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Abstract—An ultra-low-leakage power-rail ESD clamp circuit,

composed of the SCR device and new ESD detection circuit, has

been proposed with consideration of gate current to reduce the

standby leakage current. By controlling the gate current of the de-

vices in the ESD detection circuit under a specified bias condition,

the whole power-rail ESD clamp circuit can achieve an ultra-low

standby leakage current. The new proposed circuit has been fabri-

cated in a 1 V 65 nm CMOS process for experimental verification.

The new proposed power-rail ESD clamp circuit can achieve 7 kV

HBM and 325 V MM ESD levels while consuming only a standby

leakage current of 96 nA at 1 V bias in room temperature and oc-

cupying an active area of only 49 m 21 m.

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

I. INTRODUCTION

W
ITH the decrease of the power supply voltage for low

power applications, the thickness of the gate oxide has

been also scaled down in the nanometer CMOS technologies.

However, such a thin gate oxide of only 2 nm in advanced

CMOS technology has been reported to result in a substantial

fraction of the overall leakage current in the chip due to its gate

leakage current [1]. In 45-nm generation and beyond, the metal

gate technology is therefore applied to reduce the gate leakage

current [2]. Nevertheless, the gate leakage issue still exists in the

90-nm and 65-nm technologies which are currently used in pro-

duction without metal gate structure. The gate current has been

modeled in BSIM4 MOSFET model, and the foundries have

also provided the corresponding SPICE models of nanometer

CMOS processes to circuit designers. Recently, some work has

been reported on how to reduce the gate leakage current for dig-

ital circuits in advanced CMOS processes [3], [4].
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From the perspective on commercial IC products, to achieve

the electrostatic discharge (ESD) specification is necessary

for product qualification. The power-rail ESD clamp circuit to

effectively protect the core circuits is traditionally implemented

by RC-based ESD protection structure with a large-sized ESD

clamping MOSFET [5]. Such a traditional RC-based ESD

clamp circuit is shown in Fig. 1(a). However, the gate leakage

current caused from the large-sized MOSFET and the

MOS capacitor (Mc) in the traditional power-rail ESD clamp

circuit becomes serious in nanoscale CMOS processes. For

example, the gate current flowing through a MOS capacitor

with W/L of 5 m/5 m under 1-V bias is as large as 2 A in a

65-nm CMOS process. The leakage currents of MOS capacitors

with different dimensions under 1-V bias in 90-nm and 65-nm

CMOS processes are listed and compared in Table I. With such

a leakage current in the MOS capacitor, the ESD clamping

MOSFET cannot be completely turned off under the

power-on condition due to the malfunction of the ESD detec-

tion circuit caused by gate leakage current and in turn to induce

extra large leakage current through . Such a leaky ESD

protection circuit is barely tolerable in portable products with

low power requirements. High-voltage-tolerant power-rail ESD

clamp circuits with only thin-oxide devices have been reported

to overcome the gate-oxide reliability issue [6]–[8]. However,

the prior designs did not consider the effect of gate leakage

current if such circuits are further implemented in nanometer

CMOS processes. To solve the problem of malfunction in the

traditional RC-based ESD detection circuit, the modified ESD

clamp circuit with the timer level restorer was ever reported as

that re-drawn in Fig. 1(b) [9]. But, the experimental result in

that work still showed a high standby leakage current in the

order of several micro-amperes in a 130-nm CMOS process at a

high temperature of 125 C [9]. New designs of the power-rail

ESD clamp circuit need to be developed to further reduce such

standby leakage current in nanometer CMOS processes.

In this work, a power-rail ESD clamp circuit with ultra-low

standby leakage current is proposed. The new proposed ESD

clamp circuit has an efficient ESD detection circuit to improve

the turn-on efficiency of the ESD clamping device. By using the

new proposed circuit solution with only thin gate-oxide devices,

the standby leakage current of the proposed power-rail ESD

clamp circuit can be successfully reduced under the normal cir-

cuit operating condition. The proposed power-rail ESD clamp

circuit has been successfully verified in a 1-V 65-nm CMOS

process.
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Fig. 1. (a) The traditional RC-based power-rail ESD clamp circuit [5]. (b) The
modified power-rail ESD clamp circuit with timer level restorer [9].

TABLE I
GATE CURRENT OF MOS CAPACITOR UNDER 1-V BIAS

IN DIFFERENT CMOS TECHNOLOGIES

II. POWER-RAIL ESD CLAMP CIRCUIT WITH CONSIDERATION

OF GATE LEAKAGE CURRENT

A. Gate Leakage Current in Nanoscale CMOS

The gate leakage current cannot be neglected when the gate

oxide thickness is scaled down to 3 nm and below. In BSIM4

model [10], the components of gate tunneling current include

the tunneling current between gate and bulk , the current

between gate and channel , and the current between gate

and source/drain diffusion regions ( and ).

For a MOS capacitor, the source, drain, and bulk termi-

nals are connected to the same node. Therefore the total

gate-to-source current , the total gate-to-drain

current , and the gate-to-bulk current of

a MOS capacitor with W/L of 5 m/5 m can be simulated

with foundry provided SPICE parameters. The corresponding

currents are 1.02 A, 1.02 A, and 89 pA, respectively, in

a 65-nm CMOS process under 1-V bias. Compared with

gate-to-source current and gate-to-drain current, the component

Fig. 2. HSPICE-simulated voltage on the nodes of the ESD detection circuit
and the gate current flow through the MOS capacitor Mc in the traditional
RC-based power-rail ESD clamp circuit under the normal power-on condition
with VDD of 1 V in a 65-nm CMOS process.

of gate-to-bulk current in a MOS capacitor is quite small in

comparison to the simulated results.

B. Traditional RC-Based ESD Clamp Circuit With Gate

Current Consideration

The traditional RC-based ESD clamp circuit is shown in

Fig. 1(a). Based on BSIM4 gate current model, the MOS

capacitor with a large-sized gate oxide will induce a large

amount of gate current from node a to VSS under the normal

circuit operating condition. Such gate current causes a voltage

drop across the resistor R, and therefore the PMOS Mp in

the ESD detection circuit cannot be completely turned off.

With a non-turned-off PMOS, node b is charged up to some

voltage level higher than VSS, and that in turn causes the main

ESD clamping MOSFET operating in sub-threshold

region under the normal circuit operating condition. The ESD

clamping MOSFET drawn with large device dimen-

sion in sub-threshold region further generates a large amount

of standby leakage current.

Fig. 2 shows the Hspice-simulated voltages on the nodes of

the ESD detection circuit and the gate current of the MOS ca-

pacitor Mc under the normal power-on condition with a rise

time of 1 ms in a 65-nm CMOS process. The dimensions of R,

Mc, Mp, and Mn are 60 , 5 m/5 m, 80 m/0.12 m, and

5 m/0.12 m. When the VDD reaches 1 V, the gate current of

Mc is as large as 1290 nA, so that the voltage level at node a

cannot reach 1 V due to the voltage drop across R. The PMOS

Mp with a Vsg of 0.1 V cannot be fully turned off and in turn a

leakage current path is generated from VDD through the inverter

(Mp and Mn) to VSS. The ESD clamping MOSFET with sev-

eral hundred micro-meters device width in sub-threshold region

will cause a considerable leakage current of several micro-Am-

peres under the normal circuit operating condition with VDD of

1 V in a 65-nm CMOS process.

C. Modified ESD Clamp Circuit With Gate Current

Consideration

To solve the malfunction of the ESD detection circuit that

results in a large amount of leakage current from the ESD
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TABLE II
DIMENSIONS OF DEVICES IN THE ESD DETECTION CIRCUIT OF THE

MODIFIED ESD CLAMP CIRCUIT WITH TIMER LEVEL RESTORER

FOR HSPICE SIMULATION

clamping MOSFET in sub-threshold region, one mod-

ified design with the additional timer level restorer was reported

in Fig. 1(b) [9]. Under the normal power-on condition, node a

is initially pulled high by the turned-on PMOS M1. However,

with a leaky gate MOS capacitor Mc1, node a cannot be pulled

to a full VDD voltage level. Afterward node b is pulled down to

VSS by NMOS M2 and in turn the timer level restorer can be

turned on, pulling node a to a full VDD voltage level. Therefore,

the function of the ESD detection circuit is guaranteed to keep

the main ESD clamping MOSFET in off state under

the normal circuit operating condition. However, node a in this

ESD detection circuit is kept at the voltage level of VDD, so

that the voltage difference between the gate and bulk of MOS

capacitor Mc1 still causes a significant leakage current path

from VDD through M1 and Mc1 to VSS in nanoscale CMOS

process.

From HSPICE simulation result based on BSIM4 model,

under the normal operating condition with VDD of 1 V, the

standby leakage current in the ESD detection circuit of Fig. 1(b)

is around 1.5 A at 25 C in a 65-nm CMOS process, where

the dimensions of devices are chosen appropriately and listed

in Table II. The simulation result excludes the leaky large-sized

ESD clamping MOSFET . Even if the timer level re-

storer can solve the malfunction problem in the ESD detection

circuit, the standby leakage current of such modified power-rail

ESD clamp circuit is still too large for portable application with

low-power requirements.

To overcome the gate leakage current in the thin gate oxide,

one solution is to use the thick gate-oxide device to imple-

ment the MOS capacitor in the ESD detection circuit. In this

work, a power-rail ESD clamp circuit designed with only thin

gate-oxide devices to achieve ultra-low standby leakage current

is proposed. By using the new proposed circuit solution with

only thin gate-oxide devices, the standby leakage current of

the power-rail ESD clamp circuit can be successfully reduced

under the normal circuit operating condition.

Fig. 3. The proposed ultra-low-leakage power-rail ESD clamp circuit with
p-type substrate-triggered SCR device as ESD clamp device, where the ESD
detection circuit is designed with consideration of gate leakage current.

III. NEW PROPOSED ULTRA-LOW-LEAKAGE POWER-RAIL

ESD CLAMP CIRCUIT

The proposed ultra-low-leakage power-rail ESD clamp

circuit is shown in Fig. 3. The p-type substrate-triggered sil-

icon-controlled rectifier (SCR) device is used as the main ESD

clamping device [11]. The SCR device, which is composed of

cross-coupled n-p-n and p-n-p BJTs with regenerative feedback

loop, with a low holding voltage can sustain a high ESD level

within a small silicon area in CMOS process. Moreover, the

SCR device without poly gate structure has good immunity

against the gate leakage problem. However, there are some

disadvantages of using the SCR device as the ESD clamp

device, such as the slow turn-on speed and the high triggered

voltage. Therefore, the ESD detection circuit is used to improve

the turn-on speed of the SCR device with substrate-triggered

design. The new ESD detection circuit is designed with con-

sideration of the gate current in this work. Utilizing the gate

current to bias the ESD detection circuit and to reduce the

voltage difference across the gates of the MOS capacitors,

the gate leakage current through the MOS capacitor under

the normal circuit operating condition can be further reduced.

The total leakage current resulted from the MOS capacitor in

the ESD detection circuit can be minimized. Therefore, the

leakage currents through the ESD clamping device and the

ESD detection circuit can be well controlled and minimized by

this new proposed design.

In the proposed ESD detection circuit, the PMOS Mp1 is

used as substrate driver to generate the substrate-triggered cur-

rent into the trigger node of the SCR device during the ESD

stress event, but Mp1 is kept off under the normal circuit op-

erating condition. The NMOS Mn is used to keep the voltage

level at the trigger node (node b in Fig. 3) at VSS, so the ESD

clamping device (SCR) is guaranteed to be turned off during the

normal circuit operating condition. The RC time constant from

R, Mc1, Mc2, and the parasitic gate capacitance of Mn is de-

signed around the order of s to distinguish ESD stress event

from the normal power-on condition. The diode-connected Mp2

and Mp3 are acted as a start-up circuit with initial gate-to-bulk

current from VDD into the ESD detection circuit, and in turn

to conduct some gate current of Mc1 to bias the nodes c, d,
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and e. After that, the voltage level at node d will be biased at

a voltage level to reduce the voltage difference across the gate

of Mc1 and to minimize the gate leakage current through the

MOS capacitors.

The gate voltage of Mn should be designed higher than its

threshold voltage under the normal circuit operating condition.

Realized in a 65-nm CMOS process with VDD of 1 V, the

voltage level at node c is chosen as 0.45 V to keep Mn in

turned-on state but without generating too much gate leakage

current from node c to VSS under the normal circuit operating

condition. While designing the dimensions of the devices in the

ESD detection circuit, the voltage levels at node a and node b

are assumed to be kept at VDD and VSS, respectively, under

the normal circuit operating condition. With consideration of

the RC time constant, Mc1 and Mc2 are designed with the

same device dimension, so that the voltage level at the node d is

chosen as 0.7 V. The gate current of Mc1 will be slightly larger

than that of Mc2, and the different parts of the gate current

can be conducted by Mp2. From Kirchhoff’s Current Law, the

current equation at the node c, d, and e can be expressed as

(1)

(2)

(3)

where means the total gate-to-drain current of Mn in-

cluding and defined in [10]. The total gate current of

Mc1 is equal to the total gate current through the oxide of Mn,

which can be derived as

(4)

The voltage differences between the source and drain of

both Mc1 and Mn are 0 V, so that the gate-to-drain current and

the gate-to-source current should be the same. Therefore, (4) can

be simplified to the component of only gate-to-source current

for Mc1 and Mn, which can be derived as

(5)

The total gate-to-source current of Mc1 in the (5) can

be solved by the given voltage of 0.3 V with the de-

vice parameters provided from foundry, which can be roughly

calculated as

(6)

With consideration of the RC time constant, the W/L of MOS

capacitor Mc1 is chosen as 5 m/5 m, and the total gate-to-

source current of Mc1 can be determined by (6). Therefore, the

device dimension of Mn can also be determined by (5). Like-

wise, the dimension of each device in the proposed ESD detec-

tion circuit can be derived through the (1)–(3). With fine tuning

on the voltage level at the nodes c, d, and e to achieve a mini-

mized overall standby leakage current, the final dimension for

TABLE III
DIMENSIONS OF DEVICES IN THE ESD DETECTION CIRCUIT

OF THE PROPOSED POWER-RAIL ESD CLAMP CIRCUIT

each device in the proposed ESD detection circuit implemented

in a given 65-nm CMOS process is shown in Table III, where

the device dimension of Mp1 can be adjusted with different trig-

gering current capability to turn on the main ESD clamping de-

vice (SCR). With a large device dimension of Mp1, the sub-

strate-triggered current generated by Mp1 can be increased to

accelerate the turn-on speed of the SCR device during ESD

event. The discussion on the design flexibility is described in

Section IV.

A. Operation Under Normal Circuit Operating Condition

Under the normal power-on condition with VDD of 1 V and

grounded VSS, the gate voltage of Mp1 is biased at around 1 V

through the resistor R with a low gate current of MOS capacitor

Mc1 in the new proposed ESD detection circuit, so that Mp1

can be kept off and no trigger current is generated from the ESD

detection circuit to the SCR device. In addition, node c in Fig. 3

is biased at some voltage level ( 0.45 V) to turn on Mn which

in turn keeps the trigger node of SCR grounded. Fig. 4 shows

the Hspice-simulated voltage waveforms on the nodes of the

proposed ESD detection circuit and the gate current through the

MOS capacitor Mc1 under the normal power-on condition with

a rise time of 1 ms and VDD of 1 V (VSS of 0 V). The gate

current of Mc1 is only around 23 nA and the voltage level at

node a is almost kept at 1 V (overlapped with VDD in Fig. 4),

so that Mp1 is kept in off state.

B. Operation Under ESD Transient Event

When a positive fast-transient ESD voltage is applied to VDD

with VSS grounded, the RC delay in the ESD detection circuit

keeps the gate of Mp1 at a relatively low voltage level com-

pared to the fast rising voltage level at VDD. The Mp1 can

be quickly turned on by the ESD energy to generate the sub-

strate-triggered current into the trigger node (node b) of the

SCR device. Finally, the SCR device can be fully turned on

into holding state to discharge ESD current from VDD to VSS.

Fig. 5 shows the simulated voltage and substrate-triggered cur-

rent of the new proposed ESD detection circuit under the ESD

transition, where a 0-to-5 V voltage pulse with a rise time of

10 ns is applied to VDD to simulate the fast transient voltage
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Fig. 4. HSPICE-simulated voltage on the nodes of the ESD detection circuit
and the gate current flow through the MOS capacitor Mc1 in the proposed
ultra-low leakage ESD clamp circuit in a 65-nm CMOS process under the
normal power-on condition.

Fig. 5. Hspice-simulated voltages on the nodes of the ESD detection circuit and
the substrate-triggered current which flows into the SCR device under 0-to-5 V
ESD-like transition on VDD.

of human-body-model (HBM) ESD event [12]. With a limited

voltage height of 5 V in the voltage pulse, the voltage transi-

tion on each node in the ESD detection circuit can be simulated

to check the desired circuit function before device breakdown.

With the proposed ESD detection circuit, the SCR device should

be triggered on before device breakdown.

IV. EXPERIMENTAL RESULTS

The new proposed power-rail ESD clamp circuit has been

fabricated in a 65-nm CMOS process. All devices used in this

design are 1-V fully-silicided devices, including the SCR de-

vice. The active area of the whole ESD clamp circuit (including

the SCR width of 45 m) is only 49 m 21 m, and the layout

view is shown in Fig. 6(a). The widths of SCR device as ESD

clamping device are varied in 30 m, 45 m, 60 m, and 90 m

in the test chip to verify the corresponding ESD robustness. The

chip photograph of the test patterns of the proposed power-rail

ESD clamp circuit is shown in Fig. 6(b).

A. Turn-on Verification

The turn-on behavior of SCR devices is an important index

for ESD protection, which had been evaluated in the literature

[13]–[15]. To verify the turn-on efficiency of the proposed

Fig. 6. (a) Layout view of the proposed power-rail ESD clamp circuit. (b) Chip
photograph of the test patterns of the proposed power-rail ESD clamp circuit.
The chip has been fabricated in a 65-nm CMOS process with 1-V devices.

ultra-low-leakage ESD clamp circuit, a square-type voltage

pulse with a rise time of 10 ns and a pulse height of 5 V is

used to simulate the rising edge of a positive-to-VSS HBM

ESD pulse. When the positive voltage pulse is applied to

VDD of the proposed ESD clamp circuit with VSS grounded,

the sharp-rising edge of the ESD-like voltage pulse will start

the ESD detection circuit to generate the substrate-triggered

current to trigger on the SCR device, and in turn to provide

a low-impedance path between VDD and VSS. The voltage

waveform clamped by the ESD clamp circuit on the VDD

pad is shown in Fig. 7, where the voltage waveform of the

applied ESD-like 0-to-5 V pulse is measured into an open to

show its original pulse shape. The applied 5-V voltage pulse

is clamped down quickly to a stable low voltage level ( 2 V)

by the proposed ESD clamp circuit with a SCR device width

of 45 m. From the measured voltage waveform, the excellent

turn-on efficiency of the proposed ESD clamp circuit during

the ESD stress event has been successfully verified.

B. ESD Robustness

To investigate the turn-on behavior of the ESD clamping de-

vice with ESD detection circuit during the ESD stress event,

transmission line pulse (TLP) generator with a pulse width of
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Fig. 7. The measured voltage waveforms clamped by the proposed ESD clamp
circuit by applying a 0-to-5 V voltage pulse to VDD pad.

100 ns and a rise time of 10 ns is used to measure the second

breakdown current (It2) of the ESD clamp circuit. The TLP-

measured I-V characteristics of the ESD clamp circuit with SCR

device of different widths are shown in Fig. 8, where the device

dimension of the substrate driver Mp1 is kept at 80 m/0.12 m.

The ESD clamp circuit with SCR widths of 45 m, 60 m,

and 90 m can achieve It2 of 4.54 A, 6.03 A, and 9.24 A, re-

spectively. Without any triggered current, the original trigger

voltage of the SCR device is as high as 11.5 V, as shown in

Fig. 8. However, with the proposed ESD detection circuit in

this work, the trigger voltage of the SCR device is reduced

to only around 3 to 4 V. Therefore, the low trigger voltage

and high It2 value of the ESD clamp circuit can ensure the ef-

fective ESD protection capability. The holding voltage of the

SCR device is around 1.6 V. Such holding voltage is higher

than the voltage level of VDD (1 V) under the normal circuit

operating condition. Even if the SCR device is mis-triggered

due to the noise disturbance, it will automatically recover to

the normal condition after the noise source is removed. There-

fore, the new proposed power-rail ESD clamp circuit is free

from latchup issues. To evaluate the effectiveness of the pro-

posed ESD protection circuit in faster ESD-transient events, the

TLP-measured I-V characteristics of the ESD protection circuit

with SCR width of 45 m under the TLP rise times of 10 ns,

2 ns, and 200 ps are compared in Fig. 9. There is no obvious

difference in the TLP-measured I-V characteristics under dif-

ferent TLP rise times. The proposed ESD detection circuit is

fast enough to turn on the SCR device even under a fast-tran-

sient pulse with only 200 ps rise time.

The human-body-model (HBM) ESD levels and machine-

model (MM) [16] ESD levels of the proposed ESD clamp cir-

cuit with SCR of different widths under positive-to-VSS ESD

stress are listed in Table IV. The corresponding second break-

down current (It2) measured by TLP is also listed in Table IV.

The failure criterion is defined as the I-V characteristic curve

shifting over 20% from its original curve after three continuous

ESD zaps at every ESD test level. The HBM and MM ESD

levels of the proposed ESD clamp circuit with SCR width of

only 45 m can achieve 7 kV and 325 V, respectively, in a 65-nm

Fig. 8. The TLP-measured I-V characteristics of the proposed power-rail ESD
clamp circuit with SCR device of different widths under positive-to-VSS ESD
stress. The TLP-measured I-V curve of the stand-alone SCR device without ESD
detection circuit is also included in this figure.

Fig. 9. The TLP-measured I-V characteristics of the proposed power-rail ESD
clamp circuit with SCR device of 45 �m under different TLP rise times of 10 ns,
2 ns, and 200 ps.

CMOS process. The dependence of It2 and MM ESD levels on

SCR widths is shown in Fig. 10. From Fig. 10, the It2 perfor-

mance of the SCR with different widths is almost a straight line,

so that the turn-on uniformity of the SCR device can be verified.

However, there is some degradation of the MM ESD level com-

pared with the expected dash line when SCR width increases to

90 m. With a limited driving capability from the same dimen-

sion of substrate driver (Mp1) in the ESD detection circuit, the

SCR device with a larger device width might be not turned on

as efficiently as that with a smaller device width under a faster

rising MM ESD stress.

C. Standby Leakage and Design Flexibility

The standby leakage current under 1-V bias of the whole

ESD clamp circuit with SCR of 45 m is only 96 nA at 25 C.
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TABLE IV
ESD ROBUSTNESS OF THE PROPOSED POWER-RAIL ESD CLAMP CIRCUIT

WITH SCR DEVICE OF DIFFERENT WIDTHS

Fig. 10. The dependence of TLP-measured It2 and MM ESD levels on SCR
device of different widths.

The standby leakage current of the proposed ESD clamp cir-

cuit is dominated by Mp1 in the ESD detection circuit while

the leakage current contributed by the MOS capacitor is only

23 nA from simulation result. Increasing the device dimen-

sion of Mp1 can improve the turn-on speed of the SCR de-

vice with a reduced trigger voltage, but it results in a larger

standby leakage current under the normal circuit operating con-

dition. The measured results of the standby leakage current and

the trigger voltage of the proposed power-rail ESD clamp cir-

cuit with different dimensions for Mp1 and the SCR device

are shown in Fig. 11(a) and (b). From Fig. 11(a), the standby

leakage currents of the proposed power-rail ESD clamp circuit

with SCR of 45 m and 90 m are similar, because there is a

quite small leakage current (less than 1 nA at 25 C) generated

from the SCR device. While the device dimension of Mp1 in-

creases from 80 m/0.12 m to 100 m/0.12 m, the standby

leakage current of the whole power-rail ESD clamp circuit in-

creases from 96 nA to 115 nA at 25 C (1.02 A to 1.28 A

at 125 C) under 1-V bias, as shown in Fig. 11(a). However,

the corresponding trigger voltage of the SCR of 45 m can be

reduced from 3.7 V to 3.1 V when the dimension of Mp1 is in-

creased, as shown in Fig. 11(b). Therefore, the standby leakage

current of the whole ESD clamp circuit and the turn-on speed

of the SCR device can be adjusted to meet different application

requirements.

Fig. 11. The dependence of (a) the standby leakage current under 1-V bias of
the whole ESD clamp circuit at different temperatures, and (b) the TLP-mea-
sured trigger voltage of the SCR device, on the device size of Mp1 under SCR
device of different widths.

D. Discussion

Table V shows the performance comparison among the tra-

ditional RC-based power-rail ESD clamp circuit, the modified

ESD clamp circuit with timer level restorer, and the new pro-

posed design of this work. The traditional RC-based power-rail

ESD clamp circuit was also fabricated in the same 65-nm

CMOS process. The standby leakage currents under 1-V bias

of the traditional RC-based ESD clamp circuit with the ESD

clamping MOSFET of m m at

25 C and 125 C are as large as 3.74 A and 44.8 A, respec-

tively. Even if the leaky ESD clamping MOSFET is

excluded, the standby leakage current of the stand-alone ESD

detection circuit is still as large as 26.9 A at 125 C. The

standby leakage current of the modified ESD detection circuit

of Fig. 1(b) is simulated as around 1.5 A with the appro-

priate device dimensions shown in Table II under the same

bias condition (VDD of 1 V with VSS grounded) at 25 C.

Since the high temperature models from the foundry might

not be accurate enough, the standby leakage current of the

modified ESD detection circuit at 125 C is not available by

simulation. The standby leakage currents under 1-V bias of
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TABLE V
COMPARISON AMONG THE PROPOSED POWER-RAIL ESD CLAMP CIRCUIT AND PRIOR WORKS

the proposed ESD clamp circuit with SCR of 45 m and

Mp1 of 80 m/0.12 m at 25 C and 125 C are only 96 nA

and 1.02 A, respectively. The HBM ESD level of the tra-

ditional RC-based ESD clamp circuit with the ESD clamping

MOSFET of m m is 3.25 kV.

However, the HBM ESD level of the proposed ESD clamp cir-

cuit with SCR width of 45 m in this work can achieve 7 kV.

With consideration of ESD robustness and standby leakage

current, the new proposed ESD clamp circuit of this work has

provided an excellent ESD solution in advanced nanoscale

CMOS technologies.

V. CONCLUSION

A power-rail ESD clamp circuit with ultra-low standby

leakage current and high robust ESD performance has been

successfully verified in a 65-nm CMOS process. The pro-

posed ESD detection circuit designed with consideration of

gate leakage current has been verified with a standby leakage

current of only 96 nA under 1-V bias at 25 C. Compared with

the traditional power-rail ESD clamp circuit, the new proposed

power-rail ESD clamp circuit achieves high ESD robustness in

a small layout area with an ultra-low standby leakage current

and is an excellent circuit solution for on-chip ESD protection

design in nanometer CMOS technologies.
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