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(7) ABSTRACT

Pin-to-pin electro-static-discharge (ESD) protection is pro-
vided for a bus-switch transistor that is connected to I/O pins
at its source and drain. A p-type substrate is normally
pumped below ground by a substrate bias generator when
power is applied. However, during a pin-to-pin ESD test,
power and ground are floating. A gate node is pulled high
through a coupling capacitor by the ESD pulse. The gate
node turns on a shunting transistor to couple the ESD pulse
to the floating ground bus. The gate node also turns on a
shorting transistor that connects the floating ground bus to
the floating substrate. A resistor drains the coupling capaci-
tor to the substrate, rather than to ground. Current is injected
into the substrate by the resistor. The snapback voltage is
lowered by substrate-triggering.

20 Claims, 8 Drawing Sheets
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SUBSTRATE-TRIGGERING OF ESD-
PROTECTION DEVICE

BACKGROUND OF INVENTION

This invention relates to integrated circuits (IC’s), and
more particularly to electro-static-discharge (ESD) protec-
tion circuits.

Improvements in semiconductor processes are producing
smaller and smaller transistors and other integrated devices.
Unfortunately, the miniaturization of these devices also
increases their risk of damage by static electricity. Relatively
small electric shocks that might not be noticed by a human
can melt or otherwise destroy tiny structures in an integrated
transistor.

The input and output pads of an integrated circuit (IC)
chip are typically outfitted with protection devices specifi-
cally designed to shunt electro-static-discharges (ESD).
These ESD-protection devices are effective when the ESD
pulse is applied to an input or output (I/O) pin when the
ground pin is connected to a ground. During testing for
ESD-protection, an ESD test machine applies a positive or
negative test to the device-under-test (DUT) with its pins
configured in various combinations (see JESD22-A114-B
for details). This can include a zap to an I/O pin while the
ground pin is connected to the ESD machine as a ground.

Since an actual electric shock can occur between any two
pins on a chip, full ESD testing usually includes applying an
ESD pulse between every possible combination of two pins.
Other pins of the chip can be left floating.

Since the ESD-protection devices are often designed to
shunt ESD current from a pin to a power or ground bus,
when the ground is floating the ESD-protection device may
not work optimally. For example, when an ESD pulse is
applied between two different I/O pins, and the power and
ground pins are left floating, the ESD current must somehow
travel from the one I/O pin to the other I/O pin. Often an
indirect path carries the ESD pulse, such as an internal
ground bus.

Such I/O-pin to I/O-pin ESD testing can be the most
difficult test to pass, especially for Bus-Switch-type prod-
ucts. While “normal” I/O-pin to ground or I/O-pin to power
tests may pass, ESD pulses between two I/O pins with the
ground pin floating may cause damage. This damage can
sometimes result in leakage on a pin after the ESD test.

FIG. 1 is a diagram of a prior-art chip with grounded
ESD-protection devices on each I/O pin. Pin A and pin B are
I/O pins on an IC chip. Pins A and B are connected by
bus-switch transistor 10 which forms a connecting channel
when its gate is driven high by inverter 18. When enable EN
is high, inverters 16, 18 drive the gate of bus-switch tran-
sistor 10 high, connecting pins A, B. When EN is low,
transistor 10 isolates pin A from pin B.

ESD protection device 12 is connected to pin A. A wide
variety of ESD protection devices could be used. ESD
protection device 12 includes structures to shunt an ESD
pulse from pin A to an internal ground bus. The shunt could
be provided by a large diode to ground, or by a large
grounded-gate n-channel transistor (either thin gate oxide or
field oxide gate could be used), or by some other structure.

When an ESD pulse is applied to pin A, and the ground
pin is grounded, ESD protection device 12 shunts the ESD
pulse to the internal ground, and then to the ground pin and
back to the ESD tester (or other common ground). ESD
protection device 12 protects bus-switch transistor 10 from
damage by the ESD pulse.
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Pin B is likewise protected by ESD protection device 14.
During normal operation in a real system, when EN is low
and bus-switch transistor 10 isolated pins A, B, ESD pro-
tection device 12 can shunt any shock applied to pin A to the
internal ground. This prevents the shock from being coupled
to pin B, which may be coupled to another active bus. Such
shocks can occur during hot-swapping of PC or network
cards.

ESD-Protection Can Fail When Internal Ground Floats—
FIG. 2

While ESD protection devices 12, 14 provide good pro-
tection when the internal ground is connected to an external
ground, protection can be poor when the internal ground is
floating. FIG. 2 highlights failure of ESD-protection devices
when the internal ground is floating. In this I/O-pin to
I/O-pin ESD test the power and ground pins are left floating.
The ESD machine is connected between pin A and pin B.
The ESD pulse is applied to pin A while pin B is grounded.
All other pins, including power and ground, are left floating.

The ESD pulse applied to pin A charges up any capaci-
tances on pin A until a high enough voltage is reached so the
ESD protection device 12 snapbacks. Then the ESD pulse
charges internal ground bus 20. Internal ground bus 20
connects to other ESD protection devices including ESD
protection device 14 for the grounded pin B. The ESD pulse
then travels forward through ESD protection device 14 to
reach pin B.

Internal ground bus 20 has some resistance, as does ESD
protection device 14 and especially ESD protection device
12, which has to snapback before conduction occurs. The
total potential drop in this discharge path can be equal to the
sum of the Holding voltage of protection device 12 plus the
IR drop across internal ground Bus 20 plus the forward
voltage of protection device 14.

The rise in voltage on pin A is coupled to the gate of
bus-switch transistor 10 by overlap capacitance 22. Overlap
capacitance 22 includes the gate-to-drain overlap capaci-
tance of bus-switch transistor 10, and may include other
parasitic capacitances. Since other pins are floating during
the ESD test, EN is floating, and inverter 18 does not drive
the gate.

The rise in voltage of pin A is thus coupled to the gate of
bus-switch transistor 10 by overlap capacitance 22. Once the
gate voltage rises to more than a threshold above the source
voltage of pin B, bus-switch transistor 10 turns on. The ESD
pulse then has a more direct path from pin A to pin B.

Since bus-switch transistor 10 is often a large transistor to
decrease the on resistance between pins A, B, the channel
resistance of bus-switch transistor 10 may be less than the
resistance of the path through internal ground bus 20 and
ESD protection devices 12, 14. Then most of the ESD
current is carried through bus-switch transistor 10. Since
bus-switch transistor 10 may not be designed for such as
high current, damage may result.

To prevent such damage, bus-switch transistor 10 can
have a more rugged design. For example, the source and
drain contacts can be moved farther from the gate edge, and
a larger channel length can be used. However, these design
changes can increase the capacitance and on resistance,
which is undesirable. Even with these design changes,
bus-switch transistor 10 may still fail the I/O-pin to I/O-pin
ESD test.

FIG. 3 shows ESD-protection devices in more detail.
Bus-switch transistor 10 has its gate driven by inverters 16,
18 and connects to I/O pins A, B. Pin A is protected by
n-channel transistor 50, which turns on when its gate is
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pulled high by an ESD pulse on pin A that is coupled through
capacitor 54. Resistor 56 discharges the gate of transistor 50
once the ESD event ends.

For pin B, protection is provided by n-channel transistor
60, which turns on when its gate is pulled high by an ESD
pulse on pin B that is coupled through capacitor 64. Resistor
66 discharges the gate of transistor 60 once the ESD event
ends.

The bulk node or p-type substrates of transistors 10, 50,
60 are usually connected together and to the metal ground
bus. Since ground may float during a pin-to-pin ESD test, the
p-substrate under transistors 10, 50. 60 also floats. The metal
ground bus and bulk node (p-substrate) are connected to the
ground pin of chip which floats during the pin-to-pin ESD
test.

FIG. 4 shows ESD-protection devices on a chip with a
substrate bias. Some integrated circuits use a substrate bias
to improve transistor characteristics. For example, the
p-substrate can be pumped to a voltage below ground, such
as =2 or -3 volts during normal operation. However, when
power is not applied, such as during an ESD test, substrate
bias generator 21 is not operating and the p-substrate under
transistors 10, 50, 60 is again left floating. Additional
problems may develop during ESD testing since the con-
necting substrate paths may be more complicated due to
substrate bias generator 21. The metal ground bus is con-
nected to the ground pin of chip which floats during the
pin-to-pin ESD test. The p-substrate is driven by the on-chip
substrate charge pump and is not connected to any chip pin
and thus floats during the ESD test.

FIG. § shows bidirectional cross-grounding ESD protec-
tion for a bus-switch transistor. A cross-coupled ESD-
protection device is disclosed in “Pin-to-Pin ESD-Protection
Structure Having Cross-Pin Activation”, Ser. No. 10/063,
622, filed May 3, 2002 by Tong et al.

Pins A and B are connected by the channel of bus-switch
transistor 10, which has a gate driven by inverter 18, which
inverts an enable signal EN that is first inverted by inverter
16. Capacitor 54, resistor 56, shunting transistor 50, and
cross-grounding transistor 58 protect bus-switch transistor
10 when an ESD pulse is applied to pin A with respect to pin
B (an I/O-to-I/O ESD zap configuration). Gate node XAB
turns on both transistors 50, 58 when the ESD pulse is
applied to pin A with respect to pin B.

For the reverse ESD test, the positive ESD pulse is
applied to pin B, and pin A is grounded. Then capacitor 64
charges reverse gate node XBA with a portion of the ESD
zap applied to pin B. Before resistor 66 discharges reverse
gate node XBA, cross-grounding transistor 68 turns on,
connecting grounded pin A to the internal ground bus and
substrate taps. The metal ground bus and bulk node
(p-substrate) are connected to the ground pin of chip, which
floats during the pin-to-pin ESD test.

N-channel shunting transistor 60 also has its gate driven
high since its gate is also reverse gate node XBA. The ESD
pulse on pin B is shunted to the internal ground through the
snapback of n-channel shunting transistor 60 and then
through forward-conducting n-channel transistor 50 to the
grounded pin A.

The internal ground bus can rise in voltage above the
grounded pin A, even when cross-grounding transistor 68 is
on. However, the rise in voltage of the internal ground bus
is much less than if it were left floating. The internal ground
bus is still sufficiently “grounded” even though it may be
some voltage above the absolute ESD ground on pin A. ESD
protection is still improved because the bulk of the ESD
current is discharged through forward conducting n-channel
transistor 50.
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What is desired is improved ESD protection. Better ESD
protection is desired for I/O-pin to I/O-pin ESD tests when
ground is floating. ESD protection is desired for integrated
circuits that use a substrate bias. An isolation circuit for a
bus-switch transistor with a substrate bias is desired that is
activated during I/O-pin to I/O-pin ESD tests or similar
conditions.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a diagram of a prior-art chip with grounded
ESD-protection devices on each I/O pin.

FIG. 2 highlights failure of ESD-protection devices when
the internal ground is floating.

FIG. 3 shows ESD-protection devices in more detail.

FIG. 4 shows ESD-protection devices on a chip with a
substrate bias.

FIG. 5 shows bi-directional cross-grounding ESD protec-
tion for a bus-switch transistor.

FIG. 6 is a diagram of a substrate-triggered ESD-
protection device.

FIG. 7 is a diagram of a substrate-triggered ESD-
protection device with cross-coupled activation.

FIG. 8 is a diagram of the layout of the shunting and
shorting transistors.

FIG. 9 is a cross-sectional diagram of the shunting and
shorting transistors of FIG. 7.

DETAILED DESCRIPTION

The present invention relates to an improvement in ESD
protection. The following description is presented to enable
one of ordinary skill in the art to make and use the invention
as provided in the context of a particular application and its
requirements. Various modifications to the preferred
embodiment will be apparent to those with skill in the art,
and the general principles defined herein may be applied to
other embodiments. Therefore, the present invention is not
intended to be limited to the particular embodiments shown
and described, but is to be accorded the widest scope
consistent with the principles and novel features herein
disclosed.

The inventors have realized that the floating substrate in
a bus-switch product with undershoot protection feature
could be coupled to the ESD pulse to provide better ESD
protection. A substrate-triggered design helps to move the
turn-on region of the parasitic lateral NPN associated with
the NMOS ESD protection structure away from the channel
surface. This allows it to dissipate the heat generated from
a high ESD stress over a larger volume. This translates to a
more robust NMOS ESD protection structure.

FIG. 6 is a diagram of a substrate-triggered ESD-
protection device. Bus-switch transistor 10 connects pins A,
B at is source/drain terminals. Inverters 16, 18 drive the gate
of transistor 10, which is usually floating during ESD
testing.

Substrate bias generator 21 uses a charge pump or other
means to generate a negative bias voltage VSUB such as -2
volts that is applied to the p-type substrate. The bulk
terminals of n-channel transistors 10, 50, 60, 80, 82 arc
biased below ground during normal chip operation by sub-
strate bias generator 21. The metal ground bus is connected
to the ground pin of chip which floats during the pin-to-pin
ESD test. The p-substrate is driven by the on-chip substrate
charge pump and is not connected to any chip pin and thus
floats during the ESD test.
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Shunting n-channel transistor SO is turned on by an ESD
pulse applied to pin A, since coupling capacitor S4 couples
part of the ESD voltage rise on pin A to node X, the gate of
transistor 50. Likewise, shunting n-channel transistor 60 is
turned on by an ESD pulse applied to pin B, since coupling
capacitor 64 couples part of the ESD voltage rise on pin B
to node Y, the gate of transistor 60.

The sources of shunting transistors 50, 60 are connected
to the ground bus, which is floating during a pin-A-to-pin-B
ESD test. This ground bus is typically a metal line or lines
and therefore provides a low-resistance conduction path
between pins A, B for a large ESD current.

Shorting n-channel transistors 80, 82 connect the metal
ground bus to the p-type substrate under n-channel transis-
tors 10, 50, 60, 80, 82 during an ESD test. Node X includes
the gates of n-channel transistors 50, 80, while node Y
includes the gates of transistors 60, 82.

When a positive ESD pulse is applied to pin A or pin B
with respect to the ground pin, the following events are
thought to take place. Since resistor 86 (or resistor 84)
connects gate node X (or node Y) to the p-substrate rather
than to ground , when coupling capacitor 54 (or coupling
capacitor 64) charges node X (or node Y), the ESD current
starts to flow through resistor 86 (or resistor 84) and injects
directly into the p-substrate thus effectively lowering the
snapback voltages of transistors 50 or 60 respectively,
compared to a traditional gate-driven approach. The direct
injection of ESD current (holes) into the p-substrate as a way
to lower the snapback voltage of an NMOS ESD protection
structure. This is known as a substrate-triggering technique.

Shorting n-channel transistors 80, 82 ensure that the
p-substrate under bus-switch transistor 10 remains close to
ground, rather than floating. Thus transistor 10 has a higher
snapback voltage of BV s rather than the open-base
BV _.,. The substrate or parasitic base under bus-switch
transistor 10 is driven to ground by shorting n-channel
transistor 80, rather than left floating. The shorted-base
breakdown voltage is usually higher than the open-base
breakdown voltage. Thus transistor 10 is less likely to turn
on during an ESD event and is less likely to be damaged
from the high ESD current.

Resistor 86 connects gate node X to the p-substrate rather
than to ground. Similarly, resistor 84 connects gate node Y
to the p-substrate rather than to ground.

Ideally, the location of the substrate terminal of resistors
84, 86 should be laid out very close to the drains of
transistors 50, 60 to improve the efficiency of the substrate
triggering effect in lowering the snapback voltages of tran-
sistors 50 and 60 respectively.

Injecting current through resistor 86 into the p-substrate
helps to lower the snapback voltage of transistor 50 due to
the substrate-triggering effect during an ESD event. Once
transistors 50, 58, 80 turn on, the ESD voltage on pin A is
rapidly reduced as the ESD current is shunted to the metal
ground bus, which itself is shorted to ground (through pin B)
through cross-pin transistor 58. Injecting current into the
substrate allows transistor 50 to snapback more uniformly,
and at a lower voltage than bus-switch transistor 10 turns on,
preventing current flow and damage through bus-switch
transistor 10.

FIG. 7 is a diagram of a substrate-triggered ESD-
protection device with cross-coupled activation. When a
positive ESD pulse is applied to pin A with respect to pin B
(ie. pin B is grounded), coupling capacitor 54 couples a
sufficient voltage rise to node X to turn-on transistor 50.
Transistor 50 operates in snapback mode. Transistors 80 and
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58 also turn on. Likewise, when a positive ESD pulse is
applied to pin B with respect to pin A (ie. pin A is
grounded), coupling capacitor 64 couples a sufficient volt-
age rise onto node Y to turn on transistors 60, 82 and 68.

The metal ground bus is connected to the ground pin of
chip which floats during the pin-to-pin ESD test. The
p-substrate is driven by the on-chip substrate charge pump
and is not connected to any chip pin and thus floats during
the ESD test.

FIG. 8 is a diagram of the layout of the shunting and
shorting transistors. Shunting transistor 50 can be divided
into several legs of separate gate sections. In this example,
shunting transistor 50 is sub-divided into four gates where
polysilicon or other gate material crosses active region 112.
Contacts to metal are shown as“X”’s. For example, contacts
from active areas on one side of shunting transistor 50
connect to the pad, while the active areas on the other side
of shunting transistor 50 connect to the ground bus, which
is floating during some ESD tests.

Metal line 116 connects to the gates of shunting transistor
50 and shorting transistor 80. Poly-to-metal contacts can be
used. Metal line 116 is part of node X, which is separated
from the pad by coupling capacitor 54. Resistor 86 is
coupled between node X and the p-substrate node.

A metal-to-active contact connects the far end of resistor
86 to p+ tap 114. P+ tap 114 can be a guard ring around
active areas 112 of transistors 50, 80 (and transistor 58, not
shown). P+ tap 114 is located within the p-type substrate
under transistors 50, 58, 80 and thus provides electrical
connection to the p-substrate. The source of shorting
n-channel transistor 80 is also connected to the p-substrate
by a metal line (not shown) or by a strap to p+ tap 114.

FIG. 9 is a cross-sectional diagram of the shunting and
shorting transistors of FIG. 8. Active areas 112 are formed
by n+ regions in the p-substrate in between the gates of
transistors 50, 58, 80. A guard ring is formed by p+ tap 114,
which surrounds transistors 50, 58, 80. Positive carriers or
holes are injected by p+ tap 114 into the p-substrate during
some ESD events. These holes are current from the pad that
is coupled through capacitor 54 and resistor 86.

The injected holes in the p-substrate make it easier to
turn-on the base-emitter junction of the parasitic lateral NPN
associated with the shunting transistor 50. This phenomenon
is known as the substrate-triggering effect.

Another benefit of the substrate-injecting ESD-protection
device is improved device characteristics for a VIK test
measurement. During a VIK test, the integrated circuit is
powered up, so that the internal ground bus is grounded and
not floating. The substrate bias generator is also operational
since power (Vcc) is applied. During the VIK test, 100
u-amps of current is pulled out of an I/O pin and the pin’s
voltage measured. The VIK test can be used to distinguish
between a chip with a substrate generator and one with a
grounded substrate for sorting purposes.

During the VIK test, shunting transistor 50 remains off,
since it’s gate voltage is below ground. Resistor 86 connects
its gate, node X, to the substrate rather than the ground bus.
Since the substrate is pumped below ground, the gate of
shunting transistor 50 is held below ground, such as at -2
volts. This lower gate voltage reduces the current leakage
through shunting transistor 50, increasing the VIK voltage
measured.

Also, during normal chip operation, nodes X, Y are held
below ground by the resistors 84, 86 and substrate bias
generator 21 pumping the p-substrate to about -2 volts. The
-2 volts on the gates of transistors 50, 60 increases the
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input-noise guard-band on pins A, B, since transistors 50, 60
have a more negative gate voltage and have less conduction
than if their gates were simply grounded.

Alternate Embodiments

Several other embodiments are contemplated by the
inventors. For example various other ESD-protection cir-
cuits may be added, such as a gate-protection circuit that
replaces the inverters driving the gate of the bus-switch
transistor. In some other implementations, an on-chip charge
pump is used to purposely over-drive the gate of the bus-
switch transistor so as to get a higher current capability
without using a larger size bus-switch transistor.

The shorting transistors could be replaced with bipolar
transistors, as could the n-channel shunting transistors. The
bases of the bipolar transistors replace the gates, since the
bases control current flow between the collector and emitter.
Of course, some current can flow through bipolar bases so
the cross-gate node may be discharged more quickly.
Diodes, resistors, capacitors, and other transistors could be
added to the circuits. Additional protection devices could be
added.

The invention could be applied to other types of IC chips
rather than a bus switch chip. For example, a network switch
might have a matrix of bus-switch transistors that connect
input pins and output pins in a cross-bar manner, with an
input connected to multiple outputs by multiple bus-switch
transistors. Additional cross-grounding transistors could be
added, one for each output pin, which are driven by the same
gate node of the input pin’s ESD protection device. The
invention could also protect ordinary inputs, outputs, and
I/O’s that are not directly connected by bus-switch
transistors, but are connected by ordinary logic gates.

P-channel rather than n-channel transistors could be used
for n-type substrate or N-well processes. The invention may
have P-wells rather than a p-type substrate, or may have
dual-wells on either a p or n-type substrate. Buried layers
could also be added.

The invention could be re-designed to connect to the
internal power-supply bus rather than to the internal ground
bus, and protect a p-channel bus-switch transistor. Both a
p-channel and an n-channel ESD protection device could be
used in parallel to protect a transmission gate bus switch.

Other kinds of transistors could also be used. Sizing of
transistors and capacitors can be estimated and verified or
adjusted based on simulation results. Each I/O pin could be
an input, output, or a bi-directional pin. The “pin” may be a
node connected to a pad or bonding pad or ball rather than
to a traditional pin.

Many bus-switch transistors and isolation circuits can be
integrated together on a single substrate and sold as a single
chip. Other functions and circuits can be included on the
chip. The pin can be a bonding pad on a semiconductor chip
that is for connecting to a bonding wire or ball that electri-
cally connects to a pin or connector of a package. The terms
source and drain can change, depending on applied voltage
biases. Current can be positive current or negative current
flowing in an opposite direction.

The resistors 84, 86 could be replaced by other devices,
such as transistors. The coupling capacitors can be imple-
mented as p-channel or n-channel transistors each with the
source and drain connected together as one terminal of the
capacitor, and the transistor gate as the second capacitor
terminal.
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The abstract of the disclosure is provided to comply with
the rules requiring an abstract, which will allow a searcher
to quickly ascertain the subject matter of the technical
disclosure of any patent issued from this disclosure. It is
submitted with the understanding that it will not be used to
interpret or limit the scope or meaning of the claims. 37
C.FR. § 1.72(b). Any advantages and benefits described
may not apply to all embodiments of the invention. When
the word “means” is recited in a claim element, Applicant
intends for the claim element to fall under 35 USC § 112,
paragraph 6. Often a label of one or more words precedes the
word “means”.The word or words preceding the word
“means” is a label intended to ease referencing of claims
elements and is not intended to convey a structural limita-
tion. Such means-plus-function claims are intended to cover
not only the structures described herein for performing the
function and their structural equivalents, but also equivalent
structures. For example, although a nail and a screw have
different structures, they are equivalent structures since they
both perform the function of fastening. Claims that do not
use the word means are not intended to fall under 35 USC
§ 112, paragraph 6. Signals are typically electronic signals,
but may be optical signals such as can be carried over a fiber
optic line.

The foregoing description of the embodiments of the
invention has been presented for the purposes of illustration
and description. It is not intended to be exhaustive or to limit
the invention to the precise form disclosed. Many modifi-
cations and variations are possible in light of the above
teaching. It is intended that the scope of the invention be
limited not by this detailed description, but rather by the
claims appended hereto.

What is claimed is:

1. A pin-to-pin electro-static-discharge (ESD) protection
device comprising:

an input node that receives an ESD pulse;

an internal ground bus;

a substrate node;

a coupling capacitor between the input node and a trigger
node;

a shunting transistor having a gate connected to the trigger
node, for conducting current between the input node
and the internal ground bus during an ESD event;

a shorting transistor having a gate connected to the trigger
node, for conducting current between the internal
ground bus and the substrate node during the ESD
event; and

an injecting resistor, coupled between the trigger node and
the substrate node, for injecting current into the sub-
strate node during the ESD event, whereby portions of
the ESD pulse are conducted to the internal ground bus
and to the substrate node.

2. The pin-to-pin ESD protection device of claim 1
wherein the shunting transistor and the shorting transistor
have bulk terminals that are the substrate node.

3. The pin-to-pin ESD protection device of claim 2
wherein the shunting transistor and the shorting transistor
are n-channel transistors and the substrate node is a p-type
substrate or a p-type well.

4. The pin-to-pin ESD protection device of claim 3 further
comprising:

a substrate bias generator, coupled to a power supply and
to the internal ground bus, for biasing the substrate
node to a voltage below a ground voltage of the internal
ground bus when power is applied.

5. The pin-to-pin ESD protection device of claim 2 further

comprising:
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a second input node that receives a negative ESD pulse;

a second coupling capacitor between the second input
node and a second trigger node;

a second shunting transistor having a gate connected to
the second trigger node, for conducting current
between the second input node and the internal ground
bus during an ESD event,

whereby the internal ground bus is grounded to the second
input node by the second shunting transistor, and ESD
current from the second input node is shunted to the
internal ground bus by the second shunting transistor.

6. The pin-to-pin ESD protection device of claim 5 further
comprising:

a second shorting transistor having a gate connected to the
second trigger node, for conducting current between
the internal ground bus and the substrate node during
the ESD event.

7. The pin-to-pin ESD protection device of claim 6 further

comprising:

a second injecting resistor, coupled between the trigger
node and the substrate node, for injecting current into
the substrate node during the ESD event.

8. The pin-to-pin ESD protection device of claim 7 further

comprising:

a bus-switch transistor coupled to conduct current
between the input node and the second input node
during normal operation, but for isolating the input
node from the second input node during the ESD event;

whereby the bus-switch transistor is protected from a
positive ESD pulse by the shunting transistor and the
shorting transistor.

9. The pin-to-pin ESD protection device of claim 8
wherein the bus-switch transistor has a bulk terminal con-
nected to the substrate node,

wherein the substrate node under the bus-switch transistor
is triggered during the ESD pulse by current injected by
the injecting resistor and by the shorting transistor,

whereby snapback voltages of shunting transistors are
lowered by a substrate-triggering effect.

10. The pin-to-pin ESD protection device of claim 9
wherein a parasitic NPN transistor is formed by an n-type
source, the substrate node, and an n-type drain of the
bus-switch transistor:

wherein substrate is p-type;

wherein a breakdown voltage of the parasitic NPN tran-
sistor of the bus-switch transistor is made more positive
by the shorting transistor connecting the substrate node
to the internal ground bus during the ESD event.

11. A bus-switch chip comprising:

a first input;

a second input;

a ground bus that is isolated from the first and second
inputs;

bus-switch transistor means for conducting current
between the first input and the second input when
activated by an enable signal during normal operation;

first coupling means for coupling a portion of a first
voltage shock applied to the first input to a first acti-
vating node;

first shunting means, responsive to the first activating
node, for shunting current from the first input to the
ground bus when the first coupling means couples the
portion of the first voltage shock to the first activating
node;

10

first shorting means, responsive to the first activating

node, for shunting current from the ground bus to a

substrate under the first shunting means and under the

first shorting means when the first coupling means

5 couples the portion of the first voltage shock to the first
activating node; and

second shunting means, responsive to a second activating
node, for shorting the ground bus to the second input
when the first coupling means couples the portion of

10 the first voltage shock to the first activating node,

whereby the first shunting means and the first shorting
means are activated by the first activating node.

12. The bus-switch chip of claim 11 further comprising:

second coupling means for coupling a portion of a second
voltage shock applied to the second input to the second
activating node; and

15

second shorting means, responsive to the second activat-
ing node, for shunting current from the ground bus to
a substrate under the second shunting means and under
the second shorting means when the second coupling
means couples the portion of the second voltage shock
to the second activating node;
whereby the second shunting means and the second
shorting means are activated by the second activating
node.
13. The bus-switch chip of claim 12 further comprising:
first injecting means for injecting current into the
substrate, the first injecting means coupled between the
first activating node and the substrate but not connected
to the ground bus; and
second injecting means for injecting current into the
substrate, the second injecting means coupled between
the second activating node and the substrate but not
connected to the ground bus.
14. The bus-switch chip of claim 12 wherein the first
shorting means comprises
a first n-channel transistor means for conducting current
between the ground bus and the substrate when the first
activating node receives the portion of the first voltage
shock, wherein the first activating node is a gate of the
first n-channel transistor means; and
wherein the second shorting means comprises a second
n-channel transistor means for conducting current
between the ground bus and the substrate when the
second activating node receives the portion of the
second voltage shock,
wherein the second activating node is a gate of the second
50 n-channel transistor means.
15. The bus-switch chip of claim 14 wherein the first
shunting means comprises
a third n-channel transistor means for conducting current
between the first input and the ground bus when the first
activating node receives the portion of the first voltage
shock, wherein the first activating node is a gate of the
third n-channel transistor means;

wherein the second shunting means comprises a fourth
n-channel transistor means for conducting current
between the second input and the ground bus when the
second activating node receives the portion of the
second voltage shock, wherein the second activating
node is a gate of the fourth n-channel transistor means.

16. The bus-switch chip of claim 15 wherein the substrate

65 1s a p-type substrate or one or more p-wells under channels
of the first, second, third, and fourth n-channel transistor
means.
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17. An electro-static-discharge (ESD) protection circuit

comprising:

an internal bus;

a bus-switch transistor having a gate driven by an enable
signal, a drain coupled to a first input, a source coupled
to a second input, and a substrate coupled to a substrate
node;

a first capacitor between the first input and a first gate
node;

a first shunt transistor having the first gate node as its gate,
a drain coupled to the first input and a source coupled
to the internal bus;

a first shorting transistor having the first gate node as its
gate, a drain coupled to the internal bus and a source
coupled to the substrate node;

a first cross-pin transistor having the first gate node as its
gate, a drain coupled to the second input, and a source
coupled to the substrate node; and

injecting means, coupled between the first gate node and
the substrate node, for injecting into the substrate node
current from an ESD pulse applied to the first input.

18. The ESD protection circuit of claim 17 further com-

prising:

a second capacitor between the second input and a second
gate node;
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a second shunt transistor having the second gate node as
its gate, a drain coupled to the second input and a
source coupled to the internal bus;

a second shorting transistor having the second gate node
as its gate, a drain coupled to the internal bus and a
source coupled to the substrate node;

a second cross-pin transistor having the second gate node
as its gate, a drain coupled to the first input, and a
source coupled to the substrate node; and

second injecting means, coupled between the second gate
node and the substrate node, for injecting into the
substrate node current from an ESD pulse applied to the
second input.

19. The ESD protection circuit of claim 18 further com-

prising:

wherein the injecting means is a first resistor or a tran-
sistor coupled between the first gate node and the
substrate node.

20. The ESD protection circuit of claim 17 wherein the
bus-switch transistor is an n-channel transistor, the first and
second shunt transistors are n-channel transistors and the
first and second shorting transistors and the first and second
cross-pin transistors are n-channel transistors all having bulk
terminals connected to the substrate node.



