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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 consists 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/0) 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.



FIG 1 illustrates one such distributed ESD network 1000 in an IC to
protect multiple I/Ocircuits 1030-1032. Wile only three I/Ocircuits are
shown i n wbieosgleeati c, in a typical inplenentation thecaieskedsborssa
networ k woul d enconpass a nuch | arger bank of I/Ocircuits. I/Ocircuit 5
1032 includes an external connection pa& 1050 that is coupled between the
Vss bus 1042 and the VDD bus 1044. A di ode 1052 has an anode connected to
the Vss bus 1042 and a cat hode connected to the |1/O pad 1050. A diode 1053
has an anode conn&dGed Hlustiaées pe suah shstributed fsda netwenk 4088 ncan Ke vDD
bus 1044. In one exanple of ESD network 1000, 10 the diode 1053 (s forned
as a P+ acti ¢ protespaultiplo O siguitsel (iGd0321 0¥ hilesonlyr thsge KO ginquitsct i ve
in P-substrate djode.. Acla N- channel  MOSFET. (NMOSEET) .1054 i.s cgnnect ed
bet ween the ¥5%SBOWNin i aeCMABCIADR BYRICE wplén@n@&qﬁ@re %ﬁ%ﬂﬁq FET
1054 is connec%}gd to a.,. Trigger bus 10 Not Srglgm? }(9 L/O.circuit. 1032 is
the circuit r PEHEOH J¢puld ancoIpass# Buiylargei-hanls of $O Siaiitse 1O HIGHE
MOSFET ( PMOSE ._.and, N-channel { NMOSEE.T i 0 r..circuit
conponent 3 ap2dae e AR EEnacmRTsp P48 IR0k ol 5B G e
1031, each | i [ 1 it ar j 1. A
renote tri gg(lgﬁgwcﬁsr%g{ﬁ W%?rﬁ)d?&%%mgﬁgﬁ%’% t’?a‘ﬁé?g%ﬁg&% orﬁhglcl?cuit 1063
and a buffer j it 4. r\asdgs i i ihAcl udes a
capaci tor 105?911%%%%1?&%%%%%%%btﬁ%e sgkgﬁ?%%%%é%%g%%@%gga and a

resi stor 106305p0NA&sibaed 1RBIERNah AnSISTTRNRLHR] &) the 1O %/Qpah Hs d@thbde

Buffer circuit 1064 may, for exanple, contain a series of three

seri es- connegbafe&MdSo thevepl DusSE@EBESIn bAE exhaple dfESBenRetwsr ki 1ROO, at
node 1065, and the 25 output to the Trigger bus 1046 at node 1066. Each

VDD bus. 1044 ant & KNCEEET i ih | Lo SoUr 66 CoNRGELed Lo the Vee bus 1042.
WD 2004/ 0157 105RAF/fosaed3dn2 286 active in P-substrate diode. A clamp N-channel
MOSFET (NMOSFET) 1054 is connected between the Vgg 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 protectéd, such as for example P-channel MOSFET (PMOSFET)
and N-channel (NMOSFET) output drivers, and other circuit components
typically required for I/O operation. 1/O circuits 1030 and 1031, each
identical to I/O circuit 1032, are also shown in FIG. 1. A remote trigger
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 Vgg 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, contain 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. Each inverter stage
typically has a PMOSFET with its source connected to the Vpp bus 1044

and a NMOSFET with its source connected to the Vgg bus 1042.



-3 Three buses are shown in FIG 1, a Vss bus 1042, a VDD bus 1044, and a
Trigger bus 1046. These buses are typically routed around all or part of

t he |1 C pewDpherol57760 serve the /O circuits normally pl @cedszen3tonisso

region. A series of increnental bus resistors, each |labeled R1l, is showmn 5
on the VDD bus 1044 between two ad] acert 1/ 0O ci rcuits, or an I/Ocircuit
and an adj acent renote trigger circuit. Each resistor represents the
distributed parasitic netal resistance for that segnment of_ the VDD bus 1044
bet ween two adj acdireeibuses ase shvenbnsFi@nls & ssdmast H Dty Sppduscbdd4r of
one such circuit to the physical center of the adjacent circuit npy be used
10 in maki ngandes Erigger Yusidid albasebnsesarapypicalinseetedaspandal gf e al |
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circuits are b%fnﬁv@%% acgg§&%tpéikag€s.t Th‘égdl}ﬁsg%é&@ﬁ iR tHQZJthEMﬁl EeRg st s

coupl ed onto an | pad erenced to gr ss- The prirmary response of

ESD net wor k B30sich dibérit & €hd gﬁp@ﬂchff@eﬁ&r'df%é%cﬁ@&rﬁ%ﬂzdiﬁnﬂy%e bség as
foll ows. Diode 1053 forward biasés as the I/O pad voltage very quickly

ranps welll) ahpvgaking\thedbirssibagoe pabduatons. Wailiedhesd texistorngrecalde over
time (dv/dt), or voltage slew rate on the VDD

shown with the label 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/0 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 Vgs 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
FIG. 1.

Integrated circuits are often most susceptible to damage during
positive ESD events coupled onto an I/O pad referenced to grounded Vs.
The primary response of ESD network 1000 to this event applied to I/0
25 pad 1050 in FIG. 1 is as follows. Diode 1053 forward biases as the I/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



WO 2004/ 015776 PCT/ US2003/ 022850 -4 bus 1044. The RC transi ent detector
circuit 1063 is one type of voltage transient detector circuit or voltage
sl ew r at eweene@rsTiercuit. In response to the very rapi ¢CESB20030e288a dV/ dt
on the VDD Bus 1044, transient detector circuit 1063 initially holds node
1065 wel | bel ow VDD. The 5 buffer circui®t 1064 senses this i nput | ow and
outputs an inverted and anplified signal that drives the Trigger bus 1046
to VDD. This turns on the nultiple clanp NMOSFETs 1054 distributed in each
1/ O circuit. busat@4.hTheRacteansient detecton cirgjél 063ris ine typemfi wolérgasi ng
only gates of the distributed clanp NMOSFETs 1054, the resulting current
rout ed ont o ttraNsiENtgtgglor Gt onoltage SIgW Jat $ENSOR carauat: nBHIESRONSR s

R o e
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sensihg a1 aing mARSE Himd SMOSTEESPOIY diefihicl iRAch ORERELS" >
shoul d be poiNb@AAYSidAhAROR ridsls cHEUTSIDON BRvESg Bhie Uhios F el 20

threshol d detector circuit, exists | e prior art. Volta esh

detector circiifrfouted RGP INMNOSHIDI' @QSESmeere@mtiﬂp% cubens roatedn@itoahe
predet erni ned vol tage threshoid on the VDD bus has been 25 exceeded. |f

;ginioaglrjgli(?%ﬁi'g semnbtis ¢Rd6ddedry shedl.t Oncel tarmeddNVRSHES Tunelasive network
of clamp NMOSFETS acts as a low resistance shunt between the Vpp bus
1044 and the Vgg bus 1042. The clamp NMOSFETSs 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
nanoseconds), 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 NMOSFETSs

remain nonconductive.



WD 2004/ 015776 PCT/ US2003/ 022850 -5 During the ESD event described above,
the 1/0O pad 1050 voltage rises to a peak |level set by the sum of the

vol t age dwopso4#ds5t7ie peak current of the applied ESD ewemtuskéosme2sshr ough
the intended dissipation paths. In the_industry standard 200V Machi ne
Model ESD event, the 5 peak current f oreed through the 1 C may reach about
3.8A. In order to protect fragile elenents in I/Ocircuit 1032, the ESD
clanp network nust typically prevent the 1/0O pad 1050 voltage fromri sing
above a critical Dueoingte ESD event desstoeidiabovs, she IiQipeal 1950 ypltagei n a
range from 6-10V, depending on process technol ogy and output buffer

c;)nf i gur at i orisesl® Agpeakilayel sasrbyfenpim, ofthes/dtagedranseas hed2edd d for the
/O circuit and a 3.8A peak ESD current, the ne esi st apce,.t hrough the
entire dissi@ateonof tha &Spﬂaw E&D&v@@é@%&mﬂg tiaﬁr%ﬁte 1§$1PEEPYpat h

s MR G ss s R T
cireu s Sshinposbant i FElebule toohes et op Thrgh. e e
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éLSStAf,hedir ZtSIr ;&ng@?%rég@ﬁrqﬁﬁgq@%%%?{ﬁ turln%eofri: ﬁhpg?réa??e??a wever, due
of the st resgggag%g&h?%eglg?% @:d? %@egﬁgb@l&%eﬂgﬁgﬁi glzid??tod]gﬂ‘éﬂﬁf | '? Ihfay

maj ority of %E/@%@g?g(gf Pgﬁééessﬁeéhﬁﬂqﬁg?éﬂd’ Buhftasiffef com@giimor. ndi vi dual

smal | clanmp 25 nu e devices to harniessly dissipate
very largg E?Rsﬁﬁﬁﬁgﬂf&- exXdinpetad0g ke ailiventhedsHatdstot tlee D tinohitcaneat  of
| ar ge cl anp NMOSFETS,

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 clamp 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 Vg, the

20 individual clamp NMOSFETs 1054, distributed in each I/O circuit, turn
on in parallel. However, due to the resistance on the VDD bus, only the
clamp NMOSFETS 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



|/ O pads placed nost distant fromthese clanps suffer reduced ESD WO
2004/ 015776 PCT/ US2003/ 022850 -6 perfornmance due to increased
current - twoessr@Esi’st ance (I R) voltage drop fromthe stPesdsdon3/ossad to
the large clanp NMOSFETs. Note that even in the distributed small clanp
NMOSFET networks as illustrated in FIG™©-1, | arge cl anp NMOSFETs are still
needed at any point where the VDD 5 bus is broken or termnated, to
adequately protect I/0O pads near the end of that VDD bus segnent. Wt hout
this large clpanforiiSeEe o Hiaressselcunrém-timesaresisienes (IR veltagbdbop
segnent will only be able to access clanp NMOSFETs in one direction al ong
the VDD bus. fmnghgistiessed §63 paddoithe dargegeliamp MYIQSFEd§e otedbat even

performance. .In a preferred 10 confi gurati the VDD bys forns a
conti nuous r nmgh@dwﬁbut%smlls@am&ngﬁm%wr § agdtluptatad i BIHG. wit h

E:ihir iﬁf? s I Lgﬁrlgﬁé%gﬁggrg}rﬁﬁ&@?g 255 St LSl 2588 pardavheredds, ¥on al so

t ! :
ci rout try  nPaois bipRen o St atrn st o Ried 120 ids o B gger
o 5 U AN L
E e ol anp AnARREr] SR of f BT Bus RaeGRER DI 5 ablq tPafliest omY
por t1 on of |t BB o o the D B L aut ar ea.
Reduci ng | ay%nsfét@%ntd‘sfg‘iﬁ?ﬁbéﬁl? iregtidd ESD ?_@rfdrﬁ[h’ﬂc@t ) &'Ff&ﬁ%&ﬂeﬁd into

smaller 1C die size. RC transient detector ircuits typically occupy a
consi der aifj e doafiirafibBathe VgL &uRrforids 4 sSontineoddSringaaeuatftheiléhio tieatshar e
a single RC transient detector circuit 1063 anong

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
NMOSFETSs 1054 in a bank of I/O circuits. In many respects, this is
preferable to the alternate approach of placing separate trigger circuits in
each I/O circuit, to drive only the clamp NMOSFET located in that

20 individual I/O circuit. This is because, in many chip designs, the I/O
circuit is the most constrained portion of the IC periphery in terms of
substrate or physical layout area. ‘Reducing layout area in the I/O circuit
often 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 elenents
in buffer circuit 1064, on the other hand, are typically scaled WO
2004/ 015AWW6 2paI18BRB003/ 022850 -7 dependi ng on t he t ot alPCthznovslo2zssat h of
the clanp NMOSFETs that trigger circuit nust drive. As taught in U S
Patent 6,385,021, elenents of buffer c¥rcuit 1064 may be conveniently
pl aced either in renote trigger <circuit 40, in each individual /O circuit
1032, or divided into portions 5 and placed partly in the renote trigger
circuit and gapehdinignoedled tétaDchanneluwidthlof therdlanpuNMOBFE e tleatar e sone
limtations with the resulting ESD network, when placing the full buffer
circui t 1064tiigg¢heirceitonest diigeeAs taughtin U.S0Patenisd,380V2 1, elementst. One
limtation with this approach is 10 that the_ maxi num di stance between any
|/ 0 pad and iof buffersascuit dR6danay beepnveniertly placebeitken injaraate Wigeer
primarily to IR vol tage drops _ along_the, VDD bus from, tressed I/O pad to
1&%@» aedpaded

the renote t ciiggerdQiincgach indayishual il caicuhn HERPRITORSed by
simul ati ng an 58? enfnt n.the network with sLandgrd iLcuithéfgylation
tool s andOanangAlaged partiydnthe FMete HAZEET (5FYLGR .P%&@Qdi%eatc /et wor k of
FIG 1 is part of a large bank of [/Ocircuits and incremental bus
resistors. CoH&Mer the case where |/O pad 1050 experiences a positive
3. 8A peak current ESD event referenced to grounded Vss. Assune that the
si zes of diode 10¥8tund aitdhpt therapssemelldsytationsavithi the reswléimig ESkhd t he
magni t ude of resistor RL on 20 the VDD bus,,areéuﬂ%usted so that. the
si mul at ed volnesgerlornwhen placingobe full kekfer sirguidelobm thegwmole Eiggesi s ESD
event. At the peak ESD current |l evel, the vol.tage drops.across the diode
1053 and t he Cunds] 090 a8 EHBARAG. T-cEle AU B TLRSAPPRASEAS 1) 11 om
e or 009 hhiyie maxiham Aance befveen any VOPALA Yis AL rEROK 3
trigger circuit 1040 is limited, due primarily 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
I/O circuits and incremental bus resistors. Consider the case where 1/0
pad 1050 experiences a positive 3.8 A peak current ESD event referenced
to grounded Vgs. Assume that the sizes of diode 1053 and clamp
NMOSFET 1054 in each I/O 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 I/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 voltage on the VDD bus local to the stressed I/O pad is about 5.0 volts.
ESD current will be routed along the VDD bus in both directions away from
t he streswoedopidswWwst h the majority of the current shunt @dTiuseca@agkesshe WO
2004/ 015776 PCT/ US2003/ 022850 -8 distributed rail clanp NMOSFETs 1054
within 1-2 ohms of VDD bus resistance."&ote that due to this current flow,
the peak VDD bus voltage is found |ocal to the stressed |I/O pad, and drops
off in both directions anay fromthe stressed pad. In this exanple

si mul ation, tdistrimztkd ol dasmppbNMOSIFEEs 16064 within 12 ohnesiof ¥ ppdis 1030,
and renote trigger circuit 1040 are 4.7V, 4.5V, and 4.3V, respectively.
Ther ef or e t haesisgnce: eNotamghat dife ta thes diisrent Blovedthel peak Myp3rETeolagd isbe
biased to different voltage |evels depending on the proximty to the
stressed |/ Ofpaad lnsaktaethe stressedd{@ past, ©psfolif i byith wdirastiong awaym
NMOSFETs wil |, be hiased tqQ the 10 _same voltage |evel, since they are all
driven by thd® t{t’rssséé}a%eiﬁbﬂn@ examrdewauia{@mr Vep DUS6. It is

bepondont b Vlkassdptal (LR cidts doBis103Ds bad rtmdte HieBEE ettt s e
" _ ( - _ - STTES:

i i enas: heh??qr%%%?*ﬁ%é%%QHG%WQ@%%%&@Y&% Theterore ghe rralp B Blindsidiont | o
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Vol taga. (vds JBVELs feridifie ofNHEAEANER) 10 fR5yuedel IOGAL ABWAGHHCE

than the re"%agg&gf@gﬁus BF élaist%hked]ém%laﬁMMSFE\thwﬂ@b%%byed whae the

stressed 1/0 s located greater distances away fromthe renote trigger

P T valagstedes ety o dnb ) commeruer AL
bus. It is verG40 wiotiedltigher basd (6atIt 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 I/O 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 I/O pad is located greater
_distances away from the remote trigger circﬁit than in the case described
above, the IR drqp 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 the clamp

NMOSFETs 1is approximately inversely proportional to Vgs, under these



the voltage level on the Trigger bus is critical to ESD network 25
performance. The drain-to- source on-resistance of the clanp NMOSFETs is
appr oxi mewel2gpo4/nseesel y proportional to Vgs, under thes@CWDS200421856776
PCT/ US2003/ 022850 -9 bias conditions. Therefore I/O pads nost distant from
renote trigger circuits will suffer t € wor st ESD per f or mance. Anot her
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 nubfagpptendicionse Thergfere KOr pads mos0distphtfreh rempte tiiggdr al ong
the VDD bus 1044. Two trigger circuits |ocated different distances froma
stressed |/ Ocpaditaovilbseenthe worgt ESD peifosnaneeTri gger bus to different
voltage | evels. This could cause serious bus voltage contention problens.

One solution to addiiher lingit¥@bh 3EEh ¢8O BID pedtetionssiv@st dest¢bedament t he
VDD bus and place only one renote trigger circuit 1040 per VDD bus

segnment. The@{rieis thaeth@Trigger lberdt(iois subyed? tolisavingarstdge contentibad,
both to minimze IR drop froma stressed |[/Opad to a renote trigger

circuit, 3ndigsues wiengtleretire mokiplbaenmite erdghyr airsiitgl1€40rglavee inr i gger
circuit. In ICdesigns it may be very difficult to partition 15 the VDD bus
into such smpharaldelgiengthe Ws btubdOd4i sSTworlsiggel eircuitsdwcatidsdifferaned rai |
clamp network with fewer limtations on the maxi num |ength of the

prot ect ed VDDistescesTfrondastrassed 840 mad wonlthpachatiemptdeshivote THgEEG 1
contains a lurality of individual, discrete, rail c]anp NMOSFETs pl aced
in each 20 | bosdprdiffierentrvpléage lrateds.cARiHeoBld GRS PRY¥QIta®e wher e

around the. CHBITEHE profleie VBe SURLER spareshilly VOGER eREBtpie
g ;;F;Int filgﬁ a?%,s_lfeisﬁg ?o sggﬁxsein% ?Ille l{gDiDg bs 4 pvlméget (r)]m}; 8H& Te o2 tﬁggéra aoaLg cell
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

lIength of the protected Vpp bus.

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

plurality of individual, discrete, rail clamp NMOSFETs placed in each

20 I/O circuit. This scheme can be a limitation in designs where the physical
spacing between I/O circuits is large or varies considerably 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 on the number of I/Os 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 IC can vary 25
dependi ng on the nunber of 1/GCs required and the physical |1C core size.
Ther ef or ewOi2n048Y761 C desi gns, there are significant gapsThStessemssd O
circuits. In addition, it is commbn to increase the spacing between I/0 WO
2004/ 015776 PCT/ US2003/ 022850 -10 circlfits near the IC corners, to
accommodate radial bond wire sweeps in the package. There is also
typically a large gap between I/Ocircuits as the netal buses are routed
around t he | Circoiteerear the 6 cordess, to lctemhiESHaeatadialkb alied ingre pocaps of vi ew,
any gap 5 between I/Ocircuits, or any variability in gaps between I/O
circuits hasthe packgge.vE&herpmcalsotypsiype ldrgergapcectwasn Hiheipteits ap 1/ 0
pad in the center of a bank of widely spaced I/O circuits would suffer
decreased Efp pwtabbusescaretrouted aspinbthsale#oraetsn 1/ 0 pad in a bank with
physically abutted 1/Ocircuits. This is due to the fact that, in a network

10 of identical | yRoard dsstibuté @ESI haowollidekitspdins tofiietedng gipg a
resi stive power bus, the I/O pad ESD performance is very sensitive to

varyi ng i fcr beentah [1Qeitcasiss baangyariabiktyvie gaphbebleemp [XD/OBERIs.has@ne
approach taught in U S. Patent 6,385,021 to mnimze the inpact of this
probl em is negatigegntpachendiSBppdfasatnse. Koreaahipdecan &0 tpadih thet h

addi tional clanp NMOSFETs placed in spacer cells between I/O circuits.

Wil e this appnisaci 4 baek ofovidety apacdchi/fd gineyits veowlsh sitfferadecrensast enent al
VDD bus resistance Rl between clanp NMOSFETs, it typically requires that a
| arge. nunbeESdP perfereangsaieeV scas compargddpgielO pad i pak wath each

Chat ESD pr oPRoFIGaloranMbrk Y ChEIrEBHS TLbat et B TRIRGrPANBBIOR
Ther ef or 40 WRGHISRTHY E17afy RABSREFSTH NAADSFETS BRfHBERd f1ckE a' %71
‘ resistive power bus, the I/O pad ESD performance is very sensitive to
varying incremental bus resistances R1 between the clamp NMOSFETs.
One approach taught in U.S. Patent 6,385,021 to minimize the impact of
this problem, is to augment the clamp NMOSFETS in the I/O circuits

15 with additional clamp NMOSFETSs placed in spacer cells between I/0O
circuits. While this approach is effective at minimizing the worst case
incremental V__ bus resistance R1 between clamp NMOSFETs, it

_ typically requires that a large number of unique spacer cells be designed
and placed for each different spacing between I/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 I/O circuits

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



di stributed networks, the designer often sinply assunes a single Rl val ue
for incremental bus resistors between all 1/Ocircuits based on the worst
25 case awpuad4/qpatet o pad spacing in the IC. This worst PCAFS26)342185Q | S
often tw ce the m ninum pad-to-pad spacing neasured if all the 1/0
circuits were abutted. A disadvant age'1o1f' this approach is that the

resul ting WO 2004/ 015776 PCT/ US2003/ 022850 -11 required clanp NMOSFET
channel width is then about twice the wwdth that would have been required
if all the |t&uired olampWMOSFEAedhaimeltwilth iFdhen hbeat twhsothe, widthre is a
need for a new ESD network scheme which would utilize a m ni mum nunber of
uni que ESD ellmtewosld have bher meguiredaf all dhe &0 faarcutsnwararindsied aluginsl.
NMOSFET channel widths in the region of each |/Q circuit, and m ninmum
variability Fertssemasonseiheee 15 2 aeedder prowad P aatwerksghemgnvhich
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di stributed and boosted ESD protection network in accordance with the
present invention; 15 FIG 5 illustrates in perspective forma |ayout of

t he di strwbubehiard boosted ESD protection network in &crarsdenioe2sdt h t he
present invention; and FIG 6 illustrates in perspective forma |ayout of
the shunting device in accordance with!2he present invention. 20 Skilled
artisans appreciate that elenents in the figures are illustrated for
sinplicity and clarity and have not necessarily been drawn to scale. For
exanpl e, the dimensions of sBmefdDesdreptedewfthe Dmawtihes fi gures may be
exaggerated relative to other elenments to help inprove the understanding
of the enbodi nents of the present invention. 25 Detail ed Description W
2004/ 015776 PCT/ US2003/ 022850 -13 I n_known djstributed rail clanp ESD
protection circui tlhe praseabHivesItionelsadlsirasesd by wag oiexemple adguistnaig

devices are ft n. hiased at a volta | ess than | tage applied to the
positive cur e ?%’ ompanyng lggares, &Wﬁ@éﬁ@s@%@rqr}%@éhg I§AtS o

i mpl errent gqectéon circuit such that 5 the voltage applied to the
contr ol ctSF= MERB- shunting devices is greater than the voltage on

t he positlve curr Thi.s re t he an ce..of each
shunting devi ce, &ﬂg &an%ﬁﬂg%}lhaC}% 18%5{1?]1 Hatey ar‘éﬁgli ngwor Kk
perfornance, 1{edum ng the layout area required to inplenent robust ESD
protection ci 10 One enbodi nent of the present invention provides an

ESD protecti or C'F‘I@E&ﬂ fate$ th 8K HE FBP@; HMnB@Y%cggﬁ%%ﬁa&;ﬂJESﬁ' in

paral l el between and us and dirstri
protection network n 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 the 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



plurality of 1/0 and power supply pads to be protected. One or nore

trigger circuits, which my be placed in |ocations renote fromthese pads,
15 are utwbizaeh1fe control ling the individual shunti ngPdedise@s/obzssh duri ng
an ESD event, and during normal circuit_ operation. ESD events may be

coupl ed fromany stressed pad onto t\/\o'b%‘parate buses; the ESD bus which
routes the high ESD currents fromthe pad to the positive current

el ectrodes of the multiple shunting devices, and a Boost bus which 20
control s the triggakmowedistsibuGdcal clemprESDeprotectoon tacditaythescontioli t | e
current when enabl ed during an ESD event, there is alnost no IR voltage
drop al ong t ktcdoudss aithebmuigple shunting deieds pael ofien binsed at ggwltage
circuits. Therefore the trigger circuits are able to drive _the control

el ectrodes ofessHbamtheivsltagerapplieshtaitha pesitive curientielgetrodeellt isehgeal |y 25
greater than the peak vaqltage |evel on the ESD hus. In. one, enbodi nent, the

ESD bus and ©Ohdhepssteniunveriion tadmpiamsnbag profectiRmeircaiisich thak es
et ernal o e VPRAZEABHIRASD IR NDIAIECTelons! 1° g GNRAEIG5Svr
a1 L or hare: enbatAE Aeas dangotias op P Huuat BirbotEl Gt Thix e 1
the si 11 con Lo ehRBeeROLRF sl Rt Beate oo R R A8 Ter i O
Do o3 DU e 61 b AR A SRRl I RGREhen
LTk AU, SRt o IIIERRIPIRCUESD prieaiBitagtes o var ety of
gﬁl)l/mll?'n 1@& h Fz)?d ;9113@ bnbBdinke t @F3BEIpI8SEHtAnReAROA PT6VRIBI AL ESEYSE, as
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.
In one embodiment, the ESD bus and the Boost bus serve as

separate positive power supply buses that connect to power supplies



I n a physical |ayout 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

Tri gger bwe 20@6/@stféa Vss bus 18, which are al so incl ude@Crruseéns/oEBE 15
protection network 9. A series of increnental bus resistors RL is shown on
the ESD bus 14 between each of the |/O¥m power supply pad cells. A
simlar series of increnental bus resistors R2 and R3 are shown on the
Trigger bus 16 and the Boost bus 12, respectively. Each resistor (Rl, R2,
and R3) represemal tdthelCeLlikereisd the Vaybed seavesas agroendéd pesvest ance for
20 that segnment of the correspondi ng bus between two adjacent pad cells.
The bus | engishpphpbus Heatpdlgeicoanectsnoer povessapply: bxpadaks thet It e

physi cal center of the adjacent pad cell may, for exanple, be used_ in

maki ng t hese altesnateapeodunentsaany . allpf theseribree busefemay nofudire@ly st or s
along a bus are all shown with a single Ia,PeI fqr exanple , 1t _should be
25 under st oo§ONRSEL than extedpkpames shapleslbe (Ve RuspayHse decompjed fo

magni t ude _as t he. physi cal spaci bet wee ad cells . is.vari aro t he
e e the S4B as Aldve oy SURaiag G aniidt il pasnlesnbaBevs

2004/ 015776 g?:r/ USZOO?/ 022850 -15 bus, but are not included in FIG 2 in
order to clarySyWUhRehematic. It should be understood that the

e L s b
L S U S A A
2| ong. L e periphesp oloibbegh GUtiRARY HIubbes SARBY GLosiASpARIUY k © 2

ST BN SO Ol 0mmAnapSh TRt pIeKIKY Beenpite
FIG 2, it isecHsmuyest dbsdritserbin Botioa sthe@atichenke, 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 Vgg 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 Vg



may be inplenented. In a preferred form the four buses forma conplete
ring around the I C periphery, with all the I/0O and power supply pads on

t he |1 C prwDeotsdswet hi n ESD protection network 9. If theCESB20030228% i s
broken at any point, then as described earlier, |arge NMOSFET 15 cl anps
(not shown in FIG 2) nust be placed at19or near both ends of the ESD bus
segnent to properly protect 1/0O pads placed near the ends of the segnent.
/O pad cell 22 in FIG 2 includes an external connection pad 31 that is
coupl ed bet wemrs, biu¢ aBoast imnladed intHé€. S brderto, clarifly the sésamati6. s 18. A
di ode 32 has an anode term nal connected to the Vss bus 18 and a cat hode
term nal conrsheudd beamndesrstood fhad tha inoxetiendal Bas hegstans desaiked ebavaal
connected to the 1/0O pad 31 and a_cathode term nal, connected to the ESD
bus 14. A P- &N e@trablq @@@@ﬂaﬁ@&@l@@un dPM%FECPlIE& Haw. d eayrage aur r ent
el ectrode or a drain connected to the l pad 31 and a second cur.rent

el ectrode or Wasudaklecanseanence of the alo,en £ MAREIAEH FBEURIBCt T ode

be descri b 5%}%q3?mﬁ%ﬁﬁeﬁ>ﬁme% Tosabonsons perESLo0s Sh‘z’fw“éger 3% i th
cont roi &1 gnaio Padas a8 R X G HgRE t@e"rf’"e?/e%ﬁ’@{eéﬁ; tgipe ' ¢

ol 22 1 s antR Rt RS nEREAT et Bﬁﬁﬁn%dt%ﬁ%é’éﬁ%e?o HodEh o
2 sour ce,  halydGaeanges ik antiGancAY bh resiibs (LRAoparBRISTheD e

ESD bus 14. e gate connect to th i gger

1 g el e PR b,

enbodi nment , sanme circuitry-as
110 pad crd! A& célds Bhéhidwh in BI1G. 2.it 4 &¥med that smaller or larger banks

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/0 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 Vgs bus 18
and a cathode terminal connected to the I/O pad 31. A diode 33 has an
anode terminal connected to the I/O pad 31 and a cathode terminal
connected to the ESD bus 14. A P-channel or p-type transistor,
PMOSEFET 34, has a first current electrode or a drain connected to the I/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



10 NMOSFET 36 provides a direct current path between the ESD bus 14 and
the Vss bus 18, during an ESD event. Note that the individual clanps, such
as cl anp WMRBHAT536, contained within each of the |/ O padTaskoms/o2zs5e
connected in parallel to provide distributed ESD protection independent of
which 1/0 pad receives the ESD event. NdB-shown in 1/0 15 pad cell 22, is
the circuitry to be protected, such as the PMOSFET and NMOSFET out put
drivers, the pre-driver circuitry for these output drivers, the input
circuitry, anwithtREp. 8 Howevenrhmregnaposedve BSD event applied to /1O gpel at i on.
Power supply pad cell 40 in FIG 2 includes an external connection 20 pad
41 that is coghlm contobsignal veppladito neapYsshenabiimng 1¢wotesidtanes) drainnd
coupl ed between the Boost bus 12, the ESD bus 14, and the Vss bus 18. A
di ode 42, a dﬁ%wms cqlduvg@mahmughaﬂMQaSEEZraﬂ N¥sFEpnagned vaitkinol) i n
ower suppl a 40 a shoul d be assunmed_  identical to the

gnal ogougpely 5 f5§ |2r2 1S/ an Bﬂ@lt'l%@llqﬂ on-type teanssior,i app NMOSMHbFent

br ot bt 1 or nEVAHk1Gs fuRotTey KA conaepisd toAa'fxee‘?m 65 6B S oy
PCTI US2003) 029a8teTed 56 B B0 Bhisri2hinhd e b REfppoNMbSBEL 400 of ect f on
pad cails 20- IRt md i Rgatiilg ?@P&P@S@E@Q A o 'Sqﬁﬂb%ﬁ : “'de' ©
rigger ci rour,Pab el subr g RaKe %@%&‘ W 130 @?@?@534%3%%?%9@
second torm fare SaoRRty B OB Ol Bl R B ol T IRG% SR
connect edj® 0 NMOSFET 36 provides a direct current path between the ESD bus 14 and
the Vs 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 I/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
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 Vg 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/O pad cell 22. Therefore, in this
25 embodiment, the power supply pad Vpp; 41 is coupled to, and protected
by, the ESD protection network 9 just like a}n I/O pad. Alternate

embodiments may utilize different approaches for power supply pad ESD



the Vss bus 18. The trigger circuit 50 conprises a RC transi ent detector 10
circuit 51, including a resistor 52 and a capacitor 53, and a buffer
circuit WO0.2004016T7%6 enbodi ment, resistor 52 and capacit @CTES2em2mach be
formed froman NMOSFET or a PMOSFET. A first termnal of resistor 52 is
connected to the Boost bus 12. An input!éf buffer circuit 54 is connected
to a second termnal of resistor 52 and to a first term nal of capacitor
53. 15 An output of buffer circuit 54 is connected to the Trigger bus 16. A
second t er nm mpabteationg patil¢ oetahfingsthediDguiceprdtoctior agpsodetsillitrdted thi s
enbodi ment, buffer circuit 54 conprises an odd nunber of series- connected
CMOS i nver t eFI&. dhes (not shown) between the input and the output nodes.
Each inverter stage contains a PMOSFET with a source 20 connected to the
Boost bus 12 and alhevclemgr NWMKOSEETscE confsiiteed vathinHéOvssl selds 20t22.s

inportant to note that, when enabled during an ESD event, the buffer

circuit 54 skbdielagm WM&Tl%@@nm@edWﬁ}@@%ﬁt adeply pakreld d@ val ent
SRLAE CERINLE - e R
Boost 8326150”%595% i%?%#ﬁ'%&%ﬁ? el A8 el ThEgef BRI LrisReba: ment
P Us2003/ 0558840 50 B a el ReB g doblbiad &} i R TL i sesond esp bus
oper ati on,  baRT L.C#s%negﬁénd]& et 0 AR AR B OB e,

i's a goal of tBQe\fEStRISOIS)t‘T?fe't?{%%ésr&w\ﬂtggg':lr@n%esté?m% Afferlt et ti ple

|/ O and power supply pads itive couple any one of
these padg rc%fd%ﬁﬁﬂf eﬁlc‘hﬁ’dﬂlrg%'f’é%‘i‘&oifﬁ arQP a% %ﬁbn@f‘ 58X ﬁﬁH'aebuf?éDcﬁ@ﬁi’tor k

simul ation where [7Gpad 31, in a large b
54. In one embodiment, resistor 52 and capacitor 5 3 may each be formed

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

-

(D;—(J

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 Vgg 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 connected to the Boost bus 12 and a NMOSFET with source coupled to
the Vgs 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 a

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



experiences a positive 3.8A peak current ESD event referenced to grounded
Vss. Assune that the sizes of diode 33 and clanp NMOSFETs 10 36 and 46 in
each pad wel294/@sthet he magni tude of resistor RL on the EBSDUShus/02z85¢
adjusted in the sinmulation so that the voltage on I/O pad 31 rises to a
peak of 8.0V during this ESD event. The1§rri mary intended ESD current

di ssipation 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
bot h directi dasctions teelestmoalty shorthcmrpuikitSESTS bus| 14 tee theiBonspbosil@i ty to
the stressed 1/0O pad. As described earlier, there wl| be two unavoi dabl e
sources of v mlagétenraanSEe@mrandwéu@ngmwl IC oppreadican dut emaisas n
termnals of c]anmp NMOSFETs 36 and 46. First is the conbined voltage drops
of appr oxi mafBb§tantiallyreercandiciivediuriag andESD eventy esi st i ve
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that is sepa |gh current ESD bus 14. Note that during an ESD
event, tH¢ t Bicaaed 46iihGHch it Seldand eHd MR nitieleddSidsifol B 6h @ BYWSFET

gates, and therefore consunes onIy a very small fraction of the current
di ssi pated vibast hee &fusted in the simulation so that the voltage on I/O 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 NMOSFETSs
clustered in proximity to the stressed I/O pad. As described earlier, there
will be two unavoidable sources of voltage drops between the stressed
I/0 pad and the drain terminals of clamp NMOSFETSs 36 and 46. First is
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 I/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 voltages
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



bus to the nmultiple clanp NMOSFETs 36 and 46. Very little current is
routed onto the Boost bus 12, as conpared to the ESD bus 14. It is an
advant agewof2oe4aspeesent i nvention that very m ni nal | Rrealusags/odrssps 10
occur either along the Boost bus from ang stressed pad to the trigger
circuit 50, or fromthe trigger circui t19o any of the clanp NMOSFETs 36
and 46. For this reason, the voltage |evel on the clanp NMOSFET gates 1is
| argely i ndependent of the proximty of the renote trigger circuit to the

stressed |/ Ofpadd Iobalsta thesstsdsgad fpadant. keypfeatereeof thevESThpratection
circuits. 15 In the enbodi ment shown in FIG 2, PMOSFET 34 is used to -
coupl e the ESBuibiltusgeated ombilhe 2 isohpatha wigger oot 5@us nmv coupladytoa
positive ESD event applied to I1/0O pad 31, the control na connect ed to

the gate of amyosressedd/Qpagh viadheBoagthus/2 thal us(ﬁﬁpﬁgatp edugho turn
Vol t age. |20, IWERETSI BRI b Aubteshal Aang B R Brent i S?EES%%éga;l?%othe
Cont rol s” che Y st tkalistitlid P ORIBRTE] ehtemaproheiiiod pi ura ity
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/0 pad (8. 0 Adilahgded of e%@n?iﬁx%ntidlfv‘tlﬁ@ mlﬁ%lmavﬂv%f t hen

coupl ed onto the Tr gger s 16 via trigger circurt 50 ch of

the di st ri(putcRiug leaier HW@E&EBO%@ BOY fASn Aoy éth@ss@ﬂ%cptéﬁibé ioRseri bed
prior art network simulation 5 referencing FIG 1, the peak Trigger bus
vol tage was @itaui#tS0, gofiosn 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 /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 Vs, allowing PMOSFET 34 to turn on
and pull the Boost bus 12 up to or near the full stressed I/O pad voltage.
20 PMOSEFET 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 devices. In the ESD network

simulation described above, with only minimal degradation along the



Recal | that the on-resistance of a clanp NMOSFET is approxi mately

I nversely proportional to Vgs under these bias conditions. Therefore, the
ESD pr ot ewDi200m/me1mork 9 illustrated in FIG 2, al nost RramaEs2003ee285n-

resi stance of the distributed clanp NMOSFETs. Wth the gate of each 10

cl amp NMOSFET bi ased to near the hi ghes#0voltage on the IC, the on-

resi stance of each clanp NMOSFET is effectively mnimzed. This hel ps

maxi m ze the distributed rail clanp network perfornmance and mnimze the
| ayout area pathithedutlovoltageorthe stibsstd FEDppd ¢8drvolis) i caupled .ontdhi s
"boosted" ESD network designed as taught herein provides 15 enhanced ESD
protection athe Baust bustld vraePM(DSFEH?Mctheamw}ﬁhdmwnheﬂn{ggqr.bus key
requi renent for effective operation of the boosted ESD network described

above is thaivVia Haggekeircwilddl te gatheaphnsE e distrihuteshclaamp M Q@pEESs t o
limt the peak voltage atf the stressed |/O pad to 20 bel ow t he defined

vol t age thregzofmfl fﬂfgr %ﬂéhﬁlﬂréVmeY descuibesl prier artrRetveerk slWationerent s i n
ESD protection.net wor [ | G ich are in the criti th for
Char g1 ng. Sne refaasne RiedeTd, e Dok ¥Begar DU vatheedinmgnindaredts

I ncrenment al s resistors R3 for the.Boost ents in.trigger
cirourt 50, Mrral AL I, arteststndeb St Fo b MO SHIEM IS Bpi bRl s
be properly sized o achieve this requjrement.. It is_.an adyantage of the
pr esent invemveﬁseishmpca@@mi)tq Negsmd,mﬂgw Diagrgoaiions.q Jihege ?o{fi’@h this
critical path during an ESD event, these elenents are WO 2004/ 015776

PCT/ US2003/ 0 ESIB protexticeanétworki 9 eldustoatedan Kl6r.s2 ralmostdradwnes thevem- f or

net wor ks cont ai ni ng ver¥l | arge numbers of UO pads._ There are multiple
further beneff¢sigtansetdit e@&h&w@dvsﬂamp,NM@' smvithithe gate efeaclors R3

for the Bogost bus 12 an for, the Tr er. bus 16 may be ch larger than
t he assodat &lpmp NMSS%ETR%lased to near tilg 1ghest voltage gn the T&, Hle on—g

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 herein provides

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 NMOSFETS turn
on quickly enough to limit the peak voltage at the stressed I/O pad to

20 below the defined voltage threshold for failure for that I/O pad.
Therefore the elements in ESD protection network 9 in FIG. 2 which are
in the critical path for charging the clamp NMOSFETSs 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



5 resistors R1L for the ESD bus 14. Therefore the Boost and Trigger buses
need only occupy a snmall fraction of the layout area in the I C periphery
consuned W9 2001EBD bus. Second, even wi th sonewhat resiPETiUse003/0n285€MENt al
bus resistors R3 and R2, there is very lLittle IR voltage drop along these
two buses, due to the small currents roéfed onto these buses 10 duri ng an
ESD event. Therefore trigger circuit 50 may be placed a |arge distance
away fromthe stressed I/0O pad, wthout significantly inpacting network
per f or mance. €nsilydizeid ¢o atead this telgpiirenemin evER foonetwerldr opsaimhgreryhe
Boost bus 12, |arge nunbers of tri r circuits may be placed in_ _parallel
al ong t he Bodgtgengmbgirs %MOWSS?@mmlamﬁnum@e rtheg bensfitoie 8rsi on
robl enms as seen with r|or circuits, In a preferred form multiple trigger
Ei rcuits, sucsﬁi%ﬂec rFt}gbrt @lmemmenteb UTe$iSEEs R L {e5 ﬁmBaoau%rfEW@dBoost

bus 12 with ran fro eve ad ceI s. However,
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network 9 illustrated in 2 may be inplenented in a pre err
enbodi ment( i duing AntBSD é\féﬂt btz forendiddee R@uliPH@iNaPbetplecdda large

protecting all, or a subset of the
distance away from the stressed I/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 applications, 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



I/ O and power supply pads in the IC. In alternate enbodi nents, the 5.
Trigger bus 16 may be divided into nultiple, separate segnents al ong the
ESD bus IwoOand/B6wst bus 12. For exanple, the full netwecCh/uskoo3dezsse i but ed
cl anp NMOSFETs 36 and 46 nay be partitioned into nultiple snaller networks
so that each smaller network of clanp M#SFETs is gated by a single
Trigger bus segnent. A single Trigger bus segnent 10 nust couple at | east
one trigger circuit 50 to at | east one clanp NMOSFET 36 or 46. Wth the
confi gur at i opegiphiety o tanalid Therdfo@e tike dEsHbueedBiSD ndewogn9aHdstrhtesi cal

| ayout is greatly sinplified. In one enbodinment, all the ESD el enents
within I/0 pad ”&. 12 aayreyibplementegein 4 preferiadsembagdonent . edlich dpel t hi s
cell placed in all the functional 1/Q pad cells on the IC.  Likew se, all
the ESD el erréﬂusbumonmgrthgmmwlew@fdge LG4 prateeting albrorm gabsatpidheecond

e g S oG L7,
e U B T 0. 5, o A
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a
ayout errors t

and nmuch | ess prone esign an an prior art circuits.
WO 2004/ 0157 : v ne | B 9, the
i ode 33 15 EoiTERY FCARER, TRERR bum St et R e R s R, Ve
peri met er(pf ARG BUP182¢ least one trigger circuit 50 to 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 I/O pad cell 22 may be arranged in a first layout

15 cell and this cell placed in all the functional I/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, correctly

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

Iayout errors than prior art circuits.



Actual dinensions are provided by way of exanple only and may vary
significantly dependi ng upon the specific application. The diode 32 is 5
formed aswe 2bH/@E6176ve i n P-substrate diode, with a N+ aeCirusS2@sne1sse er of
400 m crons. PMOSFET 34 has a channel width of 60 microns and a channel

|l ength of 0.45 nmicrons. NMOSFET 36 has-@3-<channel w dth of 180 microns and
a channel length of 0.45 mcrons. The increnental ESD bus resistance Rl is
assunmed to be about 0.25 ohns. The corresponding 10 increnmental Trigger bus
resistance R2 i s dasmsekdmpleeofBESI nébvotloP, theadibdeit3 eoforesgrbasindyt-

i ncrenmental Boost bus resistance R3 is assumed to be about 5 ohns. The

i ncrenent al  Wstvbin aneNV¥ERdc digdmtwithalttiactive@erimptaroiA}migrens. be
about 0.25 ohms. It _is an advantage of the present _invention that clanp
NMOSFET 36 i d\etual gimensions 2ze pagvides Ryway ebexampleoakyand 18aywaky channel
wi dth, and therefore |ayout area, as ,conpared tQ the prjor_art circuit
descri-bed i nsrmeficantlydepending apos thesPecHie APPSR (he diods FETs

Eﬁgghgﬁgn$ Y oKOrmedEss Ner dE e B Resutnoate diodegvitha Ny Ay BREIUET 86 1's
Qigﬁhﬁﬁ that .e@?%rscm&?ff% 2 asharli! Sg PE 60 RGeS S anlS pus, ' °
ewarp! e vooo choae! 1egEhf o P8 migh S NIMERSERSE LR e it bF
placed in t“gﬁfﬂ%@%@@ﬁé‘&ﬂgﬁg& lé%l t%??).%‘?ﬁio%nihThE%HFfEfﬁelﬂég %Ues as

a positive p nects t0 a power supply ex to

Vol tage duri Beonet R el aaerary e Bh ST e R S S B R o
to preveny | eakRgfeitdl Tri @A s A R 20k db@fRd4d bdaBBNE1 5 ohimd,he
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 ohms. 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 protection is provided for the power supply pad Vpp; in
power supply pad cell 40. It is assumed that this pad connects to a
separate positive power sﬁpply bus, not shown in FIG. 2. Additional
power supply pads and pad cells, for eXample Vopp2, Vpps, 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 Vppi, Vppz and Vpps,

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



ESD bus 14 is not connected to an external power supply, then VDD1, VDD2
and VDD3 may each connect to external power supplies with differing

vol t age |woeber015176t hi s confi guration, during normal | CPeparsati3somsse he 5
ESD bus 14 will sinply rise to a voltage | evel one diode drop bel ow the

hi ghest of VDD1, VDD2, or VDD3, due to-4%rward biasing of diode 43 in the
hi ghest vol tage power supply pad cell. It should be well understood that

al t hough specific functions, such as I/0O and power supply, have been
assigned to ¢aphevdnttleekpge dueltbfoiwarl Giastng of hodpdd. ddbiwevencifitbes may
10 be used. In an alternate enbodi nent of ESD network 9 in FIG 2, resistor
52 .and capadSBbws3ldignokconngied tabowextaond EeveosupEy, thea Vesi Mon is
coupled to the Vss bus and the capacitor is coupled to the Bogst, bus. Wth
the RC transiaggt Vet B¥y0Radbednagatda axtermal powesy, sunpdiesuvitbditiering t 15 54
may utilize, for eﬁanple, an. even_nunber o series-c? ected. I nverter
stages. Thos&odtage leyclsn Iﬁlﬁ@l%?@nfkguratmd{;m&&npﬁma E@réﬂ%ﬁrﬁg@nv tiple
additional_tr i.ent. det.ect.or .citcuits than the .one sho in FIL.G 2 that
Wil ef fec i FO b 1A Will SimRlY i focavpliage Hreck o B1lf dron heldyy e
circuit 54 in.HG IS tQ, sensey, i nvert nd anplify th r ansh €n

det ector 20 5\5%15‘?&‘? Oii%‘?l%ii 202y Dby, AU, ﬁowg%%ﬁ%ﬂﬁg#(% %%Ella&]get hat
may be wused.t r t ' n ' ' [t 50
' Fequi red T EaRR el nOREp MRS weflo AP SBFIRLRe Bl bABES R o
any protect I | ' bus 16
to or near z;e‘&it\?(gyl41 ggg@ q%g@g:ﬁg%@:ﬂ’tsg%ﬁ h%%g%ggggﬁ’%%?@w ’tlﬂet[a\}e%g%r% bus 12,

l'ocal 25 to gﬁg@?egrtb%%h Sf ﬁh%;t%ﬁ{c% Cél?s AN PYGA 2Dt P PELIP Fhnttidhs hbﬁr

vol tage thre etector cir ound 1n the prior art and descri bed
earlier, jgpepen@edqwork well in the WO 2004/ 015776 PCT/ US2003/ 022850 -25

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 Vgg 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 buffer
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 circuit 50 is
required that senses a rapid ESD-induced voltage transient (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 12, local

25 to that trigger circuit.

It should be pointed out that the voltage threshold detector circuit

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



boosted ESD network described herein. There are three primary reasons why
this is the case. First, the actual voltage threshold of these detector
circuits we wewoiswensi ti ve to norrmal sem conduct or proc@€3/vsasn3arissns and
the range of operating tenperatures for the IC. Voltage thresholds may 5
vary in a range from2-3 volts due to t¥ese factors. Second, there is not
enough voltage margi n between the m ni num detector circuit voltage
threshold required to not interfere with normal | C operation, and the
defined maxi boos@d BSEbhetwotkt degscribvedheteirs §ere Ak padeduimagy acadeid
event. An ESD voltage threshold detector nmust not turn on during normal 10
circuit oper athythiskothegaspl Eirsgrthe @ctualvoltge. threshald afuthiesg datacier
operation, will typically see a post-manufacturing burn-in at. VDD 5.0

vol ts or hi glécnitsas ivesy sensitive torroraealsemaicopidnetor prgsess watiatippg agdr i ng
burn-in, and to add additional margin to account far_ process variation, the
vol tage t hr edh@rangs of ppertmgtampermtuasfogithe mstvﬂiﬁgg@éhﬁﬁh Mgy set in
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Checal L2 JA7, e elpeipa s bessytene A 3, TSl nial o
PCT/ US2003/ 02¢73p8ion 2®ill 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



sensing ESD detector circuits do not work well in these distributed
protection networks. In an alternate enbodi nent of ESD network 9 in FIG 2,
mul ti pl e wornse4ams®s of buffer circuit 54 nmay be pl aced iPaTamedsiorBspad cel |
to drive 5 the clanp NMOSFET |ocal to that pad cell, such that only the RC
transi ent detector 51 remains in the tr?@‘ger circuit 50. In a further

al ternate enbodi nent, buffer circuit 54 may be divided into portions, wth
a first portion local to trigger circuit 50, and a second portion local to
each |/ O pad senting BSDI detebeorkSruied domot woikl wellriat thetsé distiButed] t he
trigger circuit 50 is shown in power supply pad cell 40. In other

enbodi ment s potectiongagiworkisr cuit may alternately be placed in I/0O pad .
cells 20-22, in special spacer cells between pad cells,_or wherever
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this shunti ng,fUpRY dijh e specific MOSFET devices are illustrated, it
shoul d be vvel? ufrilc}ggzqaood t'hat ESD network 9 in the integrated circuit may

be WO 2004y 015776 1RGhE PROGR Q2R IPillustrated 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 I/O 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 is available.
One form is to provide these clamp NMOSFETSs frequently and widely
distributed along the ESD bus 14.
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



-27 inplemented with other types of transistors fornmed by other types of
sem conduct or processes, such as CMOS, bipolar, BiCMOS, SO and bulk,

Si Ge, andwot2oew®s776n operation, the distributed ESD proP€Tttiseon3nesaor k 9
contains a 5 plurality of integrated circuit pad cells and buses required
for operation of the network. Any of tdfe plurality of pad cells 20-22 and
40 is subject to receiving an electrostatic discharge voltage and
associated current. The <circuit operation associated with an ESD event
ref erenci ng Maplapphieedwith othey typdseof radsistorafarmgdusy Ddlemtapesl@fcrl bed
above for an ESD event at 10 1/O pad 31. If the ESD event is lied from
|/ 0 pad 31 tscmnconductprprocaesses, sichtas €MOSpbipelag, B1C M@Se ndo Vss,

t he ESD networ k o§erat| on and current paths would be the sanme except t hat
di ode 42 woubtlprY@aandothersir n path fromthe Vss bus 18 to the grounded

VDDl pad 41. Therefore, the net @ﬁ) n FIG.2 all owslﬁéor ESD

protection 15 belMoPST atthécgo Urtﬁ EE@teﬁﬁB%IbE?ﬁ"é F@BFQ%%E‘ The
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around one v ver, PMOSFET 518, there is no conparable

di ssi patijgn PAD pakos Ms3f firy ESRewsnte pp0wdOtesY FOPFa0 UI2R0M ARRBBAd,

such as to the V.., pad 41 instead of to Vs, the ESD network operation

DD1

and current paths would be the same except that diode 42 would provide
a return path from the Vg bus 18 to the grounded V, 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. It is 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
PMOSEFET 58, there is no comparable dissipation path to Vs for charge



-28 on the Boost bus 12. After a first ESD event, the Boost bus 12 woul d
remain charged for a significant period of tine. Wile this remmant charge
on t he Bowet2obwEs8 woul d not be a problem for single aporiusdoosEsiBsevent s,
it could be a problemif the integrated circuit is subjected to 5 a series
of rapid ESD events in short successiorf8-Recal| that the trigger circuit
50 is designed to detect an ESD event by sensing a rapid dvV/dt transition
on the Boost bus 12. If the Boost bus 12 were to remain sonmewhat el evated
after the fi oatthEFoestdnis 12 hé\ ftema fiarst ESBuevémty tld/Battost buaigi woakd dur i ng
the initiation of a second ESD event may not be 10 adequate to fire the
trigger circuoemabDchTtgadefarrasignificanfupdriad of itiome c Whiletthiy RMDSBEET 58) is
needed to provide a charge bl eed-off path for the Bogst bus 12 to Vss via
the ESD bus tharge orithe Boamsbusvehvaudd @ébe a problem ferr siagle applied at i on,
the Trigger bus 16 is held to near Vies _Potential, gnd PMOSFET .58 wi | |
drive the BodstD iyents; it soukkbeampblemdl the yyegried Aty %(Ff@é?tf) to

exi sts w ohi A PReSETaps EShVRGUaIR Bt aberrscin Rechlldiah 4 GiEtanp .
(113 d0e (i L1, CS 8 120 B0 SRR PAGEECT R4.n sty (e
ome ooy o LR 5P AR 286 R S IR BB s oS nd RIS Pooe
o erents, onaiShy Ok AR SELESS Ap I RO A L1
Pod SeLL2 oSt IPRIATHLF S or Sy slat gy Tifeg vhere
conven S dogbhot e e GRam shemeeras oISl mAY
(PMOSFET 58) is 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 Vg
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/O pad 31, for example, this diode (via the ESD
bus 14) may assist PMOSFET 34 in elevating the Boost bus 12 potential.
It should be understood that PMOSFET 58 is only one of several devices
20 or circuits that may be used to implement these intended functions.
ITlustrated in FIG. 3 is one example of the ESD elements contained
within I/O pad cell 22 including an embodiment of the circuit that
controls the gate of PMOSFET 34. In one form, each of the I/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
illustration, the same elements previously illustrated in FIG. 2 are

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



WD 2004/ 015776 PCT/ US2003/ 022850 -29 NMOSFET 36, di ode 33 and PMOSFET 34
as well as Boost bus 12, ESD bus 14, Trigger bus 16 and the V55 bus 18. A
PMOSFET o6®ohesr@Esyate connected to the ESD bus 14, an ecaaiSeéosabk2ssody
connection to its source that is connected to the 1/0O pad 31, and a drain
connected to a first 5 termnal of a re&¥fstor 62 at a node 61. A second
termnal of resistor 62 is connected to the VSS bus 18. An input of an
inverter 63 is connected to node 61 and an output of inverter 63 is
connect ed t INMOSFEE 3¢, diGOSBEINBEMAS D34 af walllioBeostbus 12pH5d2t ed
to the 1/O pad 31 and a cathode of diode 64 is connected to the Boost bus
12. In oper abusi4, Thigdendersckd andlithe Béssibys Bredt BMQSEEP£0kas & gater acti ve
to NVELL diode associated with the PMOSFET 34 or nay be_ inplenented as a
separate, dieenested ¢o the ESI) busi k. amelgckical bodyosmmedinn i ggsogice
inverter 63, PMOSFET 60 and resistor _62 conprise a pull-up circuit 70

whi ch 15 el ethat és conpesigddp tb@ﬁ@d?ﬁtchélaa anyl g rﬁléheomh%ctﬁﬁ@&aﬁfsjl vol t age

bosi i ve: ESOETEVAL Obaprnstons i o ol Anteeancbisintinel GLisTIPt BeckreT 34
o Lo, Teke ARSET 3 ESPIGIL S, B HHAR Gy ERAGH BEAE R o5
PUCSFET Rl fregld SNSBOES: i B DB R R 4 O Py o
o 511, SEABSIE S8, Byhod iy L RS ciuBEte Sl o
cnabl 10| oA SRS T S pRCRRAHS Bl by | VIl 19
inverter1§3 Hdo64 cbiifd BatitnlbnUeSE &I a3darabitik 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 stressed during an ESD event. This circuit senses a positive ESD
event applied to I/O pad 31 and drives the gate of PMOSFET 34 low to
make PMOSFET 34 conductive. During an ESD event, when the
stressed I/O 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 dﬁve the gate of
PMOSFET 34 low, enabling low resistance source-to-drain conduction in
25 PMOSFET 34. During normal operation, node 61 will be held at Vs by
resistor 62, causing inverter 63 to hold the gate of PMOSFET 34 at a
voltage level that makes PMOSFET 34 nonconductive. Therefore, pull-



vol tage | evel that makes PMOSFET 34 nonconductive. Therefore, pull WO
2004/ 015776 PCT/ US2003/ 022850 -30 up circuit 70 serves to elevate the
Boost buswO2o0e4m16T76near t he pad voltage during an ESD e¢eruS2an/ok?s® pad 31.
It should be well understood that many other circuit elements could
alternately be used to performthe funton of pull-up circuit 70 in FIG
3. 5 For exanple, PMOSFET 34 can be replaced by an NMOSFET with
appropriate changes to the gate control circuitry. Alternately, PMOSFET 34
can be tot al iy ciemy?0 senesaol gledatedhedBoostdslis h2 ¢o oiraredalitbepad voltage
configuration. |If a standal one diode 64 is used, there will be an

unavoi dabl e duddg air BSTbévetoon I padf3lom the 1/0 pad to the Boost bus 10
12, during an ESD event. While this wil] partially reduce ESD network
performance, it hEsshowdbevaatlagulesstondiibiat spany othergaecuydtielemgntsicopldlt 70

need only then contain diode 64. O her devices, such as.a bipola
transistor, akgrnately brusedto parforayther P‘Pm Bﬂﬁ‘uﬁﬁlrﬁl’l}tcﬁ) H FIG- 3.
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t he hi ghest vafue tound In the |IC periphery.

performance, 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 contains a plurality of individual, discrete rail clamp NMOSFETs 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/O 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 I/O pad cells leads directly to variability in I/O pad ESD
performance. To adequately protect I/O pads in the region of the IC
periphery where R1 is greatest, the clamp NMOSFET channel width in
every I/0 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



There are nultiple problems wth this approach. First it is inefficient,
since the clanp NMOSFETs are oversized in those regions of the IC WD

2004/ 015AWW6 2188003/ 022850 -31 peri phery where the PCOysae3neisse are

cl osely spaced. Second, there may be significant variability in ESD
performance fromone I/Opad to the naXt. Third, this approach does not
work well in an application where one or nore pad cells are placed with
very large gaps to the neighboring 5 pad cells. In this case the Rl

associ at ed wpetiphbey R®rbulke $€ypadtcellspaeriloselyspaeedaSeconyd, Hereanayr eat
for distributed clanp networks to be effectively utilized. One approach to
reduce each be sigrfeapt vbtiabiitysn ESDapepfermanpe frommmeNVOspEt$0ithe t he 1/ 0
pad cells with additional clanp NMOSFETs pl aced in spacer cells between

| /0 pad cel | sgxasThordd dsisrappsaaeladpesnot wvordks welnaean appheattorpdiere and
FIG 2. Wile it may be _effective, this approach typically requires that a
| ar ge nunber 08¢ O§ANgIRpad sgHlsare ¢C§3do\§’1@e‘é¢1§’n§€g%ugépﬁlt%é]é%n? RE pl e

di fferent _spaci,ng . between pad.c s. Therefore, .t odi nent s _descri bed
bel ow provi dPadgeHsy dn Fgﬁe @9&&1%?%?{‘%{ W’nﬁ’f @gﬁsmﬁﬁée%%n
el ements, where .15 desired. It is . one goal of. the present invention to
i mpl ement ansﬁgﬁlmﬁr‘g‘%%tgﬁ%m@f hBrth\ﬂrlg?tefq{ Cilﬁéﬂ?%tgfl ¢ ?W%ﬂ%%kﬁ are
physi cal |y eparated.fr t he A/ ede | tially
Conti nuous  BRETttRG v el OBEABRT NI rA RS G T ORRAAS Y A
will be 20 d ' LT I.Ss,jnew ESD
net wor k schgié{lgﬁﬁgl\kstﬂ?ggrﬁbwmsgﬂ >4 @%ﬂﬁl\&&?ﬁgﬁgﬁﬁgpdw cf'ﬁlls in the
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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 uniformly 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 I/O pad cell, and minimum variability in ESD performance
from one I/O pad to the next, while allowing the maximum flexibility to
place I/0 pad cells around the IC periphery with any arbitrary spacing.

25 Iustrated 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. 1/O pad
cells 120 and 121 are shown. A Boost bus 110, an ESD bus 111, a



25 Illustrated in FIG 4 is a portion of an ESD network 100 for protecting
a plurality of 1/0 and power supply pad cells inan IC /O pad cells 120
and 121 awe ekwnan776 A Boost bus 110, an ESD bus 111, a WeC20G440003R876
PCT/ US2003/ 022850 -32 Trigger bus 112 and a Vss bus 113 are provided as in
the sinmilar ESD protection network 9 8 FIG 2. A network 160 of clanp
NMOSFETs 150-159 is distributed along the length of the ESD bus 111. Each
clanmp NMOSFET 150-159 has a drain connected to the ESD bus 111, a source 5
connect ed t dTtiggevbas UL dida Fgobus §43 are proeiciedns in theesimilagdddbDous 112,
Note that the clanmp NMOSFETs 150-159 are not associated with 1/0O pad cells
120 and 121, protectaor netwodad of Bliped. togetwerk il A0DfselpraNMOSEETS but ed
cl anmp NMOSFET_network 160. A series of increpent ag bus r ?i ors R4 is
shown al ong 15@-1580s distrbistedmdongihe dengthof the EnP @F%ﬂr’i N %50- 159.
A simlar series of incr tal hQus resistors R i hown al ong the
Tri gger busNM@SﬂﬁTtllﬁQ‘Eggglasﬁl rain $onnesictq aﬁaéglﬁl%ﬁillis?@wcq R4,
R5, and ) represents, t ffective distributed rasjti-¢.netal ‘
resi stance f@yNRGLAE t%é]@?ret{?rﬂsetﬂ%s ﬁ% %f?ééb%ﬁaﬁl%ﬁgaéof}bﬁv@%ggfﬁf@%dj acent
clanp 15 N TS,150; 159. The Db fr e [ . - 10f one
such cl am%FBO%P&h@EBl%ﬁ%BW Eﬁ‘solfmgbaatﬂgg}é@r#%ﬁnéﬁ%} % FET
may, for exapple | [ t [ i
ey ement al PG PRASBUNTRED g T2 A AR E TR AT SO RBSE Lo AL Iy BB rate
i ncluded in : | N ' ematic. 20 The Boost bus 110,
ESD bus 111, Eilsﬁlggteérd %lgﬁm%#@?sﬁ%&&&@my extend al ong the
periphery of the | %W | RA i@l hloﬂggt,hé BSDudi ng
the rail clanp NI\/& net %ﬁhﬁéﬁyﬁég&%&%} tlﬁe dots in FIG 4, to
i ncl ude addi p;9nal Rl dach HPthesdlamp NWIOSFETs 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, R5, and
R6) represents 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 Vg
 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 Vgg 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. In a 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 is broken



may be provided along the periphery of the IC In a preferred 25

enbodi nent, the four buses should be continuous around the integrated
circuit pwoipbery7ier t he periphery of a sem conductor diPET/Use@BAeIssng nost
or all of the pads in the ICor die. In the event the ESD bus 111 is broken
WD 2004/ 015776 PCT/ US2003/ 022850 -33 @@'any point, then |large, discrete
rail clanmp NMOSFETs are required at or near the ends of the bus to
properly protect I/O pad cells placed near the end of the bus. I/0O pad

cel | 120 in &i £y points thetekarge, distestoabiladampcNMOSIIIT ate reduizediabde 132
(not shown in FIG 4 but showmn in FIG 5), a diode 133, and a PMOSFET 134.
Di ode 132, whéatthesemdstofsthewnus to praperly pootect HO pgd celaplacednodtetheer ni nal
connected to the Vss bus and a cathode termnal connected to the 1/0O pad
131. Di ode 18ad késhabuanode terminal connected to the 1/0 pad 131 and a
cat hode term nal connected to the_ 10 ESD bus 111. PMJSFET 134 has gr ain
connected to the V(oppdeelnt2@in §3(x deing Up gXteang @%%%O%H%d?@ > The
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These trijggersT beditsl. "BYOSEHPASd 104td dfshl dorimctédrdast T'6) pad and a
source connected to the Boost bus 110. The gate of PMOSFET 134 is
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 I/O pad cell 120, but typically found in such pad cells are the
15 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. I/O pad cell 121 is similar to I/O pad
cell 120. In this embodiment, it includes the same circuitry as found in
I/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 equalization
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 111



120-121, in power supply pad cells, in special spacer cells between pad
cells, or wherever adequate space is avail able. An optional equalization 25
circuit (wotoefasryy, anal ogous to PMOSFET 58 of FI G 2, peayushe3/o2zsémnect ed
bet ween Boost bus 110 and the ESD bus 111 and gated by the Trigger bus
112, for maintaining the Boost bus 11034nd the ESD bus 111 WO 2004/ 015776
PCT/ US2003/ 022850 -34 at related potentials during normal circuit
operation and after an ESD event. A key feature of the ESD network 100

i | lustrated arrefated pbteatitledurthgmorieDsEETitheperationlAe] aftei ah BSD

I mpl enent ed separate fromthe 5 1/0 pad cells 120-121, and which conpri ses
an array of eéwghtvi dual clanp NMOSFETs 150- 159 distributed in a sonewhat

conti nuous and uni form manner along the IC Eeri, hery. T,herf are two
i mport ant requi r eAekey f¢asnre ohéh aetwerked D0jHusimies 1mBlGndas 88 on of

cl anp NMOSFET network 160. The first requirenent is that the netwgrk 160
be placed wi elanam NMOSEEdengtvonkyl ﬁghlﬁxﬂs HNW(%&E?P%’FF‘&% m\k{lﬁth per
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may be degfi ngekeagially cHithAt@dtnp NMOSFET channel 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 NMOSFETSs
are typically needed to properly terminate the distributed rail 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 T/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



shunting network." It can be shown that this ideal network provides two
very inportant advantages. First, it insures that the I/0O pad ESD

per f or marwe 2004/d15176¢ const ant, i ndependent of physical plrazdarseons/oefsse he 25
/O pad cell along the IC periphery. Second, it provides this uniform
protection to all pads while utilizing 38 mi ni num total combined rail cl anp
NMOSFET channel w dth throughout the network. For these WO 2004/ 015776
PCT/ US2003/ 022850 -35 reasons, it is the nost efficient and conpact

possi bl e physdasehs, it m)tlrmrmusaefﬁment aaddnoernpampmﬁdleqlhysmzrb%ET net wor k
160 for protecting a distributed array of I/O an ower su pads A
further advanplgeentationrifia distgbutes ¢ @ﬁworé,q (NNDSFET 5
channel width is that it also mnimzes the off state le hr ough t he
net wor k dur i pepteciingp disrdpeediarshy of 1Q andpasyes ﬁlHtHﬂEP%{( sfgaftuﬁq%%?cal
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this enbodl ment ach. cla NDSF Ts 150-159 is identical, and pl aced
as cl osely tB (P@r& mgn}?g‘j APTIAEL of t he process technol ogy al | ow.
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136 is assuned sim e sane as th | -up citcuit 70 described

][ EI ;e‘c er gpcentivek H6 wﬁac@ﬂ@nh@ﬁ'déﬂﬁﬁlddi!@ M@Tnét%ﬂd KWpbsiGoned | n
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 I/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.



enbodi nent, 1/0O pad cell 121 is considered identical to I/0O pad cell 120.
The Boost bus 110, the ESD Bus 111, the Trigger bus 112, and the Vss bus
113 fromWDG@Goo#o1a17® not shown in FIG 5 for clarity, butPCIrruSees/022850

enbodi ment, these buses may be routed in one or nore |layers of 25

metal li zati on over, the clanp NMOSFET miwork 160 and the ESD el enents
132, 133, and 136 contained within each I/O pad cell. WD 2004/ 015776

PCT/ US2003/ 022850 -36 Since the clanp NMOSFETs 150- 159 are separate from
the 1/0 pad cell §in¢é thesclansp NVEOSEETsr] 50-d69eacamspparate dramdaed/@ si ngl e
| ayout cell to represent clanmp NMOSFET 150, and then copy this single cell
into a |inepadaellsyitds a simmpledanttanfor edample aiccersatpatsonghedayont ¢ellious
shunting 5 network (clanp NMOSEET network 16Q). It can be further

expl ai ned, wwrteﬁ@nwl@mp NM@SE Tt h20, anchthiencoRy thissingiercell Wio gaps
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1nd1v1dua1 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 NMOSFETs 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 minimally
spaced I/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



protection network 100 in a m ni mum possi bl e | ayout area. Note that the
distributed clanp NMOSFET network 160 | ayout configuration illustrated in
FIG 5 wiwb2evksequal ly well for |arge banks of m ni malPiCy/uSepamezsse / 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 /G 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 WO 2004/ 015776 PCT/ US2003/022850 - 37

per f or nance. pérfofiinpe oflad$Orprot¢ctintk néB0ork heO ctheng antpOSPED ST wWor k 160
is inplenmented separate fromthe 1/0 pad cells. Therefore even if only a
single 1/0 paetvoetk 168 ipimplementadgsapaaatepon the BO padceBp Thesefiore, t hat
|/O pad will exhibit robust ESD performance. It is a further advant age
that the |/ Ccuesifgorly a singled/O pad ealhis placedialong thy periion @é?aae égﬂ?s at
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configurations, physical aspect ratios, netallizatio s, etc. In
addi tionjpi tcBﬁMnﬁéw@HMﬁﬁhgﬁfetW@rE,r%tl%sﬁlﬂﬂg PEpad 8D pESdndetmitlr k

160 designs for different netallization schenes,
be constant, independent of physical placement of the I/O pad 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/O 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 I/O pad
cells from the IC edge 216. Many other physical arrangements of the rail



20 target ESD performance, etc. Wth these library elenents avail able, the
optimum I /O and cl anp NMOSFET network cells may be independently chosen
for any Iwoappliiszsi on. This can greatly sinplify ESD neCcwmarskoosdexssgn. |t
shoul d be understood that the layout of FIG 5 is exenplary only 25 as
nunmer ous nodi fications; could be nade."38or exanple, the rail clanp NMOSFET
network 160 nay be noved to a | ocation opposite the I/Opad cells fromthe
| C edge 216. Many ot her physical arrangenents of the rail WD 2004/015776
PCT/ US2003/ 0c12850 NMEBS EEd e tMRFE0, rthe diiDkpatbeells, e theEpaelemanss or t he
ESD el ements wthin the I/O pad cells may prove convenient. An inportant
azpect of twithierbod/Gwad ¢ellstmay prowesionvisniviisHEN impaitant aspect ®hi ch i s
ideally inplenented in a narrow band along the |IC periphery, is §

physi cal |y sepscateodimsmiindhay besdangeNMOSIET etwand 169, eiibdSby an
array of indjyvidual c]anp NVMOSFETs 150-15 I stributed in a sonmewhat
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10 that clamp NMOSFET 156 is implemented as a plurality of individual
NMOSFET segments or fingers wired in parallel. The channel width
dimension 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 Vgs 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. Ih a preferred form
25 of clamp NMOSFET network 160, clamp NMOSFETs 150-159 are

identical abutted elements. Therefore the precise number of clamp

NMOSFET fingers in each individual clamp NMOSFET 150-159 1s not



208 of this clanmp NMOSFET finger is connected to a portion of the 20
Trigger bus 204. The nulti-finger clanp NMOSFET 156 is fornmed from

al t er nat iwg@ 2de4i1877and sour ce regi ons between t he gate r @girarsg003Ckzsp
NMOSFET 156 may contain additional fingers to the right and left of those
drawn, as indicated by the dots in FIG %. d anp NMOSFET 156 may al so
contain fewer fingers than showmn in FIG 6. In a preferred form25 of clanp
NMOSFET networ k 160, clanp NMOSFETs 150-159 are identical abutted

el ement s. Thienpbringt.t heope enilsedimsriteclamhp NMOSFRMSHET- 5% geyds n each

i ndi vi dual cl anp NMOSFET 150- 159 i s not WD 2004/ 015776 PCT/ US2003/ 022850
-39 i nport anmerged anfe & single etamp NMOS FRDERERNCOs0pases milolhelamiyr ged
into a single cla NMOSFET t hat enconpasses all of clanp., NMOSFET net work
160. This si NMOSHEET awtweykdblenbhissiaghkadevse maﬁﬁmwr@a@ﬁ O a
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made. Thepactughp PVRDSEETSh&@v@dkd160 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

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



pl acenent of the buses that connect to rail clanp NMOSFET 156 may differ
significantly fromthat showmn in FIG 6. In alternate enbodi nents, 20 cl anp
NMOSFET 1O 20eyo1bE6f orned from one or nore clanp NMOSFETCTUSa@a8022850 aced
parallel, rather than perpendicular to the IC edge 216. It is inportant to
note the difference between the distrit®ed rail clamp networks in FIG 2
and FIG 4. In the network described in FIG 2, 25 clanp NMOSFETs are
placed in every I/O and power supply pad cell. If there are significant
gaps bet weenlfiiathleetdred harefadi, thisrepproach cahgrpduse/asr@Erddealy optional |y
be placed in spacer cells between &ad cells. WO 2004/015776
PCT/ US2003/ 0aeghituousiOlanfip INARHER enetyeokt. dHoye vie; & langer saembeaef produce
a near ideal continuous clanmp NMOSFET network. However,, .a |arger nunber of
c :JS'[ om spaceeusietn spassstceglsronal gonarallydas dasigned taiminmige §aps DsEMEERN
clanp NMOSFETs in_the pad cells. ES Si wi_th thi h
gecessibt at e elamp Ed'sgp d?atcij‘%f‘ﬂiﬂ %&D}d@shlgpe‘lﬁahﬁ .Srgﬁgwgﬁﬁ@g%rk
escribed_in FIG , 4, a_ somewhat continuous .and uniform i stributed, rail
clanp net horReQgssitate ¢ dargenwmbsr 9f addizonaliuigpe, ?f&e{}é,\gi“ ﬂm%&yv%
cells. This netwgrk, 16 easi | e formed b | i b r of
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plurality of power supply pa t 1s nost efficient both in terns
of the tgpal 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. It 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 changes would not reduce, and may
increase the layout area required to implement a complete, robust ESD

network. In summary, this embodiment of the present invention provides



conbi ned cl anp NMOSFET channel w dth needed throughout the network, and in
ternms of |layout area required to inplenent this total network. It should
be not ed whavoswuszsi onal |y locally increasing the 20 cl aep/UNMoSHE2BS€hannel
wi dth per unit |ength of ESD bus, or adding occasional gaps between clanmp
NMOSFET cel I's woul d not inprove the offdrall ESD perfornance. This is due
to the fact that ESD performance in an ICis typically limted by the test
results fromthe weakest pad. A few, nore ESD robust pads do not affect
the recor deda siaphl and@ Bfffieicho BHD peoteStion metwork: dred physigabkayonsul d not
reduce, and may increase the layout area required to inplement a conplete,
robust ESD cwmtfigutatiomwheneinrthe mﬂicﬂamprM%gSﬁEEs argseparatachiromilat i on
provi des WD 2004/ 015776 PCT/ US2003/ 022850, -41 a.sinple and. efficient ESD
plr ot ec}\I :v%g néOnpad calls apylpeed in aysubstantipily gonEppews m@ rUélilt%I%THéf rail

cl anp FETs are separated from.t I /O,pad cells and placed in a
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10 protection circuits described herein are scalable to smaller processing
geometries.

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



under st andi ng and appreci ation of the underlying concepts of the present
invention and in order not to obfuscate or distract fromthe teachings of
t he presew0O 200mEaft760on. I n the foregoi ng specification, tPha/usawsneissn has
been described 20 with reference to specific enbodi nents. However, one of
ordinary skill in the art appreciat es“4hat various nodifications and
changes can be made w thout departing fromthe scope of the present
invention as set forth in the clains below. For exanple, the transistors
descri bed hedieides/mdlsbethd physicehpesitioningyf the teggengirceitbpulbgp For the
MOS transistors 25 illustrated, changing the conductivity type and the
associ at ed sigoaitiyngnd doodes withinhadgaountddhe prad eelksimay beyariedtiromn
certain situations, parasitic diodes that exjist natuyrally may_.be ysed
rather than thaplidastnatedgvithovt thefunotimomity of the awcrigleting getasted. - 42

di odes. Al so, the _phi/si cal positioning of the trigger circujts, pull-up
circuitry andcepuliaglyitheispesHicatinuaad {1gursa4are 80 P§ 1889145 Piifed from
that illustrated wthout the functi.onality of t cirguitrny. bei ng affected.
Accor di ngdy, ﬁi‘%ﬁéfaéb@cﬁait eLENagA ERRrIEfiyE rséés%raé“{]gu ﬁ@cﬁéﬂgflﬁé@%ﬂ{%ﬁ 5
illustrative, rather than restrictiye sense nd all su [fications
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pronounced ar’e not to be construed as a éritical, reciuired, 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. The 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 directly, and not necessarily mechanically.



15 apparatus that conprises a list of elenents does not include only those
el ements but may include other elenents not expressly listed or inherent
to such pwacmss91smest hod, article, or apparatus. The ter mCTaUS003a122858s used
herein, are defined as one or nore than one. The termplurality, as used
herein, is defined as two or nore than43w. The term another, as used 20
herein, is defined as at |east a second or nore. The terns including
and/ or having, as used herein, are defined as conprising (i.e., open

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

al though not necessarily directly, and not necessarily nmechanically. WO
2004/ 015776 PCT/ Us2@asimiegssed cingit lmwng&mElamrws’chM@har@er@ﬁlﬁ) havi ng
an Electrostatic Discharge (ESD) circuitry conprising: a plurality of
pads, wher ei QlreHYKy 6PMPIdsIpRural ity of pads is coupled 5 to a first bus, a

of the pluralty eipEaiey hpetd stbeietn tadh ofthe sk iotarais s coupia 1y
of the pi ar al? o5t Dach SpeSedbbcend § BirqTRiS: one” 10 of the pl urai ity of
operat e i n paral | APPRISEhBRLat SirghiEaRhEldhdabh s ARHLHR P
Bt et one MBRATRUtE AP (ERAGR AP IR o PRI B G bp™RL 2
corpri sing a 1 anéi A8 R R D 2T cui ¢ “having a
first termnal coupled to eagRhQf thBIRtHIt dfi padk isRE&AHI¥A o 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 least 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 plurality 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.



the third bus, a second termnal coupled to at | east one of the plurality
of shunting circuits via the fourth bus, and a third term nal coupled to
the 20 swewonwd4/miz’e 2. The integrated circuit of clai m Pcwsrein2ssach of
the plurality of shunting circuits conprises a transistor, wherein a
control electrode of the transistor i %bupled 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. WO
2004/ 015776 PCT/ U320DB3¢ degbated-clrciit of blaiimP pyihetreioh edahcaf theoplushlitym 2,
wherein each of the pluralit of transistors is an NMOSFET transistor. 4.
The i nt egr at efl teanstiors isfaml\éi/I@SEEMmlﬁtOéach of the plurality 5 of

pull -up circuits further conprises a transistor having a first current

el ectrode coupled to a predeterm ned one of the plurality of pads and a
second current el ectrode coupled.to

chreuit“of oo m 3 Bhersgrbideatt i b ool ol AeBhfaff
of the pl o a0 PATLHD SHEL AP A BAB SE Apl ARitior PA¥ing TRt BRIENE. The
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claim1l1, wherein the plurality of pads conprises at |east one |nput/Qutput
(11O pad. 9. The integrated circuit of claiml, wherein the plurality of

shunting circuits sarenpafte Rhted GRAI BYESAnS NURHRSIDEANPHR (1R pHidligy
10  of pull-up circuits further comprises a diode having an anode coupled to a
predetermined one of the plurality 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 periphery of a semiconductor die.



25 portion of a periphery of a sem conductor die. WD 2004/015776

PCT/ US2003/ 022850 -45 10. The integrated circuit of claim9, further
conpri si ngoeopd/emsatei ty of pad cells each conprising oneecafus2nes/qbssnal ity
of pads and one of the plurality of pull-up circuits; and wherein the
plurality of shunting circuits 1is phy§'i”\'§'al ly located outside the plurality
of pad cells. 5 11. The integrated circuit of claim 10, wherein the
plurality of shunting circuits are fornmed froma linear array of identical
el enents. - 12. ThdQ.nThgrinatespateidrciucuit of ctaian &, furthbecemprisisg agleraliiynt i ng
10 circuit spans a portion of a_ periphery of a sem conductor die occupied
by two or nefepad @llma@ibcomprmngmm%@@ ploraliohplepads and opngrof the

el ectrostatic discharge (ESD), in an jntegrated circuit, the pethod .
conpri si ng: ﬁumlmiqfq l&iﬂmléwht%/; ad phgscin thei MULAaLy; of Syinding CHCRES t ;

coupling each of the plurali of ds to first .bus. via a respective
first di ode déphysically, Cﬁ@é‘é@@%&?ﬁﬁ“ﬂﬁmgfw ISnads to a second bus
via a respective second di ode device; 20 coupling a transient detector
circuit to the second bus and a third bus, the transient detector circuit

o put't up i Foui 1ot otBk iGalplset FCuisatpaiR, el S bBRBERr Sra P
| oast one of totng GFafifs ariothiid ords IR drksy BYTdchGH AORRAL T o,
bus, the fourth bus and the second bus.
12. The integrated circuit of claim 9, wherein a single shunting
10 circuit spans a portion of a periphery of a semiconductor die occupied by

two or more I/O 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.



WD 2004/ 015776 PCT/ US2003/ 022850 -46 14. The nethod of claim 13 further
conprising: inplenenting each of the plurality of shunting circuits as

di screte worangostwrs. 5 15. The nmethod of claim 13, furkdrewS20@n2esssi ng:

i npl ementing each of the plurality of shunting circuits as a transistor
coupled to each of the plurality of pa‘d@'havi ng a body electrically
coupled to a predeterm ned current el ectrode thereof and 10 bei ng
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 conprising: 15 inplenenting each
of the plurality b#. puTheupethiodcof ekimsl 3 futhedeontpyiding: an anode coupl ed
to a predeterm ned one of the plurality of pads_. and a cathode coupled to
the third bus. 20implementing each of the plurality of shunting circuits as discrete

transistors.

15. The method of claim 13, further comprising:
implementing each of the plurality of shunting circuits aé 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



