSFET 156 may contain
additional fingers to the right and |eft of those drawn, as indicated by
the dots in FIG 6. Canp NMOSFET 156 nmay also contain fewer fingers than
shown in réant) n dnerehbodadednciadp NMOBSFRTNVEBASD mayvise k 160, cl anp
NMOSFETs 150-159 are identical abutted el enents. Therefore the precise
nunber of netraeyd intvESHEEe fdlage NMOSHET thatdindodopasses atipofNIBSEET 150- 159
is not 1 0 NOV 2004 WO 2004/ 015776 PCT/ US2003/022850 -39- inportant. In one
enbodi meniNMOSHE TMsriEksl (5 0Thiosimgle deviceungy ¢xXitendima HAbk% cl anp
NMOSFET t hat enconpasses all of clanp NMOSEET network 160. This _single
devi ce mapapditbrengmall ofg pestiomehthe regiogwldhe 1oy penphswipeieatedne regi on
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the chann each i
10 clamp NMOSFET network 160 is quite narrow, and does not consume

much layout area. Again, the dimensions provided herein are by way of
example only and may be varied. Note that adjustments to the clamp
NMOSFET channel width per unit length of ESD bus can be made by
simultaneously adjusting the channel width of each individual clamp

15 NMOSFET finger in clamp NMOSFET network 160.

It should be understood that the layout of FIG. 6 is exemplary only
as numerous modifications could be made. The actual physical size and
placement of the buses that connect to rail clamp NMOSFET 156 may
differ significantly from that shown in FIG. 6. In alternate embodiments,

20 clamp NMOSFET 156 may be formed from one or more clamp
- NMOSFET fingers placed parallel, rather than perpendicular to the IC
edge 216. ‘ |

It is important to note the difference between the distributed rail
clamp networks in FIG. 2 and FIG. 4. In the network described in FIG. 2,

25 clamp NMOSFETs are placed in every I/O and power supply pad cell. If
' there are significant gaps between pad cells then additional rail clamp

NMOSFETs may optionally be placed in spacer cells between pad cells.



15 NMOSFET finger in clanp NMOSFET network 160. It should be understood -
that the layout of FIG 6 is exenplary only as nunerousinodiif i¢dti ons

coul d be made. The actual physical size and placenent"of the buses that
conneciyot20oe@sizecl anp NMOSFET 156 nmay differ signif PESAVSER3ORIAR t hat shown
in FIG 6. In alternate enbodi nents, 20 clanp NMOSFET 156 may be forned
fromone or nore clanp NMOSFET fi n‘d@l’s pl aced parallel, rather than
perpendicular to the IC edge 216. It is inportant to note the difference
between the distributed rail clanp networks in FIG 2 and FIG 4. In the

net wor k dgSafpleastrited Eafefully, this appmopchwaskEvduee 8 nsasdderli n every 1/0 and
power supply pad cell. If there are significant gaps betm&gppﬁ cells then
addi ti onagoritimhowd elamp MFEFETeraﬂgﬁ- ordgweayesea gﬁI&@‘é&u er cells

bet ween pad cells. WO 2004/015776 -40 F_" ., PC]/US2003/.022850,1 f i nmpl enent ed
car ef ul | yougtonsspamer catls onst gereroly be designeddqmiigHes %BEQCWSEE‘ NMOSFET
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a single simple rail clamp NMOSFET unit cell, corresponding, for - )
10 .example, to rail clamp NMOSFET 150 in FIG. 5. This simple approach
minimizes design and layout time, network complexity, and opportunities
for error.
As described earlier, the continuous shunting network described in
reference to FIG. 4 and FIG. 5 is the most efficient possible configuration
15 for a distributed ESD network that must equally protect a plurality of I/O
and power supply pads. It is most efficient both in terms of the total
combined clamp NMOSFET channel width needed throughout the
network, and in terms of layout area required to implement this total
network. Tt should be noted that occasionally locally increasing the
20 clamp NMOSFET channel width per unit length of ESD bus, or adding
occasional gaps between clamp NMOSFET cells would not improve the
overall ESD performance. This is due to the fact that ESD performance
in an IC is typically limited by the test results from the weakest pad. A
few, more ESD robust pads do not affect the recorded overall
25 performance. Similarly, these chariges would not reduce, and may
increase the layout area required to implement a complete, robust ESD

petwork. In summary, this embodiment of the present invention p:qyides




As described earlier, the continuous shunting network described in
reference to FIG 4 and FIG 5 is the nost efficient poss»l' B! ﬂU(Vo@[ﬂ[]lrguration
15 for a distributed ESD network that nust equally protect a plurality of
1/0 amb pwwers7aupply pads. It is nost efficient bot RGTAI2BHME2EP t he t ot al
conbi ned cl anp NMOSFET channel w dth, needed throughout the network, and in
ternms of |layout area required to irrb‘“érrent this total network. It should
be noted that occasionally locally increasing the 20 clanp NMOSFET channel
width per unit length of ESD bus, or_adding _occasional_ gaps between clanp
NMOSFET calsimpleahd efficiantizSeprotection sty ork=sl pbb/'ﬁl@.ﬂhg%wt This is. due

to the fact that ESD performance in an |C | pically lin.ted the test
resul ts fconfigheatiempdereiade rail ¢lamp NM@%%@B%%P 5’6‘%‘{%‘6’% 6\{affect

t he recorded overall 25 performance. S.mlarly, these,chapges.woul d not
reduce, akb® pad C%@%B@C?ﬂénlaail@lﬁ@% F@Hﬁﬂl‘éﬂs ?Bdi%f(g@?ﬁ a conpl ete,
robust ESD network. In summ él wi s _enbodi nent of the present invention
provi des disgripied Shadiy 003/ 022850 -41 a sinple and
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speci al erations or désign rgquirenments. The ESD 10 protection

) circuits dageniiRedcht cohtidiarsas baldlesi dPretiitdraentsr Oftes BISTY

10 protection circuits described herein are scalable to smaller processing

geometrics.

Because the apparatus implementing the present invention is, for
the most part, composed of electronic components and circuits known to
those skilled in the art, circuit details have not been explained in any

15  greater extent than that considered necessary as illustrated above, for the
understanding and appreciation of the underlying concepts of the present
invention and in order not to obfuscate or distract from the teachings of
the present invention.

In the foregoing specification, the invention has been described

20  with reference to specific embodiments. However, one of ordinary skill

~ in the art appreciates-that various-modifications and changes can be made . -
without departing from the scope of the present invention as set forth in
the claims below. For example, the transistors described herein may be
implemented in any processing technology. For the MOS transistors
25 illustrated, changing the conductivity type and the associated signaling
logic are changes that are readily apparent. In certain situations, parasitic

diodes that exist naturally may be used rather than implementing discrete



geonetries. Because the apparatus inplenenting the present invenb@fn s,
for the nost part, conposed of electronic conponents ahﬁﬂﬂNﬁﬂﬂ? known to
those skilled in the art, circuit details have not been explained in any 15
gr eat ewwexbonis7ishan t hat consi dered necessary as il | PR 03B3Ye, for the
under st andi ng and appreci ation of the underlying concepts of the present
invention and in order not to obfus@e or distract fromthe t eachi ngs of
the present invention. In the foregoing specification, the invention has
been described 20 with reference to specific enbodi ments. However, one of

ordinary gkides. Aol ﬂ@a?hysﬁpbpesithnﬁﬂgtdfathe\mi@g@mlrﬂvdﬁf peldtidns and
changes can be made w Thout departing fromthe scope of the present

i nvent i oncasufigy ahddiddeswittin anidanesiniskeihepad-eelle rampbe vangd ¥Phsi st or s
descri bed herein may be inplenented in any_ praqcessi techphology. For the
MOS t r ansilgitdiasiated withous the furdiieraliy Q%@%@Fﬂu&}ﬁng?% "’Bffifée nd the
associ ated signaling |ogic_are changes that ar% readi(iélqﬁpﬁﬁrent. I n

certain sifacardimgly, therspecification sadJLEWES a%tQOSTLHEIF y be used
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10 cause any benefit, advantage, or solution to occur ot bécome more
pronounced are not to be construed as a critical, required, or essential
feature or element of any or all the claims. As used herein, the terms
"comprises," "comprising,” or any other variation thereof, are intended to
cover a non-exclusive inclusion, such that a process, method, article, or
15 apparatus that comprises a list of elements does not include only those
elements but may include other elements not expressly listed or inherent
to such process, method, article, or apparatus. Tﬁe terms a or an, as used |
herein, are defined as one or more than one. The term plurality, as used
herein, is defined as two or more than two. The term another, as used
20 herein, is defined as at least a second or more. The terms including
and/or having, as used herein, are defined as comprising (i.e., open

language). The term coupled, as used herein, is defined as connected,

. although not necessarily directty, and not necessarily mechanically.



benefits, advantages, solutions to problens, and any elenent(s) that may.
10 cause any benefit, advantage, or solution to occur or bEGoNgVndil
pronounced are not to be construed as a critical, required, or essential

f eat ur waroeebsnent of any or all the clains. As usedrOES203/01d88) t er ns
"conprises," "conprising," or any other variation thereof, are intended to
cover a non-excl usive inclusion, sué¥that a process, nethod, article, or
15 apparatus that conprises a list of elements does not include only those
el enents but may include other el enents not expressly listed or inherent
to such process, nethod, article, &LAPME atus. The terns a or an, as used
herein, are defined as one or nore than one. The termplurality, as used
herein, is defilndm sdegmtedceirevithaving andlectmostatier Msoherge (ESEY used 20
herein, is defined as at |east a second or nore. The terns including

and/ or haQiragItraCOMYEtIRgT ei n, are defined as conprising (i.e., open

| anguage). The term coupl ed, as used herein, is defined as. connected,

al t hough not n@@é@@ﬂﬂ@%‘i%@ﬁ?@?%%ﬁh@f&?&@i@éﬁ@ Pﬂ&:’ﬁaﬁ'ﬁlﬁgpéy. 10
NOV 2 004 WD _2004/ 015776 PCT/ US2003/.022850 -43 CLAIMS . 1. An integrated
circui ? hig/pAgSEhuE 488 8 _rd DSt ESp) circuitry conprising: a

Firet bus, o eouainzer snGaR biftuils Sy i ol of I BiRelify SEHRNET, o0 1S °
herer <GSR IE U | P LIRS BRI B FELB R SrEn, !
e e S bR AL e, O, 1
) shunting circuits operatgdfspai@phfihlityof pads is coupled to at least one
10 of the plurality of shunting circuits via the first bus;
the plurality of shunting circuits operate in parallel in
response to an ESD event on at Jeast one of the plurality of
pads to provide ESD protection for the plurality of pads; and
at least one of the plurality of shunting circuits is
15 coupled to the first bus, a fourth bus and the second bus; and
a trigger circuit comprising a transient detector circuit, said trigger
circuit having a first terminal coupled to each of the plurality of pads via
the third bus, a second terminal coupled to at least one of the plurélity of
shunting circuits via the fourth bus, and a third terminal coupled to the

20 second bus.

2. The integrated circuit of claim 1, wherein each of the plurality
of shunting circuits comprises a transistor, wherein a control electrode of
the transistor is coupled to the fourth bus, a first current electrode of the

25 transistor is coupled to the second bus, and a second current electrode of

the transistor is coupled to the first bus.



response to an ESD event on at |east one of the plurali Qﬂﬂi :
provide ESD protection for the plurality of pads; and at e%@y of the
plurality of shunting circuits is 15 coupled to the first bus, a fourth bus
and t hewesoeerd7ius;, and a trigger circuit conprisi nPCI/US280%022%70 det ect or
circuit, said trigger circuit having a first termnal coupled to each of
the plurality of pads via the thir s, a second term nal coupled to at

| east one of the plurality of shunting circuits via the fourth bus, and a
third termnal coupled to the 20 second bus. 2. The integrated circuit of
claim1, whereBn Fhelntefrated gitanitibf claino?, shencinnepch otila plualifs i ses a
tranS|stor wherein a control electrode of the transistor is coupled to
the fourt of brmsistofs issn NMOSKET teandisl@s. of the 25 transistor is coupl ed
to the second bus, and a second current electrode of the transistor is
coupled to the first bus. 10 NKN’2004 mo 2004/015776 PCT/ US2003/ 022850

-44 3. The integrated circuit of cl e|n ea rality of
transistors i sdarlhpoEeerated4arguit o C mi‘h ﬁ?’é’g‘?%ﬁ%e‘af)@?erﬁﬁ*rghﬁf claimi,
wherein each of the plurality 5 of pull- uits f g rises a
transi St oof pall-up carauits r@mrmmplaﬁé% i 8{1 AEHE %'ﬁdrs &éﬂ%ﬁ ni ned one
of the pIu all S and secon curr to the
third buse f?‘ﬂﬁ@gr Qtf’eﬁr g]fo%ff Qfﬂ#ﬁﬁimg’x %;&g%%eat he
plurality i rcui rises a diode having an
anode coup W&Sﬂgegfsiﬁ&ffﬁ %@%ﬁgo;tp%*lﬁ{rdqué ality of pads and a cathode
coupled to the third bus. 6. The integrated circuit of claiml, wherein
the third bus and the 15 first bus are coupled to each other via an

equilibration gl ryl fntegrated circuit of claim 1, wherein each of the plurality | )
10  of pull-up circuits further comprises a diode having an anode coupled to a
predetermined one of the plurz;]ity of pads and a cathode coupled to the
third bus.

6. The integrated circuit of claim 1, wherein the third bus and the

15 first bus are coupled to each other via an equilibration circuit.

7. The integrated circuit of claim 1, wherein the transient detector

circuit comprises a Resistor-Capacitor (RC) transient detector.

20 - 8. The integrated circuit of claim 1, wherein the plurality of pads
comprises at least one Input/Output (I/O) pad.

9. The integrated circuit of claim 1, wherein the plurality of

shunting circuits are part of a continuous shunting network around a

25 portion of a peripbery of a semiconductor die. ,




7. The integrated circuit of claim1, wherein the transheigt {g\?tzﬁ%or
circuit conprises a Resistor-Capacitor (RC) transient deét CN . . 8. The
integrated circuit of claiml1, wherein the plurality of pads conprises at

| east WAENHPHI76Qut put (1/ 0O pad. 9. The integrated REVERPI/PEEW] ai m 1,
wherein the plurality of shunting Gircuits are part of a continuous
shunting network around a 25 portiofn of a periphery of a sem conductor
die. 1 a NOV 2004 WD 2004/ 015776 PCT/ US2003/ 022850 -45 10. The integrated
circuit of claim9, further conprising a plurality of pad cells_each
conpri si ng onel®f Th@%@%& gycit Cﬁa%@@??d%%ebpomlslbg@r]%lpi'ﬁélﬁibf

pul | -up cifgcuits; and wherein the plurali f shunting.circuits .is

physi cal IQ{NP@@&PQQ e@ﬁh@é@@ﬁ@%ﬂ?ﬁﬁfﬁ%@ﬁaﬁ%oj{??ﬁ gaﬂg DPf.OL%ﬁﬁ?@ i nt egrat ed
circuit of,clajm 10, . .wherein.the plurality of, shunt}] ircuits.are forned
from a | Rt pEDUS kR od miidrin theplorfity o AR bRl ' o
claim?9, wherein I ngl e shuRt i.n ' Lt S S a portion of a

peri pheryls(ﬂehyélgfgﬁf i%‘%?g%‘iPl}ma?@%Bi‘g‘&?%%E?adﬁa‘%&or nore 110 pad cells.

13. A gethod for conpensating for electrostatic discharge (ESD) in an
integrated circuit, the nethod conprising: 15 placing a plurality of pads

i thin Lhe | ntppr ghpdublEaiid crb@HRIIGAIEN lerblipR! piaklibyop! pads Lo a

first bus via a reéspecti Irst dio evice; cou g each of the
plurali tyslﬁfntﬁ%’éir&@it@a?@f&ﬁ%cp_ﬁ%ﬂi!ﬂiﬁeaﬁﬁf@f@fﬁ&&lﬁ(@ﬁ%@é&n@h&de_ devi ce; 20
coupling a transient detector circuit to the 'second bus and a third bus,
the transient detector circuit having an output coupled to a fourth

12. The integrated circuit of claim 9, wherein a single shuniing
10 circuit spans a portion of a periphery of a semiconductor die occupied by

two or more I/0 pad cells.

13. A method for compensating for electrostatic discharge (ESD)
in an integrated circuit, the method comprising:

15 placing a plurality of pads within the integrated circuit;

coupling each of the plurality of pads to a first bus via a respective
first diode device;

coupling each of the plurality of pads to a second bus via a
respective second diode device;

20 coupling a transient detector circuit to the second bus and a third
bus, the transient detector circuit having an output coupled to a fourth
bus;

physically placing a plurality of pull-up circuits each coupled to
each of the plurality of pads and the third bus; and |

25 placing a plurality of shunting circuits, wherein at least one of the
plurality of 'shunting circuits is coupled to the first bus, the fourth bus and

the second bus.




bus; physically placing a plurality of pull-up circuits each. c led to -
each of the plurality of pads and the third bus; and 24| §I HBan’hg plurality
of shunting circuits, wherein at |east one of the plurality of shunting
circui meo papemapd ed to the first bus, the fourth bus POTHUSZGES/2e8S0nd bus. 1
0 NOV 2004 WO 200-1/015776 PCT/US2003/ 022850 -46 14. The nmethod of claim
13 further conprising: inplenenti ng'”esach of the plurality of shunting
circuits as discrete transistors. 5 15. The nethod of claim 13, further
conprising: inplementing each of the plurality of shunting circuits as a
transi stor coupled to each of the plurality of pads having a body
electrically coupled to a predeterm ned current electrode thereof and 10
bei ng control | #¢4. t oThe methdukof vkaiim13 dupbas cOMPrEANESD event at its
respective pad to pull up voltage potential_ of the third bus,in response to
the ESD event . imbplenmemting ehch ajftheipinrmlity offshuntng ewapis a5 3&0@@ :

i mpl ementing each of the plurality of pull up circuits as a diode having
an anode trenpisEdst o a predeternined one of the plurality of pads and a

cat hod§ coupled to the third bus. 20 ELECTROSTATI C DI SCHARGE PROTECTI ON
Cl RCUI JRY

15. The method of claim 13, further comprising: |
implementing each of the plurality of shuniing circuits as a
transistor coupled to each of the plurality of pads having a body
electrically coupled to a predetermined current electrode thereof and : )
10 being controlled to be conductive in response to an ESD event at its

respective pad to pull up voltage potential of the third bus in response to
the ESD event. '

16. The method of claim 13, further comprising:
15 implementing each of the plurality of pull up circuits as a diode
having an anode coupled to a predetermined one of the plurality of pads

and a cathode coupled to the third bus.

20



AND METHOD OF OPERATI ON Abstract of the Disclosure An Electrostatic
Di scharge (ESD) protection circuit (9) includes a plurality of I1/Q and

power s ]é)&aﬁ; ts (22, 40) that conprise external pafl§ §N&¥ Zuﬂfi)
circuit c} I SD protection. The protection circuit includes an

and

array of shunting devices (36, 46) cotfled in parallel between an

ESD bus (14) and a VSS bus (18) and distributed

anong the plurality of pad

cells. One or nore t |%?er circuits (50) control the shunting devices. ESD

events are cBLEEIR
bus which routes the high ESD currents to
of the multiple shunting AN METHQDLOF OPERABWON bus (12) which

ABIGDISCHARGE PROTECEEON @R QUHERRY he ESD
t he positive current electrodes

controls the trigger circuits. During an ESD event, the trigger circuits
drive the control electrodes of the shunting devices to a voltage |evel

greater than possible wi th prioAbstractcof el Discléfigeeby reducing the

on-resi stance of the shunting devices.

10

15

An Electrostatic Discharge (ESD) profection circuit (9) includes a
plurality of I/O and power supply pad cells (22, 40) that comprise
external pads (31, 41) and circuitry requiring ESD protection. The
protection circuit includes an array of shunting devices (36, 46) coupled
in parallel between an ESD bus (14) and a VSS bus (18) and distributed
among the plurality of pad cells. One or more trigger circuits (50) control
the shunting devices. ESD events are coupled from any stressed pad onto
two separate buses: the ESD bus which routes the high ESD currents to
the positive current electrodes of the multiple shunting devices, and a
Boost bus (12) which controls the trigger circuits. During an ESD event,
the trigger circuits drive the control electrodes of the shunting devices to
a voltage level greater than possible with prior art circuits, thereby

reducing the on-resistance of the shunting devices.

Figure 2 to accompany the abstract.

Figure 2 to acconpany the abstract.



