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New Low-Leakage Power-Rail ESD Clamp Circuit
in a 65-nm Low-Voltage CMOS Process

Ming-Dou Ker, Fellow, IEEE, and Po-Yen Chiu, Student Member, IEEE

Abstract—A new low-leakage power-rail electrostatic discharge
(ESD) clamp circuit designed with consideration of the gate leak-
age issue has been proposed and verified in a 65-nm low-voltage
CMOS process. Consisting of the new low-leakage ESD-detection
circuit and the ESD clamp device of a substrate-triggered sili-
con-controlled rectifier, the new proposed power-rail ESD clamp
circuit realized with only thin-oxide (1-V) devices has a very low
leakage current of only 116 nA at room temperature (25 °C) under
the power-supply voltage of 1 V. Moreover, the new proposed
power-rail ESD clamp circuit can achieve ESD robustness of over
8 kV, 800 V, and over 2 kV in human-body-model, machine-model,
and charged-device-model ESD tests, respectively.

Index Terms—Electrostatic discharge (ESD), gate leakage,
power-rail ESD clamp circuit, substrate-triggered silicon-
controlled rectifier (STSCR).

I. INTRODUCTION

HE gate-tunneling current has been a serious leakage

issue in nanoscale CMOS technologies when the gate
oxide becomes thinner. With a large gate-tunneling current,
CMOS integrated circuits (ICs) may not work correctly because
the gate voltage could be discharged through the leaky gate
oxide. Therefore, the gate leakage issue must be considered
during the circuit design phase of ICs before fabrication in
nanoscale CMOS processes [1], [2]. To effectively protect the
internal circuits against electrostatic discharge (ESD) damages,
on-chip ESD protection circuits have to be built in the IC
chip [3]-[6]. Unfortunately, on-chip ESD protection circuits in
nanoscale CMOS processes also suffer the gate leakage issue.
The traditional ESD protection designs may work incorrectly
due to the gate leakage current. To solve this issue, a new
design to reduce the leakage current of on-chip ESD protection
circuits has been requested by the IC industry. Although the
gate leakage issue can be mitigated by using a high-£ dielectric
with a metal gate [7], [8], high-k dielectric materials are still not
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Fig. 1. Typical whole-chip ESD protection scheme in CMOS ICs.

supported in most foundry CMOS processes in the 45-90-nm
technology nodes.

In order to protect the internal circuits from ESD stresses, on-
chip ESD protection circuits must be applied to all input/output
(I/0) and power (Vpp/Vss) pads. The concept of the whole-
chip ESD protection design for CMOS ICs is illustrated in
Fig. 1. The power-rail ESD clamp circuit plays a vital role in
the whole-chip ESD protection design because it can effectively
discharge the ESD current under ESD stresses [9]. With the
turn-on efficient power-rail ESD clamp circuit between the Vpp
and Vgg power lines, the ESD protection devices/circuits at
the I/0 pads can be realized with small dimensions to achieve
high ESD robustness [10]. In the traditional designs, the power-
rail ESD clamp circuits were often realized with an RC'-based
ESD-detection circuit and a main ESD clamp device (Mxgsp
shown in Fig. 1) with a large dimension to achieve high ESD
robustness.

For the sake of reducing the layout area, the capacitor (C in
Fig. 1) in the traditional RC-based ESD-detection circuit was
often realized by a MOS capacitor because the MOS capacitor
has the largest capacitance per unit area in the baseline CMOS
processes. However, the gate-oxide thickness becomes thinner
and thinner in the nanoscale CMOS technology, which makes
the gate-tunneling leakage more significant and can no longer
be ignored. The gate leakage issue has been studied, and
the mechanism of the gate-direct-tunneling current has been
modeled for a circuit simulation [11], [12]. The physically
based model and semiempirical equations can help to address
the impacts of the gate leakage current on the device or circuit
performance. With the increased gate leakage current of MOS
transistors in the nanoscale CMOS processes, the power-rail
ESD clamp circuit with a large MOS capacitor in the traditional
RC-based ESD-detection circuit was reported to suffer a huge
leakage current and undesired static power consumption [13].
To solve this problem, some designs to reduce the leakage
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current of the power-rail ESD clamp circuit has been re-
ported [13]-[15]. Since ICs with lower power consumption are
preferred, any redundant leakage current must be eliminated.
Hence, the gate leakage issue in the power-rail ESD clamp
circuit fabricated in nanoscale CMOS processes should be
solved.

In this paper, a new low-leakage power-rail ESD clamp
circuit realized by only thin-oxide (low-voltage) devices is
proposed and verified in a 65-nm CMOS process [16]. The
impact of the gate leakage current on a traditional power-rail
ESD clamp circuit in nanoscale CMOS processes is discussed
in Section II. In Section III, the operation of the new proposed
low-leakage power-rail ESD clamp circuit is described, and
the simulated results are presented. Finally, the experimental
verifications in a silicon chip, including the leakage current and
ESD robustness, are presented in Section I'V.

II. IMPACTS OF GATE LEAKAGE CURRENT ON
TRADITIONAL POWER-RAIL ESD CLAMP CIRCUIT

To efficiently turn on the power-rail ESD clamp circuit
during ESD stresses and to completely keep it off under normal
circuit operating conditions, the RC' time constant of the ESD-
detection circuit is often designed around 0.1-1 ps. Under the
ESD-stress condition, the ESD voltage has a rise time on the
order of nanoseconds. The voltage level of Vx in Fig. 1 is
increased much slower than the voltage level at the Vpp power
line when the ESD stress is conducted across the Vpp and Vgg
power lines. Due to the RC' delay, the PMOS M p; in the ESD-
detection circuit will be turned on to boost the voltage at the
node Vg to turn Mygsp on. The turned-on Mygsp, which
provides a low-impedance path between Vpp and Vgg, can
discharge the ESD current from Vpp to Vsg. Under the normal
power-on transition, the Vpp power-on voltage waveform has
a rise time on the order of milliseconds. With such a slow
rise time of the Vpp power-on transition, the voltage at Vx
in the ESD-transient-detection circuit can follow up the Vpp
voltage in time to keep M p; off. Moreover, M is turned on
to keep Vi at a voltage level of 0 V. Consequently, MNgsp
is completely kept off to avoid the leakage when the IC is
under normal circuit operating conditions after the power-on
transition.

In nanoscale CMOS processes, the serious gate-tunneling
phenomenon leads to a large leakage current through the MOS
capacitor in the ESD-detection circuit. With a large gate leakage
current in the MOS capacitor, the voltage at Vx in Fig. 1
cannot be fully charged to Vpp after the power-on transition,
as illustrated in Fig. 2. Therefore, the PMOS Mp; in the
ESD-detection circuit cannot be fully turned off, which causes
another leakage path through the inverter in the ESD-detection
circuit. Consequently, in the traditional power-rail ESD clamp
circuit shown in Fig. 1, the gate voltage of Mygsp cannot be
fully biased to Vgg. The partially turned-on Mygsp (which
is designed with a large device dimension) will conduct more
leakage current from Vpp to Vgg under normal circuit operating
conditions.

Some previous works have addressed the impact of the
gate leakage on the power-rail ESD clamp circuit, and several
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designs to reduce the leakage current have been reported
[13]-[15]. As shown in Fig. 3, an additional PMOS restorer
(Mpr) in the ESD-detection circuit has been proposed to pull
high the voltage level at Vx. As a result, Mpo is effectively
turned off under normal circuit operating conditions, and the
leakage current is reduced [13]. With a similar idea, another de-
sign using the latch technique to reduce the requested capacitor
size in the ESD-detection circuit, which, in turn, decreases the
leakage current of the power-rail ESD clamp circuit, has also
been reported [14]. Recently, a design using the stacked MOS
capacitors to reduce the voltage across each MOS capacitor and
adjusting the bias points of the devices in the ESD-detection
circuit has been reported to decrease the gate leakage current of
aMOS capacitor [15]. By controlling the voltage across the gate
of the devices in the ESD-detection circuit, the leakage current
of the power-rail ESD clamp circuit can be decreased. However,
with the stacked MOS capacitors, the effective capacitance is
reduced, so the trigger time of the ESD-detection circuit under
an ESD-stress condition is decreased. To achieve an identical
RC time constant in the ESD-detection circuit, more layout
area is required to increase the effective capacitance of the
stacked MOS capacitors.

Another design, which utilizes the current amplification tech-
nique in an ESD-detection circuit, is promising to reduce the
requested capacitor size which can, in turn, reduce the leakage
current of the power-rail ESD clamp circuit [17]. With the
current amplification technique, the effective capacitance of a
MOS capacitor is multiplied. Thus, the required area to realize
the MOS capacitor can be reduced, and the leakage current
through the MOS capacitor can also be reduced. Such previous
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works can reduce the leakage current of the power-rail clamp
circuit or mitigate the impact of a leaky MOS capacitor in
nanoscale CMOS processes. However, the voltage across the
MOS capacitor in the ESD-detection circuit is still at a high
voltage level under normal circuit operating conditions. The
gate leakage current through the MOS capacitor still exists in
those previous designs.

III. NEW PROPOSED LOW-LEAKAGE POWER-RAIL
ESD CLaMP CIRCUIT

In the BSIM4 MOSFET model [18], the gate-direct-
tunneling current has been modeled. The equations of the
gate-direct-tunneling current indicate that the leakage current
through the MOS capacitor can be reduced by reducing the
voltage across it. Based on this concept, the MOS capacitor
in the new ESD-detection circuit is designed without a voltage
drop across it under normal circuit operating conditions. Under
an ESD-stress condition, the new ESD-detection circuit is
designed to provide the trigger current to turn on the ESD clamp
device.

The new proposed power-rail ESD clamp circuit to overcome
the gate leakage issue is shown in Fig. 4, which consists of the
new ESD-detection circuit and the ESD clamp device. In the
new ESD-detection circuit, the RC-based ESD-detection cir-
cuit and the feedback-control inverter are combined together,
and the MOS capacitor (Mcap) is connected between the V4
and Vp nodes. Because Mcap is not directly connected to Vg,
no direct leakage path is conducted through the MOS capacitor
to the ground under normal circuit operating conditions. The
selected device dimensions in the new ESD-detection circuit in
this paper are listed in Table I. Without the thin gate oxide in
the p-n-p-n structure of an SCR, the SCR is free to the gate
leakage issue as compared with a large MOSFET. Therefore,
the substrate-triggered SCR (STSCR) is used as the main
ESD clamp device in the new proposed low-leakage power-
rail ESD clamp circuit, as shown in Fig. 4. Furthermore, the
SCR has been proven to have the highest ESD robustness and
the smallest device size [19]. The STSCR used in this paper is
shown in Fig. 5, wherein the layout of the STSCR is drawn with
a length of 7.8 um and a width of 60 pm.

TABLE 1
DEVICE DIMENSIONS SELECTED IN THE NEW
ESD-DETECTION CIRCUIT

Device | Dimension
R4 20 kQ
R, 10 kQ
Mcap | 30 pm/25 pm
Mps [100 pm/0.15 pm
Mp, [100 pm/0.15 pm
My« 5 um/0.15 pm
Mps | 0.5 um/0.15 pum
Myz [ 1pm/0.15 um
Vop Virig Vss
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Fig. 5. Device cross-sectional view of STSCR.

A. Operation Under Normal Circuit Operating Conditions

With a slow rise time of the normal power-on transition, the
voltage levels at V4 will be able to follow up the Vpp voltage
waveform in time to keep Mp; off. Moreover, the parasitic
p-substrate resistor (Rsy,) and p-well/n+ diode (Dp) in the
STSCR structure, which are inherently formed at the trigger
node (Virig) of the STSCR, can pull the Viyiq to Vsg. The Mps
would also be turned on to drive the node Vp to Vpp during the
power-on transition. With the node Vg voltage of Vpp, Mpo
can be fully turned off. In addition, M is turned on because
its gate terminal is connected to Vp. Through the feedback
path, My can be turned off, and Mp3 can be kept on to fully
charge the voltage at V4 and Vp to Vpp. Consequently, there
is no voltage drop across Mcap, and no circuit leakage path
exists in the new ESD-detection circuit. Without a voltage drop
across Mcap under normal circuit operating conditions, Mcap
can be realized with a large device size without suffering the
leakage current. Since V4 and Vp are charged to Vpp, Mpy
and Mps can be fully turned off during the normal power-
on transition; therefore, no trigger current is injected into the
STSCR. As a result, the STSCR can be kept off under normal
circuit operating conditions. Therefore, the inherent Ry, and
Dp in the STSCR enhance the immunity of the new proposed
design from being mistriggered under normal circuit operating
conditions. However, if a MOSFET (as shown in Fig. 1) is used
as the ESD clamp device (instead of the STSCR), Ry and Dp
would no longer exist. In such a condition (using a MOSFET
as an ESD clamp device), another active device to force Vp
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Fig. 6. Simulated transient waveforms on the (a) node voltages and (b) source-
to-gate voltages of M p; and M po in the new proposed ESD-detection circuit
under normal circuit operating conditions.

to the required state should be added into the ESD-detection
circuit.

Fig. 6(a) shows the simulated transient waveforms of the
new ESD-detection circuit under the normal Vpp power-on
transition with a rise time of 0.1 ms. With the power-supply
voltage of 1V, the overall simulated leakage current of the new
ESD-detection circuit after the Vpp power-on transition is only
about 104 nA at 25 °C. Fig. 6(b) shows the simulated source-to-
gate (Vg ) voltages of Mp; and Mps under the normal Vpp
power-on transition, whereas a threshold voltage of 0.3 V for
the PMOS in the selected CMOS process is also drawn in the
figure for reference. Under the normal power-on transition, V4
and Vp can follow the Vpp voltage in time without causing any
source-to-gate voltage to turn on Mp; and Mp,.

B. Operation Under ESD-Stress Condition

Prior to the ESD event, the capacitor should have no voltage
across it, and the nodes V4 and Vp have the same voltage
levels (~0 V) at the beginning of the ESD event. Therefore,
the PMOSs Mp; and M po have the ability to initially turn on.
Moreover, due to the fast transient of the ESD pulse, the voltage
division divided by Ry, Mcap, and parasitic capacitor (Cp)
provides relatively low voltage levels at V4 and V. With the
gate voltages (V4 and Vp) at relatively low voltage levels (as
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Fig.7. Simulated transient waveforms on the (a) node voltages and (b) source-

to-gate voltages of M p; and M po in the new proposed ESD-detection circuit
under ESD-like transition.

compared to the ESD voltage applied at the Vpp node with
the fast rising voltage waveform), the source-to-gate voltages
(Vsg) of Mp; and M ps will be quickly raised up during ESD
stresses. When Vsq is greater than the MOS threshold voltage
(Vrn), the PMOSs Mpq and M ps can be turned on to generate
the desired trigger current to the trigger on the STSCR and also
the Mpyo. When Mo is turned on, Vg is kept at a low voltage
level.

Due to the leaky Mcap, the voltage at V4 is also kept at
a low voltage level (as compared to the ESD voltage applied at
the Vpp node with the fast rising voltage waveform). Therefore,
Mp1 and M p, can be continually kept in a turned-on condition
to inject the trigger current into the Vi, of the STSCR.
Consequently, the turned-on STSCR provides a low-impedance
path. Thus, the ESD current is mainly discharged through the
turned-on STSCR from Vpp to Vgs. Something that is worth
to be mentioned is that, by using the leaky MOS capacitor in
the new ESD-detection circuit, the new proposed circuit can
continually provide the trigger current into the STSCR. With
such a circuit arrangement, the leakage current of the leaky
MOS capacitor becomes one advantage of the ESD-detection
circuit under an ESD-stress condition.

Fig. 7(a) shows the simulated voltage waveforms and the
trigger current of the new ESD-detection circuit under an ESD-
like stress condition. When a 5-V voltage pulse with a 10-ns rise
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Fig. 9. Modified power-rail ESD clamp circuit with the PMOS

restorer(Mpr ) and the STSCR as the ESD clamp device.

time and a 100-ns pulsewidth is applied to Vpp which emulates
the rising edge of the ESD event before a device junction break-
down, the new ESD-detection circuit successfully injects the
trigger current into the STSCR. The simulated trigger current is
about 37 mA, which is large enough to trigger on the STSCR.
Fig. 7(b) shows the simulated voltage waveforms on the source-
to-gate voltages (Vsg) of Mpy and Mps under an ESD-like
stress condition. With the fast-raising ESD voltage at Vpp, the
Vsa of Mpy and Mpg is instantly raised to be greater than the
Vg of 0.3 V. Thus, Mp; and M ps can be immediately turned
on to conduct the trigger current into the Vs of the STSCR
under an ESD stress condition. The simulations are performed
by the HSPICE with the gate leakage model (BSIM4) provided
from the foundry, also including all parasitic capacitances of
every device in the ESD-detection circuit.

IV. EXPERIMENTAL RESULTS

The new proposed low-leakage power-rail ESD clamp circuit
(shown in Fig. 4), the traditional power-rail ESD clamp circuit
with the STSCR as an ESD clamp device (shown in Fig. 8),
and the modified power-rail ESD clamp circuit with the PMOS
restorer and the STSCR as the ESD clamp device (shown in
Fig. 9) have been drawn in the same test chip and fabricated in
the same wafer of a 65-nm 1-V CMOS process. All the devices
used in this paper are fully silicided thin-oxide (1-V) de-
vices without using the additional silicide-blocking mask. The
device dimensions used in these three power-rail ESD clamp
circuits are listed in Table II, and these three designs have
the same RC constant. The chip photograph of the fabricated
power-rail ESD clamp circuits and test devices is shown in
Fig. 10. Each power-rail ESD clamp circuit drawn in the layout

format of an I/O cell library occupies the same cell area of
30 um x 110 um. The layout top views of these three power-
rail ESD clamp circuits in the I/O cell layout format are shown
in Fig. 11. Since the MOS capacitor is directly connected to
Vsg in the traditional power-rail ESD clamp circuit and in the
modified design with the PMOS restorer, an NMOS capacitor
is used in this paper, as shown in Figs. 8 and 9. However,
the PMOS capacitor is used in the new proposed low-leakage
power-rail ESD clamp circuit because the V4 and Vp voltages
of the MOS capacitor will be charged to Vpp under normal
circuit operating conditions, as shown in Fig. 4.

A. DC Characteristics of STSCR

All of the power-rail ESD clamp circuits implemented in this
paper use the same STSCR with identical device layout and di-
mensions, as shown in Fig. 5. Fig. 12(a) shows the measured dc
I-V curves (by a curve tracer) of the stand-alone STSCR. The
trigger voltage (V;1) is around 12 V, and the holding voltage
is 2 V (1.8 V) at 25 °C (125 °C). Since the holding voltage of
the STSCR is higher than the power-supply voltage of 1V, the
latchup issue will not happen in 1-V IC applications even in
the high-temperature environments. To effectively protect the
internal circuits, the ESD-detection circuit is designed to inject
the trigger current to lower the V;; of the STSCR under an ESD-
stress condition. Fig. 12(b) shows the measured dc -V curve
seen from the Vi, node to Vsg. With the inherent Ry, and Dp
at the Vj,i, node, the stabilization of the new proposed design
can be guaranteed under normal circuit operating conditions.
The measured leakage currents of the stand-alone STSCR under
a 1-V bias at different temperatures are shown in Fig. 12(c).
Without the thin gate structure in the SCR device, even at a
high temperature of 125 °C, the leakage current of the stand-
alone STSCR is only 24 nA.

B. Leakage Current

Fig. 13(a) and (b) shows the measured gate leakage currents
of the stand-alone thin-oxide (1-V) PMOS and NMOS capaci-
tors (W = 30 pym and L = 25 pm) with a gate-oxide thickness
of ~16 A in a 65-nm CMOS process, respectively. Under a 1-V
bias across the MOS capacitor, the gate leakage currents of the
PMOS capacitor and NMOS capacitor at 25 °C are 19.5 and
72.4 uA, respectively. With such a huge leakage current through
the MOS capacitor, the traditional power-rail ESD clamp circuit
will cause a huge circuit leakage which is no longer suitable in
such a 65-nm CMOS process.

The measured overall leakage currents among these three
fabricated power-rail ESD clamp circuits under Vpp voltages
from 0.8 to 1.0 V at 25 °C and 125 °C are shown in Fig. 14(a)
and (b), respectively. The leakage currents of these three power-
rail ESD clamp circuits under a 1-V Vpp voltage at 25 °C
and 125 °C are also summarized in Table III. Compared with
the leakage current of the stand-alone MOS capacitor, a much
higher leakage current is observed in the traditional power-
rail ESD clamp circuit (see Fig. 8), where the total leakage
current is around 613 pA at 25 °C. This result indicates that
the leaky MOS capacitor certainly causes other leakage paths in
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TABLE 1II
DEVICE DIMENSIONS IN EACH POWER-RAIL ESD CLAMP CIRCUIT
Circuit Type Ri lwi) | wi) | wi | wi (WxLxM)
iti i 30um| 100 pm | 5pm
Traditional Design | 5q | [ F a a 60 pmx3.9 pmx 2
(Fig. 8) 25 um | 0.15 um | 0.15 pm
ifi i 30pum| 100 ym | 5pum
_Modlfled De5|_gn 20 kO | | M 60 pmx3.9 pmx 2
With Restorer (Fig. 9) 25pum|0.15 pm | 0.15 pm
i 30pm| 100 pm [ 5pm | 100 pm
New_ Propos_ed Design 20 kO B B u W 60 pmx3.9 pmx 2
(Fig. 4, This Work) 25 ym | 0.15 um [ 0.15 pm | 0.15 um
B0 N O O O OO, SO
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the traditional ESD-detection circuit, which, in turn, generates ©
more leakage currents. Although the leakage current is reduced
Fig. 12. (a) DC I-V curves from anode to cathode (by a curve tracer). (b) DC

in the modified power-rail ESD clamp circuit with the PMOS
restorer (see Fig. 9), it is still as high as 88 pA under a 1-V
Vbp bias at 25 °C. Compared with the traditional design and
the modified design with the restorer, the new power-rail ESD
clamp circuit proposed in this paper (see Fig. 4) has the lowest
leakage current of only 116 nA and 1.08 pA at 25 °C and
125 °C, respectively. The leakage currents among these three

I-V'V curve seen from the Vi;ig node to Vss. (c) Leakage current under 1-V
bias of the fabricated STSCR in a 65-nm 1-V CMOS process.

power-rail ESD clamp circuits under a Vpp voltage of 1 V at
different temperatures are compared in Fig. 15. From 25 °C
to 125 °C, the leakage current of the new proposed design is
two orders smaller than the traditional design and the modified
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(b) NMOS capacitor fabricated in a 65-nm 1-V CMOS process under different
temperatures.

TABLE III
MEASURED LEAKAGE CURRENTS AND HBM/MM/CDM ESD ROBUSTNESS
AMONG THE FABRICATED POWER-RAIL ESD CLAMP CIRCUITS

Leakage (iurrent ESD Robustness
Circuit Type atVpp=1V
25°C 125°C HBM MM CDM
Traditional Design
(Fig. 8) 613 A | 1.43 mA 6 kV 600V
Modified De5|gn With Restorer 88 A | 106 A | >8 KV 750 v
(Fig. 9)
New Proposed Design
(Fig. 4, This Work) 116 nA | 1.08 A | >8kV 800V >2kV

design with the restorer. According to the measured results,
the new proposed design has the best capability to suppress
the leakage current of the power-rail ESD clamp circuit in the
nanoscale CMOS technology.

C. Turn-On Verification

To verify the ESD-transient-detection function, the experi-
mental results are shown in Fig. 16, wherein the voltage pulse is
generated from a pulse generator (Hp 81110) with different rise
times. In Fig. 16(a), a 4-V voltage pulse with a 10-ns rise time
and a 100-ns pulsewidth is applied to Vpp with Vgg grounded to
emulate the ESD-like transient pulse. The new proposed design
with an RC-time constant of 100 ns can effectively trigger
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Fig. 14. Measured leakage currents among these three fabricated power-rail
ESD clamp circuits at (a) 25 °C and (b) 125 °C.
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Fig. 15. Measured leakage currents among these three fabricated power-rail
ESD clamp circuits under different temperatures.

on the STSCR to provide a low-impedance path between Vpp
and Vgg. The new proposed design clamps the Vpp voltage to
around 2 V. In Fig. 16(b), a 4-V voltage pulse with a 100-ns
rise time and a 1-us pulsewidth is applied to Vpp with Vgg
grounded to emulate the ESD-like transient pulse whose rise
time was slowed down by the on-chip decouple capacitor across
the power rails. The new proposed design can also trigger on
the STSCR to clamp the Vpp voltage around 2 V. In Fig. 16(c),
a 4-V ramp voltage with a rise time of 0.1 ms is applied to
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Fig. 16. Turn-on verification of the new proposed design under the 4-V
voltage pulses with (a) 10-ns rise time and 100-ns pulsewidth, (b) 100-ns rise
time and 1-ps pulsewidth, and (c) 0.1-ms rise time.

Vbp with Vgg grounded to verify the operation of the ESD
detection circuit. With the rise time as slow as 0.1 ms, the Vpp
voltage waveform in Fig. 16(c) is the same as the applied ramp
voltage, so the STSCR is not triggered on by such a pulse with a
slower rise time. This result can successfully verify that the new
proposed design will not be mistriggered in the normal Vpp
power-on transition (with a rise time longer than 0.1 ms).

D. ESD Robustness

The transmission line pulse (TLP) generator with a 100-ns
pulsewidth and a 10-ns rise time was used to measure the
I-V characteristics of these three fabricated power-rail ESD
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Fig. 17. TLP-measured I-V characteristics of these three power-rail ESD
clamp circuits.
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Fig. 18. Measured Vpp and Ipp waveforms on the new proposed power-
rail ESD clamp circuit under TLU test with Voparge of (a) —120 V and
(b) +120 V.

clamp circuits in a high-current region. The TLP-measured /-V'
characteristics of these three power-rail ESD clamp circuits are
shown in Fig. 17. The second breakdown currents (/;2) of these
three power-rail ESD clamp circuits are over 5 A. Without any
trigger current, the original V;; of the STSCR device is as high
as 12 V. With the new ESD-detection circuit, the V;; of the
STSCR device can be significantly reduced. The low V;; and
high I;2 of the new proposed power-rail ESD clamp circuit
ensure its effective ESD protection capability.
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Fig. 19. New proposed low-leakage power-rail ESD clamp circuit with modified design.

The human-body-model (HBM) [20], machine-model (MM)
[21], and charged-device-model (CDM) [22] ESD levels of
these three power-rail ESD clamp circuits are also listed in
Table III. The failure criterion is defined as a 30% shift in the
leakage current under a 1-V Vpp bias. To perform the ESD test,
including the CDM ESD test, the power-rail ESD clamp circuits
fabricated with a silicon chip size of 4000 ym x 2000 pm were
wire bonded in a 40-pin dual-in-line (DIP) package. The field-
induced CDM simulator is used to verify the ESD robustness
of the new proposed power-rail ESD clamp circuit in the 40-pin
DIP package. The ESD test results have confirmed that the new
proposed power-rail ESD clamp circuit has the highest ESD
level of over 8 kV in HBM, 800 V in MM, and over 2 kV
in CDM.

E. TLU Test

The transient-induced latchup (TLU) test has been used to
investigate the susceptibility of ICs against the noise transient
or glitch on the power lines under normal circuit operating
conditions. The component-level TLU measurement setup [23]
can accurately simulate the ESD-induced noises on the power
lines of CMOS ICs under a system-level ESD test.

The power-rail ESD clamp circuit with the latch technique
was reported to enhance the circuit performance [14]. Nev-
ertheless, a transient-induced latchuplike failure may happen
in such a circuit structure. With the charge voltage (VCharge)
around 10 V (negative or positive) under the TLU test, the
latchuplike failure on some power-rail ESD clamp circuits has
been studied [24]. The new proposed low-leakage power-rail
ESD clamp circuit also combined the latch technique, but it
will not suffer such a latchuplike issue. Any latchuplike issue in
the new proposed design will be quickly released by the Rg,1,
and Dp at the Vi;i, node of the STSCR when it is operated in
normal circuit operating conditions. The TLU measured results
on the new proposed low-leakage power-rail ESD clamp circuit
are shown in Fig. 18(a) and (b). After the TLU test, the Vpp
voltage level is returned back to 1 V, and the Ipp current is kept
at 0 A. No latchuplike failure happens in such TLU verification
in Fig. 18(a) and (b). Even if the Voparge 18 as high as 120 V

(negative or positive) in the TLU test, the latchuplike issue did
not occur in the new proposed power-rail ESD clamp circuit.

F. Discussion

From the perspective on commercial IC products, to achieve
strong reliability is necessary for product qualification. In order
to oppose the influence of process variations and various op-
eration environments, the circuit design demands more reliable
considerations. Although the experimental results showed sat-
isfying ESD robustness in this paper, some modifications could
be added into the new proposed design to enhance the circuit
ability. Fig. 19 shows a kind of modification with a gate-couple
technique. When the ESD pulse is applied to the Vpp with Vgg
grounded, the voltage of V- will be coupled up and will turn on
the M3 to force the Vp to a low voltage level. Therefore, the
modified design will provide a trigger current more effectively
than before. With a suitable gate-couple technique design, the
response capability of the new proposed design under the ESD
event will be enhanced.

V. CONCLUSION

A new power-rail ESD clamp circuit designed with con-
sideration of the gate leakage issue has been proposed and
successfully verified in a 65-nm CMOS process by using only
thin-oxide (low-voltage) devices. The leakage currents of the
new proposed power-rail ESD clamp circuit are only 116 nA
and 1.08 pA at 25 °C and 125 °C, respectively. In addition,
the new proposed power-rail ESD clamp circuit achieves ESD
robustness of over 8 kV, 800 V, and over 2 kV in HBM, MM,
and CDM ESD tests, respectively. With a very low leakage
current, high ESD robustness, and no latchuplike failure issue,
the proposed power-rail ESD clamp circuit is very suitable for
the whole-chip ESD protection design in IC chips implemented
in advanced nanoscale CMOS processes.
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