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Abstract— A movel electrostatic discharge (ESD) protection
circuit, which combines complementary low-voltage-triggered lat-
eral SCR (LVITSCR) devices and the gate-coupling technique, is
proposed to effectively protect the thinner gate oxide of deep sub-
micron CMOS IC’s without adding an extra ESD-implant mask.
Gate-coupling technique is used to couple the ESD-transient volt-
age to the gates of the PMOS-triggered/NMOS-triggered lateral
silicon controlled rectifier (SCR) (PTLSCR/NTLSCR) devices to
turn on the lateral SCR devices during an ESD stress. The trigger
voltage of gate-coupled lateral SCR devices can be significantly
reduced by the coupling capacitor. Thus, the thinner gate oxide
of the input buffers in deep-submicron low-voltage CMOS IC’s
can be fully protected against ESD damage. Experimental results
have ‘verified that this proposed ESD protection circuit with a
trigger voltage about 7 V can provide 4.8 (3.3) times human-body-
medel (HBM) [machine-model (MM)] ESD failure levels while
occupying 47% of layout area, as compared with a conventional
CMOS ESD . protection circuit.

Index Terms—Electrostatic discharge, ESD protection circuit,
gate-couple technique, low-voltage-triggered lateral SCR, PMOS-
triggeéred lateral SCR, NMOS-triggered lateral SCR, human-
body model, machine model, charged-device model, ESD-implant
process.

I. INTRODUCTION

LECTROSTATIC discharge (ESD) protection has- be-
Ecome an important but difficult design for. CMOS IC’s
in deep submicron technologies, due to the thinner gate
oxide, shorter channel length, shallower drain/source junction,
lightly-doped drain (LDD) structure, polycide, and silicided
diffusion, which seriously degrade the ESD robustness of
CMOS IC’s [1], [2]. In practical IC products, an ESD protec-
tion circuit made around each input (or output) pad is required
to provide higher protection levels with smaller layout area
to save chip size. Area-efficient ESD protection circuits are
especially demanded in high-pin-count, pad-limited CMOS
VLSI/ULSI circuits. ‘

Moreover, the thickness of the gate oxide is scaled down
in deep-submicron CMOS technologies for low-voltage appli-
cations [2]. This thinner gate oxide is more sensitive to ESD
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stress. For ESD protection of an input pad, the gate-grounded
NMOS device is often used as the secondary protection
element to clamp the voltage across the gate 'oxide of input
devices. But, the voltage margin between the gate-oxide break-
down and the drain snapback breakdown is. also reduced in
deep submicron CMOS technology. Therefore, the thinner gate
oxide may be ruptured by ESD voltage before drain snapback
breakdown of the secondary-protection. NMOS device. ESD
reliability of the thinner gate oxide has therefore become a
design challenge in deep-submicron low-voltage CMOS IC’s.

In this paper, -a novel ESD protection cireuit, which com-
bines both the low-voltage-triggered lateral SCR (LVTSCR)
devices and the gate-coupling technique; is proposed to protect
the thinner gate oxide of deep submicron CMOS IC’s more

-effectively [3]. Section IT provides an overview-of .recent

methods for ESD protection, which include the ESD-implant
process, the gate-coupling technique, the LVTSCR device,
and the protection against internal damage. In Section III,
the proposed gate-coupled PTLSCR/NTLSCR ESD protection
circuit is discussed. Experimental results are. presented in
Section IV and finally we draw some conclusions.

II. RECENT ADVANCES IN ESD PROTECTION

A. ESD-Implant Process

One of the most important features in submicron CMOS
technologies which degrades ESD robustness of CMOS IC’s
is the LDD structure [1], [2]; [4]. The LDD structure had
been widely used in submicron CMOS devices to overcome
the hot-carrier reliability problems [5],  [6]. To improve the
ESD  robustness of CMOS ‘output buffers, some submicron
CMOS technologies offer an additional “ESD implant” mask
into the process flow to make a stronger device structure for
output transistors or input ESD protection- circuits [7]-[10].
A schematic diagram is shown in Fig. 1 toclearly explain
the structural difference between the LDD and ESD-implant
devices. The ESD-implant process results in a heavy-doping
drain and source with deeper junction depths to eliminate
the LDD structure of CMOS transistors. Because the lat-
eral diffusion of heavy-doping drain/source region may cause
punchthrough or current leakage between drain and source, the
minimum channel length of ESD-implant transistors has to be
increased. This may cause an increase in the dimensions of
the ESD-implant device to provide the same current driving
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Fig. 1. Schematic cross-sectional view to show the device structure in (a)
the LDD process and (b) the ESD-implant process.
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Fig. 2. Schematic circuit diagram to show the gate-coupling technique of
ESD ‘protection by a bootstrap thin-oxide NMOS [2].

capability as that of an LDD device with shorter channel
length. Using an ESD-implant process, the ESD reliability of
CMOS IC’s can be significantly improved. However, the cost
of IC fabrication is also increased due to the additional mask
and process steps

B. Gate-Coupling Technique

Another method to improve ESD reliability of submicron
CMOS technologies is to adopt the “gate-coupling” technique
to ensure the uniform ESD' current flow among the multiple
fingers of a large-dimension NMOS device [11]-[14]. One of
the more effective designs with this gate-coupling technique
is shown in Fig. 2 [2]. In Fig. 2, a thin-oxide NMOS acts as
a coupling capacitor, and the gate of the GCNMOS is tied
to VSS through a 10- kQ N-well Tesistor [2], [14]. The on-
time (for its gate voltage above the NMOS threshold voltage)
of the GCNMOS during an ESD event was chosen about
15 ~ 20 ns [2], roughly corresponding to the risetime 'of a
human- -body-model (HBM) ESD pulse.

To effectively protect the thinner gate oxide in deep submi-
cron CMOS technologies, another gate-coupling design was
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Fig. 3. ' A gate-coupled CMOS ESD p_rotection’ circuit used to protect the
thinner gate oxide of the input buffer in a 0.5-um 3-V CMOS process [15].

reported to reduce the trigger voltage of ESD-protection de-
vices [15]. This gate-coupled ESD protection circuit is shown
in Fig. 3. The trigger voltage of ESD-protection NMOS/PMOS
can be reduced below the gate-oxide breakdown voltage of the
input buffer in a 0.5-pm 3-V CMOS process [15].

ESD failure levels of these gate-coupled CMOS devices
are essentially limited to their physical capability of power
dissipation. To provide high ESD robustness in advanced
CMOS processes, such CMOS ESD-protection devices should
be designed with much larger device dimensions. But, this
will occupy more layout area.

C. LVTSCR Device

Due to the inherent capability of high-power delivery, the
lateral SCR device has been used as a primary protection ele-
ment to bypass ESD stress. Experimental results have shown
that the lateral SCR device can sustain high ESD stress within
the smallest layout area as compared to other traditional ESD
protection elements [16]. A variation of lateral SCR is to use
LVTSCR devices to protect submicron CMOS IC’s [17]-[19].
A schematic cross-sectional view of the LVTSCR device is
drawn in Fig. 4, where a short-channel thin-oxide NMOS is
inserted. into the lateral SCR structure to lower its trigger
voltage {17]. The dc trigger voltage of a pure lateral SCR
device in CMOS technology is equivalent to the breakdown
voltage of the p-n junction between N-well and P-substrate,
which is about 30 ~ 50 V in submicron CMOS technology.
But, the trigger voltage of LVTSCR can be lowered to the
drain snapback-breakdown voltage of short-channel thin-oxide .
NMOS device [17]. With sufficiently lower trigger voltage,
the LVTSCR can provide effective ESD protection without
the assistance of secondary- protect1on elements and therefore
reduce layout area.

To perform full ESD- protectlon function' from the pad to
both VSS and VDD, a complementary-LVTSCR structure was
proposed to protect the input pad [18], This complementary-
LVTSCR ESD protection circuit is redrawn in Fig. 5, where
a short-channel thin-oxide PMOS. (NMOS) is ‘inserted into
the lateral SCR structure to form the LVISCR1 (LVTSCR2)
device. This complementary-LVTSCR structure can be merged
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Fig. 4. Schematic cross-sectional view of the LVISCR device [17].
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Fig. 5.- The complementary-LVTSCR ESD protection circuit [18].

into the layout of the CMOS output buffer to effectively protect
the output PMOS and NMOS transistors of submicron CMOS
IC’s [19].

Although ‘the trigger voltage of the LVTSCR device is
lowered to the drain snhapback breakdown voltage of short-
channel thin-oxide CMOS devices, this voltage may still
be close to the breakdown voltage of the gate oxides in
some deep-submicron low-voltage CMOS technologies. So,
for -application in such advanced CMOS IC’s, the trigger
voltage' of the LVTSCR may have to be further reduced to
provide enough voltage margin for protecting this thinner gate
oxide:.

D: Issue of Intemal Damage

Besides the protectlon devices used in ESD protection
circuits, there is still an important issue of unexpected ESD
damage on the internal circuits of CMOS IC’s beyond the input
or output circuits. Since an ESD stress may have positive or
negative voltage on an input (or output) pin with reference
to grounded VDD or VSS pins, there are four different ESD-
stress conditions on a pin as shown in Fig. 6.

- 1) PS ‘mode: ESD stress at a pin with positive voltage

polanty to the VSS pin when the VDD pm and other
input/output pins are floating.
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Fig. 6. ‘The four modes of ESD stresééé ori a pin with reference to grounded
VDD or VSS pins. (a) PS-mode; (b) NS-mode, (¢) PD-mode, and (d)
ND-mode.
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2) NS mode: ESD stress at a pin with negative voltage
polarity to the VSS pin when the VDD p1n and other
input/output pins are floating.

3) PD mode: ESD stress at a pin with positive voltage
polarity to the VDD pin when the VSS pin and:other
input/output pins are floating.

4) ND mode: ESD stress- at a pin with negative voltage
polarity to the VDD pin when the'VSS pin and other
input/output pins are floating.

These ESD voltages could cause damages on both the in-
put/output devices and the mternal circuits- of CMOS IC’s.

In traditional ESD design, ESD protection is cmphas1zed
from the pad to VSS (or ground). There is no additional ESD
protection element arranged between the pad and VDD. In
this case, unexpected ESD damage has been found to occur
in internal circuits apart from the ESD protection circuits
[20]-[27]. Fig. 7 shows a schematic diagram to explain the -
unexpected dischargirig paths from an input pad to internal
circuits in CMOS IC’s under the ND-mode ESD-stress ‘con-
dition. The ND-mode ESD-stress voltage between the input
pad and VDD is first diverted to the floating VSS power line
through the input ESD protection circuit between the input
pad and VSS. The diverted negative ESD voltage on the ' V§S
line will cause voltage stress on:the internal circuits between
VSS and VDD power lines: If this voltage stress cannot be
effectively and quickly bypassed:through a VDD-to-VSS.ESD
protection circuit, the ND-mode ESD-curfent may flow into the
internal circuits and cause unexpected ESD' damages. Becatse
most devices and layout spacings in the internal circuits: are
often drawn following the minimum design rules to save chip
size, such internal circuits are very weak to ESD stress. Due
to the parasitic resistance (Rdd and Rss) and capacitance (C)
along the VDD and VSS power lines; as well as-the voltage
drop on the VDD-to-VSS ESD protection element, such-ND-
mode ESD stresses can cause ESD damages in the internal
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Fig. 8. - Schematic circuit diagram to show the concept of whole-chip ESD protection.

circuits. Thus, an effective ESD- protection circuit for input
or output pads of advanced submicron CMOS IC’s should
provide discharging paths from the pad to both the VSS
and VDD lines. This is especially necessary for a CMOS
VLSI/ULSI with a larger die size and much longer VDD
and VSS power lines [25]. A schematic circuit diagram to
explain the concept of whole-chip ESD protection is shown in
Fig. 8. Providing whole-chip ESD protection design including
consideration of VDD and VSS power lines will prevent ESD
damage in the internal circuits of a CMOS IC.

Recently, another method to reduce the danger of ESD
damage in internal circuits is to provide a more efficient
VDD-to-VSS ESD protection circuit [28]-[33]. In [28]-[30],
a control circuit based on RC time constant is designed
to turn on a short-channel thin-oxide NMOS device, con-
nected between the VDD and VSS power lines. To effectively
bypass ESD current through the turned-on NMOS without
causing damage on itself, such a short-channel thin-oxide
NMOS is designed with a device dimension (W/L) as large
as 8000/0.8 (pm) [28]. Such a design can avoid ESD damage
on the internal circuits, but the layout area has to be much

increased to realize this effective VDD-to-VSS ESD protection
design. '

I11. - GATE-COUPLED PTLSCR/NTLSCR
ESD PROTECTION CIRCUIT

To effectively protect the thinner gate oxide of deep-
submicron low-voltage CMOS IC’s while avoiding ESD
damage in internal circuits, a new ESD protection circuit
is presented. This ESD protection circuit combines both
the advantages of complementary-LVTSCR devices which
provide highest ESD protection capability within smallest
layout area [18] and the much lower trigger voltage by using
a gate-coupling technique [15].

A. Circuit Configuration and Device Structures

The proposed ESD protection circuit is shown.in Fig. 9
with the corresponding cross-sectional view in Fig. 10. A
practical layout example is shown in Fig. 11. In Fig. 9, there
is one PMOS-triggered lateral SCR (PTLSCR) device between
the pad and VDD and one NMOS-triggered lateral SCR
(NTLSCR) device between the pad and VSS. The PTLSCR
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Fig. 9. The proposed .gate-coupled PTLSCR/NTLSCR ESD protectron cir-
cuit.

is made by inserting a short-channel thin-oxide PMOS (Mp1)
into a lateral SCR structure to lower its trigger voltage. In
the PTLSCR, the drain of Mpl (P diffusion) is made across
the junction of an N-well and the P-substrate as shown in
Fig. 10. The trigger voltage of the PTLSCR is equivalent to
the drain snapback-breakdown voltage of the Mpl if the gate
of Mpl is. connected to VDD [18]. The NTLSCR 'is made
by inserting a short—chrannelythm -oxide NMOS (Mnl) into a
lateral SCR structure to lower its trigger voltage. In NTLSCR,
the drain and souree of Mnl (NT diffusion) are made across
the junction of N-well and P-substrate as shown in Fig. 10.
The: trigger voltage of NTLSCR is- equivalent to the drain
snapback-breakdown voltage of the Mnl, if the gate of Mnl
is connected to VSS [18]. The use of the N-well structure
instead of just an N7 diffusion, as the cathodes of PTLSCR
and NTLSCR,; is to enhance the emitter efficiency of lateral
n-p-n_bipolar transistors in the lateral SCR devices: This N-
well cathode can provide mote effective conducting path to
bypass ESD current.

- But, in deep-submicron low-voltage CMOS technology with

the much thinner gate oxide, the drain snapback-breakdown
voltage could be close to the gate-oxide breakdown voltage.
Thus, the gate-coupling technique [15] is used to much. lower
the ESD- -trigger voltage of ‘the. PTLSCR and NTLSCR to
effectively protect the thinner gate oxide of the input buffer.
The gate- Couphng technique is realized by the capacitors
Cp and Cn for the PTLSCR and NTLSCR, respectively. In
Fig. 10; Cp and Cn are realized by the poly layer right under
the metal pad without increasing total layout area of the pad.
By modifying the overlap -area between the poly layer and
the metal pad, the capacitanice of Cp and Cn can be adjusted.
Capacitors Cp and Cn are designed to couple suitable ESD-
transient voltage to the gates of Mpl and Mnl, respectively.
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A larger voltage coupled to the gates of Mpl and -Mnl will
lead to a lower trigger voltage of the PTLSCR and NTLSCR.
The coupled voltage on the gates of Mpl and Mnl is sustained .
longer in time by the tesistors Rp and Ra to effectively turn
on the PTLSCR and NTLSCR, respectively. Rp and R can
be realized by the poly lines as shown in Fig..11 without
occupying extra layout area at the: pad. :

There are two parasitic diodes D1 and D2 in Flgs 9'and
10. The diode D1 exists at the junction of the P-substrate
(connected to VSS) and the N-well (this n-well is also as the
cathode of the PTLSCR). The diode D2 exists at the junction of
another N-well (connected to VDD) and a P+ diffusion (this
Pt diffusion also functions as the anode of the NTLSCR).
These two diodes also contribute to ESD protection and input
voltage clamping. The parasitic resistance in the N-well and
P-substrate are also shown in Figs. 9 and 10.

The layout example shown in Fig. 11 demonstrates a com- ‘
pact layout style for this ESD prOtecﬁon circuit. The poly
layer is used to realize Cp,-Cn, Rp, and -Rn. Due' to the
excellent ESD-protection capability of an SCR device, the
silicon area used for- this “ESD  protection circuit- can  be
reduced considerably- to perform the requrred ESD-protection
speerﬁcatron A : ’

B. Modified Deszgn for Advanced CMOS Processes

In gate—couphng technrque a resistor is needed to sustain
the gate voltage longer in time to turn on the device to bypass
ESD current. To hold the .gate. voltage long enough during
ESD transition, the resistors Rp.or Rn have the order dbout
several tens to several hundreds K€ [14], [15]; which can
be realized by the well-resistor-[14]. In Fig. 11, the resistors
Rp and Rn are reahzed by the-poly lines, which'is especially

‘sultable for the CMOS process with a poly 1ayer of hrgh sheet

resistance, such as an SRAM process. Biit, in some standard
(hgrtal CMOS processes the poly layer has a very low sheet
resistance to improve.circuit speed Fot:example, : the sheet
resistance of poly layer i a 0.8-pm single-poly double-metal
digital CMOS- process is only-about 3 ~4 (2, In other advanced :
CMOS processes, polycr_de has been adopted to reduce-the
sheet resistance of the poly layer. With such low poleheet
resistance; it becomes impractical to realize Rp and Rn in the
order of K2 by using the poly lines.

A modified gate-coupled PTLSCR/NTLSCR ESD protec—
tion circuit is shown in Fig. 12 fot advanced CMOS processes
[3]. The corresponding cross-sectional v1ew and layout ex-
ample of this modified ESD protectron circuit are ‘shown in
Figs. 13 and 14, respectively. The main differénce between
this modified ESD protection circuit and the original one in -
Fig. 9 is the realization of the sustamrng resistors Rp éand Ra.
In Fig. 12, the ESD-transient voltage coupled to the gate of
Mpl (Mnl) is sustained longer in time by the long-channel
thin-oxide Mp2 (Mn2) device. The gate of Mp2 (Mn2) is -
connected to VSS (VDD) thiough a resistor Rp2 (Rn2). This
resistor Rp2 (Rn2) can be made by a-poly line ‘without high
resistance. Rp2 and Rn2: are used: to protected ‘the ' gates of-
Mp2 and Mn2, respectively. These resistors (Rp2 and Rn2).
cause a time delay for the delivery of ESD stress-on the VDD
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or VSS lines to the gates of Mp2 and Mn2, even with a low
poly sheet resistance.

C. Operating Principles

The = operation of this modified gate-coupled
PTLSCR/NTLSCR = ESD protection circuit is discussed
below.

1) Normal Operating Conditions: Under normal CMOS
operating conditions with VDD and VSS power supplies,
Mp2 with its gate connected to VSS through a resistor Rp2 is
turned on to bias the gate of Mpl at VDD, so the Mpl is off.
This keeps the PTLSCR in its off state. Transistor Mn2, its
gate connected to VDD through a resistor Rn2, is turned on
to bias the gate of Mnl at VSS, so the Mnl is off. This keeps
the NTLSCR also in its off state. Thus, the PTLSCR and the
NTLSCR in the ESD protection circuit are guaranteed to be
off under the normal CMOS operating conditions.

- Moreover, the high-voltage level of input signals on the pad
is clamped by the parasitic diode D2. When an input signal
has -a voltage overshoot greater than VDD, the diode D2 will
- be forward biased to clamp the overshooting voltage at around
VDD + 0.6 V. The low-voltage level of input signals on the
pad is also clamped by the parasitic diode D1: When an input
signal has a voltage undershoot below VSS, the diode D1

A practical layout example of the gate-coupled PTLSCR/NTLSCR ESD protection circuit.

will be forward biased to clamp the undershooting voltage
at around VSS — 0.6 V. Thus, the input signal is clamped
between VDD + 0.6 V and VSS — 0.6 V. Thus, the PTLSCR
and the NTLSCR are guaranteed not to be triggered on by
the overshooting/undershooting input signals under the normal
operating conditions. Diodes D1 and D2 are parasitically
present in the PTLSCR and NTLSCR structures, respectively,
as shown in Fig. 13. The current path in the forward-biased
diodes is opposite to the conducting path of the PTL.SCR and
NTLSCR, so the layout can be drawn to keep the PTLSCR and
NTLSCR off under the normal CMOS operating conditions. ‘
2) ESD-Stress Conditions: . Since an ESD voltage on a pin
may have positive or negative polarities to VDD or VSS,
there are four modes of ESD stresses at each pin of a CMOS
IC as shown in Fig. 6. In the PS-mode ESD-stress condition
(with grounded VSS but floating VDD), there is some positive
ESD-transient voltage coupled to the gate of Mn1 through the
capacitor Cn. This coupled positive voltage on the gate of Mn1
is designed to be above the threshold voltage of Mnl to turn it
on. After the Mn1 is turned on, the NTLSCR will be triggered
on to bypass the ESD current. When the NTLSCR is triggered
on, its holding voltage is only around 1 ~ 2 V. The positive
ESD-stress voltage on the pad is clamped to around 1 ~ 2V,
so the gate oxide of the input buffer can be fully protected. By



VDD

IEEE JOURNAL OF SOLID-STATE: CIRCUITS, VOL. 32, NO. I, JANUARY 1997

Rwl 3

A
vYY

Mp2

N-Well

Q1

b

Q2

Gate-Coupled
PTLSCR
C"_L

P-Sub

F Rp2

Rw2

Rsub1

%

) - \ N Internal
PAD 4 / circuits
NWell
[“as
Rn2¥
Mn1 ]
B Gate-Coupled
NTLSCR
P-Sub
Mn2 . -
R 4 Rsub2 =
s
= VSS(GND)

Fig. 12. The modified ‘gate-coupled PTLSCR/NTLSCR ESD protection circuit for the advanced CMOS process.: 4

suitably designing the capacitor Cn, the ESD-transient voltage
coupled to the gate of Mnl can be controlled to.adjust the
ESD-trigger voltage of the NTLSCR for different applications.

In the NS-mode (PD-mode) ESD stress, the parasitic diode
D1 (D2) is forward biased and turned on to bypass ESD current
from- the pad to VSS (VDD). The negative (positive) ESD-
stress voltage on the pad is clamped to around —0.6 ~ —0.8°V .
(0.6 ~ 0.8 V), so the gate oxide of the input buffer can be fully -
protected. A diode with proper layout in the forward-biased
condition can perform high ESD robustness.

In. the ND-mode ESD stress (with grounded VDD but
floating VSS), there is some negative ESD-transient voltage
coupled to the gate of Mp1 through the capacitor Cp. This
coupled negative voltage on the gate.of Mpl is designed to
turn the Mpl on. After the Mpl is turned on, the PTLSCR
will be triggered on to bypass the ESD current. When the
PTLSCR is triggered. on, its holding voltage is only around
—1 ~—2V. The negative ESD voltage on the pad is clamped
to around —1 ~ —2 V, so the gate oxide of the input buffer
can be fully protected. By suitably designing the capacitor Cp,
the ESD-transient voltage coupled to the gate of Mpl can be
controlled to adjust the ESD-trigger voltage of the PTLSCR
for - different applications.’ ‘

Thus, the four modes (PS, NS, PD, and ND) of ESD stresses
are protected by the gate-coupled NTLSCR, D1, D2 and ‘the
gate-coupled PTLSCR devices. The ESD over-stress voltage
on the pad can be clamped by this proposed ESD protection
circuit to very low voltage levels (only £0.6 ~ £2 V), so
the thinner -gate oxide in deep-submicron low-voltage CMOS
technologies can be fully protected.

D. Design Consideration for Gate-Coupling Effect

In the PS-mode ESD stress, the VDD line is floating with
an initial voltage ¢lose to the grounded VSS due to the P-

substrate/N-well junction ‘present everywhere on the chip.
Initially, the Mn2 is off with a very high resistance to hold the
coupled ESD-transient voltage on the gate of Mnl to turn on
the NTL.SCR. Then, the ,pOsitive ESD wvoltage is discharged by
the NTLSCR. Before the positive ESD voltage is completely
discharged, it may be diverted to the floating VDD power line
through the diode D2 and the resistor- Rw3 (or ‘the PMOS
device in CMOS output buffer, which is connected between
the pad and VDD). This diverted ESD voltage on the VDD
power line may bias the Mn2 and turn it on. Resistor Rn2
added between the gate of Mn2 and VDD will cause a time
delay to turn on the Mn2. Once on, the Mn2 acts'as-a resistor
to discharge the coupled voltage on the gate of Mnl. A longer
channel is used in the Mn2 to increase its turn-on resistance.
The time for the NTLSCR device to fully turn on is dependent
on the drain current of Mnl, which is dependent on the gate
voltage of Mnl. A larger drain current in the Mn1 leads to a
quicker turn-on of the lateral SCR structure in the NTLSCR
device [34]. By controlling the Cn to adjust the voltage on the
gate of Mnl and increasing the time delay to turn on the Mn2,
the NTLSCR can be trlggered faster to bypass the ESD current.
Cn is designed to couple the voltage from the pad to the gate
of Mnl above the threshold voltage of Mnl under the ESD-
stress condition, but to couple the input voltage to. the gate of
Mnl below the threshold voltage under the normal operating
conditions. A timing-based design model to calculate the suit-
able couple efficiency of Cn in the gate- coupled CMOS ESD
protection circuit [15] has been derived and verified in [35].
For practical applications, a suitable design. of the capacitor
Cn can be easily achieved through the circuit simulation (such
as HSPICE) with censideration on the parasitic- capacitance
between the VDD and 'VSS lines. The VDD-to-VSS. parasitic
capacitance increases the time delay to turn on:the Mn2, which
also enhances the turn-on speed of the gate-coupled NTLSCR.
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Fig. 13.. Cross-sectional view of the modified gate-coupled PTLSCR and NTLSCR devices.
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Fig. 14." A layout example of the modified gate-coupled PTLSCR/NTLSCR ESD protection circuit.

A similar design consideration is also applied to the Cp,
Mpl, Mp2, and Rp2 in the gate-coupled PTLSCR device to
bypass the ND-mode ESD stress.

IV. EXPERIMENTAL RESULTS

A test chip has been fabricated by using a 0.6-um CMOS
technology. A microphotograph of a pad with the modified
ESD protection circuit is shown in Fig. 15(a), which is cor-
responding to the layout of Fig. 14. The device dimensions
(W/L) of Mpl and Mnl are 75/1.0 (um). The coupling
capacitor Cp (Cn) in the layout is about 0.4 pF, and the device
dimensions of Mp2 and Mn2 are 10/10 (um). In Fig. 15(b),

a conventional CMOS ESD protection circuit formed by a -

PMOS and an NMOS with W/L = 500/1.2 (um) is also tested
as a reference in the same test chip. The spacing from the
drain contact to the poly-gate edge is drawn as 5 pm in the
conventional CMOS ESD protection circuit.

A. Device Characteristics

The measured dc I-V characteristics of the gate-coupled
PTLSCR and the gate-source-shorted PMOS in the conven-

tional CMOS ESD protection circuit are shown in Fig. 16. In
Fig. 16(a), the I-V curves of the PTLSCR are measured by
applying different negative voltages to the gate of Mpl with
the VDD grounded, and the pad is stressed with a varying
negative voltage. When the gate voltage of Mpl is 0 V, the
trigger voltage (current) of the PTLSCR is —16.82 V (—12.35
mA). But, as the negative gate voltage of Mpl is increased,
the trigger voltage of the PTLSCR is reduced as shown in
Fig. 16(a). The effect of the coupled voltage on the gate of
Mpl on the trigger voltage of PTLSCR is shown in Fig. 17.
The voltage coupled to the gate of Mpl in order to trigger
on the PTLSCR can be adjusted by the capacitor Cp. With
a lower trigger voltage, the PTLSCR can be triggered faster
into its latching state to bypass the ND-mode ESD stress. The
holding voltage (current) of the PTLSCR is —1.45 V (—10.2
mA). The typical turn-on resistance of the PTLSCR is about
1 ~ 2 Q. Fig. 16(b) shows the snapback characteristics of a
PMOS in the conventional CMOS ESD protection circuit with
its gate connected to its source. The trigger voltage (current)
of the PMOS with W/L of 500/1.2 (um) is —15.58 V (-18.45
mA), and its snapback holding voltage (current) is —14.44
V (—12.05 mA). The snapback holding voltage is close to the
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The microphotograph of a pad with (a) the modified gate-coupled
PTLSCR/NTLSCR ESD protectioni- circuit corresponding to. the layout of
Fig. 14 and (b). the conventional CMOS ESD protection circuit with a PMOS
device and-an NMOS' device.

Fig. 15.

trigger voltage due to the low gain of the parasitic lateral p-n-p
device in-the PMOS transistor:

The dc I--V characteristics of the gate-coupled NTLSCR and
the gate-grounded NMOS is shown in Fig. 18. In Fig. 18(a),
the I-V curves of the NTLSCR are measured by applying
different positive voltages to the gate of Mnl and a varying
positive voltage on-its anode. Fig. 18(b) shows the snapback
characteristics of a gate-grounded NMOS in the conventional
CMOS ESD protection circuit with W/L of 500/1.2 (pum). With
the gate voltage of Mnl-at 0V, the trigger voltage (current)
of NTLSCR ‘is 13.04 V (0.7 mA). But, if the gate voltage
of Mnl is increased, the trigger voltage of the NTLSCR is
reduced. The effect of the coupled voltage on the gate of Mnl
on-the trigger voltage of NTLSCR is shown in Fig. 19. The
voltage coupled to the gate of Mnl in order-to trigger on the
NTLSCR can be adjusted by ‘the capacitor Cn. With a lower
trigger voltage, the NTLSCR can be triggered faster into its
latching state to bypass the PS-mode ESD stress. The holding
voltage (current) of the NTLSCR is 1.25 V (6.18 mA). The
typical turn-on resistance of the NTLSCR is about 1 ~ 2 Q. In
Fig: 18(b), the trigger voltage (currént) of the gate-grounded
NMOS'is13.78 V (12.8 mA), and its snapback holding voltage
(current) 1s 9.52 V (9.85 mA). The snapback holding voltage
much fower than the trigger voltage is due to the higher gain
of the parasitic lateral n-p-n device in the NMOS transistor.
The holding voltage of NTLSCR is lower than that of the
gate-grounded NMOS, so the ESD power dissipation in the
NTLSCR is much lower than that in the gate-grounded NMOS.
This is the main reason why an NTLSCR can sustain higher
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Fig. 16. The I-V characteristies of (a) the PTLSCR with'different negative
voltages on the gate of Mpl and (b) a PMOS device with its gate shorted
1o its source.

ESD ‘stress within smaller layout area than a gate grounded
NMOS device: ‘

B. ESD Test Results

ESD test results for the modified - gate-coupled
PTLSCR/NTLSCR. ESD protection circuit are summarlzed
in Table I. The conventional CMOS ESD protectlon circuit
formed by a PMOS and an NMOS of W/L = 500/1.2 (um)
is also tested for comparisorn. The ESD tester used in- this
measurement is the. ZAPMASTER produced by KeyTek
Instrument Corp. [36]. The four modes of ESD stresses. using
both the HBM and machine-model (MM) ESD pulses are
applied to the circuits to test their ESD: robustness, The
failure criterion is defined as the leakage current at the pad
exceeds 1 pA under 5-V voltage bias after an ESD stress.
The lowest (in absolute value) ESD-failure voltage -among
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TABLE 1. v
_ComparisoN oF HBM AND MM ESD TESTING RESULTS
Conventional CMOS ESD Protection . )
Circuit with Large DimensionwiL) | 1 his Work
. ‘ Gate-Couple Gate-Couple
PMOS (500/1.2) | NMOS (500/1.2) PTLSCR NTLSCR
P 158 X 92 166 X 100 110.2X 68.3 107.0 X 65.2
ESD-Sress | o vode | ND-Mode | PS-Mode | N8 Mo ‘
Condition - -Mode -} e - ’ e» PD-Mode | ND-Mode | PS-Mode | NS-Mode
HBM ESD ‘ ,
Failure Volt above | _ above | above | above | above
ailure Voltage | %o | 3000 | 1200 | %S0t | So00 | 5750 | “3000 | -s000
MM ESD . .
Failure(‘))loltage 450 -350 150 -850 750 -500 600 -700

PMOS (in PTLSCR)
WiL.=75/1.0 (um)

2F
-4
6}

8F

a4t

- €= PMOS only e

Trigger Voltage of PTLSCR (V)

.18 s L " 1 . 1 N :
=2.5 -2.0 -1.5 =1.0 -0.5

Voltage on the Gate of PMOS (V)

Fig: 17. Dependence of the trigger voltage of PTLSCR on the gate voltage
of Mpl.

the four modes of ESD stresses at the same pin is defined as
the ESD failure threshold of the pin. The results in Table 1
show that this proposed ESD protection circuit can sustain
up to 5750 (500) V of HBM (MM) ESD stress in a smaller
layout area, but the ESD failure threshold of the conventional
CMOS ESD protection . circuit is only 1200 (150) V, even
with 'a much larger layout area. The ESD protection devices
in this proposed ESD protection circuit occupy 46.6% of
the layout area of the conventional CMOS ESD protection
circuit, but can sustain 4.8 (3.3) times HBM (MM) ESD-
stress voltage. This verifies the excellent ESD-protection
capability of the proposed gate-coupled PTLSCR/NTLSCR
ESD protection circuit for deep-submicron CMOS IC’s with
smaller layout area. v :

The charged-device-model (CDM) ESD test is also applied
to the proposed ESD protection circuit and the conventional
CMOS ESD protection circuit to investigate their ESD ro-
bustness. In the CDM ESD test, a positive (or negative)
ESD voltage is applied to the substrate by the ZAPMASTER
socketed tester. The CDM ESD takes place when the input
pad is grounded. A target of £1000 V is commonly used as
an acceptable CDM ESD level for IC products. The CDM ESD
test results ate listed in Table 1. The positive CDM ESD level

(@)

(b)

Fig. 18. The I-V characteristics of (a) the NTLSCR with different positive
voltages on the gate of Mnl and (b) a gate-grounded NMOS device.

of the conventional CMOS ESD protection circuit is greater
than 2000 V- because the NMOS. device in the CMOS ESD
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protect1on cireuit prowdes a low-resistance forward-biased
diode from the p-substrate to the input pad. In the negative
CDM ESD test (the D- ,ubstrate i8 negatively charged and then
the mput pad is grounded), the NMOS device in' the CMOS
ESD proteetion circuit will 20 into snapback breakdown due to
the reverse-biased drain-substrate junction. The NMOS device
is expected to be weak in the negative CDM ESD stress,
but the negative CDM ESD level of the conventional CMOS
ESD protection c1rcu1t is up to =1900 V. This improvement
is owing to the parasitic diode in the PMOS device connected
from the input pad to VDD [37]. The positive (negative) CDM
ESD: level of the proposed gate-coupled PTLSCR/NTLSCR
ESD protection circuitis up to 1400 V (=1900-V). In [37], it
was reported that an LVTSCR device stands a low positive
CDM ESD level of 300 V only But, this proposed ESD
protection circuit can ‘sustain a positive CDM ESD stress as
high'as 1400 V. because there is an V- ~well/p- -substrate diode
(D1)-iu: the PTLSCR dev1ce struchire. In F1g 13,.the diode
D1 is:formed by an N- well (connected to the pad) in the
= -substrate. A P diffusion (connected to VSS) in the p-
substrate is. placed - close to the N-well of diode DI in the
layout. ThlS diode’ prov1des an efficient discharging path to
dlscharge the pos1t1ve DM ESD voltage from the p-substrate
to the pad. The negative: CDM ESD level is also improved
by the ‘diode D2 (connected. from the. pad 10 VDD) in the
NTLSCR dev1ce structure, So, “with -the proper device and
layout des1gn as’ shown in Flgs 13 and 14, this proposed ESD
protection - circuit. Wlth smaller layout area can still provide
robust enough ESD protectlon agalnst the CDM ESD stress.

G Gate Couplmg Eﬁ‘iczency

_ To ver1fy the gate coupling effect a negatlve voltage pulse
is directly applied to the pad with the VDD grounded to deter-
mine the ESD-trigger voltage of the gate-coupled PTLSCR in
the ND-mode ESD-stress condition. The experimertal setup
is shown in Fig. 20(a) with a pulse generator HP8116. The
rise time of a voltage pulse generated by HP8116 is around
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TABLE 1L
CHARGED DEVICE- MODEL ESD TESTING RESULTS
CDM(+) CDM(-)
This Work

(Fig.15(a) ) 1400V -1 QOOV

Conventional ESD| =
Protection Circuit | >2000V -1900V

(Fig.15(b) ) ; ‘

7 ns, which is close to the tise time of HBM ESD event.
An oscilloscope is used to mofiitor the voltage waveform of
a negative pulse on the input pad When the - gate- coupled
PTLSCR device is trlggered on by the negative voltage pulse,
the voltage waveform -of the dpplied negative voltage pulse
will be degraded due.to the finite current output capability

of the- pulse generator HP8116, By using this direct and

simple method to-monitor the voltage waveform at the pad, the
minimum voltage peak of the applied voltage pulse to trigger
on the gate-coupled PTLSCR can be detetmined. The typical
measured minimum voltage te trigger: on the gate-coupled
PTLSCR in the fabricated ESD protection circuit is shown
in Fig. 20(b). It is shown in Fig. 20(b) that a negative volt’étge ,
pulse of —~7.56 V can trigger on the gate-coupled PTLSCR,
while the trigger voltage of PTLSCR with 0 V on the gate of
Mpl is as high as —16.8 V. ,

Similar experimental setup can be used to measure . the
ESD-trigger voltage of the gate coupled NTLSCR device in
the PS-mode ESD-stress condition. The measurement setup
is shown in Fig. 21(a), where a positive  voltage “pulseis
directly applied to the pad with the VSS grounded to find
the ESD-trigger voltage. of the gate-coupled- NTLSCR. By
monitoring the voltage wavéform at the pad,” the minimum
voltage peak to trigger on the gate-coupled NTLSCR can be
determined. The typical measured minimum voltage to tngger
on the gate-coupled NTLSCR it the fabncated ESD protection
cireuit is shown in Fig, 21(b). It-is. found m F1g 21(b) that a
posmve voltage pulse of 7.03 'V, can trlgger:on the gate-coupled
NTLSCR, while the trigger - voltage of NILSCR with 0V on
the gate of Mnl is as high as 13.24 V.

Figs. 20(b) and 21(b) have verified the efﬁc1ency of the
gate-coupling technique to lovver the ESD- tmgger voltage of
the PTLSCR and NTLSCR. With a trigger Voltage of —7. 56
V (7.03 V) in the gate-coupled PTLSCR (NTLSCR) this ESD
protection circuit is not triggered on by the normal input signal
with the voltage. Tevel from 9 ~ 3 V in the low- voltage (3-
V) IC operatlon (or 0~ 5 Vi in the normal 5-V IC operation). ,
The trigger voltage in the gate-coupled PTLSCR and NTLSCR
devices also has enough: voltage margin. to “the breakdown
voltage of a 90-A gate oxide, so. the thinner gate oxide of
input buffers in deep- subrmcron low=voltage CMOS lC’s can
be effectively protected.

D. Inpm‘ Leakage k

The leakage curtent is a concern for an ESD protect1on
circuit. connected ‘to-an mput or output pin. Fig. 22 shows
the comparison of leakage currents between the fabricated
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Fig. 20. (a) An experimental setup to measure the ESD-trigger voltage of
the gate-coupled PTLSCR device in the ND-mode ESD-stress condition. (b)
The measured voltage waveform at the pad as the gate-coupled PTLSCR is
mggered on by the applied negative voltage pulse

gate-coupled PTLSCR/NTLSCR ESD protection circuit and
the conventional CMOS ESD protection circuit. The leakage
current is measured (using an HP4145) by applymg a voltage
ramp from 0V to 5 V to the input pad with 5-V VDD
and 0-V VSS bias condition. In the line A of Fig. 22, the
maximum mput leakage current at 5-V bias in the gate- coupled
PTLSCR/NTLSCR ESD protection circuit is only 1.7 pA. The
maximum input leakage current in the conventional CMOS
ESD protection circuit is up to 10.5 pA (the line B in
Fig. 22). The input leakage current is related to the diffusion
‘area connected to the pad. The layout ‘area of the gate-
coupled PTLSCR/NTLSCR ESD protection circuit is only
0.47 times that of the conventional CMOS ES'D protection
circuit, and hence the leakage current in the gate-coupled
PTLSCR/NTLSCR ESD protection circuit is lower. Moreover,
the input Junctlon capacitance is also related to the ‘diffusion
area connected to the pad. The input capacitance of this gate-
coupled PTLSCR/NTLSCR ESD protection circuit is therefore
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Fig. 21. (a) An experimental setup to measure the ESD-trigger voltage of '
the gate-coupled NTLSCR device in the PS-mode ESD-stress condition. (b)

The measured voltage waveform at the pad as the gate-coupled NTLSCR is
triggered on by the applied positive voltage pulse. -

smaller than that of the conventional CMOS ESD protection
circuit. With low leakage current and low input capacitance,
as well as without a resistor between the pad and internal
circuits, this gate-coupled PTLSCR/NTLSCR ESD protection
circuit is more suitable to protect the output or input plns of
analog IC’s in high- -precision applications.

V. CONCLUSION

By understanding both the turn-on mechanism of a lateral
SCR device [34] and the capa01tor—coup11ng des1gn [35], the
gate- couphng technique is merged into LVTSCR devices' to
invent an effective ESD protection circuit for deep- submicron
low-voltage CMOS IC’s without any process modification.
A practical design example of the proposed gate-coupled
PTLSCR/NTLSCR ESD protection circuit has been success-
fully verified. The ESD trigger voltage of the gate- coupled
PTLSCR and NTLSCR devices can be modified by adjusting
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Fig: 22. Comparrson of ifput lea.kage ‘currents between the gate—coupled
PTLSCR/NTLSCR ESD protectlon circuit (line A) and ‘the conventional
CMOS ‘ESD protecmon circuit. (line B) with 5-V VDD and 0-V'VSS. X
axis (0.5:V/div.) is voltage:applied on the input pad, whereas Y axis (1.5
pA/div.):is the measured leakage currerit on' the input pad.

the capacitoran and- Cp, respectively. With a lower. and
tunable trigger voltage, this proposed ESD protection-circuit is
very suitable for deep submicron CMOS IC’s in low-voltage,
low-cost, hlgh densrty hrgh speed and high-reliability appli-
cat10ns

This proposed ESD protectron circuit can also be merged
into the layout of-a CMOS: output buffer to effectively pro-
tect the output. transistors of .deep submicron CMOS IC’s.
This ESD protection circuit can also be rmplemented in-any
conventron_al or advanced CMOS or BrCMOS processes.
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