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(57) ABSTRACT

An electrostatic discharge (ESD) protection circuit (FIG.
2A) for an integrated circuit is disclosed. The circuit is
formed on a substrate (P-EPI) having a first conductivity
type. A buried layer (NBL 240) having a second conductiv-
ity type is formed below a face of the substrate. A first
terminal (206) and a second terminal (204) are formed at a
face of the substrate. A first ESD protection device (232) has
a first current path between the first terminal and the buried
layer. A second ESD protection device (216) has a second
current path in series with the first current path and between
the second terminal and the buried layer.
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SERIES CONNECTED ESD PROTECTION
CIRCUIT

[0001] This application is a divisional of prior application
Ser. No. 14/221,432, filed Mar. 21, 2014, the entire contents
of which is hereby incorporated by reference in its entirety.

BACKGROUND OF THE INVENTION

[0002] Embodiments of the present embodiments relate to
series-connected elements of an electrostatic discharge
(ESD) protection circuit. Preferred embodiments of the
circuit are intended for use at input, output, input-output, or
power supply terminals of an integrated circuit.

[0003] Referring to FIG. 1A, there is an ESD protection
circuit of the prior art as disclosed by Yu in U.S. Pat. No.
6,472,286. The circuit of FIG. 1A is a cross section of a multi
finger NPN bipolar transistor as described at col. 3, line 31
through col. 4, line 8. The circuit is fabricated on a P-type
substrate 10 with a heavily doped N+ layer 12. An N-type
layer 14 is formed over layer 12. A P-type base region 24 is
formed at a surface of the substrate 10 and connected to P+
region 22. An N+ emitter region 26 is formed within base
region 24. A deep N+ region 16 is connected to N+ layer 12
and serves as a collector surface contact. Surface contacts
18, 20, and 28 for respective collector, base, and emitter
regions are formed over the surface of the substrate 10.
[0004] FIG. 1B discloses a typical current-voltage char-
acteristic of a bipolar NPN transistor as illustrated at FIG.
1A (col. 1, lines 31-61). The waveform illustrates three
points of interest for an increasing positive voltage applied
to the NPN collector with respect to the NPN emitter. First
is the initial collector-base breakdown voltage BVcbo,
which may also be referred to as the collector-base ava-
lanche threshold, first breakdown, or Vtl1, Itl. The second
point is BVceo which may also be referred to as the
snapback voltage. The third point is Vt2, It2, which is the
transition point between NPN avalanche conduction and
second breakdown.

[0005] There are several problems with the circuit of FIG.
1A and the associated current-voltage characteristic of FIG.
1B. First, BVcbo is approximately 18 V and may exceed the
damage threshold (Vdam) of contemporary integrated cir-
cuits the ESD protection circuit is to protect. Second, BVceo
is approximately 8 V and may be less than the operating
voltage of the integrated circuit the ESD protection circuit is
to protect, thereby causing electrical overstress (EOS) after
an ESD event. Finally, the deep N+ collector contact region
16 of FIG. 1A must be spaced apart from P+ base contact
region 22 to avoid avalanche conduction and to provide
sufficient area for lateral diffusion in subsequent high tem-
perature processing steps of the integrated circuit. Various
embodiments of the present invention are directed to solving
these and other problems and improving operation of the
ESD protection circuit without increasing process complex-

1ty.
BRIEF SUMMARY OF THE INVENTION

[0006] In apreferred embodiment of the present invention,
an electrostatic discharge (ESD) protection circuit for an
integrated circuit is disclosed. The ESD protection circuit is
formed on a substrate having a first conductivity type. A
buried layer having a second conductivity type is formed
below a face of the substrate. A first and a second terminal
are formed at the face of the substrate. A first ESD protection
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device has a first current path between the first terminal and
the buried layer. A second ESD protection device has a
second current path in series with the first current path and
between the second terminal and the buried layer.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING

[0007] FIG. 1A is a circuit diagram of an electrostatic
discharge (ESD) protection circuit of the prior art;

[0008] FIG. 1B is a current-voltage (IV) characteristic of
a bipolar NPN ESD protection transistor as illustrated at
FIG. 1A;

[0009] FIG. 2A is a cross sectional diagram of a first
embodiment of an ESD protection circuit of the present
invention;

[0010] FIG. 2B is a cross sectional diagram of a second
embodiment of an ESD protection circuit of the present
invention;

[0011] FIG. 2C is a schematic diagram of the ESD pro-
tection circuit of FIG. 2A;

[0012] FIG. 2D is a transmission line pulse (TLP) wave
form of the ESD protection circuit of FIG. 2A;

[0013] FIG. 3 is a cross sectional diagram of the ESD
protection circuit of FIG. 2A showing a parasitic semicon-
ductor controlled rectifier (SCR);

[0014] FIGS. 4A and 4B are respective cross sectional and
schematic diagrams of a third embodiment of an ESD
protection circuit of the present invention;

[0015] FIGS. 5A and 5B are respective cross sectional and
schematic diagrams of a fourth embodiment of an ESD
protection circuit of the present invention; and

[0016] FIGS. 6A and 6B are respective cross sectional and
schematic diagrams of a fifth embodiment of an ESD
protection circuit of the present invention.

DETAILED DESCRIPTION OF THE
INVENTION

[0017] The preferred embodiments of the present inven-
tion provide significant advantages over electrostatic dis-
charge (ESD) protection circuits of the prior art as will
become evident from the following detailed description.

[0018] Referring to FIG. 2A, there is a cross sectional
diagram of a first embodiment of an ESD protection circuit
of the present invention. FIG. 2C is a schematic diagram of
the circuit of FIG. 2A and illustrates a circuit 242 protected
by the ESD protection circuit. Protected circuit 242 may be
a bipolar circuit or a circuit having bipolar, N-channel, and
P-channel transistors in a bipolar and complementary metal
oxide semiconductor (BiCMOS) integrated circuit. Here and
in the following discussion, the same reference numerals are
used to indicate substantially the same features. The protec-
tion circuit is formed on a P-type substrate (P-EPI) with an
N-type buried layer (NBL) 240 formed below a surface of
the substrate. NBL 240 is preferably a relatively low resis-
tance buried layer. A first N+ region 206 is connected to
terminal 200, which may be an input, output, input-output,
or power supply terminal. In a preferred embodiment, the
N+ region is separated from other active regions at the
surface by shallow trench isolation regions (STI). However,
active regions may also be separated by local oxidation of
silicon (LOCOS) as is known in the art. N+ region 206 is
electrically connected to shallow N-well (SNW) 224 and
serves as a collector for NPN bipolar transistor 232. NPN
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transistor 232 includes the P-EPI layer as a base and NBL
240 as an emitter. Thus, NPN transistor 232 has a current
path between N+ region 206 and NBL 240. Diode 226 is
formed between SNW 224 and shallow P-well (SPW) 228
and has an avalanche threshold substantially determined by
a space between SNW 224 and SPW 228. The avalanche
threshold is advantageously designed to be less than the
collector-base, open emitter breakdown voltage (BVcbo) of
NPN transistor 232. Parasitic resistor 230 couples the anode
of' diode 228 to the base of NPN transistor 232. P-type buried
layer 234 is optional as indicated by the dashed line and may
be included to inhibit collector-emitter punch through of
NPN transistor 232.

[0019] The protection circuit of FIG. 2A further includes
a second N+ region 204 connected to terminal 202, which
may be an input, output, input-output, or power supply
terminal. Shallow P-well (SPW) 218 is formed under N+
region 204 and together with the P-EPI layer serves as a base
for NPN bipolar transistor 216. Here and in the following
embodiments of the present invention it should be under-
stood that SPW 218 may be omitted when the P-EPI
concentration is suitable. Furthermore, SPW 218 may also
be replaced by shallow N-well (SNW) to make emitter 204
deeper, thereby suppressing current filament formation dur-
ing an ESD event. The NPN transistor 216 includes N+
region 204 as an emitter and NBL 240 as a collector. Thus,
NPN transistor 216 has a current path between N+ region
204 and NBL 240 that is in series with the current path of
NPN transistor 232. Diode 210 is formed between SNW 208
and SPW 218 and has an avalanche threshold substantially
determined by a space between SNW 208 and SPW 218. The
avalanche threshold is advantageously designed to be less
than BVcbo of NPN transistor 216. Parasitic resistor 212
couples the cathode of diode 210 to the collector of NPN
transistor 216 through DNWELL 220. P-type buried layer
214 is optional as indicated by the dashed line and may be
included to inhibit collector-emitter punch through of NPN
transistor 216. Deep N-well (DNWELL) region 220 is
formed between STI and NBL 240 to electrically isolate the
base of NPN transistor 216 from the base of NPN transistor
232.

[0020] Operation of the ESD protection circuit of FIGS.
2A and 2C will now be described with reference to the
transmission line pulse (TLP) wave forms of FIG. 2D. FIG.
2D shows measured TLP wave forms for both 100 ns and
500 ns pulse widths with a positive voltage corresponding to
a positive voltage at terminal 200 with respect to terminal
202. During normal circuit operation NPN transistors 232
and 216 are both off, since they receive no base current. As
voltage V+ becomes more positive and exceeds the ava-
lanche threshold of diode 226, current flows through resistor
230 and into the base of NPN transistor 232. NPN transistor
216, however, is still off. Voltage V+ continues to increase
until the voltage at terminal 240 exceeds the avalanche
threshold of diode 210. This occurs when voltage V+ is
about two base-emitter voltage drops plus the reverse bias
avalanche threshold of diodes 226 and 210 with respect to
voltage V- or about 37 V. NPN transistors 232 and 216 then
enter snapback conduction and the TLP voltage decreases to
about 36 V. As voltage V+ becomes increasingly positive,
both the 100 ns and 500 ns TLP waveforms exhibit a positive
slope corresponding to resistance of the series current paths
and parasitic circuit resistance. The ESD protection circuit
functions in a similar manner when TLP voltage V+ is
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negative with respect to voltage V- except that diodes 226
and 210 are both forward biased. Thus, conduction of NPN
transistors 232 and 216 occurs at a much lower voltage.

[0021] The ESD protection circuit of FIG. 2A offers
several significant advantages over circuits of the prior art.
First, deep collector implants 16 (FIG. 1A) as disclosed by
Yu are unnecessary. The current path between terminals 200
and 202 is completed by series-connected NPN transistors
232 and 216 via intermediate NBL 240. This eliminates the
need for the deep collector implant process step and signifi-
cantly reduces required area for the ESD protection circuit,
since other semiconductor regions are not spaced apart from
the deep collector implant and no corresponding allowance
for lateral diffusion is necessary. Second, the finite resistance
241 of NBL 240 suppresses current filament formation and
prevents local thermal runaway during an ESD event. Third,
diodes 226 and 210 set the trigger voltage for the ESD
protection circuit slightly above the snapback voltage of
series-connected NPN transistors 232 and 216. This advan-
tageously assures that the maximum V+ voltage during an
ESD event will not exceed the damage threshold (Vdam) of
protected circuit 242. The avalanche threshold of diode 226
is set by the space between SNW 224 and SPW 228.
Likewise, the avalanche threshold of diode 210 is set by the
space between SNW 208 and SPW 218. Fourth, the respec-
tive snapback voltages of NPN transistors 232 and 216 are
additive, so the snapback or holding voltage of the ESD
protection circuit is greater than the operating voltage of
protected circuit 242. This assures that an ESD event during
normal circuit operation will not induce electrical overstress
(EOS) due to a high level of power supply current after the
ESD event. Finally, spacing between SNW 208 and SPW
218 and between SNW 224 and SPW 228 may advanta-
geously be adjusted to independently set the avalanche
thresholds of respective diodes 210 and 226.

[0022] Referring now to FIG. 2B, there is a cross sectional
diagram of a second embodiment of an ESD protection
circuit of the present invention. This embodiment functions
as previously described with regards to FIG. 2A. Base
isolation region DNWELL 220, however, is replaced by
deep trench 236, which preferably extends from the surface
of the P-EPI substrate to NBL 240. This embodiment
isolates the base regions of NPN transistors 232 and 216
from each other and advantageously requires less area than
the embodiment of FIG. 2A.

[0023] Turning now to FIG. 3, there is a cross sectional
diagram of the ESD protection circuit of FIG. 2A showing
a parasitic semiconductor controlled rectifier (SCR). The
SCR is a parasitic PNPN structure formed by the P-type base
of NPN transistor 232, DNWELL 220, the P-type base of
NPN transistor 216, and N+ region 204, respectively. Para-
sitic resistor 254 represents lateral resistance of the P-EPI
layer and is designed to develop a voltage drop that is greater
than the snapback or holding voltage of the ESD protection
circuit. Moreover, the linear junctions formed by the P-EPI
layer and DNWELL provide an SCR trigger voltage that is
greater than the trigger voltage of the ESD protection circuit
as determined by diodes 226 and 210. More specifically, the
linear junctions form a PNP transistor 250 and an NPN
transistor 252. In this configuration, the collector of the NPN
transistor 252 is coupled to the base of the PNP transistor
250, and the emitter of the PNP transistor 250 is coupled to
the base of the NPN transistor 252. The embodiment of FIG.
2B may also be used to eliminate the parasitic SCR.
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[0024] Referring next to FIGS. 4A and 4B, there are
respective cross sectional and schematic diagrams of a third
embodiment of an ESD protection circuit of the present
invention. This embodiment is the same as the embodiment
of FIG. 2A except that SPW 218 (FIG. 2A) is replaced by
segmented SPW 236-238. The segmented SPW substitutes
parallel NPN transistors 400 and 402 for NPN transistor 216
(FIG. 2A). NPN transistor 400 is similar to NPN transistor
216 and includes SPW 236-238 in the base region. The
base-emitter junction of NPN transistor 402, however, is
directly between the P-EPI layer and N+ emitter region 204.
Thus, NPN transistor 400 has a first base doping profile, and
NPN transistor 402 has a second base doping profile that is
different from the first base doping profile. NPN transistor
402, therefore, has a relatively higher gain than NPN tran-
sistor 400. The effect of these parallel NPN transistors 400
and 402 is to reduce the snapback or holding voltage of the
ESD protection circuit and provide a corresponding increase
in failure threshold.

[0025] FIGS. 5A and 5B illustrate respective cross sec-
tional and schematic diagrams of a fourth embodiment of an
ESD protection circuit of the present invention. This
embodiment is similar to the embodiment of FIG. 2A except
that PN diode 502 replaces NPN transistor 216 and P+ anode
500 replaces N+ emitter 204. This embodiment of the
present invention provides a holding voltage during an ESD
event determined by the avalanche voltage of diode 502 plus
the snapback voltage of NPN transistor 232. This may be
desirable for integrated circuits having a higher operating
voltage and damage threshold. Moreover, this embodiment
of the present invention may also be used in combination
with previously discussed circuit elements.

[0026] FIGS. 6A and 6B illustrate respective cross sec-
tional and schematic diagrams of a fifth embodiment of an
ESD protection circuit of the present invention. This
embodiment is similar to the embodiment of FIG. 2A except
that a semiconductor controlled rectifier (SCR) formed by
PNP transistor 604 and NPN transistor 606 replaces NPN
transistor 232. Also, N+ SNW contact 602 replaces N+
emitter 206 and P+ anode 600 is added. This embodiment of
the present invention provides a holding voltage during an
ESD event determined by the holding voltage of the SCR
plus the snapback voltage of NPN transistor 216. This may
be desirable for integrated circuits having a lower operating
voltage and damage threshold. Moreover, this embodiment
of the present invention may also be used in combination
with previously discussed circuit elements.

[0027] In view of the foregoing explanation, it is impor-
tant that the trigger or switching voltage of various embodi-
ments of the ESD is less than the damage threshold (Vdam)
of the protected circuit 242 (FIG. 2C). It is also important
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that the holding voltage of the ESD protection circuit is
greater than the operating voltage of the protected circuit.
This assures that application of an ESD pulse while power
is applied to protected circuit 242 will not result in failure of
the ESD protection circuit due to electrical overstress (EOS)
from the power supply. Alternatively, in ESD protection
applications for input, output, or input-output terminals, it
may be desirable to design the ESD protection circuit with
a lower holding or snapback voltage. As previously dis-
cussed, this may be accomplished by adjusting the trigger
threshold of the ESD protection circuit.
[0028] Still further, while numerous examples have thus
been provided, one skilled in the art should recognize that
various modifications, substitutions, or alterations may be
made to the described embodiments while still falling within
the inventive scope as defined by the following claims. For
example, the ESD protection circuit of FIG. 2A might be
modified to use two series-connected SCRs, two series-
connected diodes, or other suitable series-connected ESD
devices as are known in the art. Moreover, it is to be
understood that the present invention may discharge ESD
current to Vss, Vdd, or other suitable terminals in response
to the polarity and terminal combination of the ESD pulse.
Other combinations will be readily apparent to one of
ordinary skill in the art having access to the instant speci-
fication.
What is claimed is:
1. A method of protecting an integrated circuit formed on
a substrate, comprising:
forming a semiconductor layer having a second conduc-
tivity type beneath a surface of the substrate having a
first conductivity type;
forming a first device having a first current path between a
terminal of the integrated circuit and the semiconductor
layer; and
forming a second device having a second current path in
series with the first current path and between a first power
supply terminal of the integrated circuit and the semicon-
ductor layer.
2. A method as in claim 1, comprising:
conducting current through the first current path in
response to an avalanche threshold of a first diode; and
conducting current through the second current path in
response to an avalanche threshold of a second diode.
3. A method as in claim 1, comprising isolating the first
device from the second device by an isolation region extend-
ing from the surface of the substrate to the semiconductor
layer.
4. A method as in claim 1, wherein the terminal of the
integrated circuit is a second power supply terminal.
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