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SHUNT Gl RCUI T FOR ELECTROSTATI C DI SCHARGE PROTECTI ON 1.  Field of

the Jnvention: 5 "5\ This inventiaej-rel ates generally to the design
and | ayout of integfated cifeuits (1Cs) in technol ogies such as
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1. Field of the Invention:

This invention relates generally to the design and layout
of integrated circuits (ICs) in technologies such as
complementary metal-oxide silicon (CMOS as defined more broadly
herein). Specifically, the invention relates to protection of
CMOS ICs from transients such as electrostatic discharges (ESD)
that may be applied to the terminals of the IC. . This is
accomplished through the use of a circuit that provides an
intentional, forward-biased shunt path between the VDD and VSS
power supply rails upon the appearance of a transient on the
terminals of the IC to discharge the transient without
subjecting the IC circuit to excessive or fatal voltage and

current spikes.

2. Background of the Invention:

Unless potentially elaborate precautions are taken,
electrostatic charges build up whenever non-conducting objects
rub. Usually electrostatic charges dissipate harmlessly, but if

-~

the} happen to discharge through an IC they can render the IC

permanently non-functional. If an IC such as a CMOS IC is too
sensitive to electrostatic discharge, then routine handling of

the IC, or of circuit boards containing it, can destroy it.
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acc@npl.i shed t hrough thg use of a circuit that provides an
i ntentional, forward-biased shunt path t%tween the VDD and VSS power
supply rails upon the appearance of a transient on ihe term nal s of

the IC to discharge_the transient w thout 15 subjecting the ICcircuit to
excessi ve or f8P§I°€o€§%icomm93 metg%gﬁrPéﬁg EBi%%%iuate the 2.

ge an
Background, of the |nventian: .20 . Upl ess_potentially el aborate
precautio%%é%?éo?%ﬁﬁﬁfrgls 2&Pec Fgg?ﬁffgncﬂgr%%sl utd &%&phﬂﬁgﬂeégﬁ?
non- condugbig OBLELE Sis derindl. ihSURLLYLS] SE4¢ ARAIIF 3pRILECS dhpsi pate
harm essly, buf | t hey happen to discharge rough an I'C they can
render thgvhfuation method requires the discharge of a 100 pF capacitor,
5 typically charged to 2000 volts, through a 1500 ohm resistor

into one terminal of an IC under test, while grounding some

other terminal of the IC. The higher the voltage that can be

discharged through the IC without causing its functional

failure, then the better its ESD protection. Other methods used

10 for evaluating ESD protection are the machine model and the

charged device model.

Various structures have been fabricated as part of CMOS and

CMOS-like ICs to protect them ffom the destructive effects of

15 ESD. Figure 1 shows a circuit diagram that is typical of prior-
art protection circuits. ICs typically have numerous input and
output terminals, as well as some terminals that are combination
input/output (I1/0) terminals. Figure 1 shows a generic ESD
protection circuit for one input terminal and one output

20 terminal of a CMOS IC built using a P-type substrate, which is
.connected to VSS and in which the N-channel transistors are
fabricated. N-type wells, connected to VDD, are fabricated in
substrate and the P-channel transistors are fabricated within
these N-type wells. Input terminal Tl is protected by.diodes D1

25 and D2, which are large-area diodes between Tl and power supply

rails 101 and 102 for VSS and VDD respectively.

Figure 1 also shows a typical prior-art output protection

circuit. This circuit can be considered to include the



25 permanently non-functional. If an IC such as a CMOS ICis too

~sensitive to electrosta{ic discharge, then routine handling of the IC
or of circuit boards corttaining it, can destroy it.
-2- . One of the comon nethods used to evaluate the

el ect r ostpstrars i isc liabge spp Bt &ad i DN Wi G sh S HEP G BHNBRE POI% e rminatPde!
which is defined in ML-STD 883C METHOD 301§. 6. This eval uati on net hod

requi res Therd gohargesupply dO0LPRTARAE 110k, respet¥PVERY) Yarthanged, t o 2000
volts, through a 1500 ohm resi stor into one term nal of an | C under

test, whidze dfomedi pgreofieically at the junctions of the drain

diffusions of transistors N2 and P2 respectively. Transistors
5 N2 and P2 form the output driver for output terminal T2. Also,
Figure 1 shows the parasitic well-to-substrate diode D5 between
the VDD and VSS supply rails 102 and 101, which is formed at the
edges of the N-well diffusions, which surround all P-channel
transistors on the IC. Figure 5 is a cross-sectional view of
10 transistors N2 and P2, for the case of an P-substrate CMOS
process. Figure 5 shows where parasitic diodes D3 and D4 are
formed, and the contribution of the N-type well surrounding P2
to forming parasitic diode DS, Ih contrast to parasitic diodes
D3, D4, and D5, diodes Dl and D2 are intentionally included in

15 the IC layout for ESD protection.

The level of ESD protection of an IC is measured by

applying ESD transients between any two terminals of the IC.
For example, if in Figure 1 a positive pulse is applied to

20 output terminal T2 with respect to input terminal T1 then,
because there is no direct current path between these two
terminals, the ESD energy will find the path of 1east.
resistance. This could be the path from output terminal T2
throagh resistor R2, then through N-channel transistor N2 via

25 breakdown from drain to source or via breakdown from drain to
substrate, then from the substrate to the VSS rail 101, and then
through diode D1 to the input terminal T1. .Alternatively, the
path of least resistance could be through diode D4 to the VDD

rail 102, then via breakdown of diode D5, then through :he VSS
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other terminal of the IC. The higher the voltage that can be

di scharged t hrough the\kC wi t hout causipg its functional failure,
the better its ESD protection. Other nethods used 10 for evaluating ESD
protection are the machi ne nodel and the charged devi ce nodel

Various stdjuct uhes thauerResigh abiodatnd s Py ebrFYRRIangd, 1, QS|
ICs to protect them fromthe destructive effécts of 15 ESD. Figure 1

shows a &f Giesedipag@ham hhasvasahgtp-aalpDbakown of adkbver&dactd Qi

circuits.

| Cs typically have nunerous input and out put termnals,

wel | as sone juercriipal $st havohved combi nati on I nput/output (1/0
termnals. Figure 1 shows a generic ESD protection circuit for one
i nput term nal and one output 20 termnal of a CMOS IC built using a
P—type substrate, which is
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In avalanche breakdown of a P-N junction under reverse-
biased voltage conditions, free carriers passing through the P-N
junction gain enough energy from the electric field that is
created by the voltage difference across the P-N junction that
when they collide with covalent bonds in the lattice of the
crystalline silicon they break the bonds. Breaking covalent
bonds frees additional carriers, which likewise gain energy from
the elect:ic field, collide with covalent bonds, and free more
carriers. This is much like an avalanche in which a small
amount of snow high on a mountain starts moving and results in
larger amounts of snow moving as the avalanche comes down the
mountain. Just as a snow avalanche leaves most of the
mountain's snow cover intact, avalanche P-N junction breakdown
is typically localized to a small region with the largest
electric field. This localization effect typically means that
the current density, or current per unit area, occurring during
avalanche breakdown is very high, which can lead to localized
heating, which can melt portions of the crystalline silicon
lattdce or allow dopant atoms to migrate within the crystal,
ﬁhi;ﬁ can create a permanent functional failure of the'IC. This
localization effect typically means that the amount of current
that can flow through a P-N junction under breakdown without
permanent damage is orders of magnitude smaller than the amount
of current that the same P-N junction can carry without damage

when it is forward-biased.

t hen

i ke

as



connected to VSS and wn which the N-channel transistors are

fabricated. N-type wel s, connected to” VDD, are fabricated in

substrate and the P-channel transistors are fabricated within t hese
N-type wells. Input termnal Tl is protected by diodes DI 25 and D2,

whi ch are | arge-area di odes between T1 and power supply rails 101 and

or 1 or —art outBut i Grach: ot e ASeh ©F B P et e ey et od £ o
inC|UdeJ£mKited to the amount of energy that the weakest-Breakdown
mechanism on the IC can handle without damage. In a typical
5 commercial CMOS IC, the path mentioned first in the above
discussion of Figure 1 usually has a lower breakdown voltage,
and thus offers the path of least resistance. Whenever an ESD
transient traveling this path has too much energy, a destructive
failure occurs, typically around the drain-to-gate area of
10 transistor N2, due to localized heating during avalanche
breakdown. Much of the prior art focuses on either improving
the layout of transistor N2 together with resistor R2, or on
improving transistor N2's drain junction doping profile to allow

for larger ESD transients to be accommodated non-destructively

15 during avalanche breakdown and snapback.

Other prior art has used a parasitic SCR structure (shown
in Figure 2) between the VDD and VSS rails, in which the
breakdown voltage of the parasitic SCR is low. This technique

20 attempts to provide a path of less resistance than the path
through the drain of transistor N2. A good summary of this
technique is provided in a paper by L. R. Avery, "A review of
electrostatic discharge mechanisms and on-chip protection

techfiiques to ensure device reliability", Journal of

25 Electrostatics, 24 (199%0), pp. 111-130.

Other prior art by Guggenmos and Holzner, "A New ESD
Protection Concept for VLSI CMOS Circuits Avoiding Circuit

Stress", 1991 EOS/ESD Symposium Proceedings, pp. 74-81 shows the



parasi tic di odes D3 and D4 which exist between output term nal T2 and -
power supply rails 101 and 102 respectively, and which are fornmed
parasitically at the fﬁnctlons of the dpain di ffusions of transistors
N2 and P2 respectively. .Transistors 5 N2 and P2_formthe output driver
for output termnal T2. Al so, Figpre 1 shows the parasitic

wel | -t o- sisestofabe t-odendslbetawshstor N3 t {showbDian&ig8s8esdppl whose | s 102
and 101, which is forned at the edges of the N-well diffusions, which
sur round dddinPishgenapcted totYRPistatlbridprerndhehpee BpEarang squpce are

cross-sectional view of 10 _transistors N2 and P2, for the case of an
P-substrzﬁﬁ?ﬂaﬂ&sd to VSErEEé%slokrgLW%?Q?%ﬁﬁﬂ&;Nﬁh@?érﬁéﬁésf?l%h%|Qﬁﬁ&? D3

and D4 are and the contributi t he N—t e wel
Ui r oundiig Jesche BrektogBeng HATHATH (itad e PFRYLHNEY e Cprrent
Pﬁ;ﬁz tic q!o%%om VDD tgevsgm and D5, diodes DL and D2 are intentionally

Other prior art by Puar, "Input Protection Device for
Integrated Circuits", U.S. Patent No. 4,786,956, shows the use
of an N-channel transistor whose drain is connected to the input

10 terminél, whose source is connected to VSS and whose gate 1is
connected to the substrate through a resistor (see column 3,
lines 38-54). Like the present invention, the circuit path is
provided that is intended to carr& the ESD discharge without
breakdown. It differs from the present invention, however, in

;5 that it requires one protection circuit per input pin, that it
uses an N-channel transistor as the switching component that
makes or breaks the path, and that the switching transistor is
turned on via capacitive coupling from the ESD voltage on the
drain of the N-channel transistor to its gate. In contrast, the

20 present invention requires one protection circuit per each pair
of VDD and VSS power supply rails, uses a P-channel transistor
as the switching component, and turns on the switching compénent

by direct coupling of the ESD pulse.

25 Other prior art by Keller is discussed in Puar's '956
patent column 1, line 65 to column 3, line 23. This prior art
is suitable to protect input terminals only because of the high

series resistance associated with resistor RA of Figure 2 of



15. the IL.C |layout for ESD.protection. The | evel of ESD
protection of an IC is neasured by appl ying ESD transi ents between any
two termnals of the ﬂ@. For exanpte, if in Figure 1 a positive pul se
is applied to 20 output termnal T2 with respect.to input termnal T1

t hen, because there is no direct current path between these two

t erm nal Buarh&9sSD ey W13 H5iRTF eisé gapends rdRieakdown aeickeanses This
could be the path fromoutput termnal T2 throggh,resistor R2, then

t hr ough RPERahRefiedanth At FNRAALStor5 QAppEak®VIRTT CATHSi-n to source or

vi a breakdown fromdrain to substrate, then fromthe substrate to the
VSS rail 101, and then t hr ough diode D1 to the input termnal TI1.

AlternativerAlEhghe above-mentioned prior art techniques, other than

5 Puar '956, have the limitation that they depend on breakdown
mechanisms on parasitic paths to conduct the ESD transient
current. One limit to ESD protection that is inherent in
depending on Jjunction breakdown mechanisms is that, because of
the localization effect of avalanche breakdown and its

10 associated high current density and heat, typically the amount
of current that can flow through a P-N junction under breakdown
without permanent damage is orders of magnitude smaller than the
amount of current that the same P-N junction can carry without
damage when it is forward-biased. Another limit to ESD

15 protection that is inherent in depending on junction breakdown
mechanisms is that the breakdown voltage of the different
devices is a function of the underlying processing technology
used to fabricate the IC. What may be the path of least
resistance on an IC fabricated using one technology may be

20 different than the path of least resistance on an IC fabricated
on another technology, even for similar or identical IC layouts,
which complicates the task of engineering an effective ESD
protection circuit. Thus there is a need for an ESD protection

mechanism that avoids P-N junction breakdown.



pat h of |east resistance could be through diode D4 to the VDD rai
102,' then via breakdomﬁ\of di ode D5, tRk&m through the VSS

-4- .  rail, and then- t hrough diode D1 to input termnal T1. In each

of these paths, an avalanche type breakdomn of a reverse- bi ased P- N
junction is invol ved. 2 FEREIdd W of a P-N junction
under reverse- bi ased vol tage condltlons free carriers passing

t hrough the P-N junction gain enough energy fromthe electric field
that is

A circuit is added to a complementary metal-oxide silicon
(CMOS) integrated circuit (IC) to provide an intentional, non-

5 reverse-biased VDD-to-VSS shunt path for transient currents such
as electrostatic discharges (ESD). This circuit protects the IC
from ESD damage by turning on before any other path, thus
directing the ESD transient current away from easily damaged
structures. Specifically, the ESD transient current is steered

10 from the VDD rail to the VSS rail through the on conduction of a
P-channel transistor whose source and drain are connected to VDD
and VSS respectively. The voltage on the gate of this
transistor follows the VDD supply rail because it is driven by a
delay network formed by a second-transistor and a capacitor.

15 This VDD-tracking delay network turns the VDD-to-VSS transistor

on during a transient and off during normal operation of the IC.

It is an object of this present invention to provide
improved transient protection for ICs implemented using CMOS and
20 CMOS-like technoiogies such as BICMOS, whether fabricated using
metal gates or silicon gates, or using insulating substrates

such as silicon on sapphire.

-

~ It is a further object of the present invention to provide
25 transient protection using a circuit that is effective across

variations in the IC fabrication process.

A still further object is to not interfere with normal

circuit operation.



created by the voltage difference across the P-N junction that when
they. collide with cova&gnt bonds in the |attice of the 10 «crystalline

silicon they break the honds. Breaking~Coval ent bonds frees
additional carriers, whith |ikew se gain energy from - the electric
field, collide with coval ent bonds, and free nore carriers. This is
much |i ke an aval anche in which a small anount of snow high on a
nount ai n st.artst Myingtwnd resyhts bPjedd téﬁg ;MmN 5+ 8ht SHYYY NOVi ng as
t he aval anche conmes down the mountai n. Just as a snow aval anche | eaves
nmost of thmansientmumantryiin'gs pahbwebay edod Hitasd imMakdanehe P-IN juHdion:

br eakdown is typically localized to a small region with the | argest

el ect ri ¢ doeatatinthivndegc Ririealitdpwn. ef fect typically neans that 20 the
current density, or current per unit area, occurring during aval anche

break@own is very high, which can lead to |ocalized

It is a further object to have a VDD-tracking delay network

that turns on and off a path from VDD-to-VSS.

A still further object is to minimize the silicon area
10 required to fabricate an IC by not adding ESD protection

circuitry at each input and output pin,.

»?



heating; which can melt- gortions of the_ q&ystalllne silicon | attice or
al | ow dopant atoms to m g¥ate within thet Tyst al whi ch can create a
per manent- functional failure of the IC. This 25 |ocalization effect
typically neans that the ! it flow through a P-N
junction under breakdown 'S orders of

magni tude smal l er than the anount of current that the sane P-N
junction can carry w thout damage when it is forward-bi ased.

Figure 1 is a circuit diagram of prior-art generic CMOS

input and output protection circuits.

5
- Figure 2 is a circuit diagram of prior-art generic CMOS
input and output protection circuits with the addition of a
parasitic SCR between VDD and VSS.
10 Figure 3 is a circuit diagram of prior-art generic CMOS

input and output protection circuits with the addition of an N-

channel transistor between VDD and VSS.

Figure 4 is a circuit diagram of generic CMOS input and
15 output prétection circuits with the addition of the present

invention.

Figure 5 is a cross section of transistors N2 and P2
showing how diodes D3, D4 and D5 are formed parasitically.
20 '
Figure 6 is a circuit diagram of the present invention

showing preferred device sizes for a 1.2 micron CMOS process,

1 ]



In the prior art, the hevel of ESD proigction is typically limted to
t he amount of energy that the weakest breakdown mechani smon the IC
can ‘handl e without damage. In a typical 5 commercial CMOS I C, the path
mentioned first bLR-hhep3beyecr o 3 0B O ik B8 EMEoMSaRd Y has a

| ower breakdown VOTTage, 0 e path of |east resistance.
Whenever an. ESD transient traveling this path has too nuch energy, a
destructive ~failure occurs, typically around the drain-to-gate area of
10 transistornd2prdgentoihvent ieddusati kg rdut t ngo av@l BEhdake complete
breakdown. Mich of the prior art focuses on either inproving t he

| ayout ofant iansnstionahN2VPRged NEFS Wivrdrengsipstbr t R termom on to cAPrgvi ng
transistor N2's drain junction doping profile to allow for |l arger ESD
t r anst enﬂigaméiﬁétacééﬁi%ﬂﬁt%@ s prycPRYaFYtigsPatfurimgheydCahunas

br eakdown and snapback. . )
on.- This structure directs the transient current away from

easily damaged structures. Specifically, the ESD transient
current is steered from the VDD rail to the VSS rail through the
on conduction of a P-channel transistor.

10

Circuit 400 of Figure 4 includes a P-channel transistor P3,

whose source and drain terminals afe respectively connected to
the VDD and VSS supply rails 102 and 101 and a VDD-tracking
delay network that includes a P-channel transistor P4 and a

15 capacitor Cl. In the preferred embodiment, capacitor Cl is
implemented as an N-channel transistor. The VDD-tracking dglay
network is connected to the gate of transistor P3 and turns
transistor P3 on during a transient and off during normal
operation of the IC. The gate of transistor P3 is connected to

20 the drain terminal of transistor P4 and to the gate of the N-
channel transistor that implements capacitor Cl. The source of
transistor P4 is connected to VDD supply rail 102 and its gate
is connected to VSS supply rail 101. The source and drain of
éhe‘transistor that implements capacitor Cl are each connected

25 to VSS supply rail 101.

It will be obvious to one skilled in the art that there are

numerous circuits that can be employed to perform the VDD-

This Sheet Has Been Replaced
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emﬁ%? used a parasitic SCR structure (shown in Figure 2)
Hmu QMand VSS rails, in which the br eakdown vol tage of the
par
| ess resistance than the path through the drain of transistor N2. A
technique is provided in a-paper by L. R Avery,

"A revi ewphcking ebksyrbsiction dbqah&égebgegm@. N S FerdnNd nenehbR . Pregpecti on
techni ques to ensure device reliability"” ur nal

good sunmmary of this

| ow. Thhs technlque 2Q,_attenpts to provide a path of

24 (1990) exppplélilt#8fsistor P4 could Behesppacsd By ta yes@sgoennos and

Hol zner,
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"A New ESD Protection Concept for VLSI CMOS Circuits Avoi di ng

During normal IC opération, VDD terminal T4 is connected to
a positive supply voltage, typically 5 volts, and VSS terminal
T4 is typically connected to 0 volts. Under these conditions,
transistor P4 is fully on and capacitor Cl is charged to the VDD
voltage. Transistor P3 is off, because its gate and source are
both at the VDD voltage. Thus there is no conduction path
between VDD and VSS, which is essential for normal circuit

operation.

Consider the following example of the operation of ESD-
protection circuit 400. When power is not applied to the IC,
VSS supply rail 101 is considered to be at 0 volts and all
internal nodes float at a voltage that is close to 0 volts.
When ESD or other phenomena cause a positive (with respect to
VSS supply rail 101) transient pulse on output terminal T2,
diode D4 becomes forward biased and, since resistor R2 and
transistor N2 offer a higher resistance path, diocde D4 steers
the current through itself and into VDD rail 102. Since VDD
rail 102 is floating, its voltage follows by approximately the
dro§ voltage of diode D4, typically 0.7 volts, behind the
voltage rise on output terminal T2. When the voltage rise on
VDD rail 102 exceeds the P-channel transistor threshold voltage,
typically 1 volt, both P3 and P4 start to conduct. The device
sizes of P4 and Cl, and thus their resistance and capacitance,
are chosen such that the rise time of the voltage at the gate of

P3 is on the order of microseconds. However, the rise time of

of 25 Electrostatlcs



Stress", -1991 EQS/ ESD Synposi um Proceedi ngs, pp. 74-81 shows the

use of an N-channel transistor N3 (shown in Figure 3), whose drainis
connected to VDD rail 192 and whose gatl8-and source are connected to
VSS-rail 101. Transistor.-N3 operates in the drain . aval anche br eakdown

and snapback node, thus providing a current S path from VDD to VSS.
Ot her prtbe bFenpyePupulsg muuourpitetervandeVT2eld oresponse kot egr &Sad

ircuits”, U S, Patent No. 4,786,956, shows the use
ar through the IC is typically less than 10 nanoseconds, and thus

SO is the rise time on VDD rail 102. This difference in rise
time between the gate terminal (microseconds) and the source

5 terminal (nanoseconds) of transistor P3 results in an.
increasingly negative gate to source potential. Thus,
transistor P3's on conductance (from source to drain) increases
in direct proportion to the square of the increasing source to
gate potential. The size of P3 is chosen to be large enough so

10 as to be able to handle the transient current without letting
the VDD voltage exceed the parasitic breakdown voltage anywhere
on the IC. This allows for the transient current to be directed
from output terminal T2 to VSS along a desired path and away
from any less-robust, undesired, reverse-biased, or parasitic

15 paths.

As a second example applying a transient to a different
pair of terminals, if input terminal Tl is held at ground
potential or zero volts and a positive pulse is applied at

20 output terminal T2, then the path of least resistance is through
the forward-biased diode D4, the on transistor P3, and the
forward-biased diode D1. Similarly as a third example, if
output terminal T2 is held at ground potential and a positive
pulse is applied at input terminal T1, then the path of least

25 resistance is through the forward-biased diode D2, the on

transistor P3, and the forward-biased diode D3.

The above examples described how the ESD-induced current

follows a desired path when a pulse is applied between certain



of . an N-channel transistor. whose drain is connected to the input 10
term nal, whose source is connected to VSS and whose gate is connect ed
to the substrate throu@b a resistor (sad-colum 3, | i nes 38-54). Like
the .present invention, the circuit path is pravi ded that is intended

to carry the ESD di scharge w t hout breakdown. It differs fromthe
present iIQveetindnallfoveleryilh belslearatol pneeghiitgdoh Prortaxt itdtcircuit
per input pin, that it uses an N-channel transistor_as the swtching

conponentsifidier desinedteseditlpy & At ipgehregagdings eheviifh i ng

transistor is turned on via capacitive Li
) coug [ nglf romérvﬁ‘llftg}? vol t age

on t he

termdnailngef st ke Ne@hEE $HdenSifst8F E5Pi PELGRL R
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20 present invention ' ti i it h pai
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combination of diodes D1, D2, D3, D4 and D5 and circuit 400.

Note that with proper engineering of the sizes and the
electrical parameters of transistors P3 and P4 and capacitor C1,
there is no case where an ESD pulse, up to a certain energy,
causes a P-N junction breakdown on the IC -- that is, that the
transient current will flow through an intended path that
contains only forward-biased P-N junctions. A forward-biased P-
N junction of a given size can conduct much more current without
damage than can a reverse-biased junction of the same size, so
the return (in terms of improved ESD protection) ‘on investment
(in terms of the precious silicon area that the IC designer

allocates to ESD-protection circuit 400) is high.

A further advantage of ESD protection circuit 400 is that
it has substantially the same effectiveness over a much wider
range of variation; in the IC fabrication process than will any
ESD-protection technique that includes localized avalanche

breakdown of a reverse-biased P-N junction.

Figure 4 shows a generic realization of the present
invention for the case of one input terminal, one output
terminal, one VDD supply rail, and one VSS supply rail. It will

be obvious to one skilled in the art how the present invention

t he
of



as the switching conponent, and turns on the sw tching conponent by
direct coupling of theNeSD pul se. 255~ QG her prior art by Keller is
di scussed in Puar's '956 patent colum 1, lineé 65 to colum 3, line
23. This prior art I's suitable to protect input termnals only because

of the hiagblies t8eLCESwi€Si BIANGAEIRAG aredivhi Rulespbéor RA of Figure 2
of -7- Puar '956. Al so,

thi s pridnpatt/odépendsOonebmizkidown nechani sns both in diode JA and
transi stor QA of the same Figure.
It is a further advantage of the present invention that
5 only one instance of ESD protection circuit 400 is required for
each pair of VDD and VSS supply rails on the IC. This contrasts
with those prior-art approaches, such as Puar '956, that require
adding circuitry on each input pin. For multiple VDD or VSS
supply rails, an instance of circuit 400 is connected between
10 any given VDD supply rail and any given VSS supply rail. For
example, an IC with two VDD supply rails, vDD-1 and VDD-2, and
one VSS supply rail, would require two instances of circuit 400
-- one between VDD-1 and VSS and another between VDD-2 and VSS.
The present invention requires an instance of diodes D1 and D2
15 for each input terminal. Parasitic diodes D3 and D4 serve the

same function on output and I/0 terminals.

Figure 6 is a circuit diagram of ESD protection circuit 400

showing preferred device sizes for a CMOS process with 1.2

20 micron minimum feature sizes and two layers of metal.
Transistor P3 is laid out in 40 legs of 8U each, which provides
an effective width of 3200f but with much less series resistance
than it would have if laid out as a single leg. The minimum
feature size supported by the process is 1.2l, but because of

25 the large width of transistor P3, it is preferably 1.8f in
length so as to be less susceptible to process variations and
device flaws. The wider transistor P3 is, the more transient
enerqgy the IC can discharge without damage -- if it can be laid

out wider without impacting the overall die size of the IC then



Al'l the above-nentioned pri-or art techni ques, other than 5 Puar ' 956,
have. the .limtation that they depend on breakdown mechani sns on
parasitic paths to con&ct t he ESD tr anisient current. One limt to ESD
protection that is inherent in dependi ng on junction breakdown

mechani snms is that, because_ of the | ocalization effect of aval anche

br eakdowd tasdorid beg bussIRIY ekf edh ev@d &st bGeHéP?ye&‘h‘élglhe%ﬂ prgmiiceal | y

t he anmount of current that can flow through a P-N junction under
br eakdow"i‘ commepcigddy BEFFR h%?ﬂ ?i]aerﬁfd'eq fs ESPa@rOtEFHalNni t (RRASHRS &L t han

th nt. of that th P- N t hout
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s [ nher it b:0980dL DG AL dd N IURRAKYQN s 1mpolBEHAM S Bhd S that the

br eakdown v tage o e d| ferent
5 intended function of ESD protection circuit 400 that the series

resistance be kept low in the source and drain of transistor P3
and from them to the VDD and VSS supply rails. Similarly, the
series resistance should be kept low in the layout of input
protection diodes D1 and D2 and from then to input terminal T1
10 and to the VDD and VSS supply rails. Similarly, the layout of
transistors P2 and N2 should be such that the series resistance
associated with the parasitic diodes D3 and D4 is kept low.

These considerations are well known in the art.

15 Figure 5 shows the case of N-type wells in a P-type
substrate. The case of P-type wells in an N-type substrate is
slightly different. In this case, a diode analogous to D5 is
formed between the P-type well and the N-type substrate but the
well-to-substrate polarity of this diode is reversed from that

20 of diode D5 as shown in Figure 5. However, because the P-type
substrate is connected to VDD rather that VSS, the polarity of
this diode is the same as that of D5 as shown in Figures 1-4.
ESD.protection circuit 400 need not be changed in this case,
though the path the ESD energy takes may differ from the case-

25 by-case analysis given above.

The foregoing described the preferred embodiment of the
present invention in conjunction with P-substrate CMOS

integrated circuits, with the application of the invention to N-



devices i.s a function of the underlying processing technol ogy

used to

fabricate the I C. Wat QPy be the path Pgbleast resi stance on an IC

fabr'i cat ed usi ng one technol ogy may be” different than the

pat h of

| east resistance on an |G fabricated on anot her technol ogy, even for
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engl neering an e fective I on Ci
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BRI EF SUMMARY OF THE I NVENTI ON

CMOS-like technologies such as BICMOS integrated circuits. 1Ip

that regard, the invention is directly applicable to BICMOS

5 integrated circuits having CMOS outputs. In the case of BICMOS

integrated circuits having bipolar outputs (by way of example,

transistors P2 and N2 of Figure 4 being PNP and NPN bipolar

transistors, respectively), the invention is directly applicable

so long as diodes D3 and D4 are present, either as para
10 transistors N2 and P2 or as specifically added to funct
part of the ESD protection circuit. Further of course,
invention is applicable to silicon gate CMOS integrated
circuits, as well as any of the foregoing types of CMOS
using insulating substrates such as silicon on sapphire
15 as the requisite diodes are formed as part of the overa

circuit.

sitics of
ion as

the

circuits
so long

11

In the description to Figure 4, reference was made to the

VDD-tracking delay network that in the preferred embodiment

20 includes P-channel transistor P4 and a capacitor Cl. T
network essentially decouples the gate of transistor P3
. very short duration pulses on the VDD rail 102 as a res

the eontrolled delay, lag or time constant it imposes o

-

his delay
from
ult of

n the

dhange in gate-to-drain voltage of transistor P3 in reéponse to

25 pulses in the VDD to VSS voltage. Obviously such delay

time constant may be imposed by other circuits, as desi

Thus, while the preferred embodiment and various a

embodiments of the present invention has been disclosed

, lag or

red.

lternate

and



A circuit-is added to a conplenentary netal -oxide silicon (CMOS)
integrated circuit (1C) to provide an intentional, non- 5 reverse-biased

VDD-t 0- VSS shunt path for transient currents such as electrostatic
di scharges (ESD). This circuit protects the IC from ESD danmage by

turning on before any'ot'\her pat h, thus directing the ESD transient
current away from easily Mamaged sttiict ures. Specifically, the ESD

transient current is steerred 10 fromthe VDD rail to the VSS rail through
the on conglidiyePhedej .B- ghapn nsi stor e _source and drain are
connected to VDD © aGﬁg'Vég régpeg%i%ge Vo USTIRS &g%%}gg%g%ﬁelﬁa’i%e FArtthis

transi st orcHaa lveus dulke cHRRGaYPRLY £6 8h | aRECAHSE 1 ThalyS b 2.4 del ay
network forned by a secondgtransi stor a;:md a capla%:“latyts)r. %gg.rﬁ?{%rem

VDD- t r ackiwig hdsitaylepetradnly Fubmsthdespit ardSS dop@NDESERE invent iop .

?

?



on dUriﬁg"a transient and off during normal operation of the IC

' ect of this. present invention to provide | mpr oved
tran ng@ ,uﬂﬂ’[ or\l Cs inpl emented qusing CMOS and 20 CMOS-| i ke
techne ’gylf CMOS, whet her fabricated using netal gates or
silicon gates, "or usi ng |nsulat|ng substrates such as silicon on
sapphire. It is a furtherciymgct of the present invention to
provide 25 transient protection using a circuit that is effective across
variations in the |IC fabrication process. A still further
object is to not interfere with nornal

10

20

25

A transient protection circuit for an integrated
circuit, at least part of which is a CMOS circuit having a vDD
power supply rail and a VSS power supply rail supplying power to
said CMOS circuit, comprising:
a first P—channel.ﬁos transistor having a source
coupled to said VDD supply rail, a drain coupled to said
VSS supply rail, and a gate;
a second MOS transistor haviﬁg a drain coupled to the
gate of the first transistor, a source coupled to said VDD
supply rail, and a gate; and,
a capacitor having a first capacitor connection
coupled to said gate of said first transistor and a second

capacitor coupled to said VSS supply rail.

2. A circuit as in Claim 1, wherein said second MOS

transistor is a P-channel MOS transistor.

3. A circuit as in any one of Claims 1 or 2 wherein the
¢ap£bitor is implemented as a MOS transistor having a gate
forming one of said capacitor connections and having a source
and drain coupled together.forming the other said capacitor

connection.
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c ihr_c“ uit operation. -9

object to provide an intentional t ransi ent
car ,"lmmHmNU"Mlmoes not include any P-N junctions oper ati ng under

kdown.t is a further object to have a VDD-tracki ng del ay
netvvork that turnaon and off a pafh from VDD-to- VSS.

4. A circuit as in Claim 3 wherein the capacitor is
implemented as an P-channel MOS transistor having a gate forming
said second capacitor connection and having a source and drain

coupled together forming said first capacitor connection.

5. A transient protection circuit for an integrated
circuit, at least part of which is a CMOS circuit having a VDD
power supply rail and a VSS power supply rail supplying power to
10 sald CMOS circuit, comprising:

a P-channel MOS transistor having a source coupled to
said VDD supply rail, a drain coupled to said VSS supply
rail, and a gate; and

a VDD-following delay circuit having an output

15 terminal coupled to the gate terminal of the transistor.

6. A circuit as in Claim 5, wherein said VDD-following
delay circuit comprises an RC network.

20

~7. A circuit as in Claim 6, wherein said RC network

comprises a resistance coupled between said gate of said P-
channel MOS transistor and said VDD supply rail and a

25 capacitance coupled between said gate of said P-channel MOS

transistor and said VSS supply rail.
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A st iThis Shegt e RePIAN S 4 o i nimize the silicon area 10 required to
fabrica “ t addi ng ESD protection circuitry at each input
and out -10-

BRI EF DESCRI PTI ON OF THE* DRAW NGS =21- Figure 1 is acircuit

di agram of prior-art generic CMOS I nput and output protection
circuits. 5 , Fiqure 2.is circuit diagram.of _prior-art generic
CMOS i npt: and® (ﬁiﬁﬁ?ﬁ' pFot &€t Fgﬁ“&fcu‘r‘i?% thae ergaé?{%‘he of a

comprises a MOS transistor biased on and said capacitance
comprises a MOS transistor having a gate forming one capacitor
connection and having a source and drain coupled together

S forming the other capacitor connection.

9. A transient protection circuit for an integrated
circuit, at least part of which is a CMOS circuit, and having a
10 VDD and a VSS power supply rail supplying power to said CMOS
circuit, comprising:

a P-channel MOS transistor having a source coupled to
said VDD supply rail, a drain coupled to said VSS supply
rail, and a gate; and,

15 circuit means coupled to said gate of said P-channel
MOS transistor for imposing at least a substantial part of
a very short term transient VDD to VSS voltage change,
caused by an electrostatic discharge, onto said P-channel
MOS transistor as a source to gate voltage, thereby turning
20 on said P-channel MOS transistor to limit the VDD to VSS

voltage change caused by the electrostatic discharge.

10. The transient protection circuit of claim 9 Qﬁerein
25 said means for imposing at least a substantial part of a very
short term transient VDD to VSS voltage change, caused by an
electrostatic discharge, onto said P-channel MOS transistor as a
source to gate voltage is also a means for not imposing a

substantial part of the VDD to VSS voltage change, caused by

)



This Sheet H .
S he ogHD and VSS. 10 Figure 3 is a circuit

par asi t

di agradwmw, generl c CMOS i nput and out put protection circuits
witht an N-- channel transistor between VDD and VSS.
Figure 4 is a circuit dlagran1of generic CMOS i nput and 15 out put

protection circuits with the addition-82-the present i nvention.
Figure 5 is a cross section of transistors N2 and P2 _ show ng how

di odes nd are forned parasiticall
[géwgé gupp.lj.)s voltage r;r:%anges, onto Salyd pP- channel MOS tranSlStOr
as a source to gate voltage, thereby not turning on said P-
channel MOS transistor to limit the VDD to VSS voltage change

caused by the power supply voltage changes.

LT O 0



Figure 6 is a circuit diagramof the present invention show ng
preferred device sizes for a 1.2 mcron CM3S process.

-11- DETAI LED DESCRI PTY ON OF THE PREEBRRED EMBODI MENT  The present

i nvention adds a circuit to an ICto conplete an intentional VDD to VSS
current path that turns on to carry }5§g§ients such as ESD before any
parasitic path in the IC turns on. ' ructure directs the transient

current away. syyyT CIRCUIT FOR ELECTROSTATIC DISCHARGE PROTECTION

A circuit is added to a complementary metal-oxide silicon
(CMOS) integrated circuit (IC) to provide an intentional, non-

5 reverse-biased VDD-to-VSS shunt path for transient currents such
as electrostatic discharges (ESD). This circuit protects the IC
from ESD damage by turning on before any other path, thus
directing the ESD transient current away from easily damaged
structures. Specifically, the ESD transient current is steered

10 from the VDD rail to the VSS rail through the on conduction of a
P-channel transistor whose source and drain are connected to VDD
and VSS respectively. The voltage on the gate of this
transistor follows the VDD supply rail because it is driven by a
delay network formed by a second transistor and a capacitor.

15 This VDD-tracking delay network turns the VDD-to-VSS transistor

on during a transient and off during normal operation of the IC.

!
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!
from easily damaged structures. Speéé?Tcally, the ESD transient
current i.s steered fromthe VDD rail to the VSS rail through the on
conducti.on-af _a. P-channél transj stor. .. Crcuit 400 of FIG 4 includes a
P-channel transistor P3,* whose source and dr @i i Teininal’§~are T espectivel y
connécted to the VDD and VSS supply rails 102 and 101 and a VDD-trackJ
del ay network that inclu a} R4channel tr Tptor P4 and a capaC|tor,C1
In the preferred enbodi &Jacitor Cl i;é nﬁlenented s an N channel
transi stor, though alternginvely a P-chan ransi stor cdud |b& used: The
VDD-t racki ng del ay netwof kai $ connected t gate of tr nE;s or P3 and
turns transistor P3 on during a transient éﬁd of f during no operaﬂion
of the IC. The gate of tr idtor P3 is cotngcted to the drain{termnal of

transistor P4 and to the e of the N R
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) I
channel' transistor that inplenments cdéé%?tor Cl. The source of transistor
P4'is connected to VDDysupply rail 102 and its gate is connected to VSS
supply rail 101. The source and drain of the transistor that inplenents

capaci tor. Cl are each connected to VSS supply rail 101. It will be’
obvjous to one skilled in the art that there are nunerous circuits That
canl be enpl oyed to performthe VDD -12-
tracki ng delay function reguired by the p esept invention. For
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N

exanpl e, transistor P4 could be repl ae%égsy a resistor. Duri ng
normal | C operation, VDD terminal T4 is connected to 5 a positive supply
vol tage, typically 5 voI ts, and VSS term nal: T3 is typically connected
tgq U volts- underthese—condrtions; trhlamstston PATIS Uty -~ "0'n“and |
cgpacitor Cl is charged to the 7DD vol tage. Transistor P3 is of
bgcause its gate and source are botl the VDD voltage. Thus here

i 9 no conduction path bet ween VDD a S which is nt|aI or
ndrmal circuit opé rg HcGY Codsi der the fdl I Qm ng exarrpl e

of| the operation of ESI-o | W protection ﬂrcwt 400. ower |s not

anlplled to the IC
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15 VSS supply rail 101 is consideredﬁbgtﬁe at 0 volts and al
internal nodes flogt at a voltage that is close to O volts. When ESD

. or other phenonena cause a positive (wth respect. to VSS supply rai

101) transient pulse on output termnal T2l diode 4 becones forward
bi ased and, since resistor R2 and 20 transistor N2 offer a highe

resi stance path, diode D4 steers the current through itself dinto
VDD rail 102. Since VDD rail 102]is Floating, its voltage fof | ows by
approxi mately the op voltage of g D4, typic 0.7 volts,

al T2. We&a vol thge rise

behi nd t he voltagﬁ; 3e on out put {t

on 25 VODrail 102 E%‘ééhs t he P-chaégg transi stor r ol d vpl tage,
typically 1 volt, botih P and P4 start |t onduct. Thg™delVice ; sizes
of P4 and Cl, and thus {their resistancé capaci t ancé—- are thosen

such that the rise tinmg of the voltage ay the gate of
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P3-is on the order of n1cxpseconds M%Ver the rise tine of

-13-. : the transient pul se on out put term nal T2 in response to an ESD
through the 1.Cis typically less than 10 nanoseconds, ; -t hus SO isS
the rise tinme on] er . tinme between
the gate term nal (n1croseconds) and the source #Ra+ L nangseconds)
of transistor-P3|results in an I ncreasingly - negat Ivg gate tolsource
potential. Thus, transi stor P3's on conduct dngextfT®m source 't
drai n) increases in direct proportion to thd ﬂq@afé of the |ncwea3|ng
source to ] P QJ
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gate'potential. The size of -P3 is chosen to be |arge enough so 10 as to
be able to handle the transient current without letting t he VDD
vol t age exceed the parasitic breakdown vol tage anywhere on the IC
This allows for the transient current to be directed- - from oyt put
termnal T2 to VSS along a desired path and away from any
| ess-robust, undesired, reverse-biased, or parasitic 15 paths.
As a second exanple applying a transient to a different pai.r | of
termnals, if input terminal Tl is held at ground potential ¢r zero
volts and a positive pulse is applied at 20 output termnal T2,|then the
path of |east resistance is through the forward-biased di ode}D4, the
on transistor P3, and the
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e

forward-bi ased diode DI. Similarly as a third exanple, if out put

terminal . T2 is held at ground potential and a positive pul se is
applied at input termnal T1, then the path of least 25 resistance is
t hrough the forward-biased di ode D2, the on transi stor P3, and the
f orwar d- bi ased di ode D3. I~ the above exanples described how the
ESD-i nduced current foll ows jadedired path when a pulse is applied
bet ween certain P_' -14- | C
termnals. It will be clear to Rpe:ski lled in the art that
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simlar desired results are obtained regardl ess of which IC term nal
gets. the.positive side of the ESD pul se and which term nal the
negative side or the ground path, given the 5 conbination of diodes D1,
D2, D3, D4 and D5 and circuit -400. Note that w th proper

engi neering of the sizes and the i~ el ectrical paraneters of transistors
P3 and P4 and capacitor Ci, hdre is no case where an ESD pulse, up to
a certain energy, 10 causes a F=N| unction breakdown on the IC -- that

is, that the transi ent cy ill flow through an intended path that
contains only forward-biased P- ctions. A forward-biased P- N
junction of a giyven size can condiyict nuch gore currgnt w thout - danmage
than can a reverjse-biased junction of themane size, so 15 the return (in
terms of inproved ESD prgg ecti on)‘ on invl% nent .
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(in terns of the precious silicon area that the | C designer

e

al |l ocates -

to ESD-protection circuit 400) is high. A further advantage of
ESD protection circuit 400 is that 20 it has substantially the sane
ef fecti veness over a much w der rgnge of variations in the IC
fabrication process than will any ESD- prot ecti on techni que that
i ncl udes | ocalized aval anche bﬁﬁakdomn of a reverse-biased P-N
junction. 25 Figure 4 shgwsda|generic realization of the present
i nvention for the case of one inbttC)P m nal , one out put term nal, one
VDD supply rail, ard one VSS supply fail. Lt gill be obvi ous to one
skilled in the art thow the present ihventionQ
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1O/ -
-15- 77 " applies to ICs with I/Oternminals or with nultiple

i nput/ output/ 10 term nals. It is a further advantage of the
present invention that 5 only one_instance of ESD protection circuit 400

is required for each pair of \[Dp-afd VSS supply rails on the IC. This
contrasts with those prior-art prjoaches, such as Puar '956, that
require adding circuitry on edcl=i qput pin. For multiple VDD or VSS

supply rails, an instance of circgift B0Q is connected between 10 any

gi ven VDD supply rail and any giv S)supply rail. For
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exanple, -an IC with two VDD supply ra/l s, VDD-1 and VDD-2, and one VSS -
supply rail, would require two instances of circuit 400 -- one between
VDD-1 and VSS and anot her between VDD-2 and VSS. The present i nvention
requires an instance erm nal .
Parasitic diodes D3 g put and 1/0O
term nal s. otection
circuit 400 showi ng preferred device sizes for a CMOS process with 1.2
20 mcron mninmum f ¢ [ Transi st or
P3 is laid out in 40 an effective
w dth of 3200[err] bl han it woul d
have if | ai (1_.0.11'[_8.5. 4
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19—11.1

featunre size supported by the process is 1.2[err], bat because of 25 the

| arge width of transistor P3, it is preferably 1.8[err] in | ength so
as to be |l ess susceptible to process variations and device flaws. The
wi der transistor P3 is, the nore transient energy the | C can discharge
w t hout damage -- if it can be J-aid out wider w thout inpacting the
overall die size of the IC then . it should be, but 3200[err]
is believed to be wi de enough to provide a comercially acceptable

| evel of ESD protection. Capacitor -Cl is preferably inplemented as an

N-channel transistor of 11 |egs
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each of 100[err] width and.5[err] length. It is inportant to %%e+=»s

I ntended function of ‘ESD protection circuit 400 that the series

resi'stance be kept low¥n the source-&3¢ drain of transistor P3 and
fromthemto the VDD and-VSS supply rails. Simlarly, the series

resi stance should be kept lowin the |ayout of input protection di odes
D1 and D2 and fromthen to input t&&RIBACITI 10 and to the VDD and VSS
supply rails. - Simlarly, the [ayout of transi stors P2 and N2 shoul d
be such that the series resistance associated with the parasitic

e B Bkt | 5.0 DABSSOTAT LB AFR BT 1

the art. ur e

subst rat(%moghelﬁ@§§r9ée5’ Lypa,vel ) @oagggg%xggm?gawﬁﬁm, non.S1 1 GhL1

different. In this”case, di ode anal ogo
5 reverse-biased VDD- to-VSS shunt path for transient currents such

as electrostatic discharges (ESD). This circuit protects the IC
from ESD damage by turning on before any other path, thus
directing the ESD transient current away from easily damaged
structures. Specifically, the ESD transient current is steered
10 from the VDD rail to the VSS rail through the on conduction of a
P-channel transistor whose source and drain are connected to VDD
and VSS respectively. The voltage on the gate of this -
transistor folbqﬁ;‘the VDD supply rail because it is driven by a
delay network foémed by a second transistor and a capacitor.

15 This VDD-tracking delay network turns the VDD-to-VSS transistor

on during a transient and off during normal operation of the IC.
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formed bet &BL&GE“V&?\& “ i and the N-type substrate but the
wel | -t o- suldstirat e polarltyio this diode is reversed fromthat 20 of

di ode D5 as shoWQAHGﬁP . However, because the P-type substrate
is connected Yo VDD ratmh‘er that VSS, the polarity of this diode is the
sanme as tha &S shown i Fi gure]sl‘1-4. ESD protection circuit
400 need no ks S case, though the path the ESD energy
takes may di er fromthe case- 25 by-case anal yS| S given above.

4
L ErnY

The foreg ’ : & : ol BUERL kE he pr esent
I nvention in conj uncti on W|th P—substrate CIVDS |ntegrated circuits,
with the application of the invention to N

The present invention adds a circuit to an IC to complete an

intentional VDD to VSS current path that turns on to carry
transients such as ESD before any parasitic path in the IC
turns on. This structure directs the transient current away
from easily damaged structures. Specifically, the ESD
transient current is steered from the VDD rail to the VSS rail

through the on conduction of a P-channel transistor.

Circuit 400 of FIG. 4 includes a P-channel transistor P3,
whose source and drain terminals are respectively connected to
the VDD and VSS supply rails 102 and 101 and a VDD-tracking
delay network that includes a P-channel transistor P4 and a
capacitor Cl. In the preferred embodiment, capacitor Cl is
implemented as an N-channel transistor, though alternatively a
P-channel transistor could be used. The VDD-tracking delay
network is connected toc the gate of transistor P3 and turns
transistor P3 on during a transient and off during normal
operation of the IC. The gate of transistor P3 is connected to
the drain terminal of transistor P4 and to the gate of the N-
channel transistor that implements capacitor Cl. The source of
transistor P4 is connected to VDD supply rail 102 and its gate
is connected to VSS supply rail 101. The source and drain of
the transistor that implements capacitor Cl are each connected

to VSS supply rail 101.

It will be obvious to one skilled in the art that there are

numerous circuits that can be employed to perform the VDD

BEPLACEMENT SH EETS SG
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-17- | substrate CMiSlintegrated circuits also being described. It is

to be notbd'hdwéﬁﬂﬁ 9%n§£the i nvention is also applicable to

CNCSAIlkeitgchnologles as Bl CMOS |g%egrated circuits. In t hat
regard, t e-nvention is difectly applicable to BICMOS 5 “integrated
g:;gﬂ:t: avi ng CMOG _a In the case of BI CMOS- i nt egr at ed

ERGPI POl RIS EBYuYBY: Of, EXAMY 8.
and N2 of Figuré?4 bei ng PNP and N%N bip8§ Ky P
respectiveiqaglélmx&ah&ﬂﬂﬂoan?Mscdhmecﬁéy:égugdéaagbea r2
D3 and D4 are present, either as parasitics of 10 tra
or as specifically added to function as

angpangastors P2
nsi st ors,

si sggplong as di odes
nsistors N2 and P2

c
an

10 Detween VDD and VSS, which is essential for normal ¢

Cocnsider the Iolicwing example ¢f the cperation of Z3C-

»
-

protaction cizcuit 400. When power is not applied to the Il
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When ESD or cther ghenomena cause a positive (w
VSS supply rail 101) transient pulse on output terminal T2,
diode D4 becomes forward biased and, since resistor R2 and

20 transistor N2 offer a higher resistance path, diode D4 steers

the current through itself and into VDD rail 102. Siace VDD
rail 102 is floating, its voltage follows by apprcximately the
d:o§ voltage of dicde D4, typically 0.7 volts, behind the
voltage rise on output terminal T2. When the voltage rise on
25 VDD rail 102 exceeds the P-channel transistor threshold vclrtage,
typically 1 velr, both Pj and P4 start to conduc:; The dewvice

sizes oI P4 and Cl, and thus their resistance and capacitancs
are chosen such that the rise time of the voltage at the cate of

“ar

?3 is on the order of microseconds. However, the rise tima of



part of t g&g&ﬁgf¥4§&§§§ﬁ§: circuit. Furt her of course ~the- iﬂven%ion

I's applicable to 9 e CMOS integrate cuits, as

of the foregoi ﬁaﬁ%@ of Ci/OS circuits usr ng | Em nl w Ht mrt

such as si{l ifcon on sapphi so | ong 15 as the requi f or med
as part ofl the overall circuit. -13 . In the description to
Figure 4, jrefer : to the VDD-tracki ng delay network that in
t he prefeﬁ&hﬁﬂ&ﬂbodinent 20 includes P-channel transistor P4 and a
capacitor Cl. This delay network essentially decouples the gate of
transi stor P3 from very short duration pulses on the VDD rail 102 as a
result ofy.  athergepidl | g dediond ag:06ulikBrepnsiantidded mases on the

change in gate-to-drain voltage of transistor P3 in response
circuit, at least part of which is a CMOS circuit having

a VDD power supply rail and a VSS power supply rail

supplying power to said CMOS circuit, comprising:

a first P-channel MOS transistor having a
source coupled to said VDD supply rail, a drain

coupled to said VSS supply rail, and a gate;

a second MOS transistor having a drain coupled
to the gate of the first transistor, a source
coupled to said VDD supply rail, and a gate coupled
to said VSS supply rail; and,

a capacitor having a first capacitor connection
coupled to said gate of said first transistor and a
second capacitor connection coupled to said VSS

supply rail.

2. A circuit as in claim 1, wherein said second MOS

transistor is a P-channel MOS transistor.

3. A circuit as in any one of claims 1 or 2 wherein
said capacitor is implemented as a MOS transistor having
a gatel forming one of said capacitor connections and
having a source and drain coupled together forming the

other said capacitor connection.
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t hat vari

i nventi onthds been digggosed and
“fierein, ity will be Obvious to those skilled in the art
us_changes.d-a=+e#m and detai | may be made therein

4. A circuit as in claim 3 wherein said capacitor is
implemented as a P-channel MOS transistor having a gate
forming said second capacitor connection and having a
source and drain coupled together forming said first

capacitor connection.

5. A circuit as in claim 3 wherein said capacitor is
implemented as an N-channel MOS transistor having a gate
forming said first capacitor connection and having a
source and drain coupled together forming said second

capacitor connection.

6. The circuit of claim 1 wherein the threshold of the
P-channel transistor is less than the operating voltage

of the integrated circuit.

7. A circuit as in claim 3 wherein said capacitor is
implemented as an N-channel MOS transistor having a gate
forming said second capacitor connection and having a
source and drain coupled together forming said first

capacitor connection.

8. A transient protection circuit for an integrated
circuit, at least part of which is a CMOS circuit having
a VDD power supply rail and a VSS power supply rail

supplying power to said CMOS circuit, comprising:

a P-channel MOS transistor having a source
coupled to said VDD supply rail, a drain coupled to
said VSS supply rail, and a gate, and
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88 pirit and scope of the inve

CLAI MVE: ""'A'T I'a‘T'I"SI eﬁ"t' priotection circuit for an i E“W@%‘FH/MUH"'
at | east pa gﬁqu al|CMOS circuit having a VDD p and
sup al?

-

a VSS powey udpl yi ng power to said CMOS circuit, conprising:
a first P- :han.ael__.l\m*t«r—.«a-ﬁsi St or havTQ\;g‘ a source coupled to said VDD
supply raij, a drain coypled to said VSS supply rail, and a gate;

a VDD-tracking delay circuit having an output

terminal coupled to the gate terminal of the transistor.

9. A circuit as in claim 8, wherein said VDD-tracking

delay circuit comprises an RC network.

10. A circuit as in claim 9, wherein said RC network
comprises a resistance coupled between said gate of said
P-channel MOS transistor and said VDD supply rail and a
capacitance coupled between said gate of said P-channel

MOS transistor and said VSS supply rail.

11. A circuit as in claim 10, wherein said resistance
comprises a MOS transistor biased on and said capacitance
comprises a MOS transistor having a gate forming one
capacitor connection and having a source and drain

coupled together forming the other capacitor connection.

12. A circuit as in claim 11, wherein said capacitor 1is

implemented as an P-channel MOS transistor.

13. A circuit as in claim 11, wherein said capacitor is

implemented as an N-channel MOS transistor.

14. A transient protection circuit for an integrated
circuit, at least part of which is a CMOS circuit, and
having a VDD and a VSS power supply rail supplying power

to said CMOS circuit, comprising:
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a second NI g’lﬁf@i’{jﬁj&ﬂiﬁ;ﬁﬁ‘ X/ ng a drain coupl ed to the gate of the

first traps §t , a sourc coupled to said VDD sgﬁﬂmum gate
coupl ed QMQBWQ supply rail; and, t’"l”ﬂﬂ?”

first capaC|tor connecti o coupled to said gate of sdidfiMsts =«
transi stor aaéﬂax“~“”§“boqﬂjcapa0|torz%onnectlon coupled to said VSS

suppl y raql. 2. A circl as in claim1, wherein said second MOS

t ransi st or=¢™~d P- channel MOS transi stor. 3. Acircuit as in any one of
claims 1 or 2 wherean PsehannapacM0dr tsanspdsieoentleiasga MOSdumresi st or

having a gate form one of, said capacjtor connections and haV|ng a source
and drain coupF@HP%SgeFﬁeﬁQWQWHQR)?WEP ly rail, a drain coupled

said VSS supply rail, and a gate; and,

circuit means coupled to said gate of said P-
channel MOS transistor for imposing at 1least a
substantial part of a very short term transient VDD
to VSS wvoltage change, caused by an electrostatic
discharge, onto said P-channel MOS transistor as a
source to gate voltage, thereby turning on said P-
channel MOS transistor to limit the DD to VSS
voltage change caused by the electrostatic

discharge.

15. The transient protection circuit of claim 14 wherein
said means for imposing at least a substantial part of a
very short term transient VDD to VSS voltage change,
caused by an electrostatic discharge, onto said P-channel
MOS transistor as a source to gate voltage is also a
means for not imposing a substantial part of the VDD to
VSS voltage change, caused by power supply voltage
changes, onto said P-channel MOS transistor as a source
to gate wvoltage, thereby not turning on said P-channel
MOS transistor to limit the VDD to VSS wvoltage change

caused by the power supply voltage changes.

16. The circuit of claim 14 wherein the threshold of the
P-channel transistor is less than the operating voltage

of the integrated circuit.



other said cdpa0|tor
as in clai
transi stor
having a s
connecti on.
i npl enment ed "as an N-channel

m ng sai d second capaC|t
E-and drain co pled to ether formng s

- in cIa "3 wherein said capacitor iIs
MOS transi stor having a gate

e tﬂon == 205 A A circuit
ﬁ(:‘g@]d c paC| tor is inplenented mﬂf’ﬁ-ﬁannel

17. The circuit of claim 8 wherein the threshold of the
P-channel transistor is less than the operating voltage

of the integrated circuit.

T



f“" fgg: ai’ﬁ? ﬂff%? capaci tor connection and having a source and drain
..... fprm ng said second capacitor connection. 6. The
Lcui t of é?y 1iwherein the threshold of the P-channel transistor is
Ie S m?aﬁuﬁﬁ opérating voltage of the integrated circuit. 7. Acircuit
slinclaima 3in said capacitor-4% inplenented as an N-channel MOS
tiar ST St or haV|ng

gate form ng said second capacitor connection and
d drain coupl ehBgERAd®r formng said first capacitor
connecti on. 8. A transient protection circuit for an integrated

circuit, at difaft PaiduLF R G BETROSMIT € IdIEEHARMY IBROTECTION

A circuit is added to a complementary metal-oxide silicon
(CMOS) integrated circuit (IC) to provide an intentional,
non-reverse-biased VDD-to-VSS shunt path for transient
currents such as electrostatic discharges (ESD) . This
circuit protects the IC from ESD damage by turning on
before any other path, thus directing the ESD transient
current away from easily damaged structures.
Specifically, the ESD transient current is steered from
the VDD rail to the VSS rail through the on conduction of
a P-channel transistor whosel gsource and drain are
connected to VDD and VSS respectively. The voltage on
the gate of this transistor follows the VDD supply rail
because it is driven by a delay network formed by a
second transistor and a capacitor. This VDD-tracking
delay network turns the VDD-to-VSS transistor on during a

transient and off during normal operation of the IC.

Figure 4



a VDD power suppL}/i rail and “a VSS power supply: raII s._uppl ylnzhpower to

said” 'CI\/DS *rcqui«l conpri si ng: a P- ghanne....;--l\s/EIS #ransiistor having
ar sé)u:r ce Tii-"eoypled to said VDD supp/sy rail, a draifi coupled-to sai d
\.{SS supplé rﬁéi Fafd W -21-
\@25 Ry ddl dy circuit having but T—termnal couplel to the gate
t%er nalp_gf)‘t’ngr nsji stor.
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i MOS transistor. 13. Acircuit as in claim11,
- i npl enented as an N-channel MOS transistor.

14. A trangient protecti } circuit for an integrated- circuit, at |east
part of whichp ASEP ZBBIS Fifcuit, and having a VDD and a VSS power supply
rai | suppl yi ng power to}shid CMOS ci r%ﬁit, conpri si ng:
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a P- char{BEEl

; ¥s+-8f 0F having a source coupled to said VDD supply
rail, ajdriain coupled to said VSS supply rail, and a gate; and,
Ci rcuit jmgan& . oeeip : aid gate of said P- channel MOS transistor
for inp substantial part of a very short term

ol tage chang®® caused by an el ectrostatic

di schar gg > v@nnel MOS transistor as a source to gate
vol tage, thereby turning on said P- channel MOS transistor to limt
the DD to VSS vol tage chahge- | caused by the electrostatic
di schar ge. 15. The transient pr@eftion circuit of claim 14 wherein said
means for inposing at |east a subgtaptial part of a
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very~mﬁiﬁ\g§g§§r¥ filent VDD to VSS vol tage change, caused by an”

el ec “}ﬁﬁﬁ%ﬁ sehar ge, onto said P-channel MOS transistor as a source to
gat et vpl t.age i s als

to VBS| v A8EE. EWange,

means for not inposing a subst.antial part of the VDD
caused by power supply voltage changes, onto said

P-chanpel MOS transibtbr as a source 4/6 gate voltage, thereby not turning
on sai ~¢hannel MOS {ransistor to linit the VDD to VSS vol tage change

causd4d by the. powes~stpply volt anges. 16. The circuit of claim 14
wheretn the threshold of the P: el transistor is less than the
operating voltage of the integr ircuit.
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of the integrated

perating voltage

riis less than the o

CagENTTHEE rcuit of claim 8 wherein the threshold of the

Frran

S e egr v

SIS

i

]

B i

5/6

31vy1sans 3dAl-d

r'e

773N 3dAL-N

e s . | Sw—

sa

v —

340HN0S
3dALl-N

JSER, 2001

|
|

cic

Smvw Somen  nemten S



©
-]

R i

2 4SER. 2001

990l

SSA § . :
e
c - D -
8l
(8pg * OV) 53¢ oomm il
¢d
OO—\m. +
Pd
aan TA —e ) L»
<) ,



