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ELECTROSTATIC DISCHARGE PROTECTION CIRCUITS USING
BIASED AND TERMINATED PNP_TRANSISTOR CHAINS.
EIELD OF THE INVENTION

| . "The present invention relates to the field of electrostatic
discharge protection circuits. More particularly, the present
inventién relates to electrostatic discharge devices for providing
protection betwéen power supply buses in a CMOS integrated

circuit.

 BACKGROUND OF _THE INVENTION

It has been known for many years that extremely high voltages
(e.g. 10,000 volts or greater) can develop in the vi¢inity of an
integrated circuit (IC) due to the build-up of static charge.
Electrostatic discharge (ESD) refers to the phenomenon Qhereby'an'
electrical discharge of high current and short duration is
pfoduced_at the package nodes of an integrated circuit, as a
consequence of static charge bhild-up on that IC package or on a
nearby body such as a human being or an IC handiing machine.
Electrostatic discharge is a serious probiemﬂfor semiconductor
devices sincelit has the potential to disable or destroy the
entire integrated circuit. Because ESD events occut most often
across the silicon circuits attached to the package nodes,'circuit
designers have concentrated their efforté on developing adequate
protection méchanisms for these sensitive circuits. 1Ideally, an
ESD protection device should be able to protect an IC against any
conceivable static discharge by passing large currents in a short
time in a nondestructive manner.

One difficulty‘in_designing ESD circuits is.the demanding

' . . ‘et
performance requirements which must be met. Foxr example, one of
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the primary industry standards for measuring ESD robustness --
MIL-STD-883C method 3015.7 Notice 8 (1989) and its follow-on
standard nb.-s.l (1993) from the EOS/ESD Association -- réquires
ESD "zapping" for what can be a large ﬁ;mber of ‘pin and power
suppiy combinations. In the past, ESD protectioq circuits have
had difficulty in meeting these stringent military standard
performance reéuirements while maintaining adequate noise
immunity.

Integrated circuits have come under pressure in these human
body model (HBM) ESD tests beéause of repeated stréssing of the
power sﬁpﬁly raiis, leading to wearout of various breakdown éoints
on, say, the Vcc lines. A reliable power supply clamp device is
needed in order to take pressufe off the rest of the Vcc bus
.during ESD streséing. -

As wili be seen,. the present invention provides an ESD
protection circuit whicb exceeds industry performancé goals while
allowing adequate noise immunity margins.an§ product COmpatibility
through the use of multiple péwer supplieé.

Co-pending application Serial No; 08/138,472 filed October
15, 1993 relates to deviceé for protecting an integrated circuit
(IC) against electrostatic discharge (ESD). The basic design of
one device described in the co-pending application is capable of
being implemented for a variety of differenf circuit protection
requirements. For instance, in one embodiment the disclosed
device can be used for protecting an input buffer only against an
ESD event. In another embodiment, an outéut buffer_sf an

integrated circuit can be protected and still in yet another
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embodiment, the ESD protection circuit can be utilized to protect

a terminal of an integrated circuit which is capable of both

- receiving inputs and providing outputs as an external signal.

In each instance, the device disclosed in the aforesaid co-
pending application includes as a key feature, a self-triggered
silicon controlled rectifier (SCR) which is preférably coupled
across the internal supply potentials of the integrated circuit.
When the SCR has its anode coupled td a first supbly pétential and
its cathode'coupled.téha second internal supply potential, the SCR
exhibits a_snap—ﬁack in its current versus voltage characteristic
which is triggered at a predetermined voltage during an ESD event.
As large voltéges build up across the chip capacitance, the. |
predetermined voltage of the SCR is triggered at a potential which
is Sufficiently low to protect the internal junctions of the IC
from destructive reverse breakdown,. At the'point it triggers, the
SCR provides a low resistance path between the first and second
supply potentials.

In one embodiment, the SCR cohprises,a pnpn sémiconductor
structure. which includes a n-well disposed.in a p-substrate. A
first n+ region and a p-type région are bpth disposed in thé n-
well. The ﬁ+ and p—type regions are spaced apart and glectrically'
connected to form the anode of the SCR. RAlso included is a second
n+region. However, there are triggering difficulties.which arise
from the use of a SCR as a power supply clamp due to several
reasons. First, there is a minimum SCR trigger voltége which is
near the n+ junction breakdown voltage on the rest of the power

bus, meaning that ESD current will usually be shared with other
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circuits on the power bus. Also, each SCR clamp has a minimum
trigger current for the low voitage state. Thus, the power bus
can become "hung up" near the (higher) trigger voltage due to the
SCR's failure to reach the low voltage state, resulting in éufrent
sharing with the entire power bus. |

In addition to the use of a SCR as a power supply clamp to
provide ﬁSD protectién, over the past few yea;s, it has become
common to include diode strings; especially across power supplies,
as part of routine ESD protectioﬁ in products such as thé'
80486SL (Enhanced) micrqprocessor manufactured by Intel
Corporation.

Diode strings have been used successfully to couple
peripheral power supplies to their corresponding core powef
supplies during ESD events, while affording voltage isolation
adequate to prevent unwanted coupling during ordinary opération.
In their role as "“charge couplers," they.have_enhanced charged
device model (CDM) performance. More ViSibly, there is growing
evidence that they heip products with multiple, electrically
separated power supplies to pass the multiple pin combination
tests of the HBM ESD test, the most common industry standard test.
Conversely, most products with multiple, electrically separatedl'
power supplies that have not, for one reason or another, used the
diode strings have had difficulty passing the HBM pin combination
tests. In these cases, failuréslhave often béen elusive, seeming

to occur at random due to "wearout" of peripheral power buses.’

Better-power-supply clamping and better coupling.of the charge to

"safe" discharge paths seems to be needed. The following is an
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explanation of'how the diode strings accomplish this and how
certain enhancements cén be used t§ expand and improve ESD
protection.

A typical example of a diode string would be a Vsso (e.g., 2
noisy output supply) double-clamped to core, or substrate, Vss, as
shown in Figure la. The single diode is, of course, the n+
junction on the p—substréte, while the stack of four is a diode
string cell. Also shown in Figure 1lb is a typical diode string
between Vcco and a core Vcc. Notice that the Vsso-Vss arrangement
is bidirectional (because of the parasitic diode), while the Vcco-
Vece coupling is unidirectional.

- Diode string layout begins witﬁ a subcell, resembling'the

diode shown in a schematic top view in Figure 2. The basic p-n

junction is.made with tightly spaced, minimum width p-diffusions:

and n+ taps of floating n-wells. A parallél combination of these
cells forms a diode with the desired area, measured by taking
account of the total length of metal-contacted p+ fingers opposite
metal contécted n+ tap fingers. In this way, current density is
measured in current per micron. Next, diodes are connected.in
series as shown in cross-section in Figure 3. Each n-well is
tapped and féd to the p+ junction of the next diode. Any number of
p-n junctibns can be strung together in this way (although there
is a point of diminishing returns, as discussed below); for the
purpose of this description, the 4-stage caée, which is a ﬁommon
choice, is shown and described.

In Fig. 3, the floating wells-also form an unavoidable

rectifying junction with the substrate, with the result that the
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"diode string™ is really a chain of Darlingtoq—coupled PNP
transistors, schemdtically shown in Figure 4. This raises.the
question of the influence of the vgrtical current gain (B) on
diode string operaﬁion, which can be considerable. Indeed, it will
be shown that the current gain can be used to formulate designs
with improved efficiency and versatility. But first the p-n d;odé
equations and tgmperature'depenaence need to be dgveloped.

Basic diode behavior in terms of temperature dependence and
current vs. voltage relétioéship will now be described to providé
a further background necéssary'for an understanding of the present
invention. -

a. Temperature dependence

Starting with the p-n junction I-V relation:

I = Is (exp(qV/nkT)-1), where Is = Io exé(—Eg(T)/kT), (Eq. 1}~
where n is the diode ideality factor (almost 1), Eg(T) the
bandgap, Tlthe absolute temperature, k is Boltzmann's constant and
q the electronic charge. The -1 term can be ignored as ;odg as
V>3kT/q; about 100 mv for a typical product temperatﬁre range. Any
. temperature dependence in Io is outweighed by the temperature
dependence of the exponential factor that follows. Therefore, Eq. -
1 can be written: |

1In(l/Io) = (gV-nEg(T))/nkT, [Eq. 2]
and be assured that this quantity is nearly independent of
temperéturé for a constant current I. In a typical product
temperature range of interest (-55 C to 125 C), the silicon bandgap
has been measured to be Eg(T) = Ego - bT, where_Ego = 1.206 eV and b

= 2.7325x10"% eV/K as described by Y.P. Tsividis, "Accurate Analysis



%

of Temperature Effects in.Ic—Vbe Characteristics with Application to
Bandgap Reference Sburces", IEEE J. Solid State Circuits, SC-185,
1076-1084 (1980). ‘ | |

Ignoring a slight éecond order temperatufe correction that
applies only below room temperature, Ego is_tﬁerefore the
extrapolated OK bandgap and will hengeforth be expressed in vqlts.
Notice that if Eq. 2 is ekpanded ogt,,the linéar coefficient b
cont;ibutes nothing to the temperature:dependence of the right hand
side, so another temperature-independent quantity ig

- {qV-nEgo) /nkT.

This means that if-the diqde forwarﬁ voltage V£ at abso;uﬁe
temperature T0 is knoyn, the voltage at the same forward current
can be easily calculated for another temperéturg Ty:

VE(T;) = nEgo + (T3/T0) (VE(TO) - nEgo)’ . " [Eq. 3]

The temperature coefficienﬁ of Vf will thus be negative;
typiéaily TO is room temperature and V£ is around 0.55-0.6V for
forwardlcurient of 1-10 pA, giving a temperature coefficient for

Vf around -2.2 mV/K.

b-_Cuzmn.tMimge'

Diode ideality factor can be measured from a semilog'plot of
diode I vs. V, most conveniently done on an HP4145 éemiconductor
Parameter Aqalyier; An ideal diode (nél) gives the well-known 60
mV/decade siope for low currents at room temperature
(0.060 V = 300k 1n{l10)/q).

Once the single diode ideality factor is determined, the

semilog I-V slope of a diode string is of interest. For a series



%

of m diodes, it can be shown that the low-currént I-V slope is
mnkT 1ln(10) /g volts'per decade, or m x 60 mV/decade for ideal
diodes at room‘temperature. This result holds even with finite PNP
current gain B, as long aé ﬁ'is independent of current. As

described below, the bipolar current gain just amplifies the

current passed at a given voltage, in a manner depending only on 8

-itself.

Modeling the effect of transistor action, namely current gain

" and modeling in the leakage regime and in the ESD regime provides

further useful insights into a proper understanding of the
invention.

For an analysis of the effect of.ﬁhe PNP bipolar current
gain, or B, on the performance of ﬁhe diode string, a single stage
of the.Dgrlington-coupled series is shown in Figure 5, ~with the
usual relations shown for emittef, base, and collector currents:

Because the next diode stage has reduced current flowing into

its emitter, the forward voltage in stage 2 will be reduced by an

" amount depending on B:

1n(I;/Is) = gV1l/nkT; ln(Iz/is) = gV2/nkT = ln (I,/((B+1}1Is))
= 1ln{(I1/Is) - 1ln(f + 1), so that ' [Egs. 4]

V2 =Vl v'(nkT/q) In(B + 1), or V2 = V2 - 1n(10) (nkT/q) log(A+1).

Now let Vo = 1ln(1l0) (nkT/q), 60 mV for an ideal diode at room

T. The analysis of Egs. 4 is applied to multiple stages to give a
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loss of an additional Vo*log(B + 1) at each stage, resulting in a

total voltage V¢ of a string of m identical diodes at current Ij of

Ve = mV, - V0log (B + 1)(311“-5-'—}—)) " (Eq. 5]

where V; is the base-emitter voltage for one diode (collector and
base shorted) at emitter current I;. Obviously this model depends

on_a'cpnstant B and no effect of series resistance, which are

‘usually the case in the low leakage current range. The effect of

temperature on diode stfing efficiency is clearly shown in Figure

6 whicﬁ plots out Eq. 5 for two temperatures.

Given some baseline diode data like ideality factdf and
forward voltage for a givgn current at a reference.temperature
(such as room T); the V; at the tehperature of interest can be
calculated, and Eq. S-aﬁpiied. Equation 5, and the summation
leading up to it{ shows that a sizable B results in a decreasing
additional voltage for each sﬁcceeding diode stage, the reason
being that the final stage has less and less emitter curreht,
resulting in less and less voltage-drop for that-stage. The model
breaks down when that voltage is so low that the -1 term in Eq. 1
becomes substantial again.and the voltage of each additional_stage-
goes to zero. Never does an éddi;ional diode.actually subtract

from Vt.

c : . l el 0 the ESI ,
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when an ESD pulse passes through the diode/transistors, the

‘current density is many decades higher than in the leakage regime

discussed-above. There are not just microamps of leakage, but
milliamps per micron of p+ finger length in the initial diode
stage. In this regime, diode-resistance effects-become important,;
énd_current gain decreases.

The expected functional férm of B plotted against current
density is.;hown in Figure 7. When log B is plotted ve;sﬁs log Je,
the emittér current density, a linear declining slope results
also. This also simplifies the modeling. The decline of B with
collector current density is expected in all bipolar transistors
(See,-W.M. Webster, "On the Variation of Junction-?fansistér
Current Amplificétion Factor with Emitter Current", Proc. IRE 42,
914 (1354), quoted in S.M. Sie,'Physics of Semiconductor Devices,
2nd ediﬁion'(Wiley, 1981), pp. 142-143). The result i; that-there
is high f at low current, whe?e it is undesired due to diode
leakage, and -low B at high currenﬁ, where B allows ESD current to
pass to.thé substrate. Nevertheless, with clever use of the design
options, a competitive protection-device can be devised within the

available area.

BRIEF SUMMARY OF THE INVENTION

The presenﬁ invention is an impfovement to the ESD protection
deécribed in co-pending applicafiqn Sgriai No. 08/138,472 filed
October 15, 1953.

It is well known that electrostatic discharge (ESD) can

. irreparably damage an irntegrated circuit. Integrated circuits are
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designed to.operate usin§ a relatively low voltage supply,
ﬁypically 2.5 - 5 V: The damage occuré when a high potentizl is
applied to an input or output buffer of the integrated circuit
which may occur by a person simply touching a paékage pin which is

in electrical contact with an input or output buffer of the

' integrated circuit.

Although numeroﬁs circuits exist which prdvide ESD
protection, ‘as new integrated circuit processes are utilized, new
measures frequently need to be employed to provide ESD protection
since use of standard cells which individually had been gualified
to very high ESD test voltages in the human body modél (KBM) - do
not provide sufficient protection, resulting in integrated circu}ﬁ
failure. A common theme in these failurés-has'been separation of
Vcec power supply buses in, say, an SQFP package, and resuLting_Vcc-
leakage failure afte? testing of the many required pin
combinations. Sometimes the failure can be avoided wiih test
partitioning, i.e., spreading the many required "zéps" over a

number of components in ‘accordance with the latest industry test

IStandards,-but‘this is effective only_about half the time.

What is needed is a restoration of "modularity" . to the
standard cell method for ESD cells. When a set of standard input
and output devices works well on a test chip, their use in a

variety of products must be guaranteed to give similar results.

Product ESD performance has been uneven because of the ESD current

path from one power supply to another (see Figure 8), as evidenced
by failure analysis and the fact that almost all ESD problems

disappear when all the power supplies are artificially shorted
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together, thus reducing the current path to little more than the
standard cell modules themselves. Thus it is clear that an

appropriate set of power supply clamping modules could manage that

X

"portion of the current path, and be what is needed to enable a

prdduct to perform aé desired.in ESD tests. Figure 8 shows how

power supply coupling facilitates ESD current through the desiped
current pathé.-. |

ﬁhen used_as power supply clamps, input protection devices
have triggering'difficulpies and do nop absorb all the ESD current

necessary to protect the IC. The bipolar action present in diode

strings presently in use has been found .to be highly beneficial as

a power supply clamp. At present, these diode string devices
bridge_one.péwer bus to another and can be used only when the th
power supplies always track closely enough that-cross—poupling is
not harmful. This invention extends the usefulness of power supply
clamps operating under this.bipolar action principle by allowing
them to "stand alene", and to clamp certain power supply buses to
substrate. | |

The présent invention utilizes as key elements a bias network
which is used to augment the diode string to distripute small but
significant forward current to.the diodes as shown in Figure 14 or
cantilevef diodes which prov;de PNP Darlington gain block as shown
in Figﬁre 19, and the terminétions as shown in Figures 20a-20c. In
the Figure 14 embodiment, the principal element of novelty is in
the use of a multi-stage Darlington transistor for ESD .protection
rather than for amplifying signals in bipolar ICs. In the Figure

19 embodiment, the termination is the principal element of device



Figures la and 1lb are a schematic Jt typical diode strihgé
between peripheral and core power supplies.,

Figure 2 is a representative top view of diode subcell
‘layout.

Figure 3 is é cross—-sectional view of 4-stage diode string in
" p-substrate CMOS.

‘Figure 4 is a four-stage diode string of Fig. 3, seen as a
chain of PNP transistors. 1

Figuré 5 illustrates current gain effects in_the bipolér
transistor formed by a diode stage. )

Figure 6 is a gfaéh plotting diode string turn-on voltage'ﬁor
two tempéfatures for B=§l ' .

Figure 7 is a graph showing the log of cu;rent gain plotted
against the logiof collector current density for a typical dipde
string PNP fransistor;

Figure B8 illustrates the preferred ESD current path through
the ;ircuit of the preseﬁt invention during a positive
electrostatic discharge event from pad 1 to pad 2,

Figure 9 illustrates a MIL-STD 883C, Method 3015.7, Notice 8
electrostatic discharge testing circuit.

Figure 10(a) is a circuit schematic diagram of.tﬁe
electrostatic discharge protection circuit of the present
invention with biased diode string and cantilevered diode_string..

Figure 10(b) is a cifcuit schematic diagram.of a generalized
electrostatic discharge protection circuit according to the

present invention.
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‘novelty and that which makes the protection device "stand-alone".

The termination supplies final base current to the gain block for
a limited amount of time (dependent on the RC time constant of the

p-gate pull-up), so that ESD charge can be shunted harmlessly

. through the PNP chain, but assures that the structure draws no

"current from a stable power supply long term. The entire structure

is able to absorb noise-spikes as well as ESD pﬁlses. The
termination also makes provisions for discharging its capacitor
betweeﬁ ESD pulses, as is necessary for standardized testing.

The invention has value as_ah IC power supply clamp, and
reduces fhe damage often seen on IC power supplies during
extensive ESD testing. Present-day devices are stressed many
hundreds or even thousands of times in the industry standard human
body model (HBM) of ESD, owing to pih count and multiple ﬁéwer

supply 1lines. Theré_is already evidence to suggest that PNP chain

~ devices, of the kind discussed here, are essential for first-time

success iQ product ESD testing,'and that they make it possible for
the HBM tests to be_passed with just a few component samples. This
greatly simplifies the ESD gqualification process.
BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be understood more'ful;y from the
detailed description -that follows and from the accompanyipg
arawings. The drawings, however, should not be taken to limit the
invention to the specific embodiments shown, but are for
explanation and understanding only. For exémple, the relative
layer thickqesses shown in the drawings should not be construed as

representing actual thicknesses.
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Figure 11 is a cross-sectional view of the diodé_power supply
clamp similar to Figure 3 utilized in one embodiment of the
present inventién.'_

Figure 12 is a circuit schematic diagram of another
embodiment of the invention which provides ESD protection for an
input only pin.

Figure 13 illustrates the current path tﬂrough tﬁe circuit of
the.present inventionJAuring a negative electrostatic discharge
event with respect to periphera; Vgs.. .

Figure 1? is.a bias nethrk for 2 6-diode mixed power supply
clamping string, designeﬁ to haximize the temperature at which
-leakage current 6f AV/R=2_.5/R flows, while uSing minimum'total-
resistance.‘

Figure 15 is a-bias network for an 8-diode mixed power supply
clamping string, designed with the same goals é$ the net#ork in
Fig. 14.

'Figure 16 illustrates measured leakage for 3.0-5.5V 6;stége
cladded diode string, as piéturéd in Fig:. 14. Values were chosen
to allow low leakage up to 100 C.

Figure 17 is a bias network implemented in p~channel FETs.for‘
a 6-diode mixed power supply clamping string.

Figure 18(a) shows alternative p-channel gate placement for a
cladded diode sﬁiing, aimed at limiting amplified n-well leakage
‘due to p-gate turnoff.

Figure 18(b) shows the cbncept and one ‘implementation of a
buffered voltage dividef, aimed at establishing equipartion of

voltages and retaining low leakage at low temperature.
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Figure 18{c) shows the'concépt and one implementation of a
buffered véltaée diviaer, aimed at establishing equipartion of
voltages and retaining low leakage'at.low temperature.

Figure 19 shéws_the key elements utilized by the present
.inventi§n, épecifically cantilever diodes which provide a PNP
- Darlington gain block.

Figures 20(a)-20(e) show variéqs_te;minatioﬁs which-may be
uSedjwith the cantilever diode string used in the.present

invention. |

"Figure 21 shows a two—stége RC delay circuit. -

Figure 22 shows a six-stage cantilevered diode string with
resistive bias network and.termination circuit resembling Fig.-
20(b) . |

Figures 23&423d-show flawed cantilever diode termination
circuits.

Figure 24 shows a PPN cell layout, allqwiné topside current
collection for B enhancement. |

Figﬁre 25 illustrates use of p-well implant inside n-well in
an attempt to enhance vertical 8. |
_DETAILﬁD DESéRIPTION -OF THE INVENTION

A robust electrostatic discharge (ESD) protection circuit for
‘'use in CMOS, and particularly n-well, p-substrate CMOS, integrated
circuits is described. In the following description, numerous
specifié detaiis are set forth such as circuit configurations,
conductivity types, currents, voltages, etc., in o;der to provide

a thorough understanding of the present invention. It will be
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obvious, however, to one skilled in the art that these specific
aetails may not be needed to fractice the present invention. 1In
other instances, well-known circuit elements and structures have
not been described in particular detail in order to avoid
unnecessarily obscu}ing the present invention.

Figure 9 illustrates the Hﬁman Body Model (HBM) pulse test
used to satisfy MIL-STD-883C Method 3015.7, Noiice 8. 'According
to tﬁis test, a device 12 is coupled to a regulatgd high voltage
power supply 11 through'a network comprising resistors R1, R2,
switch S3, and capacitor Ci. The discharge pulse or "zap" is
generated by capaci;or Cl, thch has a capacitance of 100
picofarads; charged.to several.ﬁhousand volts through resistor R1;
Resistor R} has a value of between 1 and 10 Mohms. -

- In performing the test, cépacitor Ci is first adequately
charged through R;; then relay S3 is switched so that capacito; Ci
is coupled to device 12 through resistor Rz; The potential on
capacitor C3 is then diécharged through resistor R2 (1.5 Kohm}) to
the pin'beiné tested. The MIL-STD requires that the zap be
delivered three times positively and three times negatively for
all possible diécha;ge-combinations. These combinations are as
follows:

.1. . All sign;l pins with respect to each separate power
supply grouhded. |

2. All supply pins with respect to each other, each with
separate power supply grounded.

3. All signal pins with respect to all other.signal'pins

grounded.
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- With reference now to Figure 10(a), thg:e is shown a circuit
échematic diagram of the ESD protectién'circuit of the present
invention utilizing both bias diode strings (8DS) and a |
cantilevered diode string (CDS). 1In the most.general case, the

circuit of Figure 10(a) is utilized to provide ESD protection at

~an input[output (I/0) buffer, and utilizes separated Vec and Vss

power supplies. The separated power supplies are represented as

Veel and Vssi denoping power supplies for the reriphery, as
opposed to the internal circuitry. It shoulcd be-uﬁderstood that
the ciréuip of Figure 10(a) is advantageously Zormed in the same
silicoﬁ substrate which forms the integratec circuif to be
protected.,_:hus, the invented ESD protection circuit is easily
fabricated as part of a normal integrated circuit. manufacturing
proéess.

The key circuit elements used in proteéting & tyvpical I/0 pin
will now be described in further detail. These circuit elemenﬁs
comprise a combination of discrete devices and parasitic
structures.

One of the first things to note about the ESD protection
circuit.of Figure 10(a) ié fhat it employs separated bower
supplies. For example, the peripheral power sﬁpplies_vccl and
Vssl are coupled to nodes 44 and 45, respectively, wﬁereas the
internal power supplies Vgc and Vgg are coupled to respective
nodes 33 and 34. Each of the peripheral power supplies is coupled
to its corresponding iﬁternal power supply through a diode clamp.
By way of example, bias diode string (BDS) 26 connects nbde 44 to

node 33, whereas diode string (DS) 27 connects node 45 to node 34.
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Note that the buffer circuitry which ordinarily forms part of the
input/output circuitry of the IC is shown in Figure 10(a) by the
combination of PMOS transistor 42 and NMOS transistor 41.
-Pransistors 41 and 42 are coupled in series between nodes 45 and
44,

Practitioners in the art will appreciate that in the present
invention, the input/output buffér circuitry shown in Figu;e 10(a)
is.cqupled to thg peripheral pover supplies. This means that any

-noise generated by the I/O devices is effectively isolated from
the ihternai supply lines of the IC. Diode strings 26 aﬁd 27 each-
operates as a diode'clamp to maintain a separatibn between the
noisy peripheral supply lines and thé internal power supplies.
The diode.clamping mechanism also provides the lowest possibie
impedance path between tﬁe chip's peripheral and core power
supplies. Diodes strings 26 and 27 may comprise one or more
diodes in sefies, depending upon the level of noise isolation
which is désired between the two supplies. As an example, if it
i%mdeéired ég provide at léast 2.0 volts of noise.isolation
between Vccp.and Vece, then diode string 26 should comprise at
. least four diodes couéled in series.

Fiéure 11 is a cross-sectional view of a diode clamp
stfucture, which is m;de up of four diodes coupled in series. The
diode is shown consisting of a.set of separate structures disposed
"in substrate 50. Each structure includes both p+ and n+
diffusions (93 and 94, respectively) disposed in a floating n-well
89. Each of the four separate n-well regions 89a2—-89d are formed

in p-type substrate 50. By way of example, the first diode in the
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series comprises diffusion regions 93a and 94a, with p+ diffusion
region 93a being coupled to the peripheral power supply Vccp.

The.series conhectién of Separate diodes which comprise the
diode clamp may be coupled together using any available metal
layer. The metal connections are ;lways from the n+ region of the
" previous diode stage to the p+ reg}oh of the next stage; that is,
n+ region 94a is coupled to p+ region 93b, n+ region.94b is
coupled to p+ fegion 93c, and so on. At ;he cathode terminal of l
the diode clamb, n+ region 94& is coupled to the internal power
-supplQ Vece. Note that the power supp}y diode string 27 can be
-implementedlusing the s#me floating n-well concept'showﬁ in
Figures 3 and 11. For diode 27, however, the p+ side is connected
to the peripheral ngp supply and the n+ side of the diode-is
connected to internal'vss. Note that diode s;rings 26 and 27 are
designed to provide a current path during an electrostatic
discharge event. |

Some of the key elements in the ESD prctecfion circuit of
Figure 10(a) afe the use of-diode biasing, tapering, and
cantilevered diodes.

Operation of the cantilevered diode string 30 functions to
shuhp any destructive current away. from the internal chip
;apacitance; thereby protecting the core of the }C.

With continuing reference to Figure 10(a), the connection
‘between the pad and the input gate_is made via the local iqput
gate clamp network comprising rgsistors Rs (labeled as resistor
37) and diodes 23 and 24. A typical value: for resistor 37 is on

the order of 100 ohms. In most cases, diodes 23 and 24 are



optimally located adjaceAt to the input gate circuitry to maintain
a low voltage near the gate. The iocél input gate clamp acts as a
voltage.dropping network, clamping the gate voltage of the input
side of the I/0 buffer to an acceptable level. By way of example,
this level may represent the gate dielectric breakdown voltage of
an input or output buffer. 'In one embodiment, resistor 37
comprises an ordinary polysilicon resistor. Further note that
diodes 23 and 24 are usually small in ;ize.(e.g., 30 microns.wide)
and may be constructed with the same diode cells used to build
diode strings 26 and 27.

One of the problems with prior art designs which include
sélicided diffusions is the problem of'damage to the trénsistor
devices associated with the I/0 buffer. Becausé salicidation
essentially removes the normal resistance associated with the
drain diffusion, current'spreading.is no longer present in these
technologie; and damége can occur at both the source and drain
regions. .

With réfereﬁce aéain to Figure 10(a), the remezining circuit
elements not yet diécussed include diodes 21, 22 and 25. Diode 22
is couﬁled between the pad.and node 44 and éperates to shunt
_current to power supply Vcep when the pad or pin is zapped
positively. Diode 22 is preferably located adjacent to |
transistor 42 in order to minimize the resistance between the
- anode of diode 22 and the drain of transistor 42. Similarly,
diode 21 is.shown coupled between the pad and node 34. Diode 21
is inherent in the layout of the outpuﬁ buffer and guards against

an ESD event whenever the pad is zapped negatively with respect to
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Vgs. Diode 25 is also inherent in the layout of the output buffer

-and is connected between Vss and Vssp. Botﬁ of diodes 21 and 25
comprise large, vertical diodes formed between the n-channel
drain/source transistor regions and the_p—substrate;

Figure 12 illuStfates an alternative embddiment of the ESD
protection circuit of the present invention for a typicai input-
only pin. Witﬁout the presence of output transistors 41 and 42,
the circuit of Figuré 12 is simpiif}ed considerably. ©Note that
the same basic structure of Figure 11 is preserved in the
emboaiment.of Figure 12, except that transiétors 41, 42 and
associated resistor 38 and diode 25, are not included. Also,
_since the circuit of Figure 12 is designed to_handle input-only
signals, there is no need for separate power supplies and clémping
diodes 26 and 27; Input pins are usually tied to ﬁhe internal
power supplies making_the'special ESD pdwe; supply diode clamps
unnecessary. In all other respects, the circuit of Figure 12 is
ﬁhe same as that described above for Figure 11. Practitioderﬁ'in
the art will appreciate that removal of the MOS output'drivers
eliminates the fragile thin gates and thus decreaseS the cell
capacitance. |

Figures 8 and 13 are presented as examples to further exp;ain
how the éresent invention functions during an ESD event. Figuie 8
illustrates the current path through the circuit of Fiéure 10 (a)
during a positive ESD zap from pad 1 to pad 2. Figure 13, 6n the
other hand, illustrates the current path during a negative ESD zap

with respect to peribheral Vssp.
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Applying this theory to the I/O.ESD protéction circuit of
Figure 10(a), one can easily identify where the current flows
during an ESD event. For example, in Figure 8, arrow 47 .
highlights the current path taken during an ESD event when the pin
_is zapped.positively from pad 1 to pad 2. In this case, diéde 22
- and bias diode string 26 are turned_bﬁ; shuhting the current to
the core and charging theuchip capacitor to Vgs. This large
capacitor (aroﬁnd_l0,000 picofarads for a microprocessor) and the
cantilever diode string 30 dissipates most of the ESD charge and
energy. As the ESD zap voltage increases the resulting Vee - Vgs
potential approaches 12—13lvolts, whefe current is shared through
breakdown of internal cirFuitry. But properly applied cantilever
diode clamp§ relieve the stress on the'interngi circuitry and
allow current shariné to occur only  at véry high ESD zaé voltages.

Figure 13 highlights the opposite case where the I/O pin is
zappéd'negatively with respect to the peripheral.suppiy voltage
Vsséo Here,'current flows from'peripheral Vssl: through the diode
.clamp 27 to Vgs. Then, the discharge current path continues
through the ﬁ?channel drain diode 21, and finaliy out to the pin.

When implementing ESD b;otection, it should be understood
that connectivity plays an impbrtant role in the success of the
circuit. 1In the case of the ESD protection.circuit of Figure
10(a), the power supply clamping diode strings 25.and 27, and
cantilevered diode string 30 may be located far from the actual
I/0 buffer they are désigned to protect. The circuit curfeht path
impedances, however, should be kgpt to a minimum so thaﬁ other

parasitic paths do not become the preferred discharge path. On
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the other hand, diodes 23 and 24 are preferably located as close
to the input device node 35 as possible in order to miﬁimize
voltage drops.

Furthermore, because instantaneous ESD zap currents can
easily exceed several amperes and last for several nanoseconds,
metal width becomes an important concern. For example, metal
extending from the bond pad to the I/O cell at node 35 (called the
"leadway metal") can fuse during an ESD event if the-ﬁetal width
is ﬁot wide enough. Fér this reason, the leadway metal shoula
have a width which is sufficient to adequately handle & largé
discharge event. |

Figure 10(b) illust;ates 2 generalized implementation of the
invention where optional or not required elements ére shown in
dqtted lines. The pads may or may not have p—channel_decices 22
~to peripheral power sqpplies Vc?l and Vcc2, but if so they have
‘the direction shown in Figure 10(b).. Similarly, the only
peripheral power supply Yssl or Vssz'power.supply to internal
power sﬁppiy Vss devices which are always present are the: natural .
well to substrate.diodes 27. However, the (unbiased) diqde chains-
28 from Vssi or ngz to Vss are optional. The novel aspects of .
the present invention are shown.in Figure'lotb) are the clamp 32
from Vec to Vss, which may be a.cantilever diode or biased diode
chain, and the biased diode.strings 26 from2Vcc1 and Vcc2 to Vcc.
It should be noted that the devices 21 without an arrow are
bidirectional in terms of their asility to pass ESD'currenﬁ.

Eehavior of.diode strinés for electrostatic discharge (ESD)

protection, made from floating n-wells in p-substrate CMOS, is



described in the'leakage current regime as well as the ESD current
regime. Bipolar PNP action accounts for unwanted_low—voltage -
conduction as well as for very deéirable clamping of power supply
overvoltages. |

‘As previously-ooted, the invention is a circuit to improve
electrostatic oischarge (E§D) protection in integrated circuits
(IC) . The circoit utilizes devices which are primarily intended to
provide ESD protection betwoen power supply buses on a CMOS
(primérily n-well, p-substrate CMOS) integrated circuit. The
inyentioﬁ_émploys certain design enhancements for exploitiné B and
-limiting its unwanted_effects, by diode biasiné, tapering and

cantilevered diodes and for enhancing # with a PPN cell.

g
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As noted above, there are the following etfects of
current gain on the performance of diode strings: |

a) The low-current f-is. a not desirable becausé.it outs the
turn-on voltage of the chain. | |

b) The high-coyrentzﬁ is of great benefit because it turns
‘the diode string into a very effective power supply clamp to
substrate Vss, sugpassing its role as a mere conduit for charge to
another power buo. .

Although B is unfortunately hicher at.low‘currents,.there
still are ways to-use B for ESD clampino while minimiziog its
effect on diode string porformance in the leakage regime. The
following is an outline of these techniques, the gool of which is
to eliminate the unwanted effects of B without compromising ESD

performance. ' -
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Equation 5 speéifies the total diode string vpltage Vt for a
set of identical di?des.'However, the area (i.é., p+ finger length)
jof succeeding diode/PNP ‘stages might change. Suppose the area of
each succeeding PNP stage of a diode string shrinks by exactly a
factd: of (8 + 1). Then the current density at eﬁch diode is
exactly the same, and the full voltage of mVj is achieved. across:

the chain. Equation 5 can be seen as a special case of the

equation

Vi = mVr - Vo(i (log(Li(B + l)')) - [Eq 6]

iI=2

where L; is the finger length (diode érea) of thé ith stage
relative to the first stage, i.e., L; = i. The second term will
therefore vanish, or at lea;t.be reduced, if the diode/PNP ;hain_
is tapered to some eﬁtent; in accordéhée with the expected value
of B. A propefly tape¥ed.diode string not only removes the
isolation voltage éroblem associated with B,_it uses less area.
However, it should be noted tha; diode conducﬁance is
limited, so the ESD current regimé demands diodes of a éertain
size. Even if the chain is'tapered with an eye on the high current

B (which is low), similar resistance drops will exist in each

diode, which may or may not be dcceptable.

ii, Bias Networks



The reason for .the declining incremental voltage across thé.
diode string is, of course, lower current density in the latter
stages, due to current flow to ground. Boosting current denéity in
thé latter stages so that the.total desired voltage drop is
partitioned more or less equally émong tﬁé available stages is

therefore a worthy goal. Tapering accomblishes this but the main
problem with tapering is that using this method to minimize
leakaQe in a diode string is not compatible with maximizing ESD
performance, as discussed above. But there is another me;hod to
lift the sagging curves of Fig. 6 without affecting ESD
performance at all, by augmenting the diode string with a bias
network to distribute small but siéhificant forward current to the
' diodes. The reéultiﬁg diode string is sometimes séid to be -
cladded, and the string called claddgd diodes fpr convenience. A
network of the sort pictured in Figure 14 allows the diodes to be
biased, in segments of one or more diodes, so that the achievable
voltage across the string is a multiple of the voltage across the
segment. The leakage current reqguirement is then relatively
constant over a wide température réngg! ‘

Figure 14 shows'a biased diodq string Qith the extremes of
3.3-5v mixgd power supplies applied. The usual chain of PNP
transistors is shown as diodes with a distributed ground as the
common collector. In this case, the design choices for a bias
network are driven by a desire to minimize the area used, which
means minimizing the total resistance involved, as well as the
total number of resistors. The most efficient choice for a

resistor is the long-channel PMOS device. In order to achieve the



desired 2.5V across tﬁe string in Fig. 14 at a given temperature
(say, 100 C), it is necessary to determine what current Io is
required by two PNP. diode/transistors biased at AV/3=2.5/3=0.833V
" at that high target temperature. Then R is chosen so that Io flows
through each pair of diodes,.i.e., AV/3R=2.5/3R=Io and 2.5/R=3Io
is the total leakage. This works as follows: 2Io flows through the
first resiétor, then Io is shunted to the second diode pair
{assume infinite PNP gain in worst case, so that there'is no diode
current left after each seément), and the same voltége drop IoR
deveiops across the second resistor. Finally the precalculated Io

" flows through ﬁhe last two diodes. Thus the totzl current through

the diode string is 3Io=AV/R or less (hefe AV=5.5V-3.0V=2.,5V), as

long as Io into one segment produces at least AV/3. This will be

generalized below.

This simplified view is a worst-case design method, one that
.assumes B is large and that the amount of current passed on to the
next diode segment is negligible, whi@h is hot always the casep

More complete modeling can give an exact answer, but finite B will

only improve diode string leakage perfo:madce.

Notice how the diode strings in ESD mode are unaffected by
introducing bias resisﬁors; which are so large they always pass
very low current. It is important to assure that the reéistive
devices have so easily activated parésitic breakdown modes, but
the diode 'string's ability to élamp at low voltages makes this

possible.



)

Now to approach a generalization of ﬁhe method by examining
an 8-diode string, which would allow even more isolation (less
current) between'tﬂe p&wer supplies at high temperatures, it is
attractive to have 4 segments of 2 diodes apiece, as Shown'in

Figufe 15.

Again the-(simplified) total eurrent is AV/R, but this is now
4Io, ﬁhefe Io intd a segment produces AV/4, or 2.5/4 volts iﬁ ﬁhis
_case. The pa;tern developing is clear; for equipartition of
voltagé iﬁto n equal segments of a diode.string, the résisto;
sequence ié‘
R 'R R

. R
n-1"n-2"n- 37 !

R
'I?I

(MR

starting from the positive end of the striné. Total current In
will not exceed AV/R as long as forcing'Io (=In/n) through a

~ segment produces at least Av/n volts. The resistor sequence,
starting from fhe right, follows what ﬁathematicians call the

harmonic series:

1,

SRR

112
13.l4ls°"

The resistor cladding sfrategy can be likened to a highway
proceeding out from a city which is at first j lanes, then two,
‘then one lane in a given direction. As current units leave to bias
the diode segment to the same voltage as the next resistor, the
associated "lane" is not ne€eded in the next resistor to establish

equal voltage. It is believed that this strategy allows for the



)

lowest total resistance (which tranélates into p-channel area
ﬁsed) neeaed to achieve the leakage current and voltage goals at a
target témperaturer as discussed above. One can easily show that
separate résistors to gacﬁ segment, while effective, use many more
ohms (at least a factor of (n-1), n the number of segments) to
achieve an equivalgnt result. It isxlike building seﬁérate

highways to several destinations that lie in the same direction.

- Some adjustment to the harmonic Series values for the-
resistors must be ﬁade if dio&e taperiﬂg is included, because the
diode segment voltages ultimately depend on current density. If
one looks onée again at each bias resistor as being so many
conductive "lanes" of current, the conductance of each "“lane" musﬁ
be. scaled down to.match the scaling of the segment for which its

current is intended, if it is desired to preserve equipartition of

’

voltages and minimize total leakage current.

Use of the harmonic series.of resistors. is based on the
assumption that high temperature leakage is a problem and that the
temperature at which a certain leakage current goal is achieved
needs to be maximized giveﬁ the voltage target. If there is plenty
of extra margin and some Qtabiliza;ion is needed, a different
~series string couid be used. Fof example,. if n times a segment
voltage Vo is substantially greater than AV.at the target high
,-tempera;ure, then all bias resistors can be set to R and only the
last segment ﬁill be on. Other segments will be_off and

AV - vy

1o =
n (n - IR
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This does not maximize the temperature at which In will be
-achieved, but it could be used to minimize current 5t the target
temperature. The same kind.of analysis applies to the low
" temperature case when the cladded diodes have been designed at the
fharmonic series limit for high temperature. Again, all but the
last segment will be virtually off. That means that the &-diode
string in fig. 14 then“éupports less than two-thirdé of AV across
the ¥ésistors kwithout biasing the diodes mﬁch),'totaling i.5R, so
that total leakage.is less than fSu:-ninths AV/R, the'eéac; value
depending on Vo at the ;oker_temperature._aut this is ndt
dramatically lower than the ﬁigh temperature leakage, showing that
the bias network desensitizes the circuit to temperature

-variations.

Experimentally, adding resistors to a tappable diode string

works just. as expected, as shown in Figure 16.

The'c;added diode string resistors are implemented with p-
éhannel FETs, as stated earliér. Figure 17 showé a2 6-diode chain
whgre gate oxide .-voltaues greater than 3.6V are not allowed, thus
" the p-channel resistor gates are_referred to 3V. This allows more
favorable (smaller) size p-channel devices to be used, anyway,
because tﬁe conductance is lower than if the gates were at OvV. The
.résistive connections to 3V and OV prevent unimpeded power supply

'voltages from appearing across a thin gate oxide. The resistive

connection to Vss (ground) is accomplished with an n-channel
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device; otHerwise there would be a power supply voltage across a

Qate oxide.

The resistive bias netwofk offerg another benefit to
operatioﬁ of ﬁhe Datlingfén PNP transistor chain, that of
supplying leakage.current £o the floatihg'n-wells (transistor
~ bases) distant.from the highest yolfage power supply. This is
especially important at high temperature.: Although n-well leakage
is usually no higher than a few 10's of nanoamps even at high
operatiﬁg temperature, it is impoffant to avqid supplying that
current to the reﬁote n-wells through several amplifying PﬁP
staées; the total iéakage becomes the basic leakage mgltiplied_by
.severai factors of (B+1l). With the configuration of Fig. 17, the
floating-n—well leakége is fed through at most one PNP Stage, S0
total léakage.due to that effect is kept_low. Even at room
'témperature and equal Vcc voltages this issue E;n become sever%
when the diodes aré exposed to ligﬁt.(particulariy a microscope
light during failure analysis), because then the n-well fléakage“
is a quite consideféble photocurrént. A photodarlington effect
results and the Vcc—Y;é current is huge beéause the éhoﬁocurrent
has to be supplied‘through an amplifier. A pioper bias.nthork can
reduce total current and draw the aftenﬁion of the failuée analyst

away from this.

An interesting situation develops when the two power supplies
of Fig. 17 are set equal to 3.3V, which is an option. Then the p-
channel bias resistor deviceé turn off and subthreshold leakage

alone (probably inadeqpate)'has to feed the n-wells. The n-wells
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then self-bias, below 3.3V, in order to feed leakage to the 5th
diode, which acquires a back bias with respect to 3.3V. But
fortunately, sometiheS'the leakage under such conditions is still
less than 100 nA even for eight 152 ﬂm diodes at 100° C, because
of the PNP B around 3. Processes with higher # (e.g., 7) and
thinner oxide can avoi&'the p—channéi turnoff problem Because the
full 5.5V is allowed.to appear across the thin oxide, mean{ng that
the p-gates can be at 0V. In a conceivable future process with
high-f PNP devices and gate oxide voltage restricted to low
values, the configuration of Fig. 17 will havé to be adjﬁsted to
provide some limitation on the leakage—-induced voltagéﬂdrops in
the string. Figure 18a shows a scheme which prevents exéessive
amplified leakage (including photocurreﬂt) when Vhigh=Vlow, by
redesigning the n-FET to form a long channel "leaker pair",
establishing a voltage below Viow for the p-resistor éates_so that
they neQer turn off, yet still never suffer dieiectric breakdown.
The leaker pair can be desiéned to require minimal leakage'from

Viow-

‘It should be noted that the voltage applied across the biased
dioée string ﬁay.not aiways be from two Vccx supplies on a mixed
power supply chip. It could also be between a Vcc and a Vss, for
example, with core Vcc being the most likely'choice. As
tecﬁnology advances and IC§ run at lower and lower voltages, with
Eorrespondingly lower burn—in voltage, this kind of power supply

clamp is a distinct possibility. A chain of 8 diodes, for

example, can be arranged to clamp a 2.5-3V supply with low
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leakage, and also.survive 3-3.6V burn-in to high temperatures
t125;150 C), at least with the rather low PNP beta values seen in
advanced teéhnologies.

With such a long diode chain sustéining its largest
differential voltagé at burn-in (at_which'temperatures the pnp
beta goes uﬁ), some method of pumping extra current into
intermediate siages may still be desired. But the current
replehishment at high temperatures and burn—in'voltage could
severely comﬁromise the p;oduct-performance at lower temperature
and lower voltage unless some improvement is made to the biaSiné
schemes discussed thus far.

Figuée 18b shows the concept of a buffered voltage divider
being used to establish equipartion of voltage down the string.
This practice could Qpply to any biased diode sfring,'and the
buffering could 5e applied to any number of intermediaée stages in
the chain. Vcc-Vss clamps éré a prime caﬁdidate because there :is
always a substantial differential voltage across the chain, One
would like the standby ieakage current throﬁgh the divider to be |
- small, and fér the amplifier to supply little current from Vcc |
unless neéded, e.g., at high temperatures. This would then lower
the leakage current as shown in Figure 16 ét all temperatures, at
the cost of a litéle extra circuitfy. Fig@re 18¢ shows how éuch a
"scheme might be implemented in CMOS circuitry.

The leaker pair Tl and T2 ére always on, but as very loﬁg
channei devices, they do not draw significant Icc. When the node
following the fourth diode falls a threshoid below Vout, as at

high temperatures, the source follower T3 (a stronger device,
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capable of many mic?oampé of current) turns on until ﬁhe lower
part of the chain is reﬁlenished’adequately. But T3 is off
completely or sourciné very smail currents at lowe; temperatures,
where Vcc is easily supported at low currents. The body effect in
. T3 affects.its trip point, but the leaker pair can often be
designed with that in mind. -

The novelty.of the above concepts for biasing a PNP
transistor chaih is considerable. ESD protection as well as
temperature—dependent vqltage-current goals are all met and made
possible only by using the biasing schehes as discussed. While the
Darlingtoh transistor is not new, é%e prior art concerning those
devices is not with ESD protection but with the two—stage'
Darlinéton used for amplifying signals in bipolar ICs {e.g., P.
Horowitz and W. Bill, The Art of Electronics, 2nd edition
(Cambfidge University Press? 1989), pp. 94-95. and P. Gray and R.
Meyer,-ﬂnglysis and Design of_Anélog Integrated Cfrcuits, 3rd
edition (Wile?, 1993), p. 223}. In this case, bias resistors
(beéween the emitter of the fi;st transistor and the base of the
second) are placed primarily to speed up the device, and
incidéntaily to avoid amplified leékage curfeﬁt. The term “bia;
network" was adapted from that literature and was chosen as a
concise déscription of some of the novel ciftcuits discussed
herein. There is no known precedent for the multi-stage Darlington
configuration discussed herein (which would be slow and
~disadvantageous for signal switching), nor of the ESD protection

application for the multi-stage Darlington.
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iii. Cantilevered diodes

Diode tapering recognizes that less and less current is
required by each succeeding stége of the diode/PNP chain. This
fact is useful in other ways. Referring to the PNP chain shown in
Figure 4, because of the current gain'at each'stage, the current '
at the output is a factor of (B + 1)? less than the input current.
‘Thus even for a fairly low B, the majority of the current flows to
the substrate. For é mbdést A, even one less than 10, the base
current required at the output is low enough that.alternatives.to
attaching the output to andthef power supply can be considered.
Some kind of small circuit may Qe sufficient, and would free the
user from-assuring that the two power supplies aiways track within
the Qoltage limits. The concept of not having a power supply
anchorage at the far 'end of the diode chain has.éome to be known
as cantilevered, or cantilever, diodes. It.can_be.combined with
diode tapering and bias netwofks to prbduce more efficient, more
versatile diode string designs;. |

A simple capacitor at the output might be a sufficient
termination for cantilever diodes, but it must be reset after
every pulse or.it will éharge up and turn off the diode string.i
This is because of the repeated pulses of the HBM test, where
' power supplies are (directl?_or indirectly) stressed seconds apart
for hundreds or thousands of times. A capacitor may'need a small
puil—up dibde to the input in order to discharge within one
‘second; well leakage could be insufficient.

It has been determined tﬁat the architectural advantages of

cantilever diodes are considerable. Even if 3.0-5.5V éower supply



differences can be withs£ood by a well-designed diode/PNP string
at all temperatures, power—-up sequencing options may prevent it
from being used in a given product. Also, without a stand-alone
diode scheme there is -(almost) no'way to use diode strings to
protect core Vcc. A'sﬁfficiently large peripheral Vcc would allow
a diode string in the reverse direction to use it as é
termination; diue to B, most current goes to the substrate and the
'peripheral Vce is not thgeatened. Whiie core Vcc is usually the

" best Vcc on tﬁe chip and very ESD—toleraAt, this is not always the
case as noted by C. Duvvury, R.N. Rountree, and O. Adahs, °
"Internal Chip ESD. Phenomena Beyond the Protection Circuit",
Proceedings of fhe_IEEE'Inﬁernational Reliébility Physics
Symposium, 1988, pp.'19725. A good core power supply clamp could
forgive the kind of obscure weéknesses discpséed by C. thvufy et
al. and C.C. Johns&n, S. Qawami,'an? T.J. Maloney, "fwo Unusual
Failure Mechanisms on a Maﬁure CMOS Process", 1993 EOS/ESD
Symposium Proceedings, pp. 225-231.

A cantilevered diode termination that sinks a substantial
amount of base current over the time of an ESD pulse, but which
turns itse;f off long term, is shown in Figure 19. qur stages are
shown, but more can be added. Base current, up to several mA, is
sunk through the p-FET (Tl), whose gate is initially grounded
because of the capacitor. The thin oxide capacitor is about 1 pF
and is pulled up by a long-channel p-FET (T3) with an equivalent
resistance in the megaoﬁm range, to give an RC time constant of a
microsecond or more. T2 is another long-channel device which

supplies leakage current to the end of the string, avoiding the



amplified leakage problem. T2 could be ac¢companied by additiopal
resistive devices connecting fo the middle of the diode string, as
described in the previous section. T4 is a small nFET which
grounds the gates of T2 and T3. After the RC-induced time delay,
. Tl turns off and there is no long-term conduction to ground. T3's
p-diode to the:input assures that ghé capacitor voltage does not
go higher than the input( as it would with.repeated.pulses if
there were no such diode. The ciréuit thué relaxes after each-
pulse due.to leakage on Vccx.

.Various alternative cantilever diode.terminations are shown
.ip Figures 20(a)~20(e). The simple'capacitor (with pull-up diode
for charge relagation) is shownfin Figure 2d(a), while the circuit
of Fig. 19 is shown in Figure 20(b). It will be describ?d below
how to make the capacitor's résistive puliup FET smallér by
bonnecﬁing.it to a lower voltage than Vecx. But the configurations
shown in Figuré'ZO(b) is not allowed in processes where Veex is
taken to 5V nominal, because of gate dielectric breakdown ;h the
_long—chanﬁél p-FETs with grounded gates. The configuration in
" Figure 20(6) is analogous to Fig. 19, becausé it uses the leaker
pair to establigh the desired'p-sz gate voltage below Vcc (core
Vece is restricted to 3.3V nominal).;Now all the FET gate voltages
are légal but Vcéz is across the T1 p-FET's gate to drain and alsp
across the capacitor, both elements not in Fig. 19. The capacitor
‘thus cannot be a single thin gate oxide; two such devices ig
series are probably the sest implemehtation and are shown in-
Figure 20(c). The capacitor, usually made with poly gate on

substrate or n-well, would be two such devices in series, with the
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poly gate as. the common £erminal so that uheqﬁal leakage is
avoided and the volfage is truly split between the capacitors.
Unfortunately, thé'usual practice of forming an aécumulation
éapacitor (poly gate‘on grounded n-well) does not work for both
devices in this "back to back" scheme, with the reSulﬁ that at
least one_inversion device must be used. The T1 p-FET does not
have 5V between gate and well but does have static 5V écrbss the
'edge_between gate énd drain. fhis may or may not be allowed by
dielectric breakdown rules; if not then a stacked replacemept for
Tl also is needed. Because of these complexities, the preferred
way to protect a high voltage VCéx with cértain processes is to
use the biased diode string to core Vcc, as in the bias netwofks
discussed above. |

Figure 20(d) shows a way to implement the cantilevered
termination with n-channel devices. While the capacitor to Vcc |
cannot be an accumulation capacitor in p-substrate/n-well CcMOS,
there are advantages to the n-channel implementation ;uch as
Ihaving greater éonduétance per unit'leng;h in the large
terminatién device. .

Finally( Figure 20 (e) shows a bipolar NPN termination, which
can be very efficient in a BiCMOS process. Bipolar transistors of
this kind have high gain and high conducfance per unit area, and
can be expected to. clamp voltage at a few tenths of a volt
(saturation) instead of suffering the square-law turn on voltage
of a FET. However, in this case, the usual RC circuit on Vcc
needs to be buffered as shown to allow sufficient base current

into the bipolar transistor.
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' One other noteworthy cantilever diode termination that
appears to work well is shown in Figure 21 which has two stages of

RC delay and is useéd to terminate a 6-stage taperéd diode string.

The original 6-stage Fig. 22 cantilever dio@e could have used
a bias network, or at least the kind of long-channel p-FET to Vccx
shown in Fig. 19, which boot;traps the OUT node to Vccx and
supplies needed leakage current at high temperature. With a ldw
currént B of over 30 (higher at high temperature) and subthreshold
leakage fromlthe p-FET in the 10s of nanoamps, a version of the
device self-heated into thermal runaway at 125° C ambient and
burned itself out. This was an undesired tribute to the-tremendous
amplifying power of the PNP transistor chain. By simply installing~
the bias network and preventing amplified'leékage current, )
excessive leakage and thermal runaway can be avoided. Figure 22 is
an example of a ‘six stage cantilevered diode string with bias
network and termination circuit. The capacitor pullup'goes.to a
~higher voltage than OUT to be sure it is activated, but the
voltage is belbw Vccx as shown so that the total gate Qoltage-is

lower and the FET resistance is high.

It should also be noted that when using cantilever diode
termination circuits a few désign ideas to be avoided are shown in
Figures 23a-23d. Use of a long channel n-FET as a pull-up as in

Fi§. 23(a) would appear to be attractive if the Ith of the n-FET
is iess thap that of the shorﬁ-ébanhel p—FET, which is often the
case even when bbdy effect is considered for the n-FET. In |

practice there is a problem, seen on test structures. The



capacitor acquires charge, and voltage, immediately when Vccx is
pulsed, apparently due to the Startup transient on the n-FET.
Electrons flow into the source from the capacitor node to £ill the
channel. Thus it is advisable to keep the sources (whether p or ﬁ)

- attached to power supplies.

The circuit in Fig. 23(b) is ndf gdvisable because the long-
.channel p-FET. feeding the capacitor and short channel p-FET gate
gets. stuck one VT below Vccx and may not allow the short channel
p—FET to turn off, which is required in steady state. The
capacitor's rgsistive pull-up is more stable with a éround on the.
long channel p-~FET gate as in.Fig. 20(c), but the herd ground of
- Fig. 23(c) should be avoided because there is Oniy & small thin
oxide edge Between Vecex and ground. This oxide may.survive all CDM
ESD events due to what is in parallel with it, but those para;lgl
eiement§ cannot be guaranteed. Finally the circuit shown in Figure
23(d) can -gét stuck at a few hundred mV on the terminating. short-
éﬁannel p-FET when that FET'; channel current is supplied by the
bias resistors and the gate voltage somehow goes below ground,
turning on the device. This has been seen to héppen in room
lights when a depletiqn capacitor is on the gate. The light is
believed to drive the n-type poly capacitor plate below ground,
while the long channel p-FET is subthreshold and cannot pull up
the capacitor node to turn off the channel. Taking the long-
channel p-FET to a manifestly higher voltage (as in Figures 19 ‘and

22) is preferred;_channel current fed, through the bias resistor



automatically pulls the iong channel p-FET high enough to turn it

on and shut off the gate of the larée p-FET.

The cantilever diode chain shunts ESD charge because it turns
on whenever the voltage on its input connection is suddenly
raised. This is why it does not make a good input proteqtion
device to ground—it is like an ac short circuit to any changing
signél (and thus may even help to attenuate switching noise). As a
power supply clémp, the diode chain has no trigger voltage or
overshoot problem, and should be fine as long as the Vecc startup
transient is acceptable. Fortunately, ESD charge for the HBM is on
.the order of 100 pF x 2000V = 0.2 ﬁc, and for the CDM is even
less, so the diode/PNP strlng conducts on the order of
microcoulombs to serve as an effectlve ESD clamo As 3.6 pucC is 1079

ry charge, the star;uo transient is

A- hr, or about 10 -9 of a bat
. of minor concern for product oneratlon and probably is

insignificant among the many other startup transients on a Vcc.

Cantiiever diodes are connected from a single power supply to
substrate and serve as a very effectiye power supply ESD clamp,
having none of the triggering difficulties of de or SéR'power
supply clamps. With the single Vcc connection, there is no issue

. of adequate power supply isolation due to noise, power-up -

sequencing, or extremes of mixed supplies, and no attendant
difficulties because of the PNP current gain. Indeed, the current
gain is exploited fully and is essential to its operation. While

the Webster effect (B loss at high current) runs counter to



desired conditions, there should usually be enough gain available
from a multi-stage PNP chain to allow output base current to be

supplied by a small circuit.

| The history of semiconductor devices, and of electronics in
general, is replete with cases of uéing the available gain to
solve any and all problems. This Darlington coupled.series of PNP
transistors is a gain block, but it would perform poorly as any
kind of_traditional amplifier, and as such has not been a common
sight ip chip design. But, because of its current gain, it is
beginning to heip solve a major ESD protection problem, that of
multiple .power supply clamping. Because of their "stand-alone"
status and ease of application, cantilever diodes could become tﬁe
most_ihportant power sppply ESD clamp in the processes for which

they can be'designed.

r Enhan

The description above shows how desirable it is to design
cantilever diodes in as. many processes as possible. But £he
cantiléver diode éhain requires a certain amount of PNP current
gain, or B, which may ﬁot automatically appear in-every process at
high currents.  As it has been established that B is useful, it
could well be worthwhile to it in a design. As usual, any device

.advantage which can be gained with layout, while considering the
process to bé frozen, is legitimate. A clear approach to this is

i

shown in Figure 24, where the basic diode subcell has been



modified to PPN sﬁyle, to allow lateral current collection as -well

as vertical current collection.

The narrow bése.widtﬂ in the topside PNP could also allow
steady-state B to be achieved more qu;ckly. However, in one
process, a 30% area penalty achieved .a 10% improvément in B. The’
time—-dependent behavior was not studied thoroughly, but that
payoff is not expected to be great, either. While it was not
appafent in that one process, there is some risk in a 22N .
structure that when the current flows into a topside collector it
will.sﬁffer damage due to overheating, because of the smaller area
than the backside collector. Because of the voltage drop, much
more heat will.be dissipated at a reéverse-biased collector—ﬁase

junction than at a forward-biased emitter-base junctien.

Another way to increase B is to make uée of the p-well
implant into the p-epi, now commoan done on Ci0S processes using
p-epi and a p* substrate. This‘implant ends up shallpwer thén the
n-well, and if.(unconventionally) placed in an nfwell, will
counterdope it. Thus the p* junctions in the conyéntional diode
structure, or PPN structure, can be deepened with the p-well
implant, allowing a narrower base (Figure 25). The effect on
emitter efficiency, series resistance, and layout area may
outweigh any advantages, however,.so the whole co&cept remains

speculative until proven out by measurements.

Whereas many alterations and modifications of the present

invention will no doubt become apparent to a person of ordinary



skill in thé art after having read the foregoing desdription, it
is to be understood that the particular embodiments Shéwn and
described by way of illustration are in no Qay intended to be-
considered limiting. Therefore, refefenqe to the dgtails of the
preferred embodiment are not inteﬂded to limit the scope of the
claims which themselvgs recite only‘those_features regarded as

essential to the invention.
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CLAIMS

1. A device for protecﬁing an integrated circuit having an
input/ocutput buffer against electrostatic discharge, said.
input/output buffer including a first diode (22) having its anode
"coupled to a pad of said integrated circuit and its cathode
" coupled to a first peripheral supply potential, a second diode
(24) baviﬁg its anode coupled to an input node of said integrated
circﬁit and i%s cathode coupled tb_a first internal supply
potential, & third diode (23) having its ;node coupled to a second
internal supply poteﬁtial and its cathode coupled to said input
node, a fourth diode (25) having its anode coupled to said second
internal supply potential and its cathode coupled to a second
- peripheral supply potential, and a resistance (37) connected
between said pad and said input node of said.inﬁegrated circuitg,
said protection device comprising: |

a biased diodé striﬁg (26) operating as a diode clamp.td
provide noise isolation betweén said first periéheral supply
potential and said firét internal suppiy potential, said biased
-diode string having an anodé coupled to said first periéheral
supply potential and its cathode coupled to said first internal

supply potential.

2. The protection device defined by Claim 1 wherein said
biased diode string (26) utilizes a set of biasing resistances and

a corresponding set of at least two series connected diodes, each

* c L N S *
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biasing resistance coupled in parallel to one of said

corresponding sets of at least two series connected diodes.

3. The protection device defined by Claim 2 wherein there
is an equipartition of voltage through each said set of at least

two series connected diodes in the biased diode string.

4. The protection device defined by Claim 3 wherein the
resistance for each set of at least two series connected diodes is
defined by the sequence:

R R R
n - 1'’n-2"n-3""

R R
--I_3“l_2"rR
starting from the positive end of the string.

5. The protection device defined by Claim 1 wherein said
biased diode string is tapered sé that the p+ finger length of
each succeeding stage is less than or equal tO'the.p+ fincer
length of its preceding stage and so that the p+ finger leng:ﬁ of
at least Ene of said stages is less thén'the p+ finger length of

at least one of said preceding stages. .

6. The device defined by Claim 5 wherein the p+ finger
length of each succeeding stage which has a p+ finger length less 7

than its preceding stages shrinks by a predetermined factor.

7. The device defined by Claim 6 wherein the predetermined

factor is determined by device modelihg_taking into account : )o

current dependent PNP Band device resistance for the electrostatic
discharge test regime and desired leakage behavior over

temperature for the device's operation regime.

AR O
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8. The device defined by Claim 3 wherein a buffered voltage

divider is used to provide equipartition of voltage through each 5

of said sets of at least two series connected diodes.

9. The device defined by~Claim 8 wherein the buffered
voltage divider operates to supply extra bias current to the L

middle of said diode chain. .

10. The device defined by Claim 8 wherein the buffered
voltage divider compricses a leaker pair of transistors and a 77
source follower transistor to supply said extra-bias current only -

when needed.

11. A device for protecting an.integrated circuit having a
power supply protected against electrostatic discharge, said powér
supply includiﬁg a first diode (22) having its anode coupled to a
pad of said integrated éircuit and its cathode coupled to a first
peripheral supply potential, a second diode (26) having its anode
coupled to said first peripheral supply potential and its cathode
coupied to a first internal supply potential, said protectién
.device comprising:’ i

a cantilevered diode string (30) opéfating as a power supply
electrostatic discharcge élamp, said cantilevered diode string- .

having an anode coupled to said first internal supply potential

and a cathode coupled to a second internal supply potential.

12. The protection device defined by Claim 11 wherein said

cantilevered diode string (30) utilizes a set of biasing

‘) O O D



resistances and a corresponding sét of series connected diodes,
each biasing resistance coupled in parallel to a corresponding 13

diode set.

13. The protection device defined by Claim 12 wherein during
steady state, substantially the same voltage is_réached in each 12;

said diode set in the cantilevered diode string.

14. The.protection device defined by Claim 13 wherein the

resistance for each diode pair is defined by the sequence: -

15
R R R

n - 1'n - 2' n - 3"

R R
cers—,s—+R

3 2
starting from the positive end of the string.

15. The protection device defined by Claim 11 wherein sai@
cantilevefed'diode string is tapered so that the p+ finger length
of each succeeding stage is less than or equal to the p+ finger /é
length of its preceding stage and so that the p+ finger length of
at least one of said stages .is léss than the p+ finger length of

at least one of said preceding stages.

16. The protection device defined by Claim"ls wherein the p+
finger length of each succeeding stage shrinks by a predetermined /;>

factor.

17. The protection device defined by Claim 16 wherein the
predetermined factor is determined by device modeling taking into“

)&

account current dependent PNP PBand device resistance for the

electrostatic discharge test regime and-desired leakage behavior

over temperature for the device's operation regime.

: :
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18. The protection device defined by Claim 11 wherein the
cantilevered diode string utilizes a capacitor as a power supply }7L' 

anchorage.

19. The protection device defined by Claim 11 wherein the
"cantilevered diode string utilizes a transistor network as a power /;

supply anchorage.

[

20. The protection device defined by Claim 19 wherein the
trahsistor network comprises: -

a)‘ a first p-FET device whose gaté is coupled to a
capacitance, whose source and drain are coupled between the output
end of saia cantilevered diode string-and Vss;

b) a second p-FET device coupled between a node formed by
said capacitance and the gate of said first device and, said 22
second p-FET device adapted to provide a2 resistance so as to
provide an RC-tiﬁe constant of at least one microsecond;

c) a third p-FET device whose source and drain are coupled
between the output end of said cantilevered diode string and Vccx,
said third p-FET device adapted to provide a predetermined leakage
current to the output end of said cantilevered diode string;

' d) a n-FET device whose source and drain are coupled
between the gates of said second and third p~-FET devices and Vss,
wherein after said ‘RC inducé time delay, said f;rst p-FET device
turns off and said second p-FET device operates to assﬁre that the
voltage of said capacitance is Lesé thén or équal to the voltage

input to said diode string.

-
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21. The protection device defined by Claim 20 wherein the

capacitance comprises at least two series connected capacitors.

22. The protection device defined by  Claim 19 wherein the

transistor network comprises n-channel devices.

23.- The protection device defined by Claim 19 wherein the

transistor network comprises a two stage RC délay circuit.
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