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CMOS ESD PROTECTION CIRCUIT WITH
PARASITIC SCR STRUCTURES

FIELD OF THE INVENTION

This invention relates to a circuit for protecting other
components from excessive voltages. The invention
also relates to a semiconductor device that embodies the
protection circuit and also carries the components that
are to be protected.

BACKGROUND OF THE INVENTION

1. Introduction

This invention relates to the familiar problem of pro-
tecting components such as field effect transistors
(FET’s) from excessive voltages that may be caused, for
example, by an electrostatic discharge (ESD). Protec-
tion circuits are important for CMOS devices because
as their dimensions are made smaller, they become more
susceptible to damage by ESD.

This protection circuit uses a silicon controlled recti-
fier (SCR), and it will be helpful to review the features
and terminology of SCRs that particularly apply to this
invention. An SCR can be represented in a circuit dia-
gram as an NPN bipolar junction transistor and a PNP
bipolar junction transistor that are interconnected so
that each receives base current from collector terminal
of the other. When either transistor is turned on, it
supplies base current to the other. Thus the circuit
latches with both transistors turned on after either of
the transistors is initially turned on. The two transistors
turn off when the current is interrupted in either transis-
tor.

2. The Prior Art

Chatterjee and Polgreen have discussed the advan-
tages of an SCR as a protection device in a paper in the
1EEE 1990 Symposium on VLSI Technology, pages
75-76, entitled “A Low-Voltage Triggering SCR for
ON-Chip ESD Protection at Output and Input Pads™.
FIG. 2 shows the structure of an integrated circuit
device with an SCR and an FET for triggering the SCR
at a low voltage.

Rountree, IEDM Tech Dig pp 580-583 “ESD Pro-
tection for Submicron CMOS Circuits Issues and Solu-
tions” has also discussed protection circuits using
SCR’s.

Avery U.S. Pat. No. 4,484,244 teaches a protection
circuit having two SCR’s connected to a protected line.
One SCR (Q1, Q2) conducts excessive positive voltages
to ground and the other (Q3, Q4) conducts excessive
negative voltages to ground.

Avery U.S. Pat. No. 4,595,941 show an FET con-
nected to turn on an SCR in response to an excessive
voltage.

SUMMARY OF THE INVENTION

One object of this invention is to provide an ESD
protection circuit that uses dual SCRs to take advantage
of the ability of the SCR to sink more ESD energy more
quickly than other active devices that have been used in
other ESD protection circuits (MOSFET’s and bipolar
junction transistors). These SCR structures do not stay
latch-up after the ESD transitions and normal circuit
operation can resume.

Another object of this invention is to produce these
bipolar SCR’s using only a CMOS process and without
increasing the number of processing steps. The SCR
structures are parasitic bipolar devices. Parasitic PMOS
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2
and NMOS FET’s used in the protection circuit are
formed using field-oxide.

This ESD protection circuit has a parasitic vertical
bipolar junction transistor and a parasitic lateral bipolar
junction transistor that are formed by the CMOS pro-
cess that is used for CMOS components on the device.
These transistors share semiconductor regions that in-
terconnect the base and collector to form the SCR. The
circuit also has a parasitic field-oxide PMOS FET or a
parasitic field-oxide NMOS FET to help quickly turn
on this SCR structure during either positive or negative
ESD transitions. The circuits can be implemented in an
n-type substrate with p-well process or in a p-type sub-
strate with n-well process with symmetrical changes in
the layouts. The circuit can be formed in a small area,
about 100 microns on a side.

THE DRAWING

FIG. 1 is a schematic drawing of the ESD protection
circuit of this invention.

FIG. 2 is a cross-section view of a device that imple-
ments the circuit of FIG. 1.

THE PREFERRED EMBODIMENT

In some instances, reference characters used with
nodes in the description of the circuit of FIG. 1 also
identify the corresponding components or semiconduc-
tor regions in the structure shown in FIG. 2. Some of
these reference characters appear more than once in
FIG. 1 at points that are electrically equivalent in the
circuit and have related structures in FIG. 2. The SCR
circuits will be described as discrete NPN and PNP
bipolar junction transistors whereas in the actual struc-
ture shown in FIG. 2 some components are formed by
common semiconductor structures. The structure will
be described as an N-substrate with P-wells, which
F1G. 2 shows. The corresponding structure with a P-
substrate and N-wells will be described later.

THE CIRCUIT OF FIG. 1
The Circuit to be Protected

An 1/0 pad 22 is connected to internal circuits 23 by
a line 24 (1 in FIG. 2). An excessive voltage can occur
at pad 22 from an electrostatic discharge or other cause,
and the circuit and device of this invention limit the
voltage on line 24 to protect circuits 23. Circuits 23 are
shown as a functional block because protective circuits
are useful in a variety of applications.

Note that FIG. 1 is organized so that line 24 divides
the circuit schematic horizontally. One SCR circuit and
the associated positive power supply terminal Vpp are
located above line 24, and the other SCR circuit and the
other power supply terminal GND are located below
line 24. It will be convenient to call these circuits the
upper SCR circuit and the lower SCR circuit. (There is
of course no structural significance to this terminology,
and the terminology applies to circuit devices in which
Vpp s either positive with respect to ground.)

The Upper SCR Circuit

Bipolar transistors Q1 and Q2 have their collector
and base terminals interconnected to form an SCR. The
SCR conducts in the direction shown by the arrows at
the emitter terminals, and the transistors are turned on
when the line to be protected receives an excessive
voltage of negative polarity. Other components of the
upper SCR circuit will be described as they appear in
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the following description of operations that turn on
transistors Q1 and Q2.

As is well known, an SCR can turn on in response to
a voltage across the two emitter terminals. Capacitors
C2, C4, and CS5 are the inherent capacitances that ap-
pear in the structure that will be described later. When
a negative ESD voltage appears on line 24 with a high
rate of change (dV/dt), Q1 and Q2 are turned on by the
displacement current of the capacitors. (Capacitor C2
bypasses the high impedance of the base-collector junc-
tions.)

When a negative ESD voltage has a low rate of
change, transistor Q2 turns on first. Its collector current
flows through Rsub from Vpp, and the voltage drop
across Rsub turns on Q1 and thereby triggers the SCR
to the on-state.

The NMOS FET

An NMOS FET is connected to conduct in its
source-drain circuit between node 4 and the line to be
protected, and it turns on the SCR when it conducts.
Considered from a different standpoint, it conducts in
parallel with the collector-emitter circuit of transistor
Q2 and thereby turns on transistor Q1 in the same way
that Q1 is otherwise turned on by the conduction of Q2.
The gate of this FET is connected to V pp, which pro-
vides a reference voltage, and the source terminal is
connected to line 24. Since the FET turns on in re-
sponse to a suitable voltage across its source and gate
terminals, it turns on when the voltage on the line to be
protected reaches a predetermined negative value.
When the FET turns on, it produces a voltage across
resistor Rsub which turns on Q1 to begin the latching
action. In the structure that will be described later, the
turn-on voltage of the NMOS is about 30-50 volts.

The Diode Circuit

A diode D2 and a resistor Rw1l are connected be-
tween the line to be protected and node 4. (This is sub-
stantially the same as the connection of the FET.) At a
predetermined voltage across these nodes, the diode
conducts in its reverse direction, and the diode current
turns on Q1.

Note that when the line to be protected becomes
sufficiently positive with respect to Vpp, the diode
conducts in its forward direction in series with resistors
Rw1 and Rsub. Q1 under this condition is off. Q2 turns
on in its reverse-mode operation.

The Lower SCR Circuit

In the lower SCR circuit, two bipolar transistors, Q3
and Q4, form an SCR. From a circuit standpoint, Q3
corresponds to Q2 and Q4 corresponds to Q1, and their
operation will be understood from the description of the
upper SCR circuit. From a structure standpoint, Q1 and
Q3, which are both PNP transistors, have related struc-
tures in FIG. 2; Q2 and Q4 are both NPN transistors
and have related structures in FIG. 2.

The Structure of FIG. 2

Note that the structure is symmetrical about a verti-
cal line. Each half of the structure forms both an upper
SCR circuit and a lower SCR circuit. The two symmet-
rical structures are located on opposite sides of the line
to be protected, as is conventional with other protection
circuits, and alternatively it can be arranged in other
ways, for example with only half of the structure of
FIG. 2.
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The Lateral Transistor Q1

Q1 is a parasitic lateral PNP bipolar junction transis-
tor which has an emitter formed by a p-well 10 (node 10
in FIG. 1), a collector formed by another p-well 5, and
a base formed by the intervening N-substrate 4. The
length of the vertical current path in p-well 10 provides
the resistance of resistor Rw3. The junction of p-well 10
and the n-substrate establishes capacitor CS5.

The distance separating the two p-wells 5, 10 can be
selected to control the gain of Q1. (The beta gain is
made larger when the distance is made smaller.) The
beta gain can be made to be larger than 1. (A suitabie
gain is required in for the SCR latching operation.)

The Vertical Transistor Q2

Q2 is a parasitic vertical NPN bipolar junction tran-
sistor having a base formed by the p-well 5, a collector
formed by the underlying n-substrate 4 and an emitter
formed by an N+ diffusion 9 in the p-well 5. The junc-
tion of N+ diffusion 9 and p-well § establishes capaci-
tor C4.

In the normal CMOS process used to fabricate digital
IC devices or analog IC devices, the depth of an N+
diffusion is fixed and the depth of a p-well is also fixed.
Consequently, the width of base (and the associated
beta gain) in the vertical transistor Q2 are substantially
fixed. However, the beta gain of Q2 can be as high as
100-200 in normal CMOS processes, and the object of
avoiding changes in normal IC fabrications processes
can be achieved.

Note that p-well § forms both the collector of transis-
tor Q1 and the base of transistor Q2 and thereby pro-
vides the connection that is represented in FIG. 1 by a
conductive line. Similarly, the n-substrate 4 forms both
the collector of transistor Q2 and the base of transistor
Q1 and provides their interconnection. The junction of
p-well 5 and n-substrate 4 establishes capacitor C2.

When an excessive negative voltage appears at line
Vin, its circuit path to terminal Vpp can be traced
through the following structures: Vin node to N+ dif-
fusion 9 (the emitter of Q2), p-well 5 (the emitter of Q2),
substrate 4 (the collector of Q2 and the resistor Rsub),
p-well 10, P+ diffusion 11 and Vpp.

The Parasitic Field-Oxide NMOS

The field-oxide NMOS FET has a drain formed by
the n-substrate 4, a source formed by the N+ diffusion
9, and a channel formed by the intervening p-well 5.

Field oxide is used for the gate insulation, and a metal
layer on the top of the field oxide forms the gate elec-
trode 12 connected to Vppas gate. As stated earlier, the
turn-on voltage (between gate and source) of each
NMOS is in the range of 30-50 volts.

Diode D2

The anode of the diode is formed by a p-well 3 and
the cathode is formed by the n-substrate 4. A P+ diffu-
sion 2 in p-well 3 provides a connection to the line to be -
protected on the surface of the device. The junction
depth of p-well 3 provides a suitable resistance value for
resistor Rwl.

The Lower SCR Circuit Structure

The structure of the lower SCR circuit will be readily
understood. Transistor Q3 is a lateral PNP transistor
having its collector formed by p-well 5, its emitter
formed by p-well 3, and its base formed by the interven-
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ing substrate 4. A P+ diffusion 2 in p-well 3 is con-
nected to the protected line, and the resistance of p-well
3 between diffusion 2 and the base-emitter junction
establishes resistor Rwl, which connects the emitter
terminal of Q3 to the protected line. Note that resis-
tance Rwl is also shown in the upper circuit of FIG. 1;
D2 in the upper circuit, the junction of p-well 3 and
n-substrate 4, is also connected to the protected line
through the resistance of p-well 3.

When an excessive positive voltage appears on the
protected line, its circuit path to ground can be traced
through the following structures: Vin, P+ diffusion 2,
p-well 3 (resistor Rw1 and the emitter of Q3), n-sub-
strate 4 (the base of Q3), p-well 5 (the collector of Q3
and resistor Rw2), N+ diffusion 6 and ground terminal.

The n-substrate 4 forms the collector of vertical NPN
transistor Q4 and p-well 5 forms its base, as in the struc-
ture for vertical transistor Q2. The emitter is formed by
an N+ diffusion 6. Thus Q2 and Q4 can be considered
to be a single bipolar transistor with two emitters. Note
that the junction of N+ diffusion 9 and p-well § also
forms diode D1. .

The field oxide PMOS is has a drain formed by p-well
S, a source formed by a p-well 3, a field oxide 8, and a
gate electrode. The gate electrode is connected to
GND. The turn-on voltage (between gate and source)
of a PMOS of this construction is about negative 30-50
volts.

Other Embodiments

The device of FIG. 2 can be implemented in an equiv-
alent structure having a p-substrate, n-wells where the
device of FIG. 2 has p-wells, and other changes in con-
ductivity type and polarity. Those skilled in the art will
recognize other variations in the description, within the
skill of the art and the intended scope of the claims.

We claim:

1. A circuit for protection of a conductive line on a
CMOS device from an excessive voltage, comprising,

two SCR circuits, each connected to conduct be-
tween an associated power supply point and the
line to be protected, each operable to turn on in
response to a voltage between its associated power
supply point and the line to be protected, whereby
the power supply points provide voltage references
for turning on the SCR's and form sinks for the
currents associated with excessive voltages when
an SCR turns on,

wherein an improved semiconductor structure com-
prises,

a substrate of a predetermined conductivity (n-sub-
strate 4),

a first (10), second (5) and third (3) well of the oppo-
site conductivity type (p-well) formed in the sub-
strate,

a first parasitic bipolar junction transistor (Q1) having
its collector formed by the second well (5) and its
base formed by the adjacent substrate (4) and its
emitter formed by the first well (10),

a second parasitic bipolar junction transistor (Q2)
having its base formed by the second well (5),
which forms the collector of the first transistor, its
emitter (9) formed in the well of its base, and its
collector formed by the underlying substrate (4),
which forms the base of the first transistor,

whereby the base and collector of the first and second
transistors are formed in common regions (4, 5)
interconnecting the transistors to form an SCR,
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means (10, 11) connecting the emitter of the first
transistor to its associated power supply terminal
and means connecting the emitter of the second
transistor to the line to be protected,

a third parasitic bipolar junction transistor (Q3) hav-
ing its collector formed by the second well (8), its
base formed by the adjacent substrate (4), and its
emitter formed by the third well (3),

a fourth parasitic bipolar junction transistor (Q4)
having its base formed by the second well (5),
which forms the collector of the lateral transistor,
its emitter (6) formed in the well of its base, and its
collector formed by the underlying substrate (4),
which forms the base of the third bipolar transistor,

whereby the base and collector of the third and
fourth transistors are formed in a shared regions (4.
5) interconnecting the transistors to form an SCR,
and '

means (2, 3) connecting the emitter terminal (3) of the
third transistor to the line to be protected and
means connecting the emitter terminal of the fourth
transistor to the associated power supply terminal.

2. The protection circuit of claim 1 wherein the wells
for the SCR circuits are formed by the same process as
wells for CMOS circuits on the device.

3. The protection circuit of claim 2 wherein

the second well is located between the first and third
wells and,

the second well and the second and fourth transistors
are vertical transistors having their base and collec-
tor region formed by the second well and the un-
derlying substrate,

and the first and third transistors are lateral transis-
tors having their collectors formed by the second
well, their emitters formed by the first and third
wells, and their bases formed by the intervening
region of the substrate.

4. The protection circuit of claim 3 wherein the sec-
ond and fourth transistors are formed as a single vertical
transistor having two emitters.

5. The protection circuit of claim 3 wherein each
SCR circuit has an FET having its source and drain
terminals connected to turn on the associated SCR and
having its source and gate terminals conduct to respond
to predetermined voltage between the line and the asso-
ciated power supply terminal.

6. The protection circuit of claim 3 wherein each
SCR circuit has a diode connected to conduct in its
reverse direction in response to a predetermined exces-
sive voltage between the line and the associated power
supply terminal and to provide a current for turning on
the SCR.

7. The protection circuit of claim 6 wherein the SCR
circuit of the first and second transistors is arbitrarily
designated the upper circuit and the SCR circuit of the
third and fourth transistors is arbitrarily designated the
Jower circuit, and wherein the lower circuit includes a
first diode (D1) connected to conduct in its reverse
direction in response to a predetermined voltage be-
tween the line to be protected and the common connec-
tion point of the collector of said third transistor and the
base of said forth transistor for turning on the lower
SCR circuit.

8. The protection circuit of claim 7 wherein said first
diode is formed by the regions (5, 9) forming the base
and emitter of said second transistor.

9. The protection circuit of claim 8 wherein the upper
SCR circuit includes a resistor (Rwl) and a second
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.
diode (D2) connected to conduct in the reverse direc-
tion of the diode in response to a predetermined voltage
between the line to be protected and the common con-
nection point of the collector of said second transistor
and the base of said first transistor for turning on the
upper SCR circuit in response to the predetermined
voltage.

10. The protection circuit of claim 9 wherein said
second diode is formed by the regions (3, 4) forming the
base and emitter of said third transistor.

11. The protection circuit of claim 10 wherein said
resistor (Rw1) is formed by the vertical path through
said third well.

12. The protection circuit of claim 8 wherein the
FET in the upper circuit has its channel formed in the
second well (5), a field-oxide forming its gate insulation,
a gate electrode connected to the associated power
supply point (Vpp), its drain formed in the adjacent
substrate (4), which forms the collector of the second
transistor and the base of the first transistor, and its
source formed by the region (9) forming the emitter of
the second transistor, whereby the FET turns on the
lower SCR in response to a predetermined voltage of

—

0

25

30

35

45

55

65

8

the polarity opposite to the polarity of the associated
power supply.

13. The protection circuit of claim 12 wherein the
FET in the lower circuit has its drain formed in the
second well (§), its source formed in the third well (3),
and its channel formed in the adjacent substrate (4), a
field-oxide forming its gate insulation, a gate electrode
connected t0 the associated power supply point
(ground), which forms the collector of the second tran-
sistor and the base of the first transistor, and its source
formed by the region (9) forming the emitter of the
second transistor, whereby the FET turns on the upper
SCR in response to a predetermined voltage of the
polarity opposite to the polarity of the associated power
supply.

14. The protection circuit of claim 13 wherein the
substrate is an n-substrate and the wells are p-wells.

15. The protection circuit of claim 14 wherein the
first and third transistors are PNP transistors and the
second and fourth transistors are NPN transistors.

16. A protection circuit comprising two protection
circuits as defined in claim 13 arranged symmetrically
with respect to the line to be protected.

17. The protection circuit of claim 16 wherein the

third well is shared by the two symmetrical circuits.
. * L] L] L]
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