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Design of On-Chip ESD Protection Circuits

with Consideration of Gate-Oxide Reliability

Student: Wen-Y1 Chen Advisor: Ming-Dou Ker

Department of Electronics Engineering and Institute of Electronics

National Chiao-Tung University

ABSTRACT

The aim of this thesis is to propose solutions of ESD protection problems under the
consideration of gate-oxide reliability. Objectives of the proposed designs are to achieve the
desired ESD protection capabilities in' circuitytechnique without modifying process steps or
increasing mask layers. Therefore, the proposed designs are suitable to different CMOS processes
and therefore can be widely applied to-different circuit designs.

The first proposal is a gate-voltage-limited ¢ircuit that can clamp the coupled gate voltage of an
gate-coupled NMOS device during ESD transition. The over-coupled gate voltage of an NMOS
device draws over-huge ESD current in the channel region and burns out the gate oxide of the
NMOS device. The gate-voltage-limited circuit can therefore prevent the gate-coupled devices
from the over-gate-driven effect. This design was fabricated and verified in a 0.35-um CMOS
process. Experimental results show that a gate-coupled NMOS with the proposed
gate-voltage-limited circuit can have a 30% improvement on its MM ESD protection level
compared to a gate-coupled NMOS without the proposed circuit.

The second proposal is a power-rail ESD clamp circuit. The specialty of this proposed design is
that it is designed with only 1-V and 2.5-V low voltage devices to be operated under the 3.3-V
high power-supply voltage without the gate oxide reliability issue. This proposed design can

collocate with mixed-voltage I/O designs to achieve a higher circuit operation frequency. This
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proposed design was fabricated and verified in a 0.13-pm 1-V/2.5-V CMOS process. Experimental
results show that the proposed design has extremely small standby leakage current under the
normal circuit operating condition. This design also shows fast turn-on speed under ESD stresses
and high ESD protection robustness.

Contents of this thesis have already been published on two international conferences and

submitted to two international journals.
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Chapter 1

Introduction

1.1 MOTIVATION

ESD protection design has already been granted as one of the major challenges for
deep-submicron CMOS technologies [1]. To reduce the power consumption and to increase the
operating speed of IC chips, both the gate oxide thickness and the operating voltage of MOS
devices keep scaling down. The progress is positive to the performance of IC chips but negative to
the ESD protection because the on-chip devi¢eés ‘dre- more and more fragile. Some problems are
therefore comes into being with the progress of CMOS. processes.

The gate-driven (or gate-coupled) technique has been widely used on ESD protection designs to
shorten the turn-on time and to improve the turn-on uniformity of ESD protection devices for a
long time [2]-[7]. However, with the constant shrinkage on gate-oxide thickness of MOSFET
devices in deep-submicron CMOS processes, the gate-coupled technique has been found to
adversely affect the ESD robustness of NMOS devices [8]-[10]. It has been also found that the
thinner the gate oxide is, the severer degraded is the ESD robustness of NMOS devices [9]. In
deep-submicron CMOS processes, the over-gate-driven effect is a problem in urgent. A new
approach to overcoming the over-gate-driven-effect through the circuit structure is proposed in this
thesis [11]. The proposed design is portable to different process technologies without modifying
mask layers or process steps. With the proposed design, the gate-driven or gate-coupled technique
can be devised more easily and properly.

In modern IC chips, though the power supply voltage of internal circuits keeps lowering to

reduce the power consumption and the heat dissipation, their input/output interfaces are still



operated at higher voltage levels to cooperate with the peripheral components. For such
mixed-voltage applications, special design through circuit structure or process modification is
needed to avoid the gate-oxide reliability issue. Though the process technology can provide
devices with different gate-oxide thickness to meet the requirement, it is not cost-effective and will
lower the production yield in manufacturing. Devices with thicker gate-oxide also have worse
device characteristics such as the inferior device driving capability, impeding the high speed
system performance. A better solution to both overall system performance and cost is to propose a
high-voltage tolerant circuit that can be operated under high power-supply voltage but is fabricated
with only low-voltage devices. In this thesis, a substrate-triggered power-rail ESD protection
circuit with only 1-V/2.5-V devices to sustain 3.3-V power supply voltage is proposed [12]. This
substrate-triggered ESD clamp circuit is specially designed without suffering the gate-oxide
reliability issue under the 3.3-V power supply Wvoltage. The proposed ESD clamp circuit is
fabricated and verified in a 130-nm 1-V/2/5-V €MOS process and shows extremely low standby

leakage current, which is only 1/100 compared to'the prior arts.

1.2 THESIS ORGANIZATION

The chapter 2 of this thesis introduces ESD events, ESD test methods, and general ESD
protection techniques. The motivation of bringing up proposed designs, the gate-voltage limited
circuit to overcome the over-gate-driven effect (in chapter 3), and the power-rail ESD protection
circuit for 1-V/3.3-V mixed-voltage I/O interfaces (in chapter 4), is also concisely introduced in
this chapter.

The chapter 3 of this thesis discusses the benefits and the problems of the gate-driven
technique. This chapter includes methods to overcome the over-gate-driven effect, its design
concept, measurement setup, and experimental results. This design is fabricated and verified in a
0.35-um CMOS process. The usefulness of the gate-voltage limited circuit on protecting

.



gate-driven devices against the over-gate-driven effect is proven through the measured ESD
protection levels and the failure analyses.

In the chapter 4, a power-rail ESD clamp circuit for 1-V/3.3-V I/O interfaces is proposed. The
proposed power-rail ESD clamp circuit is designed with only 1-V/2.5-V low-voltage devices but
can be safely operated under 1-V/3-3-V mixed-voltage environment without the gate-oxide
reliability issue. The proposed clamp circuit has an on-chip ESD detection circuit that can provide
substrate-triggered current to substantially improve the turn-on efficiency of ESD protection
devices. This protection design is successfully verified in a 130-nm 1-V/2.5-V CMOS process.
Experimental results of the proposed clamp circuit show high ESD protection capability with very
low leakage current, which is one of the main concerns for portable designs. As a result, the
proposed power-rail ESD clamp circuit is an excellent ESD solution especially to the portable
electronic devices with mixed-voltage I/O inteffaces:

In the end of this thesis, a short conclusion'and future work are given in the chapter 5.



Chapter 2
Introduction to ESD and the Effects of

Process Migration to ESD Protection Designs

2.1 GENERAL INTRODUCTION TO ESD

ESD is a phenomenon caused by the discharging of electrostatic charges on IC pins. It can be
arose from events such as a physical contact of a human body and an IC products, touch of
manufacturing machines and wafers, or discharge of sécondhand induced electrical field on an IC
chips. Because ESD can be brought about by different origins, it can be classified to human-body
model (HBM), machine-model (MM), and charged-device model (CDM) according to different

discharging methods and sources of electrostatic charges:

2.1.1 Human-Body Model (HBM)

HBM is a typical ESD event arose from the contact of an electrified human body and an IC
product. The ESD static charges are initially stored in the human body and then transfer into the IC
when the human body touches the IC. The equivalent circuit for HBM ESD event is shown in Fig.
2-1 [13], where the 1.5-kQ resistor and the 100-pF capacitor represent the equivalent parasitic
resistor and capacitor of a human body. The DUT in Fig. 2-1 represents the device under test. The
HBM circuit is designed to eliminate the weak protection designs and susceptible devices of the
DUT. Fig. 2-2 shows the specifications of a HBM ESD waveform generated by the ESD HBM
tester to a short wire [13]. Generally, commercial ICs are requested to pass 2-kV HBM ESD stress

at least, which can generate ESD current with a peak value of ~1.3Amp and a rise time of ~10ns.
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2.1.2 Machine Model (MM)

The equivalent circuit diagram of MM ESD event is shown in Fig. 2-3 [14], where there is no
equivalent resistor on the equivalent discharging path because the MM ESD stress is to replicate
the ESD event arose from the contact of a machine and a semiconductor device. Fig. 2-4 shows the
waveform of a 400-V MM ESD pulse generated by the MM ESD tester [14]. A commercial IC
product is generally required to pass at least 200-V MM ESD stress, which can generate an ESD
current with a peak value of ~3.5Amp and a rise time of ~10ns. The MM ESD level of a
semiconductor device is generally 8~12 times smaller than its HBM ESD level for the faster rise

time and voltage resonance of a MM ESD pulse.

2.1.3 Charged-Device Model (CDM)

The CDM ESD event is caused by the dischargihg:of electrostatic charges initially stored in the
body of a floating IC. Most of the CDM charges are stored in the body (the p-substrate) of a
CMOS IC at first. When one or moreé pins of this charged IC is touched by an external grounded
object, charges in the p-substrate will be discharged from the IC inside to the grounded pin outside.
There is no standard equivalent parasitic capacitor for the CDM ESD stress because different
dimension of chips, different form and size of packages result in different values of the parasitic
capacitor of IC chips. A commercial IC is generally requested to pass at least 1-kV CDM ESD
stress, which can generate an ESD current with peak current value as high as ~15A within a rise
time less than 200ps [15]. Fig. 2-5 compares the waveforms of a 2-kV HBM ESD stress, a 200-V
MM ESD stress, and a 1-kV CDM ESD stress which has 4-pF equivalent capacitor of the device

under test.



2.2 ESD TEST METHODS

Since electrical charges in natural environment can be either positive or negative, ESD tests
have positive and negative modes, too. Moreover, since ESD event can occur on input/output (I/O)
pins, power pins, or between different I/O pins of an IC chip, ESD test methods have pin

combinations as follows:

2.2.1 ESD Test on 1/O Pins
For every /0 pin of an IC chip under the human-body model and the machine-mode ESD tests,
there are four test modes as illustrated through Fig. 2-6(a) to 2-6(d) [16], [17]:
(1). PS mode
Positive ESD voltage applied to the tested I/O pin with VSS pins relatively grounded. VDD
pins and all other pins are kept floating dufing the test, as shown in Fig. 2-6(a).
(2). NS mode
Negative ESD voltage applied to the tested /O pin with VSS pins relatively grounded. VDD
pins and all other pins are kept floating during the test Fig. 2-6(b).
(3). PD mode
Positive ESD voltage applied to the tested I/O pin with VDD pins relatively grounded. VSS
pins and all other pins are kept floating during the test, Fig. 2-6(c¢).
(4). ND mode
Negative ESD voltage applied to the tested I/O pin with VDD pins relatively grounded. VSS

pins and all other pins are kept floating during the test, Fig. 2-6(d).

2.2.2 Pin-to-Pin ESD Test
Besides the ESD test on I/O pins, ESD events can happen on one of the I/O pins with another
I/O pin relatively grounded. If the two I/O pins are not correlated to each other in circuitry, ESD

current will first be diverted from the stressed I/O pin to the VDD or VSS power line, and then be

-6-



discharged to the grounded I/O pin. Therefore, during the pin-to-pin ESD tests, power pins of the
tested chip are kept floating. However, it could take a long testing period if every I/O pin of an IC
chip is tested one by one. To shorten the testing period, positive or negative ESD voltage is applied
on the tested I/O pin with all other I/O pins relatively grounded, as illustrated in Fig. 2-7(a) and

Fig. 2-7(b).

2.2.3 ESD Test on Power Pins (VDD-to-VSS ESD Test)
The ESD test on power pins, or the VDD-to-VSS ESD stresses, simulate ESD events that
happen between two power pins. A positive or a negative ESD voltage during the VDD-to-VSS
ESD stress is applied to the VDD power pin of the device under test while the VSS power pin is

relatively grounded, as shown in Fig. 2-8.

2.3 ESD PROTECTION NETWORK

The various ESD test methods suggest:that ESD @vents can damage not only I/O circuits but
also internal circuits, especially under the pin-to-pin and the VDD-to-VSS ESD stresses. These
two ESD test modes often lead to some unexpected ESD current through the /O ESD protection
circuits and the power lines into the internal circuits and result in ESD damage on the internal
circuits [18], [19]. Therefore, to effectively protect chips from the ESD damage, ESD protection
designs are required on both I/O circuits and between the power lines. Fig. 2-9 illustrates the
impact of the power-rail ESD clamp circuit to the discharging paths of ESD current (Igsp) under the
specified pin-to-pin ESD stress. When a positive ESD voltage is applied to some input pin (I/P) with
some output pin (O/P) grounded and the VDD and VSS pins floating, some ESD current will be
diverted from the input pin to the floating VDD power line and then to the internal circuits (path 1),
if the power-rail ESD protection circuit is not designed in Fig. 2-9. The ESD protection circuits at
the I/O pins are often designed strong enough to discharge the huge ESD current, but the internal
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circuits are easily damaged to cause unexpected damages on internal circuits. If an effective ESD
clamp circuit is added between the VDD and VSS power lines, the ESD current can be discharged
through the power-rail ESD clamp circuit (path 2) instead of the internal circuits (path 1). Therefore,
the internal circuits can be safely protected against such unexpected ESD damage. Moreover, the
power-rail ESD clamp circuit can also protect the whole chip against the VDD-to-VSS ESD testing
mode. Thus, an effective power-rail ESD clamp circuit between the VDD and VSS power lines is
necessary for the whole-chip ESD protection [19].

Therefore, a whole-chip ESD protection network should include not only ESD protection
circuits at the I/O pins but also power-rail ESD clamp circuits. The whole-chip ESD protection
network, appropriate ESD protection devices, and effective techniques to trigger the ESD

protection devices are the keys for IC products to carry off high ESD robustness.

2.4 ESD PROTECTION DEVICES IN MODERN CMOS ICS

To protect ICs from being damaged by ESD current, it is important to choose appropriate ESD
protection device under different ESD protection networks and different system specifications. In
modern CMOS ICs, ESD protection devices in common use include:

(1). P-N Junction Diode:

A diode device has low forward cut-in voltage (~ 0.6 V) and high reverse breakdown voltage,
which can be higher than 10 V. Both forward diodes in series and a reverse diode can serve as the
ESD protection circuit to protect internal circuits from being damaged by ESD current. When a
reverse diode is used as an ESD protection device, its reverse breakdown voltage is required to be
smaller than the gate oxide breakdown voltage of MOS devices so that ESD current can be
discharged to ground through the reverse diode without damaging the gate oxide of internal

circuits. A larger device dimension of the ESD protection diode is also required when it is operated



in reverse mode because the high reverse breakdown voltage generates huge heat to be dissipated
during ESD stresses.

(2). MOS Device (NMOS or PMOS):

MOS devices are the most common ESD protection devices in CMOS ICs. The n+ drain
junction, p-substrate and the n+ source junction of an NMOS device construct a parasitic n-p-n
bipolar junction transistor. When the high ESD stress voltage occurs, the parasitic n—p-n bipolar
junction transistor inherent in NMOS’s device structure can be turned-on to carry the huge ESD
current and to clamp down the ESD voltage to protect gate oxide of internal circuits. As a result,
the I-V characteristic curve of an NMOS device under ESD stresses often has the snapback
phenomenon due to the turn on of the parasitic n-p-n bipolar.

The p+ drain junction, n-well substrate and p+ source junction of PMOS device form a parasitic
p-n-p bipolar junction transistor inherent in its device, structure. PMOS devices in CMOS ICs can
therefore serve as an ESD protection.device! However, the beta gain of p-n-p bipolar junction
transistor in CMOS process is much-smaller than that of n-p-n bipolar junction transistor; I-V
characteristic curves of PMOS under ESD streésses haveno, or weak, snapback phenomenon.

(3). Field Oxide Device (FOD):

The field oxide device has similar device structure to that of NMOS device in CMOS process
except the gate oxide of NMOS is replaced by the field oxide structure. The I-V characteristic
curves of FOD under ESD stresses have larger turn-on resistance compared to that of NMOS
because the depth of field oxide structure makes the ESD current discharging path of FOD longer
than that of NMOS.

(4). Silicon Controlled Rectifier (SCR):

SCR device is a component with p-n-p-n structure, as shown in Fig. 2-10. A SCR device has a
p-n-p and an n-p-n bipolar junction transistor with regenerative feedback to each other, so that
SCR device can clamp the ESD voltage at a relatively low holding voltage (~1.2 V) compared to

that of NMOS and FOD devices. Therefore, SCR device can achieve high ESD protection level



within small layout area due to its low holding voltage. However, a SCR device has drawbacks
such as high turn-on voltage, low turn-on speed, and latch-up issue.

To sum up, different ESD protection devices have respective advantages and disadvantages.
Therefore, it is important to pick the appropriate device as an ESD protection element according to
different power-supply voltages, ESD protection networks, system specifications, and device

characteristics.

2.5 TRIGGERING TECHNIQUES TO ESD PROTECTION DEVICES

In most applications, MOS devices are used as ESD protection elements in CMOS ICs. With the
process scaling down, thickness of gate oxide of MOS devices in deep-submicron CMOS
technologies keeps shrinking to achieve higher system operating frequency, lower power
consumption and lower heat dissipation. As a result, the gate oxide breakdown voltages of MOS
devices keep going down toward theit junction-breakdown voltages. Internal circuits protected by
stand-alone ESD protection devices, which have no triggering techniques to increase their turn-on
efficiencies, are therefore easily damaged under ESD stress. Moreover, it is also found that ESD
levels of large-device-dimension NMOS devices are constrained by the non-uniform turn-on
behavior [20]-[23], making it difficult for IC chips to have high ESD robustness. There are two
popular measures that can be realized in circuitry to effectively increase the turn-on efficiency and

uniformity of ESD protection devices: the gate-driven and the substrate-triggered techniques.

2.5.1 Gate-driven Technique
To prevent ESD protection devices from interacting with the signals in normal operation, the
gate electrode of the ESD protection NMOS is grounded in most applications. This can also ensure
that the NMOS has its minimum leakage under normal operation. However, a MOS device can be

a more robustness ESD protection element if its gate is coupled high during ESD transition [2]-[7].
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The gate-driven (or the gate-coupled) technique is to design a special ESD detection circuit that
can drive the gate voltage of ESD protection NMOS high during ESD transition but keep the gate
potential low to ensure the chip function during normal circuit operation. The gate-driven
technique drives gate voltage of NMOS high to induce its channel current during ESD transition.
The induced channel current can therefore help forward bias the base-emitter junction of parasitic

n-p-n bipolar and increase its turn-on efficiency during ESD transition.

2.5.2 Substrate-Triggered Technique

The other method to improve the turn-on efficiency of ESD protection devices is the
substrate-triggered technique. The basic concept of the substrate-triggered technique is to design
an ESD detection circuit that can provide substrate-triggered current to the substrate of an ESD
protection device during ESD transition. The tfiggércurrent can help forward bias the base-emitter
junction of the parasitic bipolar junction transistor. As.a result, the bipolar turn-on voltage, bipolar
turn-on speed, and the ESD protection robustness of a substrate-triggered ESD protection device
can be substantially improved. During normal circuit operation, the ESD detection circuit shall be

kept off to ensure the regular function of internal circuits.

2.6 EFFECTS OF THE PROCESS MIGRATION TO ESD PROTECTION DESIGNS

In modern technologies, the power consumption of systems is pushing lower and lower so that
the battery life time of handheld systems can stand longer, the operating frequency of CMOS
processor can be driven faster, the complex circuit functions of multi-chips can be merged into a
single SOC chip, etc. Therefore, the power supply voltages of internal circuits becomes smaller
and smaller. The gate oxide thickness of MOS devices also keeps scaling down to attain the same,

or better, device driving capability at a lower power supply voltage. With the migration from a
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thicker gate oxide to a thinner one, some problems and demands on ESD protection designs are

revealed.

2.6.1 The Over-Gate-Driven Effect

As mentioned in 2.5.1, the gate-driven technique can induce the channel current of an NMOS
device to increase its ESD protection efficiency. However, the induced channel current also draws
higher temperature beneath the gate oxide during ESD transition [22]. Therefore, the gate oxide of
the ESD protection NMOS is more likely to be burned out during ESD stress. The gate-driven
technique turns into a hazard to the ESD protection NMOS. This effect is so-called the
“over-gate-driven effect”, and it happens more often when the thickness of gate oxide keeps
scaling down. Therefore, in this thesis, a solution to the over-gate-driven effect is proposed and

canvassed in chapter 3.

2.6.2 High Voltage Tolerant ESD Proteéction Design

Though the power supply voltages keep lowering, voltages at I/O circuits are often higher than
the internal circuits in order to cooperate with peripheral devices. For example, a standard PCI
interface device has 3.3-V I/O voltage but its core voltage (power supply voltage of internal
circuits) can be 1.2 V. Devices in the internal circuits are low voltage devices in order to minimize
the chip size and to achieve better circuit performance. Devices in the I/O circuits are often
designed with low voltage devices as well to increase the circuit performance, to meet the process
limitation, or to fulfill the system specification. Therefore, the high voltage tolerant ESD
protection design is required to collocate with the mixed-voltage applications. In chapter 4, a
power-rail ESD clamp circuit that can be operated under 1-V/3.3-V mixed-voltage I/O interfaces is
proposed. The proposed clamp circuit is specially designed with only 1-V/2.5-V devices. The
proposed clamp circuit has an ESD detection circuit that can provide substrate-triggered current to

the ESD protection device to substantially increase its ESD protection efficiency.
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Fig. 2-1. The equivalent circuit of the human body model ESD event.
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Fig. 2-6. (a) PS-mode, (b) NS-mode, (c) PD-mode, and (d) ND-mode, ESD test on I/O pins.
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(a) Positive-mode (b) Negative-mode

Fig. 2-7. (a) Positive mode, (b) Negative-mode, pin-to-pin ESD test.

(a) Positive-mode (b) Negative-mode

Fig. 2-8. (a) Positive mode, (b) Negative-mode, VDD-to-VSS ESD test.
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Chapter 3
Circuit Solution to Overcome the Over-Gate-Driven Effect

on ESD Protection Circuits in Deep-Submicron CMOS Processes

3.1 INTRODUCTION

To sustain reasonable ESD robustness in deep-submicron CMOS ICs, on-chip ESD protection
circuits must be added to the silicon chips. The typical ESD levels required by general commercial
IC products are 2kV in human-body-model (HBM) ESD test and 200V in machine-model (MM)
ESD test. To sustain the required ESD-levels, ESD protection devices are often designed and
drawn with large device dimensions, which aré|often realized in the multi-finger layout style to
reduce the total occupied silicon area [24]. However, due to the non-uniform triggering among the
multiple fingers of NMOS devices, the ESD. robustness of NMOS devices are restricted and not
linearly increased when the device dimension is increased [20]-[23]. To improve the turn-on
uniformity of the ESD protection NMOS, the gate-driven (or gate-coupled) technique has been
reported and widely used in CMOS technologies [2]-[7]. However, the ESD robustness of the
gate-coupled NMOS has been found to be degraded dramatically due to the over-gate-driven effect
[8]-[10]. It has been also found that the over-gate-driven effect occurs more easily when the
thickness of gate oxide is shrunk with process migration [9]. When the CMOS technology is
moving into the very deep sub-micron generation, the over-gate-driven effect could cause some
difficulty in optimizing the gate-coupled ESD protection devices. The design margin for the
gate-coupled NMOS devices to achieve high ESD robustness could be greatly reduced or even
vanish in the very deep sub-micron CMOS technologies. Especially, the MM ESD robustness of

NMOS devices in sub-quarter-micron CMOS process has been found to degrade seriously [25].
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In this chapter, a new circuit design solution to overcome the over-gate-driven effect is
proposed [11]. The proposed circuit design has been successfully verified in a 0.35-um CMOS
process with a great improvement on the machine-model ESD robustness. With the proposed
circuit solution, the gate-driven or gate-coupled technique for ESD protection can be optimized

more easily and properly.

3.2. THE OVER-GATE-DRIVEN EFFECT

3.2.1 Non-uniform Turn-on Behavior

The snapback I-V curve of a gate-grounded NMOS (GGNMOS) fabricated in a 0.35-um
CMOS process is measured by the transmission-line-pulse (TLP) system with the pulse width of
100 ns [26], [27], and the result is shown in Fig. 3-1. The device dimension of the measured
GGNMOS is 600 um/0.35 um with each finger width of 30 um. Under the ESD stress condition,
the drain-substrate junction of the NMOS ,device begins to avalanche due to the high overstress
ESD voltage, and some electron-hole pairs:are generated. The electrons are swept into the drain
while the holes drift to the source of NMOS. These electron-hole pairs serve as the base current of
the parasitic lateral n-p-n bipolar junction transistor (BJT) inherent in NMOS device structure.
Once the source-substrate junction of NMOS becomes forward biased, the lateral n-p-n BJT is
triggered on to discharge ESD current.

For this lateral BJT to carry amperes of ESD current, the device width of ESD protection
NMOS is often drawn over several hundred micrometers. The multi-finger layout structure is often
used to realize such large-dimension NMOS device to save the occupied silicon area [24]. A P+
guardring in the P-type substrate is often surrounding the whole NMOS device to provide the
substrate bias at ground. Therefore, the central fingers of the multi-finger NMOS is relatively
farther from the substrate guardring. The lateral BJTs inherent in these central fingers equivalently

have larger base resistance to the grounded P+ guardring. During ESD stress, these BJTs inherent
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in the central fingers are often triggered on earlier than those in the sided regions of the
multi-finger NMOS structure. The NMOS device is hence driven into snapback region, and the
ESD transient voltage is clamped down to the holding voltage of the NMOS device, as shown in
Fig 3-1. The ESD current is discharged through the earlier-turned-on fingers to cause the
non-uniform turn-on behavior among the fingers of ESD protection NMOS device. If the
secondary breakdown voltage (Vt2) of NMOS is smaller than its trigger voltage (Vtl), those BJTs
inherent in the sided fingers of NMOS cannot be turned on. This non-uniform turn-on effect
suppresses ESD robustness of NMOS, even if it is drawn with a large device dimension.
Consequently, ESD robustness of NMOS cannot be linearly increased when the device dimension

is increased.

3.2.2 Gate-Coupled Technique

Since the non-uniform turn-on effect results from the fact that the Vt2 of ESD protection
NMOS is smaller than its Vtl, this effect can.be diminished by increasing the Vt2 value or by
decreasing the Vtl value. The Vt2 can be incteased by introducing the back-end-ballasting [28] or
N-Well extension resistor [29] into NMOS device structure. The Vtl can be lowered by the
gate-driven (or gate-coupled) technique [2]-[7]. The gate-coupled technique realized with simple
RC circuit has been used to ensure uniform turn-on behavior among all fingers of NMOS during
ESD stress. Two traditional gate-coupled circuit implementations are shown in Figs. 3-2(a) and
3-2(b). The capacitor C of the gate-coupled structure is used to couple ESD-transient voltage to the
gate of ESD protection NMOS. As long as the gate voltage (Vg) of the gate-coupled NMOS
(GCNMOS) is coupled higher than its threshold voltage (Vt), the channel current is induced and
helps to forward bias the source-substrate junction of GCNMOS. Therefore, the parasitic BJT can
be triggered on earlier, and the Vtl of GCNMOS can be lowered. If the Vtl value is lowered and
smaller than the Vt2 value, the lateral BJT inherent in the sided fingers of NMOS can be further

turned on to shunt the huge ESD current before the earlier-turned-on fingers are unrecoverably

-20 -



thermally damaged. With all fingers being triggered on during ESD stresses, the ESD robustness
of NMOS with the gate-coupled technique can be significantly improved [5].

Under normal circuit operating conditions, the ESD protection circuits are kept off to avoid
interacting with the input/output signals. To achieve the correct RC time constant in the
gate-coupled design, the resistor used in Fig. 3-2(a) is usually required in the order of several ten
thousand ohms [5], which takes a large layout area in silicon chips. To save silicon area, another
gate-coupled design is shown in Fig. 3-2(b), where the resistor is realized by an NMOS transistor
Mr1 with its gate being connected to Vdd. Both methods shown in Figs. 3-2(a) and 3-2(b) have
been widely used today for application to the input/output pin and even to the power-rail ESD
clamp circuits. In this work, the structure shown in Fig. 3-2(b) is chosen to carry out the

GCNMOS for further study.

3.2.3 Over-Gate-Driven Effect

Though the gate-coupled technique is useful for solving the non-uniform turn-on behavior in
NMOS devices, the over-gate-driven effect T9] will turn-this beneficial technique into a hazard.
The gate-coupled technique enables the ESD current to be initially discharged through the surface
channel of GCNMOS. With higher gate voltage on NMOS during ESD stress, the ESD current
will generate higher temperature beneath the gate oxide [10], [22]. If the gate voltage of GCNMOS
is over coupled during ESD stress, in deep-submicron CMOS technologies with the ultra thin
gate-oxide thickness, the surface channel or the gate oxide of NMOS is easily burned out by the
localized ESD current. As a result, the over-gate-driven effect could reversely affect the
effectiveness of gate-coupled technique and dramatically decrease the device capability for ESD
protection.

For ESD transient voltage with faster rise time, the over-gate-driven effect is found to affect
NMOS more easily and critically. Figs. 3-3(a) and 3-3(b) show the transient simulation results of

an NMOS device with 0.5-um gate length when 6.5-V voltage pulses with different rise time are
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applied on it. The simulated NMOS has a bipolar trigger voltage of 5.7 V when its gate is biased at
2 V. Fig. 3-3(a) shows the current flow lines along the NMOS when the 6.5-V voltage pulse with a
rise time of 10 ns is applied to the drain electrode. Meanwhile, the gate voltage of NMOS is
simultaneously ramped to 2 V. Under this condition, the current flow lines distribute a depth of 1.5
pum into the substrate. When the rise time of the applied transient voltage pulses on both drain and
gate electrodes are further shortened to 5 ns, a large number of current flow lines are drawn
beneath the gate oxide, as shown in Fig. 3-3(b), and the total current distributes only a depth of 1
um into the substrate. So, ESD transient voltage with faster rise time will result in larger peak
current under the gate oxide of NMOS, which in turn easily burns out the device. The MM ESD
stress without series resistance in its discharging path has a faster rise time than that of HBM ESD
stress. The GCNMOS during MM ESD stress will suffer more serious over-gate-driven effect.

To practically investigate the over-gate-driven éffect, the MM ESD levels of NMOS fabricated
in a 0.35-um CMOS process with gate-oxidé thickness of ~75A are tested under different gate
voltages. The failure criteria of tested-devices are judged by the leakage current over 1 pA under
3.3 V drain bias. The tested NMOS devices have device dimension of 600 um/0.35 um with each
finger width of 30 um. As shown in Fig. 3-4, when the gate voltage is 0 V (namely the GGNMOS),
the non-uniform turn-on behavior causes a lower MM ESD level. With the increase of gate voltage
up to 2 V, the non-uniform turn-on behavior can be diminished, and therefore the MM ESD level
increases because more fingers of NMOS can be turned on to shunt ESD current. When the gate
voltage is larger than 2 V, the trend of increase on MM ESD level is limited because all fingers
have been fully triggered into snapback during ESD stress. When the gate bias voltage is over 8 V,
the MM ESD level is dropped down dramatically due to the over-gate-driven effect in this

0.35-um CMOS process.
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3.3. CIRCUIT SOLUTION TO OVERCOME THE OVER-GATE-DRIVEN EFFECT

3.3.1 Design Concept

Since the over-gate-driven effect results from the over-coupled transient voltage at the gate of
GCNMOS during ESD stress, this unwanted effect can be successfully overcome by a
gate-voltage-limited circuit, which is added between the gate and the source of GCNMOS, to
clamp the coupled gate voltage to a desired voltage level during ESD stress. In this work, the
diodes or NMOS connected in series are used to realize the gate-voltage-limited circuit, as shown
in Fig. 3-5. The coupled gate voltage on the GCNMOS during ESD stress can be controlled by
varying the number and the device dimension of stacked diodes (or NMOS). Ideally, with the
gate-voltage-limited diode (or NMOS) string, the coupled gate voltage (Vg) of GCNMOS during
ESD stress can be clamped at Vt x n, whére n and Vit dre the number and the threshold voltage of

the clamping device, respectively.

3.3.2 Gate Voltage Monitor Circuit

To verify the effectiveness of the proposed gate-voltage-limited circuit, a special on-chip gate
voltage monitor circuit is added onto GCNMOS to monitor the coupled gate voltage (Vg) of
GCNMOS during ESD stress. To monitor the gate voltage of GCNMOS under different transient
voltages, the parasitic capacitance in the measurement setup should be minimized. The gate of
GCNMOS cannot be directly connected to a bond pad or a voltage probe because the parasitic
capacitance of the bond pad and the measurement instrument will affect the quantity of the
coupled gate voltage on GCNMOS during ESD transition to cause the monitored gate voltage
different from the practical cases. The special gate voltage monitor circuit is made up of an
on-chip NMOS Mn2 and an external resistor Rey, as shown in Fig. 3-6. The device dimension
(W/L) of Mn2 is 10 um/1 um and the resistance of Rey is 1 k€. The gate of Mn2 and the gate of

GCNMOS (Mn1l) are connected together, and the drain of Mn2 is biased at 3 V through Rey. By
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using this gate voltage monitor circuit, the parasitic capacitance from Mn2 that affects the quantity
of coupled gate voltage on GCNMOS is small enough to be negligible.

With the gate voltage monitor circuit, the coupled gate voltage of GCNMOS can be monitored
through the drain voltage of Mn2 (indicated as Ve in Fig. 3-6). When a voltage pulse is applied to
the pad, the gate voltage of GCNMOS is coupled high through the capacitor C. If the gate voltage
of GCNMOS, which is the same potential of the gate voltage of Mn2, is not lifted greater than the
threshold voltage of Mn2 (Vtymz), Mn2 is kept off and Ve voltage is biased at 3 V through Rey.
When the gate voltage of GCNMOS is coupled higher than Vtymz, Mn2 is turned on to drop the
potential on Vg from 3 Vto (3 V — Iynz x 1 kQ), where Iy is the current flowing through Mn2.
Vg can be figured out with the help of HSPICE simulation because the gate voltage of an NMOS
device is a function of its drain current. Therefore, the gate voltage of GCNMOS can be estimated
from the V4. voltage of the gate voltage monitor Citcuit and the HSPICE simulation.

Figs. 3-7(a) and 3-7(b) show the measured-results of.the gate voltage monitor circuit on a
GCNMOS without the gate-voltage-limited circuit. As shown in Fig. 3-7(a), when a 10-V voltage
pulse was applied to the pad, the coupled Vg'turned on Mn2 and the voltage on Vg dropped from
3 Vto 1.9 V. Iy can be calculated from (3 V— Vge)/Rext as 1.1 mA. When a 15-V voltage pulse
was applied, because there was no gate-voltage-limited circuit added to the GCNMOS, the coupled
gate voltage of GCNMOS was higher than that when a 10-V voltage pulse was applied. Therefore,
Vet voltage dropped from 3 V to a lower value, 1.2 V, as shown in Fig. 3-7(b), whereas the Iy 1s
calculated as 1.8 mA. From the HSPICE-simulated Id-Vg curve of the gate voltage monitor circuit,
as shown in Fig. 8, GCNMOS without gate-voltage-limited circuit under 10-V and 15-V voltage
pulses has the peak voltages of 1.85 V and 2.45 V, respectively. If no gate-voltage-limited circuit
is added to GCNMOS, the larger ESD voltage pulse results in the higher coupled gate voltage on

GCNMOS to suffer the over-gate-driven effect.

-4 -



3.4. EXPERIMENTAL RESULTS

In this work, the gate-voltage-limited circuit is realized by the stacked diode string or the
stacked NMOS string with different numbers or different dimensions. Every NMOS (diode) in the
stacked NMOS (diode) string has the same device dimension. The GCNMOS is realized with a
3-pF coupling capacitor and an NMOS device (W/L) of 30 um/1.5 um, whose gate is connected to
Vdd. The gate voltage monitor circuit is added to every GCNMOS for further exploring the
effectiveness of the gate-voltage-limited circuit. ESD levels of GCNMOS were measured by
ZapMaster and the tested devices were stressed by three continuous ESD zaps at every ESD test
level under positive-to-VSS mode. The failure criteria of tested devices were judged by the

leakage current over 1 pA under 3.3-V drain bias.

3.4.1. Clamping by NMOS String

To verify the effectiveness of the gate-voltage-limited circuit, voltage pulses with different
pulse heights were applied to GCNMOS with the stacked NMOS string, which consists of two
stacked 50 um/0.35 pum NMOS. When a 10-V voltage pulse with a rise time of 10 ns was applied
to GCNMOS, the Vg voltage dropped from 3 V to 2.3 V with a AV of 0.7 V, as shown in Fig.
3-9(a). When the applied voltage pulse was increased to 20 V, the maximum AV 4 was still 0.7 V,
as shown in Fig. 3-9(b). The applied voltage pulse with a larger pulse height results in a larger
overshooting peak voltage coupled to the gate of GCNMOS. More charges are expected to be
coupled to the gate of GCNMOS when a 20-V voltage pulse was applied on the GCNMOS.
However, the measured AV between Figs. 3-9(a) and 3-9(b) do not increase when the applied
voltage pulse has the larger pulse height. Moreover, the AVqe of 0.7 V represents the Iymz of 0.7
mA and the Vg voltage of 1.5 V, which is smaller than the Vg voltage of 2.45 V when a 15-V
voltage pulse was applied on the GCNMOS without gate-voltage-limited circuit. Thus, the gate

voltage of GCNMOS is successfully clamped by the gate-voltage-limited circuit.
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For the GCNMOS with gate-voltage-limited circuit, the voltage coupled on its gate during
ESD stress can be easily modulated by varying the number of stacked NMOS devices (or diodes).
When the gate-voltage-limited circuits consist of more stacked NMOS devices, it is expected that a
higher coupled voltage will stay on the gate of GCNMOS during ESD stress. Voltage pulses with
20-V pulse height and rise time of 10 ns were applied on GCNMOS with three or five stacked
NMOS devices to measure the clamping voltage across the NMOS strings. When the GCNMOS
has three (five) stacked NMOS devices in the gate-voltage-limited circuit, the measured AV gy 1S
1.4 V (2 V), as shown in Fig. 3-10(a) (Fig. 3-10(b)). From the voltage waveforms shown in Figs.
3-9(b), 3-10(a), and 3-10(b), the gate voltages of GCNMOS with two, three, and five stacked
NMOS devices can be clamped to 1.5 V, 2.1 V, and 2.9 V, respectively, under the stress of a 20-V
voltage pulse.

Since the gate voltage on GCNMOS can be médulated by varying the stacked NMOS devices
(or diodes) in the gate-voltage-limited. Circuit, when a process has devices with thinner gate oxide,
the number of stacked NMOS devices should be decreased to avoid the over-gate-driven effect.
Therefore, the gate-voltage-limited circuit “is portable between different CMOS technologies
without modifying process steps or mask layers. Moreover, with a limited gate voltage on the
GCNMOS during ESD stress, the optimization of gate-coupled design for GCNMOS becomes
simpler.

Ideally, during ESD stress, the gate-voltage-limited circuit can clamp the gate voltage of
GCNMOS at its total cut-in voltage, Vt x n, where n is the number and Vt is the threshold voltage
of NMOS (diode). However, the equation of Vt x n should be modified to [(Vt x n) + (Ion X
Ron)], where Iox is the current flowing through the gate-voltage-limited circuit and Roy is the
turn-on resistance of the NMOS string.

Voltage pulses with 20-V pulse height and rise time of 10 ns were applied on two GCNMOS
with different sizes of stacked NMOS devices in the gate-voltage-limited circuits. Both of the

GCNMOS have three stacked NMOS devices in their gate-voltage-limited circuit. However, one
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of the gate-voltage-limited circuits consists of NMOS string where each NMOS device has device
dimension of 50 um/0.35 um. The other consists of NMOS string where each NMOS device has
device dimension of 20 pum/0.35 pm. When 20-V voltage pulses were applied to the two
GCNMOS, the measured V4 waveforms are shown in Fig. 3-11, where difference of 0.2 V is
found between the Vg voltages. The gate-voltage-limited circuit which consists of NMOS devices
with smaller device dimension results in the lower Vg voltage, and therefore has the larger Iy,
and the higher gate voltage of GCNMOS during ESD stress. This result is owing to the larger
turn-on resistance of smaller NMOS device dimension in the gate-voltage-limited circuit. From the
Id-Vg curve shown in Fig. 3-8, the 0.2 V voltage difference on V4 represents a voltage difference
of 0.15 V on the gate voltage of GCNMOS. In nano-scale CMOS technologies, to limit the gate
voltage of GCNMOS within the small design window, where the over-gate-driven effect is
minimized or nullified during ESD stress, canbe easily achieved by varying the device dimension
and the device number of stacked NMOS (diode) devices in the gate-voltage-limited circuit.

Comparing the MM and HBM ESD stresses, the MM ESD stress with fast transition is more
sensitive to suffer the over-gate-driven effect. The MM ESD levels per square micrometer of
GCNMOS with different NMOS strings are shown 1n Fig. 3-12. For GCNMOS without the NMOS
string, it has the lowest MM ESD level of 490 V. This lowest MM ESD level apparently does not
result from the non-uniform turn-on behavior but the over-gate-driven effect, because the
gate-coupled technique has been applied on the GCNMOS. With the NMOS string, a 30% increase
on the MM ESD level of GCNMOS has been achieved. As shown in Fig. 3-12, the highest MM
ESD level of GCNMOS is increased from 490 V to 645 V.

Comparing the MM ESD levels of GCNMOS with different numbers or different sizes of
stacked NMOS devices, the trend of these curves is consistent with the characteristics of the
gate-voltage-limited circuit. The more number of stacked NMOS devices in the
gate-voltage-limited circuit results in the higher MM ESD level because the higher clamped gate

voltage can further trigger on more fingers of GCNMOS during ESD stress. For the smaller

-27-



NMOS device dimension in the gate-voltage-limited circuit, it has larger turn-on resistance,
resulting in the higher gate voltage to trigger on more fingers of GCNMOS during ESD stress.
Therefore, under the same number of stacked NMOS devices, the NMOS devices with smaller
device dimension in the gate-voltage-limited circuit result in the higher MM ESD level.

When the gate-voltage-limited circuit is composed of five stacked NMOS devices, the clamped
gate voltage of GCNMOS during ESD stress is too high to overcome the over-gate-driven effect.
Therefore, the MM ESD levels degrade again, except for the gate-voltage-limited circuit with the
largest NMOS device dimension of 70 um/0.35 um. The gate-voltage-limited circuit with five
stacked NMOS devices of 70 um/0.35 pm can still protect GCNMOS from the over-gate-driven
effect due to its lowest turn-on resistance to limit the over-coupled gate voltage on GCNMOS
during ESD stress. For GCNMOS under HBM ESD stress which has slow ESD transition due to
the 1.5-kQ) resistor in its discharging pathy ‘every GCNMOS (both with and without the
gate-voltage-limited circuit) can pass-8-kV HBM' ESD ‘stress because the multiple fingers of
GCNMOS with a large device dimension of 600-um/0.35 pim can be uniformly triggered on by the
gate-coupled design.

To further support the effectiveness of the gate-voltage-limited circuit on MM ESD levels
shown in Fig. 3-12, failure analyses on these failed GCNMOS were carried out through the
scanning electron microscope (SEM) images. Fig. 3-13 shows the ESD failure location of
GCNMOS with gate-voltage-limited circuit, which consists of two stacked NMOS devices with
each device dimension of 70 um/0.35 um. Because the over-gate-driven effect is overcome by the
gate-voltage-limited circuit, the drain-substrate junction of the GCNMOS was damaged by MM
ESD stress but its gate oxide is still intact.

When GCNMOS has five stacked NMOS devices with each device dimension of 20 pm/0.35
um, its MM ESD level is degraded, as shown in Fig. 3-12. The SEM image shown in Fig. 3-14(a)
indicates that the gate of this GCNMOS was damaged by the ESD current, supporting the

interpretation that the over-gate-driven effect causes such ESD failure on this GCNMOS. The
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image of its ESD failure location on the gate is enlarged in Fig. 3-14(b).

For GCNMOS with five stacked NMOS devices with each device dimension of 70 um/0.35
pm, its MM ESD level is still increased, as shown in Fig. 3-12. The ESD failure on this GCNMOS
has been found at the drain-substrate junction instead of its gate oxide, indicating that the
over-gate-driven effect can still be overcome due to the lowest turn-on resistance of the NMOS
string with larger device size. Fig. 3-15(b) shows the enlarged image of its ESD failure location on
the drain contacts. From these visual evidences, the effectiveness of the gate-voltage-limited

circuit has been strongly confirmed.

3.4.2 Clamping by Diode String

The other implementation of the gate-voltage-limited circuit in this work is with the diode
string, composed of stacked diodes with differentnumbers and different device dimensions. The
diode string has similar characteristics-to that of the clamping NMOS string. The larger number of
stacked diodes in the gate-voltage-liited circuit will cause the higher clamped gate voltage on
GCNMOS during ESD stress. Turn-on resistance of the stacked diodes should be also finely tuned
to control the gate voltage of GCNMOS during ESD stress.

The MM ESD levels of GCNMOS with different numbers or different device dimensions of
stacked diodes are shown in Fig. 3-16. The larger number and the smaller device dimension of the
stacked diodes in the diode string result in the higher MM ESD level, which has a higher coupled
gate voltage to help the turn-on uniformity of GCNMOS. With the diode string, the highest MM
ESD level of GCNMOS is 645 V, which is a 30% increase compared with that of GCNMOS
without the gate-voltage-limited circuit. When the number of stacked diodes with device
dimension of 2525 pm® in the gate-voltage-limited circuit is increased up to 3, the MM ESD
level becomes saturated, as shown in Fig. 3-16. This implies that somewhat over-gate-driven effect
was initiated in the GCNMOS. If the diode device dimension is enlarged, the MM ESD level

becomes increased again. So, the over-gate-driven effect can be successfully overcome by circuit
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design technique without involving the process modification. The ESD robustness of GCNMOS

can be optimized in different CMOS processes by the proposed circuit design technique.

3.5 CONCLUSION

The effectiveness and the characteristics of the proposed gate-voltage-limited circuit have been
successfully verified. The new proposed ESD design method with the gate-voltage-limited circuit
can successfully prevent the over-gate-driven effect and continually improve the ESD level of
ESD protection circuits with the gate-coupled or gate-driven technique in the sub-quarter-micron
CMOS processes. From the experimental results in a 0.35-um CMOS process, a 30% increase of
MM ESD robustness of GCNMOS has been achieved by adding the gate-voltage-limited circuit to
the GCNMOS. The new proposed portablé design method provides a high flexibility to realize the
gate-voltage-limited circuit in different CMOS processes without process modification to save the

fabrication cost of IC products.
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solve the non-uniform turn-on behavior in the ESD protection NMOS.
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gate-voltage-limited circuit after 600-V MM ESD stress. Each stacked NMOS has device

dimension (W/L) of 20 um/0.35 um. (b) The enlarged image of its ESD failure location.
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dimension (W/L) of 70 um/0.35 pm. (b) The enlarged image of its ESD failure location.
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Chapter 4
Design on Power-Rail ESD Clamp Circuit for 3.3-V 1/0
Interface By Using Only 1-V/2.5-V Low-Voltage Devices

in a2 130-nm CMOS Process

4.1 INTRODUCTION

When CMOS technologies are scaled down toward nanometer generation, the power supply
voltage is also decreased as well to reduce the power consumption. However, some peripheral
components or other ICs on the system board are-still.opetated with the higher voltage levels such as
3.3V to meet the system specification. Therefore, the mixed-voltage I/O design is needed for the
interface of semiconductor chips or sub-systems with different power-supply voltages [30]-[32]. In
such mixed-voltage I/O interfaces, the ESD protection circuits are requested to be designed with
only low-voltage devices of a given technology without suffering the gate-oxide reliability issue
[33], [34]. To achieve a good whole-chip ESD protection scheme for the mixed-voltage I/O
applications, it is required to design the power-rail ESD clamp circuit with only low-voltage devices
that can sustain the high power-supply voltage without suffering the gate-oxide reliability issue [35].
Besides the gate-oxide reliability issue, the standby leakage current of the power-rail ESD clamp
circuit during normal circuit operating conditions is another concern [36], especially for the portable
electronic products. Thus, how to design a turn-on-efficient power-rail ESD clamp circuit with only
low-voltage devices to sustain the high-voltage input signals or the high power-supply voltages
becomes a quite significant challenge to the nano-scale mixed-voltage CMOS ICs.

In this work, a novel power-rail ESD clamp circuit implemented with only 1-V/2.5-V

NMOS/PMOS devices is proposed for application in the 3.3-V I/O interfaces without suffering the
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gate-oxide reliability issue [12]. This new power-rail ESD clamp circuit has an efficient ESD
detection circuit to trigger on the ESD clamp device, so that the turn-on efficiency of the power-rail
ESD clamp device can be substantially increased. The proposed power-rail ESD clamp circuit has
been successfully verified in a 130-nm 1-V/2.5-V CMOS process with excellent ESD protection

capability and extremely low standby leakage current.

4.2 ESD PROTECTION SCHEME FOR 1-V/3.3-V MIXED-VOLTAGE 1/O

INTERFACE

4.2.1 ESD Protection Scheme

For the mixed-voltage I/O applications, there are separated power lines with different power
supply voltages. So, the internal circuits of mixed-voltage ICs are more easily damaged under the
pin-to-pin ESD stress. As a result of 'different power supply voltages, some ESD protection
techniques for ICs with separated power lings; such’as the bi-directional back-to-back diodes [37],
are not applicable. Therefore, the dummy ‘supply. ESD bus has been proposed [38], which is an
effective method to quickly discharge the ESD current away from the internal circuits, especially
under the pin-to-pin ESD stress.

Two modified successful whole-chip ESD protection schemes for 1-V/3.3-V mixed-voltage /O
interfaces are shown in Figs. 4-1(a) and 4-1(b) [39]-[41]. In Fig. 4-1(a), an extra dummy supply line
(marked as Vggp) is added into the chip for cooperation with the power-rail ESD clamp circuit to
achieve ESD protection in the I/O pad with 3.3-V input signals. The ESD current at I/O pads under
positive-to-VSS (PS-mode) ESD stress is discharged through the diode D1 and the power-rail ESD
clamp circuit between Vgsp and VSS power lines. For positive-to-VDD (PD-mode) ESD stress on
I/O pads, the ESD current can be discharged through the diode D1, the power-rail ESD clamp circuit
between Vgsp and VSS power lines, and then the parasitic diode of the power-rail ESD clamp circuit

between the VDD _h and the VSS power lines (the active clamp between VDD 1 and VSS) to the
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grounded VDD h (VDD 1). For VDD h-to-VDD 1 ESD stress, the ESD current is discharged
through the diode D4, the power-rail ESD clamp circuit between the Vgsp and the VSS power lines,
and then the parasitic diode of the active clamp between VDD 1and VSS power lines.

The whole-chip ESD protection scheme shown in Fig. 4-1(a) can be applied to the ICs with
power-down mode circuit operation [41], which is an important power-saving technology in
nowadays SOC or portable devices. The diode D4 between the VDD h power line and the Vgsp
dummy supply line can prevent the circuit, which has entered the power-down mode, being
awakened by the input signal at I/O pads. For generic ICs without specific circuit functions such as
the power-down mode operation, the whole-chip ESD protection scheme shown in Fig. 4-1(a) can be
further simplified to Fig. 4-1(b). In Fig. 4-1(b), the extra bond pad for external 3.3-V power supply
(marked as VDD h) is optional, depending on the system specification and the circuit requirement.
For circuits without external 3.3-V power supply pins; the VDD _h line shown in Fig. 4-1(b) can be
treated as a dummy supply line and the €xtra bond pad is dispensable.

In these successful designs, the power-rail ESD clamp-circuits must sustain the high-voltage
(3.3-V) stress in the mixed-voltage 1/O interfaces during normal circuit operating conditions without
the gate-oxide reliability issue. About the active clamp for the internal circuits shown in Figs. 4-1(a)
and 4-1(b), it can be realized by the traditional RC-based ESD detection circuits with 1-V devices

[18].

4.2.2 Review on High-Voltage-Tolerant Power-Rail ESD Clamp Circuit

With the increasing demand for the mixed-voltage I/O interface circuits, several prior arts about
the high-voltage-tolerant power-rail ESD clamp circuits had been reported, such as the diode string,
the stacked-PMOS clamp with voltage divider, and the stacked-NMOS configuration [33]-[35],
[42]-[45]. Because the forward-biased p-n junction diode can sustain quite high ESD current
without the gate oxide reliability issue, the diode string with multiple stacked diodes had been

developed to protect the mixed-voltage I/O [45], or as the power-rail ESD clamp circuit [42]-[44].
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However, the main disadvantage of using the forward-biased stacked diodes as the power-rail ESD
clamp circuit is the huge standby leakage current. Fig. 4-2 shows the leakage current path of a
forward-biased diode string in a common p-type substrate. Each diode structure and the grounded
p-substrate form a parasitic p-n-p bipolar junction transistor (BJT). Although the total cut-in
voltage of the diode string can be increased by increasing the number of stacked diodes, these
parasitic p-n-p BJTs still provide a leakage current path I pax under normal circuit operating
conditions. The Darlington beta gain makes the leakage current of the parasitic BJTs increase
dramatically at high operating temperature [46]. To reduce the leakage current of the diode string,
especially for ICs operating under the high temperature condition, some modified designs, such as
the Cladded diode string, Boosted diode string, and Cantilever diode string, were reported in [43].
An improved design by using SCR device to stop the leakage current through the diode string was
also reported to achieve an ultra low leakagelevel itr the high temperature condition [46].

Since the gate-oxide reliability issue results from the. over-induced electric field across the
gate-drain, gate-source, and gate-bulk terminals of MOSFET devices, the voltage divider that
divides the high power-supply voltage (Vec)to be 1/3Vecror 2/3Vec is incorporated to some of the
ESD protection circuits to reduce the voltage across the gate-drain, gate-source, and gate-bulk
terminals [35]. The voltage divider is useful to avoid the gate-oxide reliability issue but the divider
itself provides a standby current path from the power supply to ground, causing leakage current in
the order of several micron-amps. In [35], the leakage current of the stacked-PMOS ESD
protection circuit under 25°C (125°C) and 3.3-V power supply voltage is roughly 0.8uA (8uA),
which could be still too large for most portable microelectronic products and low-power IC
products.

Another well-known and widely used high-voltage-tolerant structure is the stacked-NMOS
configuration [33], where the top gate of the stacked-NMOS is biased at a relatively low voltage to
drop the drain voltage of the bottom NMOS and to safely meet the reliability limitation during

normal circuit operating conditions. Unfortunately, the stacked-NMOS has been found to have
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some disadvantages of ESD protection capability, including the non-uniform turn-on behaviors,
slower turn-on speed, and the lower ESD robustness. Therefore, to uniformly and quickly turn on
the stacked-NMOS in the mixed-voltage I/O buffers under ESD stress conditions, some ESD
detection circuits are therefore developed to trigger the stacked-NMOS [47], [48]. In this work, a
novel low-leakage power-rail ESD clamp circuit, which contains a high-voltage tolerant ESD
detection circuit to substantially increase the ESD protection efficiency of stacked-NMOS, is

proposed.

4.3 NOVEL POWER-RAIL ESD CLAMP CIRCUIT FOR HIGH-VOLTAGE

APPLICATIONS

The novel power-rail ESD clamp circuit which-contains ESD clamp device and ESD detection
circuit is shown in Fig. 4-3, where thé ESD clamp device is realized by a substrate-triggered
stacked-NMOS (STNMOS). The new proposed powet-rail ESD clamp circuit is realized with only
1-V and 2.5-V devices to operate at 3.3-V' /O interface without the risk of gate oxide reliability.
Under normal circuit operating conditions, the ESD detection circuit is inactive and doesn’t interfere
with the functions of internal circuits. But, it is active to provide the substrate-triggered current to
quickly trigger on the STNMOS device under ESD stress conditions. The STNMOS is formed by
two stacked NMOS transistors with 2.5-V gate oxide in the 130-nm 1-V/2.5-V CMOS process. The
gate of the top NMOS transistor of STNMOS is biased at VDD | of 1V through a resistor, and that
of the bottom NMOS transistor is directly connected to VSS. The voltage level at the shared N+
diffusion region between the top and bottom NMOS transistors of STNMOS device will be kept at
VDD-Vth during normal circuit operating conditions, where Vth is the threshold voltage of the
2.5-V NMOS transistor. Therefore, the STNMOS is free from the gate-oxide reliability issue under
high power-supply voltage VDD h of 3.3V. The ESD detection circuit is formed by Mp1, Mp2, and

C of 2.5-V PMOS devices, Mnl of 1-V NMOS device, Mn2 of 2.5-V NMOS device, an N-Well
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resistor R1, and a poly resistor R2. The selected device dimensions of the proposed ESD detection

circuit in this work is listed in Table 4.1.

4.3.1 Circuit Operation under Normal Power-on Transition

When the 3.3-V VDD h and 1-V VDD 1 have been powered on, the gate of Mpl (node 1 in Fig.
4-3) is biased at 3.3V through the resistor R1, and the gate of Mp2 is biased at 1V through the
resistor R2 of 1kQ. With a gate-to-source bias of 0V, the Mpl should be kept off. With a
gate-to-source bias of 1V, the Mnl is turned on. So, no trigger current will be generated from the
ESD detection circuit into the trigger node (node 3 in Fig. 4-3) of the STNMOS. The turned-on Mnl
can guarantee the off-state of STNMOS during normal circuit operating conditions. Because the gate
of Mp2 is biased at VDD 1 through the resistor R2, the drain voltage of Mpl (node 2 in Fig. 4-3) is
kept at (1V+|Vtp|), where Vtp is the threshold voltage of the 2.5-V PMOS transistor. By such
arrangement, all low-voltage devices ifi the new proposed power-rail ESD clamp circuit are free
from the gate-oxide reliability issue unider normal circuit operating conditions with VDD h of 3.3V
in the mixed-voltage I/O interfaces. Fig: 4-4°shows the Hspice-simulated voltages on nodes of the
ESD detection circuit. In this simulation, the VDD h and VDD 1 are respectively powered-on to
3.3V and 1V with a simultaneous rise time of 1ms. The Hspice-simulated results show that the
voltages across the gate-drain, gate-source, and gate-bulk terminals of every device do not exceed
the process limitation. Moreover, the gate voltage of PMOS Mpl in the ESD detection circuit with
the selected R1-C value can follow up the power-on transition of VDD h to turn off the PMOS

Mpl.

4.3.2 Circuit Operation under ESD Transition
When ESD transient voltage is applied to VDD h with VSS relatively grounded, the gate of Mpl
(node 1 in Fig. 4-3) is initially kept at a low voltage level (around 0V) due to the RC delay of R1 and

C in the ESD detection circuit. The VDD _1 node is initially floating with an initial voltage level of
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0V, before the ESD voltage is applied across VDD h and VSS. Some ESD transient voltage would
be coupled to VDD 1 through the parasitic capacitance when ESD stress is zapped on VDD _h, but
the R2 and the parasitic capacitance at the gates of Mnl and Mp2 will keep the gate of Mp2 at OV
for a long time period. So, Mp1 and Mp2 with initial gate voltages at ~0V can be quickly turned on
by the ESD energy to generate the trigger current into the trigger node (node 3 in Fig. 4-3) of
STNMOS. As long as the base-emitter voltage of the lateral n-p-n BJT inherent in the STNMOS
device is greater than its cut-in voltage of ~0.7V, the STNMOS can be triggered on to discharge
ESD current from VDD h to grounded VSS. Fig. 4-5 shows the Hspice-simulated voltages and
current of the ESD detection circuit under ESD transition. A 0-to-7V ESD-like voltage pulse with
rise time of 10ns is applied to the VDD _h to simulate the ESD transition before junction breakdown
on the devices. The Hspice-simulated results show that the gate voltage of Mpl1 is kept low due to
the time delay of R1 and C. The PMOS Mpliand Mp2 can provide the substrate-triggered current
larger than 60mA within 10ns when the’0-to-7V transient voltage is applied to VDD h. By selecting
the device dimensions, the substrate-triggered curtent can be-designed to meet different applications
or specifications. The time constant of R1.and C should be designed around the order of ~ 1us to
distinguish the power-on transition (with a rise time of several milliseconds) from the ESD transition
(with a rise time of several nanoseconds) [18].

If Mnl is turned on during ESD transition by unexpected coupling effect to its gate through the
parasitic capacitance in the layout, the base voltage of the lateral BJT could be pulled down to zero
to turn off the lateral BJT in the STNMOS device. To avoid such possible condition during ESD
transition, the Mn2 is added in the ESD detection circuit to keep the gate of Mnl and Mp2 at 0V,
when the base voltage of lateral BJT in the STNMOS device is charged up by the current flowing

through Mp1 and Mp2.
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4.4 EXPERIMENTAL RESULTS

The proposed power-rail ESD clamp circuit has been designed and fabricated in a 130-nm
1-V/2.5-V CMOS process. The stand-alone STNMOS with the same device dimension and layout
has been also fabricated in the same chip for reference. In the test structures, all the STNMOS
devices are salicide-blocked whereas all the ESD detection circuits are fully salicided. The
snapback I-V characteristic curve of a stand-alone STNMOS device with 2.5-V gate oxide is
measured by Tek370 curve tracer and shown in Fig. 4-6. The measured 2.5-V STNMOS has a
bipolar trigger voltage (Vtl) of 11.7V and a holding voltage larger than the high power-supply
voltage (3.3V). Therefore, the stand-alone STNMOS is not a good power-rail ESD clamp device
due to its high bipolar trigger voltage. In this section, the experimental results will show that the
new proposed ESD detection circuit canseffectively lower the Vtl and substantially increase the
ESD robustness of STNMOS. Moregver, the experimental results also show that the proposed
ESD detection circuit can successfully: distinguish the normal power-on transition and the ESD
transition. Therefore, ICs with the new proposed high-voltage-tolerant power-rail ESD clamp

circuit have no risk of latch-up issue.

4.4.1 Standby Leakage Current

To save the power consumption of portable devices or low-power applications, especially chips
that are driven by small batteries, the standby leakage current becomes one of major concerns [36].
The measured leakage currents of the fabricated power-rail ESD clamp circuit under different
temperatures are shown in Fig. 4-7, where the STNMOS is drawn with a device dimension (W/L)
of 300um/0.3um. Under normal circuit operating conditions with VDD 1 of 1V and temperature
of 25°C, the leakage current of the power-rail ESD clamp circuit at VDD h of 3.3V is 283pA,
whereas the leakage current of the stand-alone STNMOS is 153pA. If the temperature is increased

to 125°C, the leakage current of the power-rail ESD clamp circuit (the stand-alone STNMOS) is
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increased to 19.8nA (11.3nA) under VDD h of 3.3V. With a leakage current of ~20 nA under the
temperature of 125°C, it is quite small as comparing to those of the prior arts. Table 4.2
summarizes the comparison on the leakage current between the new proposed power-rail ESD
clamp circuit and the prior arts [35], [46]. In [35], the ESD clamp device, stacked-PMOS, has a
total device width of 4000um to get a high ESD robustness at the cost of ~8uA standby leakage
current and larger silicon area. From the viewpoint of leakage current per silicon area of ESD
clamp devices, the new proposed design of this work is superior to those of the prior arts in the
aspect of standby leakage current. In [43], diode strings were fabricated on p-substrate with
epitaxial layer, which can suppress the beta gain of parasitic BJT and therefore reduce the overall
leakage current of diode strings. However, epitaxy is a quite costly process step, so that most
consumer IC products are not fabricated on epitaxial substrate if they have to compromise with
their costs. Therefore, diode strings fabricated on a'0.35-um CMOS process without epitaxial layer
in [46] is compared with the proposed design of this work instead of diode strings in [43].
Comparing to the prior arts, this new proposed power-rail ESD clamp circuit has no standby
current path in the voltage divider circuits from high-voltage power supply to ground, so that it has

very small leakage current in the order of ~nA under high temperature condition.

4.4.2 Turn-on Verification

One of the main benefits of the new proposed power-rail ESD clamp circuit is to enhance the
turn-on speed of ESD clamp device (STNMOS) during ESD stress conditions. The turn-on speed
of the STNMOS device with or without ESD detection circuit is measured in Fig. 4-8, where a
voltage pulse with pulse height of 20V and rise time of 10ns is applied to the VDD _h. The time to
clamp the 20-V voltage pulse to the holding voltage level (~5.8V) by the stand-alone STNMOS
device is about ~20ns, as shown in Fig. 4-8. Moreover, the overshooting peak voltage of the
stand-alone STNMOS in Fig. 4-8 is about ~13V, which could be higher than the gate-oxide

breakdown voltage of the low-voltage devices in the internal circuits. On the contrary, the 20-V
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voltage pulse can be quickly clamped by the STNMOS with ESD detection circuit to a low voltage
level without overshooting. This result verifies that the turn-on speed of the STNMOS can be
indeed improved by the proposed ESD detection circuit. The clamped voltage level will be limited
by the snapback holding voltage of the STNMOS device, after the lateral n-p-n BJT in the
STNMOS device is triggered on by the ESD detection circuit. From the measured voltage
waveforms in Fig. 4-8, the excellent turn-on efficiency of the new proposed power-rail ESD clamp
circuit has been successfully verified. Therefore, the internal circuits can be effectively protected
by the new proposed power-rail ESD clamp circuit in cooperation with the whole-chip ESD
protection schemes shown in Fig. 4-1.

To verify the effectiveness of the ESD detection circuit in the proposed power-rail ESD clamp
circuit, a measurement setup is shown in the inset of Fig. 4-9 to observe the substrate-triggered
current. In the specially drawn testchip, the.output node of a stand-alone ESD detection circuit is
also connected to another pad. The substrate trigger node of a stand-alone STNMOS is connected
to a pad. In the circuit board, the output node of a stand-alone ESD detection circuit is connected to
the substrate trigger node of a stand-alone STNMOS by-a wired line. A current probe is used to
measure the transient current flowing through this wired line. With such measurement setup, the
measured substrate-triggered current generated by the ESD detection circuit under 0-to-7V voltage
pulse with a rise time of 10ns on the VDD h pin is shown in Fig. 4-9. The substrate-triggered
current almost simultaneously appears with a peak current of ~43mA, when the 0-to-7V voltage
pulse is applied to VDD _h pin. So, the STNMOS with ESD detection circuit can be quickly
triggered on to clamp the overstress ESD voltage, as the clamped voltage waveform shown in Fig.
4-8. After 800ns, the voltage at the gate of the PMOS Mpl follows up the given 0-to-7V voltage
transient. Therefore, the ESD detection circuit is turned-off and the measured trigger current drops
to zero. The timing for the gate voltage of Mpl1 to follow up the transient voltage applied to VDD h
pin can be controlled by changing the R1 and C values and is designed to distinguish between the

power-on transition and the ESD transition.
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4.4.3 ESD Robustness

The TLP-measured I-V curves of the STNMOS with the proposed ESD detection circuit under
different device dimensions are shown in Fig. 4-10. These I-V curves have no snapback
phenomenon, as that is often seen in the gate-grounded NMOS. Because the ESD detection circuit
can provide large enough substrate-triggered current, as shown in Fig. 4-9, the STNMOS can be
directly triggered into its holding region without snapback switching. So, the turn-on speed of the
proposed power-rail ESD clamp circuit can be significantly improved to effectively protect the
internal circuits with low-voltage devices and thin gate oxide [49]. In addition to the improvement
on turn-on speed, the substrate-triggered technique can also improve the turn-on uniformity to
enhance ESD robustness of the ESD protection devices. The ESD current can be distributed into
deeper substrate region of the STNMOS device for better heat dissipation by the
substrate-triggered technique [9]. As compating!to, the stand-alone STNMOS, the secondary
breakdown current (It2) of STNMOS undet device, dimensions (W/L) of 300um/0.3pm and
400pum/0.3um can be increased from-2.8A to 3:1A and from 3.7A to 4.3A, respectively, by the
new proposed ESD detection circuit. Moreover, because the STNMOS is uniformly turned on, the
larger device dimension of STNMOS results in a smaller turn-on resistance and a better pulsed I-V
response. Therefore, to have a smaller clamped voltage under the same ESD current, the STNMOS
with larger device dimension should be chosen when the internal circuits are implemented with the
low-voltage devices [49].

The human-body-model (HBM) [15] ESD robustness and the machine-model (MM) [16] ESD
robustness of the STNMOS devices with the ESD detection circuit are also greatly increased as
compared with that of the stand-alone STNMOS devices. The HBM and MM ESD levels are
measured by KeyTek ZapMaster and the devices are judged ESD failure if their I-V characteristic
curves shift over 20% after three continuous ESD zaps at every ESD test level. The TLP-measured
It2 value, the HBM and MM ESD levels of the STNMOS with and without the ESD detection

circuit are compared in Table 4.3.
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4.4.4 Failure Analysis

The experimental results have shown that the ESD robustness of STNMOS can be substantially
increased by the proposed ESD detection circuit. Failure analyses carried out by OBIRCH [50] and
SEM images provide the visual evidence for the proposed ESD detection circuit to uniformly
trigger on the ESD clamp device, STNMOS.

Fig. 4-11 shows the ESD failure location of a STNMOS (400um/0.3um) with ESD detection
circuit after 325-V MM ESD stress. When ESD transient events occur, the ESD detection circuit
conducts the initial ESD current to trigger the STNMOS. After the STNMOS device is turned on, it
provides a path with low resistance to conduct ESD current to ground, so that most of ESD current
is discharged through the STNMOS. Therefore, the ESD damage of the STNMOS with ESD
detection circuit locates on the STNMOS device instead of the ESD detection circuit, as the
OBIRCH image shown in Fig. 4-11(a). The SEM'ifnage of this ESD-damaged STNMOS with ESD
detection circuit is shown in Fig. 4-11(b), indicating that the STNMOS is uniformly turned on with
the help of the ESD detection circuit. About the stand-alone: STNMOS (400um/0.3um) after 175-V
MM ESD stress, the SEM image indicates that it is not uniformly turned on among the fingers of
the STNMOS, as shown in Fig. 4-12(a). The ESD damage of this stand-alone STNMOS only
locates within some region of one finger. Fig. 4-12(b) shows the enlarged image of the ESD failure
location indicated in Fig. 4-12(a).

The STNMOS devices (400um/0.3um) zapped by HBM ESD stress have similar failure results
to those zapped by MM ESD stress. Fig. 4-13 reveals the localized ESD damage of the stand-alone

STNMOS due to non-uniform turn-on behavior after 1.5-kV HBM ESD stress.

4.4.5 Silicon-Controlled-Rectifier (SCR) as ESD Clamp Device
The silicon-controlled-rectified (SCR), which is composed of cross-coupled n-p-n and p-n-p
BJTs with regenerative feedback, has been found to play an important role for ESD protection in

very deep sub-micron CMOS technologies. However, main concerns of the SCR device as ESD
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clamp device are the slow turn-on speed and the higher switching voltage (Vtl). The
substrate-triggered technique has been reported as an effective method to lower the Vtl and to
increase the turn-on speed of SCR devices [51]. Therefore, as another choice of high-voltage
tolerant ESD clamp device, the ESD detection circuit in this work was applied on triggering the
substrate of SCR devices. The SCR devices, both stand-alone and substrate-triggered, are in series
with three diodes to increase its overall holding voltage to 3.8V to avoid the latch-up issue. The
TLP measured I-V curves of SCR with or without the proposed ESD detection circuit are shown in
Fig. 4-14. In Fig. 4-14, the stand-alone SCR has a Vtl as high as 15.9V, which is unqualified for
protecting internal circuits during ESD transition. With the proposed ESD detection circuit, the
Vtl can be greatly lowered to 5.6V. When the substrate-triggered SCR is 30um in width, the
measured It2 is ~ 3.4A. It is increased to be greater than 6 A when the substrate-triggered SCR is
90um in width. As a result of the lowered .Vtl ‘and the increased turn-on speed, SCR device with
the proposed ESD detection circuit is-also an useful:power-rail ESD clamp circuit to the 3.3-V

mixed-voltage I/O interfaces.

4.5 CONCLUSION

A new power-rail ESD clamp circuit realized with low-voltage devices for 1-V/3.3-V
mixed-voltage I/O interface has been successfully verified in a 130-nm 1-V/2.5-V CMOS process.
As comparing to the stand-alone STNMOS, the turn-on speed of the STNMOS can be effectively
improved by the proposed ESD detection circuit. As well as, its HBM (MM) ESD level can be
improved from 1kV (150V) to 3.75kV (250V) for the STNMOS with a device dimension (W/L) of
300pum/0.3um. The ESD detection circuit has also shown significant help on lowering the Vtl of
SCR devices. This new proposed power-rail ESD clamp circuit with the advantages of very low

leakage current, fast turn-on speed, higher ESD robustness, and no gate-oxide reliability issue is an
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excellent ESD protection solution to the mixed-voltage I/O interface with high-voltage input/output

signals.

-57-



TABLE 4.1

DEVICE DIMENSIONS OF THE ESD PROTECTION CIRCUIT IN THIS WORK

Device parameter (each finger) | Number of fingers

Mp1 30 pm/0.28 pm 4
Mp2 30 pm/0.28 pm 4
Mnl 20 pm/0.28 pm 1
Mn2 10 pm/0.28 pum 1

C 20 pm/3.5 pm 4

R1 50 kQ

R2 1 kQ

TABLE 4.2

LEAKAGE CURRENT OF PRIOR ARTS AND THE NEW PROPOSED POWER-RAIL ESD CLAMP CIRCUIT

ESD ROBUSTNESS OF STNMOS DEVICES

Temperature Number of Operating
250C 125°C diodes voltage
pure diode string 1245 pA | 3.45 mA 6 33V
Cladded diode string 35pA 3.33 mA 6 33V
Boosted diode string | 44.03 pA | 0.61 mA 8 33V
Cantilever diode string | 4.96 pA | 1.25 mA 6 33V
stacked-PMOS clamp | ~0.8puA | ~3pA 33V
this work 283 pA 19.8 nA 33V
TABLE 4.3

WITH OR WITHOUT THE NEW PROPOSED ESD DETECTION CIRCUIT

s HBM ESD Level (kV) MM ESD Level (V) It2 Level (A)
WL without with without with without with
(Pm/pm) detection | detection detection detection detection detection
circuit circuit circuit circuit circuit circuit
300/0.3 1 3.75 150 250 2.8 3.1
400/0.3 1.5 5 175 325 3.7 4.3
600/0.3 6.5 375 52
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Chapter 5

Conclusion and Future Work

5.1 CONCLUSION

In this thesis, two practically verified ESD protection designs are proposed and verified. In the
first design, the gate-voltage-limited circuit, proposes a solution to the over-gate-driven effect.
This design is fabricated and verified in a 0.35-um CMOS process. From the experimental results,
the over-induced gate voltage during ESD transition can considerably lower the ESD robustness of
the ESD protection NMOS. The proposed. gate-véltage-limited circuit can substantially increase
the ESD robustness of over-driven.devices.- The ‘proposed design fits to different CMOS
technologies and does not need to modify or incréase the process steps or mask layers.

The second proposed design in this thesis, @ power-rail ESD clamp circuit with only low-voltage
devices that are specially design to be operated under 1-V/3.3-V mixed-voltage environments, is
verified in a 130-nm 1-V/2.5-V CMOS process. The proposed power-rail ESD clamp circuit is fast
responsive to ESD events, uniformly triggered during ESD transition, and tolerable to
high-operating voltage without the gate-oxide reliability issue. Experimental results show
extremely low standby leakage current of this power-rail ESD clamp circuit with high ESD
robustness. This design provides a high-voltage tolerant solution to the mixed-voltage 1/0O

applications.
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5.2 FUTURE WORK

To further support the mixed-voltage I/O applications, an ESD protection designs with only 1-V
or 1.2-V low-voltage devices that can stand 2.5-V or 3.3-V VDD power supply voltages is a work
in need. It can further reduce the cost, increase the production yield, increase the circuit
performance, etc. Furthermore, with the increasing complexity of chip functions, a high-voltage
tolerant ESD protection circuit for mixed-voltage I/O application will be another work in
necessary. As the process progresses, devices of internal circuits become more fragile, so that the
high-voltage tolerant ESD protection circuit should have properties including fast turn-on speed,

low turn-on resistance, and high noise immunity.
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