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A SEMICONDUCTOR-ON-INSULATOR DEVICE

Field of the Invention
The present invention relates to protection circuits, and in
particular, to semiconductor-on-insulator (SOI) devices having
protection circuits and processes for forming the devices.

Background of the Invention
Input protection circuits are typically used in integrated

circuits to protect sensitive internal circuits within the device
from electrostatic discharge (ESD). The three common types of
components used for ESD protection in conventional semi-
conductor devices (within a bulk semiconductor material) include

“pn junctions, metal-oxide-semiconductor field-effect transistors
| (MOSFETSs), and thick field oxide (TFO) punch-through devices. In

each of these three types of components, the breakdown voltage
of the component is typically determined by the breakdown
voltage of a pn junction within the component. The area of the pn
junction is usually adequate because the bottom and side edges of
the diffused region that is part of the pn junction are typically
adjacent to the substrate itself. Therefore, excess charge during
the electrostatic discharge dissipates over a relatively large
area.

The components used for ESD protection circuits for bulk
semiconductor materials cannot readily be used by themselves in
SOl devices. Much of the area of the pn junction is lost because
the bottom edges of diffused regions touch a buried oxide layer
(an insulator) and are bounded on the sides by field oxide. Thus,
the buried oxide layer prevents a pn junction from being formed
under a p-type or n-type region. Therefore, a much smaller area
has to dissipate the excess charge. An electrostatic discharge in
a SOl MOSFET increases the heating of the MOSFET because the
energy does not dissipate as effectively as the buried oxide layer
is a poor thermal conductor. The increased heating lowers the
current threshold at which device damage can occur. The point at
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10 device that will allow the circuit to be adequately protected from
ESD potentials that may reach an input/output pad of an
integrated circuit.

Brief Description of the Drawings
15

The present invention is illustrated by way of example and
not limitation in the accompanying figures, in which like
references indicate similar elements, and in which:

FIG. 1 includes a circuit diagram- of a portion of -an input
20 protection circuit for an SOIl device in accordance with an

embodiment of the present invention;

FIG. 2 includes a circuit diagram of a portion of an input
protection circuit for an SOl device illustrating pad-to-pad
protection;

25 FIG. 3 includes a circuit diagram of a protection circuit for

an SOI device that includes the circuit shown in FIG. 1;

FIG. 4 includes a top view of a body-tied MOSFET as used in
the input protection circuits of FIGs. 1 and 3 in accordance with
an embodiment of the present invention; '

30 FIG. 5 includes a plot of forward bias voltage versus current
of a transistor drain diode as the tie-frequency of a body-tied
MOSFET is varied; and

FIG. 6 includes a plot of a gate-grounded breakdown voltage

characteristic as the tie-frequency of a body-tied MOSFET is
35 varied.



35 is a poor thermal conductor. The increased heating | owers the

current threshold at which device damage can occur. The point at

2 which this current threshold occurs is called the second-

breakdown current value ([err]) of the transistor. Once [err] is
exceeded, the device is permanently danmaged because silicon wi thin the
transistor channel nelts and forns a | ow résistance 5 filanent after
cooling. Thick field oxide devices cannot be used over a buried oxide

region since the fi Skillexiaitisangi @@Rr?cira(tﬂcﬂm elemSPﬁg :Iﬁdmgﬁ@t‘iﬁa}s e
di schar ge. cur r DRteALRE: fot, sifibiRHy 5id 48l andRBYE,pdt cRasrgsarily
protection cirbeen drawartoSskale. For example, the dimensions of some of the
elements in the figures are exaggerated relative to other
5 elements to help to improve understanding of embodiment(s) of
the present invention.

Detailed Description

10 A protection circuit for a semiconductor-on-insulator
device allows an electrostatic event to occur at an input/output
pad without adversely affecting sensitive circuit components,
such as MOSFETs used in digital circuits. The protection circuit
allows the input/output pad to be biased positively and negatively

15  with respect to the supply rails and all other pads on the chip.

FIG. 1 is a circuit diagram of a portion of a protection
circuit 10 for an input/output (1/0) pad 12 that is electrically
connected to an I/O node. Within this specification, the current
electrodes of MOSFETs electrically connected to a supply node

20 (VDD or Vgg) are the sources, and the other current electrodes for
those same MOSFETs are the drains. The circuit 10 further
includes a body-tied MOSFET 14 and an n-channel MOSFET 16. The

drains of the MOSFETs 14 and 16 are electrically connected to the
I/O node and the sources are electrically connected to a VSS node

25 that is coupled to receive a V§g potential from a Vgg electrode

(not shown). In MOSFET 14, a body-tie is used to electrically
connect the channel region to the source region of the transistor
as illustrated near node 142. The junction between the channel
region and the drain region forms a pn diode as illustrated in FIG.

30 1. The gate of MOSFET 16 is electrically connected to the VS g
node.. Those skilled in the art appreciate that MOSFET 16 is a
"grounded-gate” MOSFET that relies on parasitic bipolar action
between the source and drain of the MOSFET for ESD protection.
The potential difference (between the source and drain of a

35 MOSFET) at which the parasitic bipolar action starts is referred
to in the industry as BVDSS.
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vol'tage versusgpfing'is electrically connected to a VDD node that is coupled
to receive a Vpp potential from a VDD electrode (not shown). For

zener diode 19, the positive terminal is electrically connected to
10 the I/O node and the negative terminal is electrically connected
to the VDD node.

Zener diode 18 is a specific type of rail clamp. The function
of the rail clamp is to provide an ESD discharge path between the
supply rails. A MOSFET, bipolar transistor, TFO device, or

15 capacitor can also be used as a rail clamp in place of zener diode
18. Any combination of these five types of components can also

be used as a rail clamp.
In one embodiment, the VDD potential is approximately 2.0

volts, and the VSg potential is approximately 0.0 volts. Each of

20 the MOSFETs 14 and 16 has a threshold voltage of approximately
0.5 volts. MOSFET 14 has a breakdown voltage of approximately
7.0 volts, and MOSFET 16 has a breakdown voltage of
approximately 3.5 volts. The specific numbers are meant to
illustrate and not limit the invention.

25 The protection circuit 10 is used to protect digital circuits
under a variety of unbiased or biased ESD scenarios. The primary
discharge paths are indicated by paths 102, 104, 106, 108, and
109. Current flows as illustrated by path 102 when the potential
of the /O pad 12 is higher than that of the VDD node. Diode 19

30 has a forward cut-in potential of approximately 0.7 volts.

Therefore, when the potential of the I/O pad 12 is more than 0.7
volts higher than the potential of the VDD node, current flows as

shown by path 102. If the VDD node is at approximately 2.0 volts,

current flows as shown by path 102 when the I/0O pad 12 is at
35 approximately 2.7 volts or higher.



of a transistor drain diode as the tie-frequency of a body-tied MOSFET
IS varied; and FIG 6 includes a plot of a gate-grounded

br eakdown vol t age characteristic as the tie-frequency of a body-tied
MOSFET is 35 vari ed. 3
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node. Current flows as shown by 104 when the potential of the
VDD node is at least 5 volts higher than the potential of the 1/0O

5 pad 12. If the VDD node is at approximately 2.0 volts, current

will flow as shown by path 104 when the I/O pad 12 is
approximately -3.0 volts. Current flows as shown by path 106
when the potential difference between the VDD node and the I/O
pad 12 exceeds the sum of the reverse breakdown voltage of diode

10 18 (VRBD18) and the forward cut-in potential of the drain diode
of MOSFET 14. Using numbers, this potential difference is
approximately 5.7 volts. If the VDD node is at approximately 2.0
volts, current will flow as shown by path 106 when the I/O pad is
approximately -3.7 volts.

15 Zener diode 18 is referred to as a "bus zener" because it is
electrically connected between the V§s and VDp nodes. A
semiconductor-on-insulator device will have other I/O pads 12
and zener diodes 18 similar to the ones shown. Although current
flows as-shown by path- 106 through the “local” diode 18, other

20 diodes 18 at other pads can carry a portion of the current. The
discharge path indicated by path 106 forms an auxiliary
(secondary) path for pad-to-VDD negative stress conditions. Note
that path 106 could be a primary path if the sum of VRBD18 and
the forward cut-in potential of the drain diode of MOSFET 14 is

25 less than VRBD19. Thus diode 19 could be replaced by a standard
pn diode (not a zener diode) as determined by impurity atom
concentration, without loss of generality. A standard pn diode is
typically not used to allow significant current flow during typical
reverse biasing conditions. A zener diode is typically used when

30 significant current is to flow when the reverse bias potential
difference across the zener diode is no more than 10 volis. In
this embodiment, the zener diodes allow significant current to
flow when the reverse bias potential difference is about 5.0
volts. The different zener diodes could be tailored to have

35 different reverse bias breakdown voltages.



Detaiied Description 10 A protection circuit for a

sem conduct or - on-i nsul at or device allows an electrostatic event to
occur at an input/output pad wi thout adversely affecting sensitive
circuit conponents, such as MOSFETs used in digital circuits. The
protection circuit allows the input/output pad to be biased positively
and negatively 15 wth respect to the supply rails and all other pads on
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approximately -0.7 volts or lower. Current flows as illustrated

10 by path 109 when the potential difference of the I/O pad 12 minus
the VSS node exceeds BVDSS for MOSFET 16, which is

approximately 3.5 volts. If the VSS node is at approximately 0

volts, current flows as shown by path 109 when the I/O pad 12 is
approximately 3.5 volts or higher

15 Because MOSFET 14 is a body-tied transistor, paths 106 and
108 would not exist at the potentials specified above. If MOSFET
14 would not have any body ties, the channel region of MOSFET 14
would electrically float, in which case path 108 would not exist.
The body tie of MOSFET 14 provides further benefit by increasing

20 the BVDSS of MOSFET 14 compared to the same transistor without
the body tie. This helps make path 109 a primary path through -
MOSFET 16 rather than parallel paths through MOSFETs 14 and 16
or a primary path from the I/O pad 12 to the VSS node through
MOSFET 14. MOSFET 16 is specifically optimized to pass the high

25 currents associated with ESD events. The optimizations needed
for MOSFET 16 are, in general, contrary to those needed for good
electrical performance of MOSFET 14. It is advantageous to
ensure that BVDSS will occur initially in MOSFET 16 and that
MOSFET 14 will not breakdown within the operating range of

30 MOSFET 16. The effect on BVDSS of body-tie frequency is shown
in FIG. 5 that will be described in more detail later in this
specification. The higher the body tie frequency in MOSFET 14 the
higher the increase in its BVDSS.

In an alternate embodiment, zener diode 19 can be omitted.

35 In this embodiment, when the 1/0 pad 12 is at a potential
significantly lower than the VDD node, current flows between the



as illustrated near node 142. The junction between the channel regi on
and the drain region forns a pn diode as illustrated in FIG 30 1. The
gate of MOSFET 16 is electrically connected to the V[err] node. Those
skilled in the art appreciate that MOSFET 16 is a "grounded- gat e"
MOSFET that relies on parasitic bipolar action bet ween the source and
drain of the MOSFET for ESD protection. 7 The potential difference
(between the source and drain of a 35 I\/DSFET) at which the parasitic

o ol ectionypo hedbriel il 12 an usgade o Yees R o,
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current flows between the VDD node and I/O pad 12 as shown in
path 105. Using the values previously described, current flows
5 when the potential of the I/O pad 12 is at approximately 6.2 volts
or higher. The 6.2 volts is the sum of the BVDSS potential of
MOSFET 16, the forward cut-in potential of zener diode 18, and
the VDD potential.

The protection circuit without zener diode 19 can protect

10 internal circuits that can safely withstand relatively higher
voltages. However, if the protection circuit 10 is to protect
internal circuits that can only withstand relatively lower
voltages, the zener diode 19 is needed. Referring to the
previously used numbers, current flows along path 102 when the

16 1/O pad is at a potential as low as approximately 2.7 volts, but
current does not flow along path 105 until the I/O pad is at a
potential of at least approximately 6.2 volts. Zener diode 19 may
effectively become necessary as technology advances and gate-
oxides become thinner.

20 One skilled in the art appreciates that other options may be
available, but the circuit should be analyzed under negative and
positive biasing conditions to ensure that the internal circuits to
be protected are adequately protected against high-potential and
low-potential events. _

25 FIG. 2 includes a circuit diagram illustrating current paths
for pad-to-pad biasing. FIG. 2 includes components similar to FIG.
1. The similar components for the second I/O pad are denoted
with apostrophes (). For example, I/O pad 12' is similar to I/O
pad 12. The paths 102, 104', 108', and 109 indicate primary

30 current paths for the circuit shown. Other paths similar to paths
105 and 106 exist but are not shown in FIG. 2 for simplicity.

FIG. 3 includes a more detailed illustration of the protection
circuit 10. The n-channel MOSFET 21 has a source and drain that
are electrically connected to other portions of the semiconductor

35 device but are not illustrated in FIG. 3. Typically, the gates of
internal MOSFETSs, such as the gate of MOSFET 21, are electrically



positfve term nal of zener diode 15 is electrically connected to t he
V[err] node and the negative terminal is electrically connected 5 to the

gate of MOSFET 14. The positive term nal of zener diode 18 is _
el ectrically connected to the V[err] node and the negative termnal is
el ectrically connected to a VDD node that is coupled to receive a VDD
potential froma VDD el ectrode (not shown) 8 For zener diode 19, the
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gate 280 is an input to inverter 282. The output of inverter 282

10 is also an output of the control logic circuit 28 and is electrically
connected to the gate of MOSFET 27. ENABLE s also an input for

inverter 284.. The output of inverter 284 and DATA are inputs to

NAND gate 286. The output of NAND gate 286 is the input for

inverter 288. The output of inverter 288 is also an output of the
15 control logic circuit 28 and is electrically connected to the gate

of MOSFET 14. MOSFETs 14 and 27 are part of the output buffer

for the SOI device.

The output buffer control logic circuit 28 determines

whether the I/O pad 12 is active as an output pad and allows data
20 to pass to the /O pad 12. The output buffers are disabled when

ENABLE is a "1." In this instance, the /O pad 12 is an input pad.

Transistors 22 and 23 are parts of an input buffer electrically
connected to internal MOSFETs. When ENABLE is a "0." the I/O pad

12 is an output pad, and data from DATA can pass to the I/O pad

25 12. Clearly, /O pad 12 can act as an input pad or an output pad.
However, I/O pad 12 does not act as an input and output pad for
the device simultaneously.

The protection circuit 10 includes other MOSFETSs, diodes
and nodes illustrated in FIG. 3. The negative terminal of zener:

30 diode 24 and the positive terminal of zener diode 25 are
electrically connected to the intermediate node. The positive
terminal of zener diode 24 is electrically connected to the Vg s

node, and the negative terminal of diode 25 is electrically
connected to the VDD node. The intermediate node is resistively

35 connected to the I/O node by resistor 26. P-channel MOSFET 27




illustrate and not linit the invention. 25 The protection circuit 10

IS used to protect digital circuits under a variety of unbiased or

bi ased ESD scenari os. The prinmary di scharge paths are indicated by
pat hs 102, 104, 106, 108, and 109. Current flows as illustrated by
path 102 when the potenti al of the I/O pad 12 is higher than that of
the VDD node. Diode 19 30 has a forward cgi-in potential of approximtely
0.7 volts. Therefore, when the potentlal of the I1/O pad 12 is nore

rrent
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vol ts, Qrfcq ryoﬁgnag b -vm-ghetgﬂiel(b 7 ist 35
apprOX' mat el y SlettiCally (%nr‘ﬂé&@%if to the positive terminal of zener diode 29,
and the negative terminal of zener diode 29 is electrically
5 connected to the VDD node.

The protection circuit 10 helps to reduce the likelihood of
damage to the internal MOSFETs. For example, assume that the
gate dielectric within those MOSFETs is 70 angstroms (A) thick
and has a breakdown voltage of 7.0 volts. If the I/O pad 12 is

10  directly connected to the gates of the internal MOSFETs and the
potential of I/O pad 12 is higher than 7.0 volts, the gate
dielectrics for internal MOSFETs would be permanently broken
down thereby rendering the device effectively useless.

The portion of the protection circuit 10 including zener

15 diodes 24, 25, 15, and 29 and resistor 26 provide secondary
protection for the transistor 21 and output buffer control logic
28. Resistor 26 reduces the potential reaching the intermediate
node. Zener diodes 24 and 25 are designed to prevent the
potential of the intermediate node (and consequently potential

20 across the gate dielectrics of MOSFETs 22 and 23) from having an
absolute value higher than 7.0 volts. Similarly, zener diodes 15
and 29 are designed to prevent the potential across the gate
dielectrics of MOSFETs 14 and 27 from having an absolute value
higher than 7.0 volts. If the zener diodes 24, 25, and 29 have the |

25 same forward biasing cut-in potential and reverse biasing
breakdown voltage as zener diodes 15 and 18, the potential of the
intermediate node should not be lower than -0.7 volts and higher
than 5.0 volts.

Although a number of specific potentials are discussed,

30 those skilled in the art can tailor the potentials for the specific
supply potentials and components to be protected. For example,
much of the discussion has been focused on a 2.0 volt potential
difference between VDD and VSS and a gate dielectric breakdown
voltage of 7.0 volts. If the potential difference between VDD and

35 VSS is 1.0 volt and a gate dielectric breakdown voltage of 5.0



Paths 104 and 106 illustrate current flow when the potential of the

| /O pad 12 is significantly less that the V[err] node. Current flows
as shown by 104 when the potential of the VDD node is at least 5 volts
hi gher than the potential of the I/O 5 pad 12. If the VDD node is at
approximately 2.0 volts, current. will flow as shown by path 104 when
the 1/O pad 12 is approxi mately -3. 018Its. Current fiows as shown by
path 106 when the potential difference between the VDD node and the
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potential. Also, the electrical characteristics of the components

10 shown in FIG. 3, such as breakdown voltages, BVDSS, etc., may
need o be changed to adequately protect internal circuitry. More
generally, the supply node closer to the bottom of FIG. 2 is at a
lower potential than the supp[y node closer to the top of FIG. 3.

The inventor has discovered a layout of transistor 14 that

15 -works particularly well with the device 20. FIG. 4 includes an
illustration of a top view of the body-tied MOSFET 14 illustrated
in FIGs. 1 and 3. A closed-gate electrode 34 overlies a field
isolation region 30 and a semiconductor island 50. The shape of
the closed-loop gate electrode 34 can be circular, oval, elliptical,

20 convex, or any polygon type of shape including square,
rectangular, hexagonal, octagonal, etc. The closed-gate electrode
34 is used to reduce leakage current because the gate electrode
34 does not cross over a channel-field isolation edge because the
MOSFET 14 does not have a channel-field isolation edge.

25 As seen in FIG. 4, the closed-gate electrode 34 has an inner
edge 341 and an outer edge 342. The source regions 36 and body-
tie regions 32 lies adjacent to the inner edge 341, and the drain
regions 38 lies adjacent to the outer edge 342. Edges of the
regions 32 and 36 near the closed-gate electrode 34 are formed

30 self-aligned to the closed-gate electrode 34 or sidewall spacers
(not shown in FIG. 4) that lie adjacent to the closed-gate
electrode 34.

The dashed lines adjacent to body-tie regions 32 illustrate
the location of the masks used for the doping steps used to form

36 regions 32, 36, and 38. When regions 32 are being formed, a mask
covers all of transistor 14 except regions 32 and the portions of



di scharge path indicated by path 106 forns an auxiliary (secondary)
path for pad-to-VDD negative stress conditions. Note that path 106
could be a primary path if the sumof VRBD18 and the forward cut-in
potential of the drain diode of MOSFET 14 is 25 Iess than VRBD19. Thus

di ode 19 coul d be replaced by a standard pn di ode (not a zener diode)
as determned by inpurity atom concenyfation, wthout |oss of
generality. A standard pn diode is typically not used to all ow

i ani fi ' ' . . |.asi ng,condi tfons. A
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is about 5.0 undefligs & portioq; of dherelosed:gale elrairadaidft.neAt mask of to
have 35 dig f efitinvereer ifageais QEEAKEP YO HdgioRs 36 and 38. All of

transistor 14 is uncovered except for regions 32 and the portions

of the closed-gate electrode 34 lying outside the dashed lines.
Each of the contacts to the drain region, source regions 36,

body-tie regions 32, and closed-gate electrode 34 are illustrated

10 by s. Before forming contacts, a conductive strap is formed to

electrically connect each of the regions 32 and 36 to one another.
The conductive strap typically includes any material used for a
local interconnect, such as a silicide, refractory-metal nitride,
and the like.

15 The transistor 14 has an effective (electrically measured)
channel length of about 0.9 microns and an effective channel
width of about 200 microns. As used in this specification, the
effective channel length is approximately the distance between
one of the drain region 38 and its closest the source region 36

20 underneath the gate electrode 34. The effective channel width is
approximately the sum of individual channel regions near the
individual source regions 36. The source regions 36 and body ties
32 will be electrically connected to one another.

Many conventional MOSFETSs that have closed-gate

25 electrodes place the drain region, as opposed to the source region,
near the inner edge of the gate electrode. When the drain region
is near the inner edge of the gate electrode, the junction
capacitance of the drain region is lower because the junction area
between the drain region and channel region is smaller (also the

30 area over the substrate is smaller). Lower junction capacitance
generally forms a faster MOSFET.

Contrary to conventional wisdom, the drain regions 38 is
adjacent to the outer edge 342 of the closed-loop gate electrode
34. The placement of the drain region adjacent to the outer edge
35 342 allows a higher potential to be placed on the drain regions 38



6 ‘ In protection circuit 10, paths 108 and 109 illustrate

current flow when the 1/O pad 12 is at a potential higher and | ower
than the potential of the V[err] node. The drain di ode of MOSFET 14
has a forward cut-in potential of approximately 0.7 5 volts. Current flows
as illustrated by path 108 when the potential of the V[err] node is
nore than 0.7 volts higher than the pb2ential of the I/O pad 12. |f
the Verr] node is at approximtely O volts, current flows as shown by

h 108 wh t
poiﬁrent floﬁrg B.EFQIF/ ‘?Fégt eﬁa %‘gnglca@{oﬁé%e ry?%lgbét?(@!eb gﬁéd‘{j%rence
of the |/0 padand ¢hanrel regiopge V[err] node exceeds BVDSS for MOSFET 16,
which is apprOAltﬁaugwaSs‘i;éem Sa bhttf*aﬁ é{[ Bbag ﬁ@die“aﬁggtt%gnﬁuﬁe o

ly O t,fl
pad 12 15 - Ghyeg cafei BsSsch Bopi e (e s oLbu Hihoad e 15

is a body-#8 edot rthesoaeomusnfatéd iOFland4. Desi ﬁevs)tdfdpmbcﬁéhsblréhltéhe

g
potentials spe %' %%ﬁéﬁ%@%ﬁﬁ what ]typ !fdbggy-tled/ %ranéllsp gy ties,

t he channel re
should be used.

The components of device 20 are formed within a
semiconductor layer having a thickness in a range of 500-1000
10 angstroms thick. In this specification, interfacial area can be
expressed as a length because the area is the product of the
length and the thickness of the semiconductor layer. Interfacial
areas of diodes are expressed as lengths. |
The body-tied MOSFET 14 includes a drain diode that is
15 formed when the channel region and drain region meet. The
destructive breakdown current of the forward biased drain diode
can be varied by changing the ratio of the individual source region
area to the body-tie region area (tie frequency). In FIG. 5, a plot
of forward bias voltage (Vi) versus forward bias current (lf) is
20 illustrated for three different body-tie ratios. This data is for a
MOSFET that has a total electrical width of 25 microns (i.e., the
sum of the widths of individual source regions 36). The drain
diode is approximately 50 microns long. When the S/B tie ratio is
1:1, a current of approximately 6 milliamps/micron is passed
25 before destructive failure. At S/B tie ratio of 2.5:1,
approximately 4.6 milliamps/micron is passed before failure (36
microns of drain diode), and at S/B tie ratio of 5:1, approximately
3.0 milliamps/micron is passed (31 microns of drain diode). As
can be seen in FIG. 5, the current carrying ability can be increased
30 by increasing the tie frequency. This is in part due to more
available drain diode area, but also a reduction in series
resistance of the diode that reduces resistive heating.
FIG. 6 illustrates how the S/B tie ratio affects the
breakdown voltage of a reversed biased drain diode of a MOSFET.
35 The breakdown voltage is the voltage of the drain (Vy) when I is

greater than zero. At an S/B tie ratio of 1:1, the breakdown of the



woul d el ectrical y float, in which case path 108 woul d not exist. The
body tie of MOSFET 14 provides further benefit by increasing 20 the BVDSS

of MOSFET 14 conpared to the same transi stor wthout the body tie.

Thi s hel ps make path 109 a prinmary path through MOSFET 16 rat her than
paral | el paths through MOSFETs 14 and 16 or a primary path fromthe
/0 pad 12 to the V[err] node through 180OSFET 14. MOSFET 16 is

specifically optim zed to pass the high 25 currents associated with ESD
event The o z F

c\c/)nt r;ry to tﬁggderhngreciﬁc} geéit a potéﬁ’{laINQF %rb%ﬁ ncem%[)s\éﬁ‘fs 14.
It is advant agéBBEP’f'B‘ately 5eﬂs¥9|és taiaS/Bth@SrﬁﬁCPm chauz 1|, nand a¥t ysin I\/DSFE]:I'
16 and t hat a Mﬁﬁ:a Vl @%t #) fév‘”?a%hhbf'é e operatl ng range o]
30 MOSFET 16. R‘R tie uency . i s sh

FIG 5 that will F'Héﬁ%rﬁug r RO (tjé@ Wﬁ't PH‘Q rﬁ'%ser to zero. As'

speci fi cat iSon. th‘éﬁé/m[)glp@tenml ued;eases,fﬂmwmc!iel ratté>sHolld 4bé he
hi gher the i ncr ease .an alternate enti) odi nent ,

zener di ode 19NCERA ﬁ%aom'fqvgé/‘%sgsif the §/Bstie l %16, 1ahdardeethe o pad 12
is at a potentbehefit of thegbodly cthes Inyay devorhbaiod kenalPBetadee 6nérIsddy f 1 ows
between the e has too much channel region to tie. An S/B tie ratio of greater
than 10:1 may be a practical upper limit, but this number is not
10 meant to be limiting to the present invention.

Electrically measured dimensions of some of the
components in FIG. 3 are presented. Zener diode 18 has a pn
junction surface area approximately 50 microns long, zener diode
19 has a pn junction surface area approximately 400 microns

15 long, and each of zener diodes 15, 24, 25, and 29 has a pn junction
surface area approximately 25 microns long. MOSFET 16 has an
effective channel length of approximately 0.6 microns and an
effective channel width of approximately 800 microns, and
MOSFET 27 has an effective channel length of approximately 0.6

20 microns and an effective channel width of approximately 400
microns. While these numbers are specific, those of ordinary
skill are able to determine the electrically measured dimensions
that work best with their circuits.

The embodiments of the present invention allow an input

25 protection circuit to be used with a SOl device to properly protect
the digital circuits or other sensitive components from
electrostatic events that occur at an I/O pad. The design allows
the I/O pad to reach both high and low voltages without adversely
affecting the internal circuits that are to be protected. During an

30 electrostatic event, current can flow between the I/O pad 12 and
VDD under both negative and positive biasing conditions, between
the I/0O pad 12 and VSS under negative and positive biasing
conditions, and between any combination of two /O pads. The
design does not require ties through a buried insulator layer to an

35 underlying substrate. Therefore, a truly SOI device including
input protection circuits is formed. Another benefit of the



7 VDD node and I/O pad 12 as illustrated by path 106. Wen the I/0
pad 12 is at a potential significantly higher than the VDD node,

current flows between the VDD node and I/O pad 12 as shown in pat h
105. Using the values previously described, current flows 5 when the
potential of the I/O pad 12 is at approximately 6.2 volts or higher.
The 6.2 volts is the sumof the BVDSS potehfi al of MOSFET 16, the
forward cut-in potential of zener diode 18, and the VDD potential.

The protecti onpfagetiti tnvdrﬁwlis zmgtrit d:baniebé?in@ﬂgraﬁéat 3 35) éopll'c%d”ésﬁ TRIw
CorouLts that GHReTR fld JHoblisadblion 51 SheiShblbEricult pibdesa Wepeyi
that can only wi t hsikraittier fdragoired yspepification, thel irvgstiont Ihasz been di ode 19
's needed. RefgriifdedOwithCreference to specific embodiments. However, one
5 of ordinary skill in the art appreciates that various modifications
and changes can be made without departing from the scope of the
present invention as set forth in the claims below. Accordingly,
the specification and figures are to be regarded in an illustrative
rather than a restrictive sense, and all such modifications are
10 intended to be included within the scope of present invention. In
the claims, means-plus-function clause(s), if any, cover the
structures described herein that perform the recited function(s).
The mean-plus-function clause(s) also cover structural
equivalents and equivalent structures that perform the recited
15 function(s).



previ ously used nunbers, current flows along path 102 when the 15 1/0O pad
is at a potential as |ow as approximtely 2.7 volts, but current does
not flow along path 105 until the I/O pad is at a potential of at
| east approximately 6.2 volts. Zener diode 19 may effectively becone
necessary as technol ogy advances and gate- oxi des becone thinner. 20
One skilled in the art appreciates that othBr options may be
avai l abl e, but the circuit should be anal yzed under negative and

be

posi tive biasing conditions to ensure thajafrhe internal circuits to
protected are adequately protected again ' gh-potential and
| ow- potential events. 25 FIG 2 includes a circuit diagram

illustrating cyrrentpritbbion circliR’ cRafhdtérisad Byasing. FIG 2 includes
4 ter

conponents simlar to F

The sim |l ar conmponents for the second

G :
1/0 pad are denot ed® P8d NQABHL apostrophes ('). For exanple, 1/0 pad 12' i

simlar to&/0O apfirst18upplye npalehthd03s copled fid&deceived al@ist i ndi cate
primary 30 current pat héoighgt&{'e circuit showmn. Qther paths simlar to
| ’

S

pat hs 105 and 106 e 0 are not shown in FIG 2 for sinplicity.
FIG 3 includes a n@rfirstetransistor| havingata dirsbfcumenbreleetrodenand a circuit
10. The n-channel MOSFET, S r c@(&q raj t are

el ectrically connected t%éé?ﬁércgf{;éwoﬁ'? of %ewsr%%bgﬁnduct or

the first current electrode of the first transistor is
10 coupled to the first supply node; and
the second current electrode of the first transistor is
_ coupled to the pad node;
a second transistor having a first current electrode and a
second current electrode, wherein:
15 the first current electrode of the second transistor is
coupled to the first supply node; and
the second current electrode of the second transistor
is coupled to the pad node;
a second supply node that is coupled to receive a second

20 potential that is higher than the first potential; and
a rail clamp having a first terminal and a second terminal,
wherein:

the first terminal of the rail clamp is coupled to the
first supply node; and
25 the second terminal of the rail clamp is coupled to the
| second supply node.
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35 device but are not illustrated in FIG 3. Typically, the gates of

i nternal MOSFETs, such as the gate of MOSFET 21, are el ectritatty
8 connected to drains of n-channel MOSFET 22 and p-c@gg&g&}h

MOSFET 23. The sources of MOSFETs 22 and 23 are electricall
to the Verr] and V[err] nodes, respectively. The gates of l l
and 23 are electrically connected to an inlBrnmediate 5 nod : .
The protection circuit 10 al so includes an out put buffer control logic
circuit 28 havng Awprotestion girduitwcharagterized by: ENABLE and DATA are
I nputs to NOR gate %@aqm edut put of NOR gate 280 is an input to

of fnverter 282

I nverter 282. The out ?_u ) ) ]
a first supply node that is coupled to receive a first

potential;

5 a first body-tied transistor having a channel, a first current
electrode, and a second current electrode, wherein:
the channel and the first current electrode of the first

body-tied transistor are electrically connected
to each other and are coupled to the first supply
10 node;
the second current electrode of the first body-tied
transistor is coupled to the pad node; and -
a pn diode is formed at a jection between the channel
and second current electrode of the first body-
15 tied transistor;
a second transistor having a first current electrode and a
second current electrode, wherein:
the first current electrode of the second transistor is
coupled to the first supply node; and
20 the second current electrode of the second transistor
is coupled to the pad node;
a second supply node that is coupled to receive a second
potential that is higher than the first potential;
a first zener diode having a positive terminal and a negative
25 terminal, wherein: '
the positive terminal of the first zener diode is
coupled to the first supply node; and
the negative terminal of the first zener diode is
coupled to the second supply node; and
30 a second zener diode having a positive terminal and a
negative terminal, wherein:
the positive terminal of the second zener diode is
coupled to the pad node; and
the negative terminal of the second zener diode is
35 coupled to the second supply node.

2.
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10 is also an output of the control logic circuit 28 and is electrically
connected to the gate of MOSFET 27. ENABLE is al so an input for

i nverter 284. The output of inverter 284 and DATA are inputs to NAND
gate 286. The out put of NAND gate 286 is the input for inverter 288.
The output of inverter 288 is also an output of the 15 control logic
circuit 28 and is electrically connected tb7the gate of MOSFET 14.
MOSFETs 14 and 27 are part of the output buffer for the SO device.
The output buf§er Accsamiebnmér-shrlﬁﬂurataﬁ d&iﬁ@é%}ﬁﬁns. dﬂ@%dﬂ%{q] '/0
pad 12 is active as arkpé#l.tput a an ovvs dat a f Lipas tto e

pad 12. The output BIRYESHON, GIFGHit,Y r%eﬁ e prom Irguit gis 1. In
this instance, the th&rgctdrised pyan i nput pad. Transi stors 22 and 23

rSe oot T M Sb) el T Sy couploB R FEGHE. % S0, anc
data from BATA can pass potential]; O pad 25 12. Cearly, 1/0 pad 12t C:Qt agg
o ot an” ot pun S50t B, aving S 61 Hedfoflanil'a 2 22
protection circuit 10 i nSecerd @UH’@M nelectnde, dwherein: and nodes
illustrated in FIG 3. T ”ﬁﬁgt bMﬂ’etrﬂrEIél?ﬂ'oaé 68N Fitst dirafRistorafd the
positive termnal of zener di c(:)onnecte%r to the first supply node; and
10 the second current electrode of the first transistor is
connected to the pad; and
the first transistor is a body-tied transistor
a second transistor having a first current electrode, a
second current electrode, and a control electrode,
15 wherein:
' the first current electrode and the control electrode
of the second transistor are connected to the
first supply node; and
the second current electrode of the second transistor
20 is connected to the pad;
a second supply node that is coupled to receive a second
potential that is higher than the first potential; and
a first zener diode having a positive terminal and a negative
terminal, wherein:
25 the positive terminal of the first zener diode is
connected to the first supply node; and
the negative terminal of the first zener diode is
connected to the second supply node.
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el ectricall y connected to the internediate node. The positive term nal
of zener diode 24 is electrically connected to the V[err] node, and

t he negative termnal of diode 25 is electrically C i3 Rfidefiihs BEenREFlacPD

node. The internediate node is resistively 35 connected t by
resi stor 26. P-channel MOSFET 27
9 has a drain electrically connectedl 8o the 1/0 node

electrically connected to the VDD node. The gate of MOSFET 27 is
el ectrical ly cénndctsetnicondoetqresnhiinselater evide Cdomﬁflgrngglap%o?%nd a and

the VDD node. | Brot8Ctibl tiecllfCSyigrelf, BiF biefeftioh, Qeviaboe che
| i kel i hood of characterised by:

a first supply node that is coupled to receive a first

5 potential;

a first body-tied transistor having a channel, a first current
electrode, and a second current electrode, wherein:
the channel and the first current electrode of the first

body-tied transistor are electrically connected
10 to each other and are coupled to the first supply
node;
the second current electrode of the first body-tied
transistor is coupled to the pad node; and
a pn diode is formed at a jection between the channel
15 and second current electrode of the first body-
tied transistor; '

a second transistor having a first current electrode and a
second current electrode, wherein:
the first current electrode of the second transistor is

20 coupled to the first supply node; and
the second current electrode of the second transistor
is coupled to the pad node;

a second supply node that is coupled to receive a second
potential that is higher than the first potential;

25 a first zener diode having a positive terminal and a negétive
terminal, wherein:
the positive terminal of the first zener diode is
coupled to the first supply node; and
the negative terminal of the first zener diode is
30 coupled to the second supply node; and

a second zener diode having a positive terminal and a
negative terminal, wherein:
the positive terminal of the second zener diode is

coupled to the pad node; and
35 the negative terminal of the second zener diode is
coupled to the second supply node.
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damagé to the internal MOSFETs. For exanple, assune that—the
dielectric within those MOSFETs is 70 angstrons (A) thic
breakdown voltage of 7.0 volts. If the I/Opad 12 is 10

to the gates of the internal MOSFETs and the pot ent . g}

I's higher than 7.0 volts, the gate dielectrics for i

woul d be permanently broken down t herk8y rendering the device:

ef fectively usel ess. The portion of the protection circuit 10

i ncludi ng zener 15 diodes 24, 25, 15, and 29 and resistor 26 provide
secondary profection for .the tran I stor, 21 and out put buffer control

| ogi ¢ 28. 5ReA s??ﬁ“%“ﬁ&}%@é" ity %Weqﬂ’iﬂe rcl%ﬁm'g'@gt R first dadbdaat e
node. Zener di odes 8dcomd padarahdiesipgotection i R?ui% wheeein thteﬁpf(ﬂéFtIQh of
the internediate no C tentia acr oss e gate

di el ectrics of NDSF%&?Q@ZP% @?%%%‘f?ﬁ%%h g'r ng an absol ut e val ue hi gher
than 7.0 v8lts. Sinal firstytransistor dhavieg 65 first cwnelntzsblectrodesagnlefa to

prevent the potential ac h ' of MOSFETs 14 and 27
from havi ng an absol ute é& 3n& SU%E'? %Iecmﬂi Wr\éo ‘ts. If the zener

di odes 24, 25, and 29 hath# tfthr@tzsurr eieﬁtmrﬂq of athendirstit tramsjstoenis al

and reverse biasing breabgg?\@dvfg taaﬁﬁrd‘%éiﬁ‘ esndi odes 15 and 18 t he
potential of the |n er nedi a ot. be Ioi/veJ than -0.7 volts
and hi gher he second current eectrode is coupled to the flrst

10 node;

a second transistor having a first current electrode and a
second current electrode, wherein:
the first current electrode of the second transistor is
coupled to the third node; and
15 . the second current electrode of the second transistor
' is coupled to the first node;
a first rail clamp having a first terminal and a second
terminal, wherein:
- the first terminal of the first rail clamp is coupled to
20 the third node; and
the second terminal of the first rail clamp is coupled
to a fourth node; "
a third transistor having a first current electrode and a
second current electrode, wherein:
25 the first current electrode of the third transistor is
coupled to the third node; and
the second current electrode of the third transistor is
coupled to the second node; and
a fourth transistor having a first current electrode and a
30 second current electrode, wherein:
the first current electrode of the fourth transistor is
coupled to the third node; and
the second current electrode of the fourth transistor

is coupled to the second node.
35
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than 5.0 volts. Al t hough a nunber of specific potentials are
discussed, 30 those skilled in the art can tailor the potentials for the

specific supply potentials and conponents to be protected. For

exanpl e, much of the discussion has been focused on a 2.0 volt

potenti al di fference between VDD and VSS and a gate dielectric

br eakdown voltage of 7.0 volts. If th@Opotential difference between
VDD and 35 VSSis 1.0 volt and a gate dielectric breakdown voltage of 5.0
10 volts, the conponents within the protectlon circuit 10 may be

required to operate at pot
I n other enbodi nents, a p

A A R

A SEMICONDUCTOR-ON INSULATOR DEVICE

5 Abstract of the Disclosure

A protection circuit (10) for a semiconductor-on-insulator
device (20) allows an electrostatic event to occur at an
input/output pad (12) without adversely affecting sensitive

10  circuits, such as MOSFETs used in digital circuits. The protection
circuit (10) allows the input/output pad (12) to be biased
positively and negatively with respect to two different supply
potentials and to other input/output pads on the chip. A body-tied
MOSFET (14) is used in the protection circuit (10) where its drain

15 regions (38) lie outside MOSFET's closed loop gate electrode (34).

Figure 1 accompanies this abstract.
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not in the range of the V[err] and V[err] potentials. For exanple, the 5
pad operates in the range of V[err] and -Vpp potentials, the latter

whi ch could be about -2.0 volts. The circuit showm in FIG 3 can be
used, but the VDD node shown in FIG 3 is at the V[err] potential, and
the V[err] node shown in FIG 3 is at the -Vp p potential. Also, the
el ectrical characteristics of the conponents. 10 shown in FIG 3, such as
br eakdown vol tages, BVDSS, etc., may Iffeed to be changed to adequately
protect internal circuitry. Mre general ly, the supply node closer to
the bottomof FIG 2 is at a | ower potential than the supply node
closer to the top of FIG 3. ' The i nventor has di scovered

| ayout of transistor 14 that 15 -works particularly well with the &evice

20. FIG 4 includes an Vbblustratlon of atop V|em10f t he body-tied
MOSFET 14 il | g 6 A osed—gat-e—elfect rode 34
overlies a field : 0 - 1 i sl and 50.
The shape of N e |oop gate ode 3Z Ttam e circul ar, oval,
elliptical, 20 coppyex, éor any pol ygon ape/ay | udi ng squar e,
rectangul ar, hexafppsl , bctagonal , etc $¢d- gate el ectrode 34
is used to reducel gfkage current beca 34 does
not cross over a ¢highnel{field isolati MOSFET 14
does not have a cxayléﬂé ield isol 3040
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25 . As seen in FIG 4, the closed-gate el ectrode 34 has an inner

edge 341 and an outer edge 342. The source regions 36 and body- tie
regions 32 lies adjacent to the inner edge 341, and the drain regi ons
38 lies adjacent to the outer edge 342. Edges of the regions 32 and 36
near the cl osed-gate electrode 34 are formed 30 self-aligned to the
cl osed-gate el ectrode 34 or sidewall spacers (not shown in FIG 4)
that |lie adjacent to the closed-gate 2/8| ectrode 34. The
dashed |ines adjacent to body-tie regions 32 illustrate the | ocation
of the masks used for the doping steps used to form35 regions 32, 36, and.
38. Wien region 2 are being forne mask covers all oftransistor
14 except regioﬁ%?SZ and the portions Of
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the cl osed-gate electrode 34 lying within the dashed lines. The

cl osed-gate el ectrode 34 prevents a significant anount of dopant used
to formregions 32 fromreaching the channel region that underlies a
portion of the closed-gate electrode 34. A mask of 5 the inverse image is
used to formregions 36 and 38. Al of transi stor 14 is uncovered
except for regions 32 and the portions of the closed-gate el ectrode 34
| yi ng outside the dashed |ines. 3/5cach of the contacts to the
drain region, source regions 36, body-tie regions 32, and cl osed-gate
el ectrode 34 are illustrated 10 by [err] s. Before formng contacts, a
conductive strap is forned to el ectrically connect each of the regions
32 and 36 to one anot her. - The conductive strap typically includes any
material used for a | ocal interconnect, such as a silicide,
refractory-nmetal nitride, 9 and the/ATReE. 1o N\ The transistor 14 has
an effective (electrically, measured) chanrg ength of about 0.9

m crons and an effective ckgpnel Wi dth of "bolit 200 microns. As used
in this specification, the ef fectj ve channel jJength is approximtely

t he di stance between one of the drain region B8 and its closest the
source region 36 20 underneath the gate el ectrode] 34. The effective

channel wi dgh ijs y,
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approkinately the sum of individual channel regions near the

I ndi vi dual source regions 36. The source regions 36 and body ties 32
will be electrically connected to one anot her. Many conventi ona
MOSFETs that have cl osed-gate 25 el ectrodes place the drain region, as
opposed to the source region, near the inner edge of the gate

el ectrode. Wen the . drain region I's near the inner edge of the gate
el ectrode, the junction capaci tance 45 the drain region is | ower
because the junction area bet ween t he draln reglon and channel region

Is smaller (also the 30 are Lower
junction capaciteance

Contrary to convaghlonal

V adj acent to
t he outer edge 34% of thg The pl acement
of the drain regi '

potential to be placed o
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12

transi st or

used in place

circuits

before there is a significant
and channel

are capabl e

shoul d be used.
sem conductor |ayer having a thickness in§&range of 500-1000 10 angstrons

t hi ck.

| engt h because the area i 4
of the sem conduct or
as | engt hs.

is 15

destructi ve breakdown
vari ed by changi ng thefﬁﬁﬁ

In this specifi4Q@7

| eakage current between the drain

regi ons. Al t hough a specific |ayout for a body-tied
14 is gi ven, other types of body-tied transistors could be
5 of the one illustrated in FIG 4. Designers of protection

of determ ning what type of body-tied transistor
The conponents of device 20 are forned within a

on, interfacial area can be expressed as a
t he product of the | engt h"sand t he thi ckness
| avert. Interfacial areas of diode>are expressed
3%@* body-ti ed MOSFET 14 includes a dra|n~d|ode t hat
formed when the channel region and drain region meet. The“,
fent of the forward bi seq%&gaén di odg, ~ can be
io of the individual Qrmv,/
250- e
7
7
rd
200+ 2.5:1 S/B tie
I (mA)
1501
100
50-
/
0 T 1 T T T T T 1
1 1.5_ 2 25 3 35 4 45 5
Vi (V)
140
120-
100-
If (mA)  80-
60+
40- 1:1 S/B tie
20- N 2.58:1 t?/B tie \j
ol :1 S/B tie ,\)
it 2 -3 4 5 6 7 8



area to 't"he body-tie region area (tie frequency). In FIG 5, a plot of
forward bias voltage (Vf) versus forward bias current ([err]) is 20
illustrated for three different body-tie ratios. This data is for a

MOSFET that has a total electrical width ofsg25 m crons (&~ "TH sum
of the widths of individual source regions 36) The draj RePLALE H'F’}!)Uesﬂ%
approximately 50 mcrons long. Wien the S/IBtie ratio ifs | 171, a
current of appelaihmately 6 millianps/mcron is passed 2 ’befas)rfé““ 1538
destructive failure. At S/Btie ratio of 2.5:1, appr pxi mately 4.6

m | I anps/ m cq oA gréteRdidn stcliR tBRprisiig: ure (36 m crpns of draln diode},
and at S/Btie ratio of 5:1, approximately 3.0 mlfianps/mcron is
passed (31 m g" dral n di ode). As can be seen1n FIG 5, the
current carry| ab |ty can be increased 30 by increasing the tie

f Thi di od but
alrggu:mr:gductPZHISFS#MPQQG%A%'SPQEPlgaéﬂ(E%c%Ye?‘rflgsgﬁ Bligh o, & oo cag o P

resi stive heating FIG 6 illustrates how the S/B tieratio
affects the aflrsuirm%t@mhavmgtaafg@t etrrenteleetrede] achamneldand A di ode of a
MOSFET. 35 Theetonrchtuirent electrads, wherelne vol t age of the drain (V[err]) when
[err] is greater than zero. At an S/Btie ratio of 1:1, the breakdown
of the the first current electrode of the first transistor is electrically

connected to both the first supply node and the channel;

the second current electrode of the first transistor is electrically
connected to the pad node; and

a pn diode is formed at a junction between the channel and second current
electrode of the first transistor;

a second transistor having a first current electrode, a second current
electrode, and a channel which electrically floats by remaining
unconnected with either the first or second current electrodes thereof,
wherein:

the first current electrode of the second transistor is electrically
connected to the first supply node; and

the second current electrode of the second transistor is electrically
connected to the pad node;

the second transistor functioning as a primary current path for current
flow from the pad node to the first supply node;

a second supply node that is coupled to receive a second potential that is
higher than the first potential; and

a rail clamp having a first terminal and a second terminal, wherein:

the first terminal of the rail clamp is electrically connected to the
first supply node; and

the second terminal of the rail clamp is electrically connected to the

second supply node.
R R A 1
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13 drain diode occurs at a potential of approximately 7.0 volts. Vr
S approximately 5.8 volts at S/Btie ration of 2.5:1, and Vr is
approximately 5.0 volts at S/Btie ration of 5:1. ln_the future,
VDD potentials will becone closer to zero. 48 5 the VI Qépem:fhait T SHEFT
~i,.b.e_.S}B

decreases, the S/B tie ratio should be I ncr eased. WV Fepdf
tie ratio gets too large, the benefit of the bodytle!s:;ra‘ﬁb.e,c tjoo
smal | because one body tie has too nmuch channel rediodn ¢ t‘lé A&7 3/ B

tie ratio of g».epieeprotectiort ¢lirouitldt claimey, wikerirpthreciail afm
this nunber isgipgé. 10 neant to be I|mt|ng to the presgnt |nvent|on

El ectrically neasured d| nmensi ons of sone of the co

are pres e[‘t |ed % é'lﬁ:uhtao? dhifl, wherelt e s mtrd i RoPhE8a
approxi nmat el y ontrol feet odeC{Hgt isoecthically"SBhnected to the first current
electrode of the second transistor.

4. The protection circuit of claim 1, further comprising a first diode
having a positive terminal and a negative terminal, wherein:

the positive terminal of the first diode is coupled to the pad node; and

the negative terminal of the first diode is coupled to the second supply
node. .

5. The protection circuit of claim 4, further comprising a resistor, a
second diode, and a third diode, wherein:

the resistor has a first terminal and a second terminal;

each of the second diode and the third diode has a positive terminal and a
negative terminal;

the first terminal of the resistor is electrically connected to the pad
node;

the positive terminal of the second diode is electrically connected to the
first supply node;

the negative terminal of the third diode is electrically connected to the
second supply node; and

the second terminal of the resistor, the negative terminal of the second
diode, and the positive terminal of the third diode are electrically
connected to one another. :

6. The protection circuit of claim 1, further comprising a third
transistor having a first current electrode and a second current
electrode, wherein:

the first current electrode of the third transistor is electrically
connected to the second supply node; and

NI
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19 has a pn junction surface area approximately 400 mcrons 15 |ong, and
each of zener diodes 15, 24, 25, and 29 has a pn junction. surface area
approxi mately 25 microns |ong. MOSFET 16 has an ef f eqtiverehannel. .

| ength of approximately 0.6 microns and anqy effective ch ’h‘ﬁéL""'\’/in’d‘t’*ﬁisdf

approxi mately 800 m crons, and MOSFET 27 has an effective.channel
I ength of approximately 0.6 20 mcrons and an effectivefc argn‘élwdtfgp o]
appr oxi mat el y tfd)Second currérit@isctroiy bthetthirg tramsistorsis lect Lc, those pf

ordi nary cokhédtedts tii®bad ogaet er m ne the el ectrical]y neasured
di mensi ons that work best with their circuits. - The

enbodi nents o LRV | A . IL,.oN Circuit
to be used w g%:%ség{){ae %ggﬁ%ra '?%&r:%g"e‘r ,if/%%r{bégﬁﬁrﬁm&gtfﬁgfﬁpg%d& circuits
or other sens Q P om el ectrostatic events that occur at
an I/ O pad. The design_all.o the /O pad to reach both high and | ow
vol t ages wit h@éf-’hz?g\u%ﬁ fiest 9"0\,&59 and;the-3qGang ‘i"ﬁae iNge & Pesitive terminaland? are to
be protect ed. NegatiyRytefmind); el ectrostatic event, current can flow between
the 1/0 pad 12 and VDD under both negative and positive biasing

condi ti ons, béhepesitive termihal of/the fiest diddenisdelettically conrecteddathere and
positive bi asifirg supply mode]i tions, and between any comnbination of two I/0
pads. The design does not require ties through a buried insul ator

llayer to an  the negative terminal of the first diode is electrically connected to a
control electrode of the first transistor;

the positive terminal of the second diode is electrically connected to a
control electrode of the third transistor; and

the negative terminal of the second diode is electrically connected to the
second supply node.

8. The protection circuit of claim 1, wherein:
the protection circuit is electrically connected to a pad; and

the second current electrodes of the first and second transistors and the
pad are at approximately a same potential.

9. The protection circuit of claim 1, wherein the protection circuit is
part of a semiconductor-on-insulator device.

10. A circuit for a semiconductor-on-insulator device comprising:
a pad; and

a protection circuit including:

a first supply node that is coupled to receive a first potential;

a first transistor having a first current electrode and a second current
electrode, wherein:

the first current electrode of the first transistor is connected to the

first supply node; and
NN
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35 underlying substrate. Therefore, a truly SO device including
| nput protection circuits is formed. Another benefit of the
14 present invention is that it can be integrated ijntg.
flow wi thout the incorporation of margignal or diffi cyl t=pr
In the foregoing specification, the invention has been destribed witt
reference to specific ermbodinents. However, one 5 of ordinard&skifsl v
the art appreciates that various nodifications and charjges can be nadge
w thout depar tieldbRluiRnt SRRE0B df e first tralSRIGHIE cofiMedieray tie SeT ToTth
in the clains g&o‘iﬁ ccordi ngly, t he specification d figures are to
be regarded inan i qustrative rather than a restrictive sense, and -

al | such modi featl ohe. GL8r is a body-tied transistor;

a second transistor having a first current electrode, a second current
electrode, and a control electrode, wherein:

the first current electrode and the control electrode of the second
transistor are connected to the first supply node; and

the second current electrode of the second transistor is connected to the
pad,

the first transistor being a body-tied transistor having an increased
voltage at which parasitic bipolar action occurs between the first and
second current electrodes thereof and being electrically connected in
parallel with the second transistor to make a primary current path between
the pad and first supply node be through the second transistor rather than
the first transistor;

a second supply node that is coupled to receive a second potential that is
higher than the first potential; and

a first zener diode having a positive terminal and a negative terminal,
wherein:

the positive terminal of the first zener diode is connected to the first
supply node; and

the negative terminal of the first zener diode is connected to the second
supply node.

11. The circuit of claim 10, wherein the protection circuit further
comprises a second zener diode having a positive terminal-and a negative
terminal, wherein:

the positive terminal of the second zener diode is connected to the pad;
and

the negative terminal of the second zener diode is connected to the second

supply node.
AL )
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10

I ntended to be included within the scope of present
the cl ai ns, neans-plus-function clause(s), if any, cover t}

structures described herein that performthe recited funct

mean- pl us-function clause(s) also cover sty
equi val ent structures that performthe reci

15

ed 15 functi
C ai ns
12. The circuit of claim 11, wherein the protection circuit furt

comprises a resistor, a third zener diode, and a fourth zenertdi

wherein:

the resistor has a first terminal and a second terminal;

%IC'[ ur al equi yarents—and

i nvention. In

BEPLACEMENT SHEET |
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er

each of the third zener diode and the fourth zener diode has a positive

terminal and a negative terminal;
the first terminal of the resistor is connected to the pad;

the positive terminal of the third zener diode is connected to
supply node;

the negative-terminal of the fourth zener diode is connected
supply node; and

the first

to the second

the second terminal of the resistor, the negative terminal of the third
zener diode, the positive terminal of the fourth zener diode are connected

. to one another.

13. The circuit of claim 12, further comprising a third transistor and a

fourth transistor, wherein:

each of the third transistor and the fourth transistor includes

a control

electrode, a first current electrode and a second current electrode;

the first current electrode of the third transistor is connected
first supply node;

to the

the first current electrode of the fourth transistor is connected to the

second supply node;

the second current electrodes of the third and fourth transistors are

connected to each other; and

the control electrodes of the third and fourth transistors and
terminal of the resistor are connected to one another.

the second

14. The circuit of claim 13, further comprising a fifth transistor having
a first current electrode and a second current electrode, wherein:

the first current electrode of the fifth transistor is connected to the

second supply node; and

A
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1. Aprotection circuit characterised by: a pad node; a first

supply node that is coupled to receive a first potential;

a. first

transistor having a first current electrode, a channel, anc ggpmN SHEET
tth

current el ectrode, wher ei n: gq
el ectrode of the first transistor is electrically connect

0 %eﬁ;fnpqr gﬁ;@
supply node and t he channel; t he second current elMetttode of

the first transistor is electrically connected to the

pad node; and the second current eI%cﬁBdé'o‘Pﬁfe fifth fah&iBErii® BoRed
and second cung el ectrode of

transi stor; a second tranS| stor having a first cur

wfalel St CLLE rﬁnt

—+

eq

MQG!I’OIHE,E channel

badin it

T ot

rent el ectrode, a

ione et gl s rpagonprens s b <0

current el ectr%ﬁ[@ the first curr
the second transistor |s electrically connected to the

ent el ectrode of

first supply reagh of the fifth zener diodetard the-gixin zaner gipdecinglides® of t he

second transi spasitivestegminal eanda nggativerterminal;t o
pad node; and the second transistor functi

t he _
oning as a primry

current path fthe positiverterrhinahof therfifth zener diode is connected totthe firgid node to

the first suppdupphpfisde; a second supply node that i
receive a secon potentlal that is higher than the

the negative-terminal of the fifth zener diode is connected
electrode of the first transistor;

the positive terminal of the sixth zener diode is connected
electrode of the fifth transistor; and

s coupled to

to a control

to a control

the negative terminal of the sixth zener diode is connected to the second

supply node.
16. The circuit of claim 15, wherein:

each of the third and fourth transistors is part of an input b
circuit;

the second current electrodes of the third and fourth transi
connected to an input circuit; and

uffer

stors are

each of the first and fifth transistors has a control electrode and is

part of an output buffer circuit;

the control electrodes of the first and fifth transistors are connected to
an output circuittend

the pad is an input/output pad.
17. The circuit of claim 13, wherein:

each of the third and fourth transistors is part of an input b
circuit;

H"Illl IIIIII llll! lllll 0l

uffer

the second current electrodes of the third and fourth transistors are

THIS SHEET HAS B
REPLACED




first potential; and arail clanp having a first term nal andka

second term nal, wherein: the first term naf” %f ttre—r-a
clanp is electrically connected to the first supply REPLACEMENT SHEET
node; and the second term napqof the rail ¢ afip 13

el ectrically connected to the second supply : 26 ”‘T\'O(%I"fg\g

16 2. A protection circuit characterized by: -

connected to a first input circuit; and

the pad is an input pad.

18. The circuit of claim 11, wherein the protection circuit further
comprises a third transistor having a first current electrode and a second
current electrode, wherein:

the first current electrode of the third transistor is connected to the
second supply node; and

the second current electrode of the third transistor is connected to the
pad.

19. The circuit of claim 18, wherein:

each of the first and third transistors has a control electrode and is
part of an output buffer circuit;

the control electrodes of the first and third transistors are connected to
an output circuit; and

the pad is an output pad.

20. The circuit of claim 18, further comprising a third zener diode and a
fourth zener diode, wherein:

each of the third and fourth zener diodes has a positive terminal and a
negative terminal;

each of the first and third transistors has a control electrode;

the positive terminal of the third zener diode is connected to the first
supply node;

the negative terminal of the third zener diode is connected to the control
electrode of the first transistor;

the positive terminal of the fourth zener diode is connected to the
control electrode of the third transistor; and

the negative terminal of the fourth zener diode is connected to the second

R O A0 0
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a pad node; a first supply node that is coupled to receive a first

potenti al ; a first body-tied transistor having a channel, a first
current el ectrode, and a second current geetrode;—wherei-n.
the channel and the first current el ectrodeoof the first RIRWACENENT SHEFT
transi stor are el ectrically conngctied—to—each—et-her
and are electrically connected to the 2 {)léjsp @%)p y
node; ~ 21. The citdult cfertaintl10,whereln tHepad and tisd setand| cuséntody =TT el
transistor is gleeeddésédl the first and second transistors are &IapTpki ‘
Channel and sdRIal enr T 00 TS O A oDt ot
LITe TT1T3T
body-tied trangs e g : ransistor having a first current
el e>c1t rode, a %Agfqte%thod'n gr%@c%‘ﬁﬁaﬁﬂpg'ent el ectrode,
wher ei n: the first current .electrode of the second
transistor is afitpadele¢ C%'I}'nm%efiﬁ @ fiest node; first
supply node; and t? i t he second current electrode of the second
transi stor is fiedtiansistorhavingadirsicurent electrode, a channel, anda t he pad
node; ssepondraurcantplectrodée that is coupled to receive a second
potential that is higher than the . first potential; a
first zener dipddirSieotirishtlefifode ofehe dirstitRftisitodiselesteesllye termnal,
wher ei n: connected to bR P86edridiSodSEAY B8 cRanddle Tirst zener diode is

coupled to the first supply node; and

the second current electrode is electrically connected to the first node;
and

a first body tie diode is formed at a junction between the channel and
second current electrode of the first transistor;

a second transistor having a first current electrode and a second current
electrode, wherein:

the first current electrode of the second transistor is electrically
connected to the second node; and

the second current electrode of the second transistor is electrically
connected to the first node;

a first rail clamp having a first terminal and a second terminal, wherein:

the first terminal of the first rail clamp is electrically connected to
the second node; and

the second terminal of the first rail clamp is electrically connected to a
third node; ) -

a second pad being electrically connected to a fourth node;

a third transistor having a first current electrode and a second current
electrode, wherein:

the first current electrode of the third transistor is electrically

connected to the second node; and
0RO
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the negative termnal of the first zener diode is coupl ed-ta.the . second

supply node; and a second
a positive termnal and a negative term nal, wherein:
positive termnal of the second zener diodg3gis coupled t
t he negative termnal of the second zener diode is coup
supply node.

17 3. A sem conductor-on-insul ator device conprising a

protection ci tiysécontheureerit dléstrode of thelthirdl &@insiRFords lctadth
by: connected to the fourth node;

zaapmggm 'sgegizﬁg

o fthe.p nade; fand
ed tgstﬁg‘%qsg%gnc

paq and a

a second body tie diode is formed at a junction between the channel and

second current elect-rode of the third transistor; and

a fourth transistor having a first current electrode and a second current

electrode, wherein:

the first current electrode of the fourth transistor is electrically

connected to the second node; and

the second current electrode of the fourth transistor is electrically

connected to the fourth node.

23. The protection circuit of claim 22, wherein the first rail clamp is a

zener diode.

24. The protection circuit of claim 22, further comprising a second rail
clamp having a first terminal and a second terminal, wherein: -

the first terminal of the second rail clamp is coupled to the second node;

and

the second terminal of the second rail clamp is coupled to the third node.

25. The protection circuit of claim 24, wherein the first and second rail

clamps are zener diodes.

26. The protection circuit of claim 22, wherein:

the second transistor has a control electrode that is electrically
connected to the first current electrode of the second transistor; and

the fourth transistor has a control electrode that is electrically
connected to the first current electrode of the fourth transistor.

27. The protection circuit of claim 22, further comprising a first diode

and a second diode, wherein:

each of the first and second diodes has a positive terminal and a negative

0 g gy

terminal;
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a first supply node that is coupled to receive a first potential; a
first transistor having a first current el ectrode and a sgeand_current

el ectrode, wherein: the first current eIec:rpgqjgﬁﬁﬁﬂﬁfgﬁfsr'
transistor is connected to the first supply4 g gesicl

t he second current electrode of the first transistor is c

s e o,

hn e&;‘ﬁdh to the ]’

pad;: and the first transistor is a body-tip ST dgag -
a second t r ansihetposithe/denmiral of the firstidiodetis ebapleddddhe firsiaoales

el ectrode, and a control el ectrode, whereiln:

the first curriringjativertemminaner thedirsiadibdslis @d)tgﬂéﬁ@@ﬁlé’fhi
transistor are connected to the first supply node;
t he second cur ,?ﬁr S 7 i o b to the
pad; fhr‘.lé('j'ﬁoéﬁﬁ e {Iﬁg’gatlgﬂﬁé&n%stor g‘e’%r\%&zﬁ'@%@}?ga Y cgr?lén{égt ed in
parallel wth ?he second transi stor; and

the second trapsistor, i g at, | part qof.a primar urrent. path fromthe
pad to first “the negatlve%ermlnathstﬁ'le seé’GBaI@%@é’%@k‘i%@&ﬁht’aé‘@@cond
transi stor rather_than the first transistor; a second supply node
that is coupl e2B+tthe pratectionCiriinfclaim htwhereimiat i s hi gher than the
first potential; and a first zener diode having a positive term nal

and a negat i vetheesadond|current etéatrodes of the first and secbad prasisistors, and thenal of

the first zeneposiiivalteriminal of ties fied diotld dve dlectritabreomnediod & the _
and first nodi¢te negative term nal of the first zener diode is
connected to the second supply

the first current electrodes of the first, second, third, and fourth
transistors and the first terminal of the first rail clamp are
electrically connected to the second node;

the second terminal of the first rail clamp and the negative terminals of
the first and second diodes are electrically connected to the third node:;
and

the second current electrodes of the third and fourth transistors and the
positive terminal of the second diode are electrically connected to the
fourth node. :

29. The protection circuit of claim 22, wherein the protection circuit is
part of a semiconductor-on-insulator device.

_—
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node. 18 4. A
sem conduct or-on-insul ator device conprising a pad and a protection

circuit, wherein the protection circuit is charac ~by -
a first supply node that is coupled to receive a first otP@hi-:i‘a@tivzé'.!'-éT sHEETa
first body-tied transistor having a chamgel, a first curjre "“E1'“EC‘t’T‘UdE"“‘”"an

a second current el ectrode, wherein: ~ ovon e
channel and the first current el ectrode of the first body- i ed tran5|st r
are

. PROTECTION CIRGOIT ANS A ERREH
coupled to the first supp
A'SEMICONDUCTOR-ON-INSULATOR

ViV oY ond

| |7 anf

5 A_bstract of the Disclosure

A protection circuit (10) for a semiconductor-on-insulator
device (20) allows an electrostatic event to occur at an
input/output pad (12) without adversely affecting sensitive

10 circuits, such as MOSFETs used in digital circuits. The protection
circuit (10) allows the input/output pad (12) to be biased
positively and negatively with respect to two different supply
potentials and to other input/output pads on the chip. A body-tied
MOSFET (14) is used in the protection circuit (10) where its drain

15 regions (38) lie outside MOSFET's closed loop gate electrode (34).

Figure 1 accompanies this abstract.
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nddef . the second current electrode of the first body-tied

transistor ;is coupled to the pad ——R0de—ang--

a pn diodeyis formed at a junction between the channel RPRL AGESLENT Suikkent
el ectrode of the first body-tied transistor; a {second—t-ranststqr
having a first current electrode and a second current (eljec wp@a@ B ot

wher ei n: the first current el ectrode of] the®secénd
transistor is coupled to the first suppllg . node; ahd
the second current electrode of the second transistor §s coupled to the pad
node; a second supply node that is coupled to reeetrve—asecond
potential that is higher than the Claims first potential; a
first zener diode having a positive termnal and a negative term nal,

wher ei n: ' the positive termnal of the first zener diode is
coupl ed tlo Alpeotéétiontcircuip phayacteyised by: and

t he negative ra%g@é; of the first zener diode is coupled to the second

suppl y node; . and | a second zener diode having
a positive terfirstarrelygode thatjscoupled toregeivg a fi etigh; t he

posi tive ter maifiast thsistoehaagondrst it eleditttle] Schaghd)] £1d o RcdrdccupRflt det@de,and
the negative term Qv%lerei)ﬂc' the second zener diode is coupled to the secon

supply node.
the first current electrode of the first transistor is electrically connected to the first

supply node and the channel;

the second current electrode of the first transistor is electrically connected to the
pad node; and

a pn diode at a junction between the channel and second current electrode of the
first transistor;
a second transistor having a first current electrode, a second current electrode, and a
channel is not electrically connected to the first current electrode or the second
current electrode, wherein:
the first current electrode of the second transistor is electrically connected to the
first supply node;

the second current electrode of the second transistor is electrically connected to
the pad node; and

the second transistor functioning as a primary current path for current flow from
the pad node to the first supply node;

a second supply node that is coupled to receive a second potential that is higher than the
first potential; and

a rail clamp having a first terminal and a second terminal, wherein:
the first terminal of the rail clamp is electrically connected to the first supply

node; and
the second terminal of the rail clamp is electrically connected to the second supply
node.
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19 5. A seni conductor-on-insul ator devi ce conprising a first pad, a second

pad, and a protection circuit, wherein the protectlon CIrCUIt S

characterised by: the first pad is electrically cp gqto*a 14“7
. . . . . v‘ ot L..:.I

node; a first transistor having a first current e e, -

channel, and a second current el ectrode, mh=r

the first current el ectrode of the first transistor is e e,tﬁncaf?yxuvu

connected to a ond node and thk thannel :  and

the second current electrode is electrl |y connected tjo the first node;

and

2. A protection circuit characterized by:
a pad node;
a first supply node that is coupled to receive a first potential;
a first body-tied transistor having a channel, a first current electrode, and a second current
electrode, wherein:
the channel and the first current electrode of the first body-tied transistor are
electrically connected to each other and are electrically connected to the
first supply node;
the second current electrode of the first body-tied transistor is electrically
connected to the pad node; and
a pn diode is formed at a junction between the channel and second current
electrode of the first body-tied transistor;
a second transistor having a first current electrode, a channel, and a second current
electrode, wherein:
the first current electrode of the second transistor is electrically connected to the
first supply node; and
the second current electrode of the second transistor is electrically connected to
the pad node;
a second supply node that is coupled to receive a second potential that is higher than the
first potential;
a first zener diode having a positive terminal and a negative terminal, wherein:
the positive terminal of the first zener diode is coupled to the first supply node; and
the negative terminal of the first zener diode is coupled to the second supply node;
and
a second zener diode having a positive terminal and a negative terminal, wherein:
the positive terminal of the second zener diode is coupled to the pad node; and
the negative terminal of the second zener diode is coupled to the second supply
node.
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a first pn diode at a junction between the channel and second current S

el ectrode of the first transistor——""__ ﬁd
transi stor having a first current electrode and a secoanHWf@ﬁyﬁéFéttrode,
wher ei n: the first current electrode of second . ..
transistor is electrically connected to the 7 0 MAR seeond
node; and the second current el ectrode off tthe second
transistor is electrically connected to the first
node; a first rail clanp having a'first terninaIYand a second

term nal, wherein: the first termnal of e Tirst rai

clanp is 3eI R%Eﬁﬁdéﬁhﬁdor@iﬁ@tﬂﬁt@pdév%etd% pﬁ@i‘ﬁg Eg)acfi Iarrlds 2 pl}oéﬁciuo% lclg%u%t IWélerem {ade;

and e second term
electrically @B???f@‘&?é&c‘flblséﬂﬂ*}?%seﬂgéfe the second pad is
el ectrical |l y adirstsopplg nbde thaf is coupledtodeceive a first paterdtial;r d transi stor having a

first current qﬁ&%ﬁg}%r h&&@é‘ﬁ&?km-{%?glf&o%t%%ﬂﬂg s&dd El&%ﬁltrer}t electrode, wherein:

el ect r ode, mhe curren

transistor is el ectﬂkeiﬁ,f&‘l quprepigfierdtede af the fipst gransistor is connected to the Tirst supplEcond
node and t he channel; aﬁgde the second current el ectrode of
the third transi st al | t.he

t
second node; and He defond °%%errltle%?tr§é %ﬁgnﬁﬁttg‘%sdsgorﬁcg’ﬁeﬁﬁgm@ﬁpﬁ%t%en t he

channel and second theUisttrnsistor ix & owly-tied transistor; of the first
transistor; g, gsecond transistor having a first current electrode, a second current electrode, and a
control electrode, wherein:
the first current electrode and the control electrode of the second transistor are
connected to the first supply node;
the second current electrode of the second transistor is connected to the pad,;
the first transistor being electrically connected in paraliel with the second
transistor; and
the second transistor is at least part of a primary current path from the pad to first
supply node be through the second transistor rather than the first transistor;
a second supply node that is coupled to receive a second potential that is higher than the
first potential; and
a first zener diode having a positive terminal and a negative terminal, wherein:
the positive terminal of the first zener diode is connected to the first supply node;
and '
the negative terminal of the first zener diode is connected to the second supply
node.
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a'fourth transistor having a first current electrode and a second_current

el ectrode, wherein: . the first current Eﬁﬁ%?ﬁ%p‘?‘caﬁm
fourth transistor is electrically connected to the

second node; and the second current eledtrode s% Ih ffoyrth
transistor is electrically connected to the 2 0 Mo e%odrth
node. :

' 18 )

4. A semiconductor-on-insulator device comprising a pad and a protection circuit, wherein the
protection circuit is characterised by:
a first supply node that is coupled to receive a first potential;
a first body-tied transistor having a channel, a first current electrode, and a second current
electrode, wherein:
the channel and the first current electrode of the first body-tied transistor are
electrically connected to each other and are coupled to the first supply
node; '
the second current electrode of the first body-tied transistor is coupled to the pad
node; and _
a pn diode is formed at a junction between the channel and second current
electrode of the first body-tied transistor;
a second transistor having a first current electrode and a second current electrode,
wherein: .
the first current electrode of the second transistor is coupled to the first supply
node; and
the second current electrode of the second transistor is coupled to the pad node;
a second supply node that is coupled to receive a second potential that is higher than the
first potential;
a first zener diode having a positive terminal and a negative terminal, wherein:
the positive terminal of the first zener diode is coupled to the first supply node;
and
the negative terminal of the first zener diode is coupled to the second supply node;
and '
a second zener diode having a positive terminal and a negative terminal, wherein:
the positive terminal of the second zener diode is coupled to the pad node; and
the negative terminal of the second zener diode is coupled to the second supply
node.
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5. A semiconductor-on-insulator device comprising a first pad, a second pad, and a protection

circuit, wherein the protection circuit is characterised by:
the first pad is electrically connected to a first node;
a first transistor having a first current electrode, a channel, and a second current electrode,
wherein:
the first current electrode of the first transistor is electrically connected to a
second node and the channel; and
the second current electrode is electrically connected to the first node; and
a first pn diode at a junction between the channel and second current eledrode of
the first transistor;
a second transistor having a first current electrode and a second current electrode,
wherein:
the first current electrode of the second transistor is electrically connected to the
second node; and
the second current electrode of the second transistor is electrically connected to
the first node;
a first rail clamp having a first terminal and a second terminal, wherein:
the first terminal of the first rail clamp is electrically connected to the second
node; and
the second terminal of the first rail clamp is electrically connected to a third node;
the second pad is electrically connected to a fourth node;
a third transistor having a first current electrode, a channel, and a second current
electrode, wherein:
the first current electrode of the third transistor is electrically connected to the
second node and the channel; and
the second current electrode of the third transistor is electrically connected to the
second node; and
a second pn diode at a junction between the channel and second current electrode
of the first transistor;
a fourth transistor having a first current electrode and a second current electrode, wherein:
the first current electrode of the fourth transistor is electrically connected to the
second node; and
the second current electrode of the fourth transistor is electrically connected to the
fourth node.
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