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Department of Electronics Engineering and Institute of Electronics

National Chiao Tung University

Abstract

With the era of the advanced nanoscale CMOS 'technology and the development of
system-on-chip (SoC) application, -electrostatic-discharge (ESD) protection has become a
tough challenge on the product reliability.of CMOS integrated circuits. ESD protection must
be taken into consideration during the design phase of all IC products. In order to prevent the
ESD failures and damages in IC products, all pads which connect the IC and the external
world need to be provided with ESD protection circuits, including the input/output (I/O) pads,
VDD pads, and VSS pads. However, the ESD protection devices at the I/O pads inevitably
cause parasitic effects on the signal path. If the parasitic effects on the signal path are too
large, the circuit performance will be seriously degraded. In other words, the parasitic effects
which are induced by ESD protection on the signal paths need to be minimized, especially in
analog I/O interface circuits and internal transmission interface circuit between separated
power domains. The power-rail ESD clamp circuit is an efficient design to achieve
whole-chip ESD protection in IC products. It not only can enhance ESD robustness of
VDD-to-VSS ESD stress, but also can significantly improve ESD robustness of the ESD
stresses between input/output and VDD/VSS or pin-to-pin combinations. A turn-on efficient
power-rail ESD clamp circuit between VDD and VSS is co-constructed into the analog ESD

protection circuit to improve the overall ESD level of the analog I/O interface circuits.



Moreover, the ESD issues of interface circuits between separated power domains also can be
solved by turn-on efficient power-rail ESD clamp circuit cooperated with active
cross-power-domain ESD protection designs. With efficient on-chip ESD protection designs,
the integrated circuits with nanoscale CMOS technology can be safely used and provide
moderate life time.

NMOS-based power-rail ESD clamp circuits with gate-driven mechanism have been
widely used to obtain the desired ESD protection capability. All of them are usually based on
a similar circuit scheme with multiple-stage inverters to drive the main ESD clamp NMOS
transistor with large device dimension. In Chapter 2, the designs with 3-stage-inverter and
1-stage-inverter controlling circuits have been studied to verify the optimal circuit schemes in
the NMOS-based power-rail ESD clamp circuits. Besides, the circuit performances among
the main ESD clamp NMOS transistors drawn in different layout styles cooperated with the
controlling circuit of 3-stage inverters or I-stage inverter are compared. Among the
NMOS-based power-rail ESD clamp circuits, an abnormal latch-on event has been observed
under the EFT test and fast power-on_cendition.. The root cause of this latch-on failure
mechanism has been clearly explained bysthesemission microscope with InGaAs FPA
detector.

Besides controlling circuit in NMOS-based power-rail ESD clamp circuit, a power-rail
ESD clamp circuit with a new preposed ESD-transient detection circuit of ultra small
capacitor has been presented and verified to possess a long turn-on duration and high turn-on
efficiency in chapter 3. In addition, the power-rail ESD clamp circuit with the proposed
ESD-transient detection circuit also showed an excellent immunity against the mis-trigger
and the latch-on event under the fast power-on condition.

In chapter 4, a novel SCR design with “initial-on” function is proposed to achieve the
lowest trigger voltage and the highest turn-on efficiency of SCR device for effective on-chip
ESD protection. Without using the special native device (NMOS with almost zero or even
negative threshold voltage) or any process modification, this initial-on SCR design is
implemented by PMOS-triggered SCR device, which can be realized in general CMOS
processes to enhance the applications of SCR devices for deep-submicron or nanoscale
CMOS technology. This initial-on SCR design has a high enough holding voltage to avoid
latchup issues in a VDD operation voltage of 2.5 V. The new proposed initial-on ESD
protection design with PMOS-triggered SCR device has been successfully verified in a
fully-silicided 0.25-um CMOS process.

In chapter 5, the channel length of the embedded MOS transistor in the MOS-triggered
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SCR device has been demonstrated to dominate the trigger mechanism and current
distribution to govern the trigger voltage, holding voltage, on resistance, second breakdown
current, and ESD robustness of the MOS-triggered SCR device. MOS-triggered SCR devices
have been reported to achieve efficient on-chip ESD protection in deep-submicron or
nanoscale CMOS technology. The embedded MOS transistor in the MOS-triggered SCR
device should be optimized to achieve the most efficient ESD protection in advanced CMOS
technology. In addition, the layout style of the embedded MOS transistor can be adjusted to
improve the MOS-triggered SCR device for ESD protection.

In chapter 6, different ESD protection schemes have been investigated to find the
optimal ESD protection design for analog I/O buffer in a 0.18-um 1.8-V and 3.3-V CMOS
technology. Three power-rail ESD clamp devices, which are gate-driven NMOS,
substrate-triggered field-oxide device (STFOD), and substrate-triggered NMOS (STNMOS)
with dummy gate, are used for power-rail ESD clamp circuits to compare the protection
efficiency in analog I/O applications. From the experimental results, the pure-diode ESD
protection devices and the power-rail ESD i¢lamp, circuit with gate-driven NMOS are the
suitable design for analog I/O buffer in thep0.18-pum CMOS process. Each ESD failure
mechanism was inspected by SEM:photograph in'all analog I/O pins. An unexpected failure
mechanism was found in the analog I/O pins with pure=diode ESD protection design under
ND-mode ESD stress. The parasitic'npn bipolar transistor between ESD clamp device and
guard ring structure was triggered to discharge the ESD current and cause damage under
ND-mode ESD stress.

Chapter 7 presents several complex ESD failure mechanisms in the interface circuits of
an IC product with multiple separated power domains. In this case, the MM ESD robustness
can not achieve 150 V in this IC product with separated power domains, although it can pass
the 2-kV HBM ESD test. The ND-mode MM ESD currents were discharged by circuitous
current paths through interface circuits to cause the gate oxide damage, junction filament, and
contact destroy of the internal transistors. The detailed discharging paths of ND-mode ESD
failures were analyzed in this paper. In addition, some ESD protection designs have been
illustrated and reviewed to further comprehend the protection strategies for
cross-power-domain ESD events in chapter 7. Moreover, one new active ESD protection
design for the interface circuits between separated power domains has been proposed and
successfully verified in a 0.13-um CMOS technology. The HBM and MM ESD robustness of

the separated-power-domain interface circuits with the proposed active ESD protection
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design can achieve over 4 kV and 400 V, respectively.

Chapter 8 concludes the achievement in this dissertation, and suggests several future
works in this research field. In this dissertation, several novel designs have been proposed in
the aforementioned research topics. Measured results of fabricated test chips have
demonstrated the performance improvement. The achievement of this dissertation has been
published in several international journal and conference papers. Several innovative designs

have been applied for patents.
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Chapter 1

Introduction

In this chapter, the background and the organization of this dissertation are discussed.
First, the main concerns of electrostatic discharge (ESD) protection design for integrated
circuits in deep-submicron and nanoscale complementary metal-oxide-semiconductor
(CMOS) processes are introduced. Secondly, the ESD protection design for analog
input/output (1/0) interface circuits and the cross-power-domain ESD issues of CMOS
integrated circuit (IC) products with multiple separated power domains are discussed. Finally,

the organization of this dissertation is described.

1.1. Background of ESD Protection Design for Integrated
Circuits in Advanced CMOS Technologies

With the continuous evolution of. CMOS technology, electrostatic discharge (ESD)
protection has become a tough task on the product reliability of CMOS integrated circuits.
The scaled down device dimension with thinner gate oxide and shallower junction depth in
nanoscale CMOS technology is easily damaged by ESD stress. The ESD specification of
commercial 1C products are generally required to be higher than 2 kV in human-body-model
(HBM) [1] and 200 V in machine-model (MM) [2] ESD stresses. The ESD-test pin
combinations are shown in Fig. 1.1. ESD stresses may have positive or negative voltages on
an 1/0 pin with respect to the grounded VDD or VSS pin. For comprehensive ESD
verification, the VDD-to-VSS ESD stresses and pin-to-pin ESD stresses had also been
specified to verify the whole-chip ESD robustness, which are shown in Fig. 1.2 and 1.3,
respectively. Therefore, on-chip ESD protection circuits must be added into CMOS ICs to
achieve the required ESD robustness [3]-[5]. A typical design of on-chip ESD protection
circuits is illustrated in Fig. 1.4. The power-rail ESD clamp circuit is an efficient design to
achieve whole-chip ESD protection in IC products [6], [7]. It not only can enhance ESD
robustness of VDD-to-VSS ESD stress, but also can significantly improve ESD robustness of
the ESD stresses between input/output and VDD/VSS [7].
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Fig. 1.2. Pin combinations in VDD-to-VSS ESD tests: (a) positive mode, and (b) negative mode.
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Fig. 1.4. Typical on-chip ESD protection circuits for CMOS ICs.

In general, the power-rail ESD clamp circuit consists of an ESD-transient detection
circuit, a controlling circuit, and a main ESD clamp devices, as shown in Fig. 1.5. The
ESD-transient detection circuit, which is usually implemented by resistor-capacitor (RC)
network, is used to distinguish ESD-stress conditions from normal circuit operation
conditions due to the difference in the rise time between these two conditions [6], [7]. Then,
the controlling circuit implemented by single- or multi-stage inverters cooperates with the
RC-based ESD-transient detection circuit to command the main ESD clamp device into the
on state or the off state under the ESD-stress conditions and normal circuit operation
conditions. The main ESD clamp device is always required to provide a low impedance
discharging path under ESD-stress conditions, while it must be kept off under normal circuit
operation conditions. NMOS transistors have been widely used as the main ESD clamp

device to obtain the desired ESD protection capability.
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Fig. 1.5. Typical design scheme for NMOS-based power-rail ESD clamp circuit with RC-based

ESD-transient detection circuit.

During the positive-to-VDD (RD) mode-and negative-to-VSS (NS) mode ESD stresses,
ESD current is discharged through the forward-biased“Dpl and Dnl, which are parasitic
diodes in gate-VDD PMOS (GD-PMQOS)-transistor; Mp_in, and gate-grounded NMOS
(GG-NMOS) transistor, Mn_in, respectively. To avoid the GD-PMOS and GG-NMOS from
being operated under breakdown condition during the positive-to-VSS (PS) mode and
negative-to-VDD (ND) mode ESD stresses, which results in a substantially lower ESD
robustness, the power-rail ESD clamp circuit is used between VDD and VSS to provide ESD
current paths between the power rails [7]. Thus, ESD current is discharged from the 1/0 pad
through the parasitic forward-biased Dpl in Mp_in to VDD, and discharged to the grounded
VSS pin through the turned-on power-rail ESD clamp circuit during PS-mode ESD stresses,
as shown in Fig. 1.6(a). Similarly, ESD current is discharged from the VDD pin through the
turned-on power-rail ESD clamp circuit and the parasitic forward-biased Dnl in Mn_in to the
I/0 pad during ND-mode ESD stresses, as shown in Fig. 1.6(b). Under VDD-to-VSS ESD
tests, ESD current flows through the power-rail ESD clamp circuit between VDD and VSS.
During pin-to-pin ESD stresses, ESD current flows from the zapped 1/0 pad through the
parasitic forward-biased Dpl in Mp_in, the turned-on power-rail ESD clamp circuit, and the
parasitic forward-biased Dn2 in Mn_out to the grounded 1/O pad, as shown in Fig. 1.6(c).
With the turn-on efficient power-rail ESD clamp circuit, ESD current can be discharged by
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the parasitic forward-biased diodes in GD-PMOS and GG-NMOS transistor to obtain the
higher ESD robustness under all ESD test modes.
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Fig. 1.6. ESD current paths in the typical double-diode ESD protection scheme under (a) PS-mode
ESD stresses, (b) ND-mode ESD stresses, and (c) pin-to-pin ESD stresses.

1.1.1. Issues of ESD-Transient Detection Circuit and Controlling Circuit
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To efficiently protect the core circuits realized with much thinner gate oxide in
nanoscale CMOS technology, some studies had reported the efficient power-rail ESD clamp
circuits with modified circuit designs [8]-[11]. All of them were based on the power-rail ESD
clamp circuits with gate-driven mechanism which was basically implemented by the
RC-based ESD-transient detection circuit with a controlling circuit [6]-[11], as illustrated in
Fig. 1.5. Besides, those previous works also adopted the power-rail ESD clamp NMOS
transistor with no snapback operations to obtain excellent turn-on efficiency. The snapback
phenomenon usually occurs in NMOS transistors, npn bipolar transistors, or silicon
controlled rectifiers (SCRs) under higher voltage and current stress conditions. No snapback
means that the huge ESD current was discharged by the channel current of NMOS transistors.
Therefore, those NMOS transistors in the power-rail ESD clamp circuits were traditionally
drawn with huge channel width of several-thousand micrometer to achieve the required ESD
robustness under no snapback operation. They were often called as Big FET (BFET) in some
previous literatures [8]-[11]. 3-stage inverters, which were adopted as a function of tapered
buffer [12]-[16], usually performed the contrelling.circuit to efficiently turn-on or turn-off the
BFET, which has large capacitive load from:the-NIMQS transistor with a huge channel width
in power-rail ESD clamp circuit. The tapered buffers, which are the multiple inverter stages
with cascaded arrangement, are constantly-applied to drive the large loading capacitance
under a desirable propagation delay and power consumption [12]-[14]. However, such design
concerns are not always appropriate to‘the function of the controlling circuits in the
power-rail ESD clamp circuits because of two main reasons. First, the controlling circuits are
only required to propagate a unity signal, such as logical high or logical low, in order to turn
on the main ESD clamp devices under ESD-stress conditions, but they are not required to
propagate a dynamic signal or alternating logic under normal circuit operation conditions.
Second, the controlling circuits are always biased at the static off state under the normal
circuit operation conditions in the power-rail ESD clamp circuits. Some basic circuit
performances, such as short-circuit dissipation and propagation delay, would not be improved
by the controlling circuits with the tapered buffer arrangement. Therefore, the controlling
circuits with tapered buffer concepts should be unnecessary and even be unsuitable for
power-rail ESD clamp circuits.

In addition, based on the traditional RC-based ESD-transient detection circuit [6], [7],
the RC-time constant which is the product of the resistance (R) and capacitance (C)
essentially dominated the turn-on duration of the main ESD clamp NMOS transistor.

Therefore, the RC-time constant of the RC-based ESD-transient detection circuit should be
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designed to sufficiently achieve a desirable turned-on duration of the main ESD clamp
NMOS transistor. In general, the turn-on duration was adjusted to meet the period of
human-body-model (HBM) ESD event, which is about several hundred nano-seconds (ns) [1].
The extended RC-time constant not only accompanies with the larger layout sizes of the
resistance and capacitance, but also is subject to mis-trigger the main ESD clamp NMOS
transistor under fast power-on applications [10]. Several previous works proposed special
circuit schemes with feedback circuit techniques to extend the turn-on duration under a small
RC-time constant [9], [10], [17]-[19]. However, those feedback circuit designs always
suffered from the latch-on threats under the fast power-on events or the electrical fast
transient noise [20], [21]. Besides, other circuit schemes without feedback circuit techniques,
such as on-time control circuit [9] and multi-RC-triggered [11], also had been presented to
achieve the desirable turn-on duration and to avoid the latch-on threat. But, extra resistors and
capacitors have to be implanted into these designs, which occupying a quite silicon area. In
summary, the circuit scheme of controlling circuit and ESD-transient detection circuit should
be optimized to obtain more efficient and.reliable power-rail ESD clamp circuit in nanoscale
CMOS technology.

1.1.2. Issue of SCR Device as:Main ESD Clamp' Device
In IC products, the on-chip ESD_protection designs are required to provide higher ESD

robustness with smaller layout area to save the chip area. Silicon controlled rectifiers (SCRs)
have been used as on-chip ESD protection devices, because of their superior area-efficient
ESD robustness [22]. However, SCR has some drawbacks, such as higher trigger voltage
(\Vt1), lower turn-on efficiency, and even latchup danger. The traditional 1-V characteristic of
the SCR device is shown in Fig. 1.7. The higher trigger voltage and lower turn-on efficiency
would not efficiently protect the internal circuits in deep-submicron or deep-submicron
CMOS technology. Therefore, the low-voltage-triggered SCR (LVTSCR) was invented to
reduce the trigger voltage of SCR device [23]. Moreover, some advanced circuit techniques
(the gate-coupled [24], substrate-triggered [25], and GGNMOS-triggered [26] techniques)
were also reported to enhance the turn-on efficiency of SCR devices. However, those
modified SCR designs [23]-[26] still function as the initial-off ESD devices. Recently, in
order to further enhance the turn-on speed, the native-NMOS-triggered SCR (NANSCR) has
been reported to achieve more efficient ESD protection for CMOS ICs in a 0.13-um CMOS

technology [27]. In this NANSCR, it uses the special native device to achieve the “initial-on”



function. The native device is the NMOS transistor with the almost zero threshold voltage
(about 0.1 V). It is directly built in a lightly-doped p-substrate, whereas the normal NMOS is
in a heavily-doped p-well in p-substrate CMOS technology. Besides, to keep such NANSCR
in off state when the IC is in normal operation, it needs the on-chip negative-bias generator
[28]. Such extra efforts to realize the NANSCR with negative gate bias for on-chip ESD
protection design would cause some limitation in practical applications of general CMOS ICs.
On the other hand, the lower holding voltages (lower than VDD operation voltage) could
cause latchup triggering by external noise pulses during normal circuit operation conditions.
Several previous studies had been presented to increase the holding voltage during normal
circuit operation conditions, such as dynamic holding voltage SCR (DHVSCR) [29], SCR
devices with stacked diode string [25], and stacked SCR devices [30]. In addition, the
high-current-triggered SCR devices had been proposed to safely protect the internal circuits
without being accidentally triggered on by the electrical noisy pulse during normal circuit
operation conditions [31]. SCR device is susceptible to latchup danger, especially in the
application of power-rail ESD clamp circuit: However, with the scale-down device dimension
in nanoscale CMOS technology, the DD operation veltage is also scaled down in order to
meet the circuit requirement and gate-oxide reliability- If the holding voltage of the SCR
device is greater than the VDD operation. veltage, latchup issue will not occur in such IC
products with nanoscale CMOS technology. Therefore, the SCR device can be more safely

and widely to use as power-rail ESD clamp circuit in nanoscale CMOS technology.
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Fig. 1.7. The design window for ESD protection. The traditional 1-V characteristic of SCR device

can not meet to this ESD protection design window.
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1.2. ESD Issues in Analog I/0O and Multiple Separated Power

Domains Interface Circuits

A conventional ESD protection design for the digital input pin is also shown in Fig. 1.4.
The gate-grounded NMOS (GGNMOS) and gate-VDD PMOS (GDPMOQS) are often
designed with a large device dimension and a wider drain-contact-to-poly-gate layout spacing
to sustain the desired ESD level, typically 2 kV in HBM and 200 V in MM ESD stresses. The
resistor R in the digital input ESD protection circuit is usually included to effectively protect
the gate oxide of input stage. However, the series resistance between the input pad and input
stage is forbidden for current-mode input signals or high-frequency applications. Furthermore,
the series resistance and the large junction capacitance of the ESD clamp devices cause a long
RC delay to the input signals; therefore, such ESD protection circuit is not suitable for analog
I/0 interface circuits [32]. A typical ESD protection design for analog 1/O interface circuit
has been reported, as shown in Fig. 1.8. In order to reduce the input capacitance of the analog
1/0 interface circuits, the N-cell and P-cell are both designed with smaller device dimensions.
However, such small devices can’t sustain high enough ESD level, while the analog pin is
zapped in the positive-to-VSS (PS-mode) or the negative-to-VDD (ND-mode) ESD stress
(the devices operated in the breakdown condition). Therefore, a turn-on efficient power-rail
ESD clamp circuit between VDD. and VSS:was co-constructed into the analog ESD

protection circuit to improve the overalFESD. level of the analog 1/0O interface circuits.
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| Circuit |
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Power-Rail ESD Clamp Circuit VSS
Fig. 1.8. The ESD protection circuit for analog I/0 pin. The protection circuit includes the P-cell,

N-cell, and power rail ESD clamp circuit.



In addition, as the ultra-large-scale-integrated (ULSI) circuits being continually
developed toward system-on-chip (SoC) applications, more and more multiple separated
power domains are used in a SoC IC for specified circuit functions, such as digital/analog
circuit blocks, mixed-voltage circuit blocks, and power management considerations, as
shown in Fig. 1.9. However, the IC products with multiple separated power domains often
have more unexpected current paths during ESD stresses and easily cause damages across
interface circuits between different power domains beyond the ESD protection circuits of 1/0
cells [33]-[37], as presented in Fig. 1.10. Such ESD failures across interface circuits between
different power domains are often difficult to be clearly examined and revised, even with a
lot of failure analysis procedures. Several cross-power-domain ESD protection designs had
been studied and proposed to avoid ESD damages on the interface circuits between two
separated power domains [33]-[38]. The bi-directional diode connection had been generally
used to connect the separated power or ground pins in different power domains, as shown in
Fig. 1.11. The bi-directional diode connection can construct the completely whole-chip ESD
current discharging paths under cross-power-domain ESD stresses [39], [40]. According to
the previous studies [40]-[42], the owverstress;veltages across the interface circuits between
separated power domains easily caused the' ESD damages, such as gate oxide damage,
junction filament, and contact destroy under-cross-power-domain ESD stresses.

VDDM VDDD
I l
Memory Circuit Block Digital
Circuit
l Block
VSSM
VDDA
VDDH
I *
VEED
Analog
Circuit High Voltage VDDR
Block Circuit Block I
RF Circuit Block
| ] T
VSSA VSSH VSSR

Fig. 1.9. The integrated circuits are continually developed toward system-on-chip (SoC)

applications. Multiple separated power domains are used in a SoC IC for specified circuit functions.
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Fig. 1.10. Interface circuits across separated power domains are easily damaged under
cross-power-domain ESD stresses.
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Fig. 1.11. Bi-directional diode connection had been generally used to connect the separated power

or ground pins in different power domains.

When the ESD voltage was applied on the VDD1 and grounded VDD2 under the
cross-power-domain ESD stresses, the ESD current can be discharged from the VDDL to the
VSS1 by the power-rail ESD clamp circuit 1 in the power domain one, from the VSS1 to the
VSS2 through the inserted bi-directional diode connection, and then from the VSS2 to the
grounded VDD2 through the other power-rail ESD clamp circuit 2 in the power domain two,
as the discharged path shown by dashed line in Fig. 1.12(a). The Vh1 and Vh2 are the holding
voltage of the power-rail ESD clamp circuits 1 and 2, respectively. Then, the Vhd is the

holding voltage of the bi-directional diode connection between the separated power domains.
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Among the parameters, the R1, R2, and Rd are the turn-on resistances of the power-rail ESD
clamp circuits 1, 2, and the bi-directional diode connection, respectively. When the ESD
current was conducted by this long discharging path, it would induce the overstress voltage
across the each MOS transistor in interface circuits between separated power domains
[40]-[42]. The induced voltage drops with discharging ESD currents from VDD1 to VDD2 on
each node of the interface circuit had been estimated, as shown in Fig. 1.12(a).

Vh1 + Vh2 + Vhd
\301 +1.,(R1+R2+Rd) o VDD2

:_Internal

| Circuit 2

Clamp Circuit 1

Power-Rail ESD

2nd ESD
Clamp

VSS1yn2 + vid + 1., (R2 + Ra) vh2 + 1, R2VSS2
(a)
VA1 + Vhd
VD1 ! oo (RT + R VDD2

===

| Internal
| Circuit 2

Node A

—@

Clamp Circuit 1
>
Power-Rail ESD
Clamp Circuit 2

Mn1

2nd ESD
Clamp

VSS1 vig + i, Rd 0VSS2 =

(b)
Fig. 1.12. The estimations of the induced voltage potential under the cross-power-domain (a)
VDD1-to-VDD?2, and (b) VDD1-t0-VSS2, ESD stresses.

-12-



The voltage potential at node A could be raised up to the VDD1 because the driver’s
PMOS transistor (Mp1) had an initially floating gate situation. The highest voltage drop was
applied across the gate oxide of the receiver’s PMOS transistor (Mp2) in interface circuits
under the VDD1 to VDD2 ESD stresses. On the other hand, the highest voltage drop was also
generated across the gate oxide of the receiver’s NMOS transistor (Mn2) in interface circuits
under the VDD to VSS2 ESD stresses. The similar estimation on voltage drops during ESD
stress was presented in Fig. 1.12(b). As the CMOS technologies being continually shrunk
toward nanometer scales, the breakdown voltages of ultra-thin gate oxide in the MOS
transistors were sharply reduced to impact the ESD protection designs. It was important to
avoid the gate oxide damages of the MOS transistors in the interface circuits by ESD-current
induced overstress voltages. Therefore, the second ESD clamp (2™ ESD clamp) designs had
been applied to reduce the overstress voltages across the interface circuits, as shown in Figs.
1.12(a) and 1.12(b). Furthermore, the 2" ESD clamp with desired trigger mechanism [38],
[40]-[42] also had been proposed to rapidly and efficiently clamp the overstress voltages
across the interface circuits between separated power domains, especially in the integrated

circuits with nanoscale CMOS technology.

1.3. Organization of This Dissertation

To overcome the challenges in ESD.protection.design for power-rail ESD clamp circuits,
analog 1/O interface circuits, and cross-power-domain interface circuits in deep-submicron
and nanoscale CMOS integrated circuits, several new designs are developed and verified in
this dissertation. This dissertation comprises eight chapters. In Chapter 2, the comparison of
the controlling circuit implemented with 1-stage or 3-stage inverters has been presented [43].
Then, the drain-contact-to-poly-gate spacing (D) of the main ESD clamp NMOS transistor
has been also split in order to investigate the influence of this spacing on the ESD protection
capability. In Chapter 3, an efficient ESD-transient detection circuit with capacitance
coupling mechanism has been proposed to accomplish the desirable function on commanding
the main ESD clamp NMOS transistor. A novel initial-on SCR design is proposed to achieve
the lowest trigger voltage and the highest turn-on efficiency of SCR device in Chapter 4.
Chapter 5 further discusses optimizations on the initial-on SCR devices are presented
[44]-[46]. The modified initial-on SCR device with merged layout style is also proposed to
enhance its ESD protection capability. Besides ESD protection design for power-rail ESD
clamp circuit, the comparison among different ESD protection designs for analog 1/0
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interface circuits is presented [47] in Chapter 6. A new active ESD protection design for the
interface circuits between separated power domains is proposed [48] in Chapter 7. Chapter 8
gives the conclusions and future works of this dissertation. The outlines of each chapter are
summarized below.

Chapter 2 presents the comparison between 1-stage and 3-stage inverters in the
controlling circuits. The circuit performances of both controlling circuits in power-rail ESD
clamp circuits are measured and compared under ESD-stress conditions and normal circuit
operation conditions. On the other hand, the drain-contact-to-poly-gate spacing (D) of the
main ESD clamp NMOS transistor has been also split from 0.25 um to 2.0 um in order to
investigate the influence of this spacing on the ESD protection capability. Through the
arranged combinations of different controlling circuits and main ESD clamp NMOS
transistors in different layout styles, the influence can be thoroughly investigated from the
characteristic and performance of each power-rail ESD clamp circuit in silicon. The
optimized circuit scheme for controlling circuits and layout style for the main ESD clamp
NMOS transistors can be suggested for using‘in the power-rail ESD clamp circuits.

In Chapter 3, an efficient ESD-transient:detection circuit has been proposed and verified
in 130-nm 1.2-V CMOS technology. ;This design abandons the feedback circuit techniques
and adopts capacitance coupling=mechanism to accomplish the desirable function on
commanding the main ESD clamp NMOS transistor..Through experimental measurements,
such as turn-on verification, transmission®line ‘pulse (TLP) stress, ESD stress, and fast
power-on test, this power-rail ESD clamp circuit with the new proposed ESD-transient
detection circuit presents an excellent performance to meet the specified requirements.
According to the measured results, the new proposed ESD-transient detection circuit
possesses the sufficient turn-on duration under the ESD-stress conditions and high
mis-trigger and latch-on immunities under the fast power-on conditions.

In Chapter 4, a novel initial-on SCR design is proposed to achieve the lowest trigger
voltage and the highest turn-on efficiency of SCR device for effective on-chip ESD
protection. Without using the special native device or any process modification, this initial-on
SCR design is realized by circuit skill with the PMOS transistor and RC-based ESD-transient
detection circuit in general CMOS processes. This initial-on SCR design, which is
implemented by PMOS-triggered SCR device cooperated with RC-based ESD-transient
detection circuit, also presents a high enough holding voltage in a fully-silicided 0.25-um

CMOS process to avoid latchup issues in normal circuit operation conditions. Such initial-on
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SCR devices can achieve the whole-chip ESD protection scheme for input, output, power-rail
ESD clamp circuit, and the ESD clamp cells between the separated power domains.

Chapter 5 presents further optimizations on the PMOS-triggered SCR devices. The
modified PMOS-triggered SCR device with merged layout style is proposed to further
enhance its ESD protection capability. In addition, NMOS transistors are also embedded into
the SCR structures to implement NMOS-triggered SCR devices. The device characteristics of
these two different MOS-triggered SCR devices are compared to optimize the on-chip ESD
protection design in CMOS ICs. Moreover, the obvious differences on the Vh of
NMOS-triggered SCR devices under DC and TLP measurements have been attributed to the
current distributions through the parasitic npn bipolar transistor in the SCR device.

In Chapter 6, different ESD protection designs for the analog 1/0 pin are compared to
find the optimal ESD protection circuit for the analog 1/O interface circuit in 0.18-um
1.8-V/3.3-V CMOS technology. In addition, the failure analyses on both 1.8-V and 3.3-V
analog 1/0 pins are presented after ND-mode and PS-mode ESD stresses. In the ESD
protection designs with MOS devices, ESDirobustness is dominated by the ESD levels of
GGNMOS or GDPMOS under the PS=mode;or-NB-mode ESD stresses. However, the failure
mechanism is different from the ESD,_protection.design-with pure diodes under PS-mode or
ND-mode ESD stresses. Besides, an unexpected failure mechanism has been found in the
analog 1/0 pin with the pure-diode ESD. protection circuit. The parasitic npn bipolar transistor
formed by the N+ diode and the N-well guard ring structure provides the ESD current path
during the ND-mode ESD stress, which causes a low ESD level to the analog 1/0O pin.

The cross-power-domain ESD issues are investigated in Chapter 7. First, a failure study
in a 0.35-um 3.3 V/5 V mixed-mode CMOS IC product with two separated power domains is
presented. The ESD failure spots were specially observed at the interface circuits between the
separated power domains after ND-mode MM ESD stress of 100 V. However, this IC product
has 2-kV HBM ESD robustness in each ESD test combination of 1/O pin to power/ground
pins. Therefore, the efficient ESD protection designs should be applied on the interface
circuits between the separated power domains against such cross-power-domain ESD stresses.
Secondly, several active cross-power-domain ESD protection designs were reviewed to
compare their ESD protection strategies for interface circuits between separated power
domains. Besides, one new active ESD protection design for the interface circuits between
separated power domains has been also proposed to solve the interface circuit damages under

cross-power-domain ESD stresses. This ESD protection design has been implemented by
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PMOS and NMOS transistors with the ESD-transient detection function in a 0.13-um 1.2-V
CMOS technology. It can be rapidly triggered on and efficiently reduced the overstress
voltages across the gate oxides of the MOS transistors of the receivers in interface circuits
between separated power domains under the cross-power-domain ESD stresses. The proposed
ESD protection design for the interface circuits between separated power domains has been
successfully verified with 4-kV HBM and 400-V MM ESD robustness against
cross-power-domain ESD stresses.

Chapter 8 summarizes the main results of this dissertation. Some suggestions for the

future works are also addressed in this chapter.
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Chapter 2

Evaluation on NMOS-Based Power-Rail ESD Clamp

Circuits with Gate-Driven Mechanism

In this chapter, two different circuit schemes for the controlling circuit in power-rail
ESD clamp circuit are compared. The circuit performances of two controlling circuits, which
are respective implemented by 1-stage inverter and 3-stage inverters, in power-rail ESD
clamp circuits are measured and compared under ESD-stress conditions and normal circuit
operation conditions. In addition, the layout style of the main ESD clamp NMOS transistor
has been also studied in order to investigate the influence of this spacing on the ESD
protection capability. Through the eight arranged combinations of two different controlling
circuits and main ESD clamp NMQS transistors in four:different layout styles, the influence
can be thoroughly investigated from the characteristic and performance of each power-rail
ESD clamp circuit in silicon. Moreover, thelimpact of the fast power-on application [10], [11]
or the transient noise on power/ground-lines [20];{21] on the power-rail ESD clamp circuits
has been also discussed in this chapter. According to these experimentally measured results,
the optimal circuit scheme for controlling circuit and layout style for the main ESD clamp

NMOS transistor can be suggested for using in the power-rail ESD clamp circuit.

2.1. Power-Rail ESD Clamp Circuits with Different Controlling
Circuits and Layout Styles for Main ESD Clamp NMOS

2.1.1. Influence of the RC-Time Constants

It has been studied and reported that the RC-time constants of the RC-based
ESD-transient detection circuits made an impact on the ESD robustness of the power-rail
ESD clamp circuits. In a previous work [49], all main ESD clamp NMOS transistors were
drawn as the BFETs with the drain-contact-to-poly-gate spacings from 0.22 um to 0.44 um

and no silicide blocking on the diffusions. The total channel widths of those BFETs were
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identically 2000 um. However, they occupied different silicon areas. According to the
measured results in that previous work, the ESD robustness were not significantly improved
or enhanced by increasing the RC-time constant from 0.1 us to 1.0 us. Furthermore, the
longest RC-time constant of 1.0 us could slightly induce some degradation on ESD
robustness of the power-rail ESD clamp circuit. But, the drain-contact-to-poly-gate spacings
have strong impact to ESD robustness of the NMOS-based power-rail ESD clamp circuits
under the same RC-time constant. The ESD robustness can be efficiently increased by
increasing the drain-contact-to-poly-gate spacings among all RC-time constants. However,
the large drain-contact-to-poly-gate spacings will enlarge the total occupied silicon areas of
the main ESD clamp NMOS transistors. Based on the practical applications of the standard
1/O cell libraries, each 1/O cell (such as input pin, output pin, VDD pin, and VSS pin) was
usually required to possess a rigid cell space in order to easily and automatically arrange
these pins in chip layout. In general, the VDD pin (or VSS pin) was included the power-rail
ESD clamp circuit to provide the ESD protection between VDD and VSS. Therefore, the
power-rail ESD clamp circuit which consists-of thee RC-based ESD-transient detection circuit,
the controlling circuit, and the main-ESD clamp NMQS transistor must be restrained into an
established silicon area to match the rigid cell space: According to the measured results in
that previous study [49], because the influences.of the R€-time constant from 0.1 us to 0.5 ps
on ESD robustness were not significant, the RC-time constant has been fixed at 0.2 us in this

work to reduce the occupied silicon area of the resistor and capacitor in this testchip.

2.1.2. Controlling Circuits and Layout Styles

Both controlling circuits, which are the 1-stage inverter and the 3-stage inverters, are
respectively arranged to command the main ESD clamp NMOS transistors with different
drain-contact-to-poly-gate spacings. One of the main ESD clamp NMOS transistors has the
layout style with minimized drain-contact-to-poly-gate spacing (D) and no silicide blocking
(SB) on its diffusion, as shown in Fig. 2.1(a). This NMOS transistor, which is the Big FET
(BFET), will be expected to have no snapback operation. However, another one has a totally
different layout style with extended drain-contact-to-poly-gate spacing (D) and silicide
blocking (SB) on its diffusion, as shown in Fig. 2.1(b). It is a traditional ESD clamp NMOS
transistor with snapback operation. It has been proven that the parasitic npn bipolar transistor
was turned on to induce the snapback operation in such ESD clamp NMOS transistor [4], [5].
The drain-contact-to-poly-gate spacings of the BFET and traditional ESD clamp NMOS
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transistors are 0.25 um and 2.0 um, respectively. Besides, different layouts on the main ESD
clamp NMOS transistor, called the modification design in this work, with a
drain-contact-to-poly-gate spacing of 0.75 um has been also implemented in the testchip with
or without silicide blocking on its drain-side diffusion. Through such splits in layout, the
influences of the drain-side equivalent resistance on circuit performance and ESD robustness
can be used to judge the optimal layout style for the main ESD clamp NMOS transistor.
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Fig. 2.1. The main ESD clamp NMOS transistor has (a) the BFET layout style with the
drain-contact-to-poly-gate spacing (D) of 0.25 um and no silicide blocking (SB) on its diffusions, and

(b) the traditional layout style with the D of 2.0 um and SB on its drain-side diffusions.
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The eight designs of power-rail ESD clamp circuits from the combinations of the main
ESD clamp NMOS transistor in different layout styles and the controlling circuit with
different inverter stages have been drawn in the testchip for comparison, as shown in Table
2.1. For comparison purpose, the layout areas of the main ESD clamp NMOS transistors
among those eight designs are kept the same in layout. Therefore, the total channel width of
the traditional ESD clamp NMOS transistor is 624 um, whereas that of the BFET is about
2600 um. The total channel width of main ESD clamp NMOS transistor with the
drain-contact-to-poly-gate spacing of 0.75 um is 1144 um. In addition, the RC time constant

in those eight designs are all kept at 200 ns. This testchip has been fabricated in a 0.13-um
1.2-VV CMOS process.

Table 2.1

Eight Designs of the Power-Rail ESD Clamp Circuits Verified in this Work

Main ESD Clamp NMOS

. Controlling - ——
Design Circuit Drain-Contact-to Silicide
-Poly-Gate Spacing (D) Blocking (SB)
Tradition 1-Stage
Inverters 20 Y
.0 pm es
Tradition2 3-Stage
Inverter
Modification1 No
1-Stage
L Inverters
Modification2 Yes
0.75 pm
Modification3 No
3-Stage
. Inverter
Modification4 Yes
BFET1 1-Stage
Inverters
3.5t 0.25 pm No
BFET2 -Stage
Inverter

2.2. Experimental Results in Component-Level Tests

2.2.1. DC Leakage Current

Power-rail ESD clamp circuits must be kept off to avoid unnecessary VDD-to-VSS

leakage current under normal circuit operation conditions. However, the main ESD clamp
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NMOS transistors always have huge device dimension to achieve the required ESD
robustness. Thus, they will be some concern on leakage, especially in the nanoscale CMOS
technology. The leakage currents of the power-rail ESD clamp circuits with controlling
circuits of 1-stage inverter and 3-stage inverters in are shown in Figs. 2.2(a) and 2.2(b),

respectively.
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Fig. 2.2. DC leakage currents among the power-rail ESD clamp circuits of different designs with

controlling circuit of (a) with 1-stage inverter and (b) 3-stage inverters.
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There is no obvious difference on the leakage currents between the power-rail ESD
clamp circuits with different controlling circuits under the identical main ESD clamp NMOS
transistor. The leakage currents of BFET1 (or BFET2) are 0.5 pA under the VDD bias of 1.2
V, whereas those of Traditionl (or Tradition2) are below 0.15 pA at the same VDD bias. In
addition, no significant difference of the leakage currents is observed between the main ESD
clamp NMOS transistor with or without silicide blocking (SB) on its diffusion, as illustrated
in the measured results of Modificationl and Modification2 (or Modification3 and
Modification4). According to the measured results, the leakage currents of Traditionl and
Trdition2 are 3-times less than those of BFET1 and BFET2 due to the large channel widths in
BFET1 and BFET2. Therefore, the leakage current of the power-rail ESD clamp circuit is
strongly dependent on the channel width of the main ESD clamp NMOS transistor.

2.2.2. Turn-On Verification under ESD-Like Stress Condition

To observe the turn-on efficiency among the different power-rail ESD clamp circuits, a
2.4-V ESD-like voltage pulse with 2-pano-seconds (ns) rise time is applied on the VDD
terminal with VSS terminal grounded in each circuit. The voltage pulse with a rise time of 2
ns and duration of 600 ns generated from a pulse generator is used to simulate the fast rising
edge of HBM ESD event [1]. The-sharp-rising-edge of the ESD-like voltage pulse will be
detected by the RC-based ESD-transient.detection.circuit and then to turn on the main ESD
clamp NMOS transistor. When the main ESD clamp NMOS is turned on, the voltage
waveform on VDD node will be clamped as the measured results shown in Figs. 2.3(a) and
2.3(b). Tradition1 and BFET1, both of which have 1-stage inverter in the controlling circuits,
presented similar voltage waveforms under 2.4-V ESD-like voltage pulses. Besides,
Tradition2 clamped the overshoot voltage pulses to a lower voltage level during the first 300
ns of the ESD-like voltage pulses. However, the BFET2 performs an excellent ability to
clamp the overshoot voltage pulse to a much lower voltage level, as shown in Fig. 2.3(a). On
the other hand, the influences of drain-side silicide blacking on turn-on behaviors of the
power-rail ESD clamp circuits have been measured in Fig. 2.3(b). Under the same
drain-contact-to-poly-gate spacings of 0.75 um, Modification3 exhibits the best turn-on
efficiency among other designs. Besides, the turn-on efficiency of Modification4 is higher
than that of Modificationl and Modification2 during the first 350-ns pulse duration.
According to the measured results, the controlling circuit with 3-stage inverters seems to be

an optimal candidate to implement the main ESD clamp NMOS transistor with BFET layout
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style in the power-rail ESD clamp circuit. The controlling circuit would hold a dominant
factor on the turn-on behaviors of the power-rail ESD clamp circuit.
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Fig. 2.3. The measured voltage waveforms of (a) Traditionl, Tradition2, BFET1, and BFET4, and of
(b) Modificationl, Modification2, Modification3, and Modification4, under 2.4-V ESD-like voltage

pulses with 2-ns rise time.
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2.2.3. TLP I-V Characteristics and HBM ESD Robustness

The Transmission Line Pulse (TLP) [50] measured I-V characteristics of the power-rail
ESD clamp circuits are shown in Figs. 2.4(a), 2.4(b), 2.5(a), and 2.5(b). This TLP system has
a 100-ns pulse width and 10-ns rise time.
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Fig. 2.4. (a) The TLP I-V curves of Traditionl, Tradition2, BFET1, and BFET2. (b) The zoomed-in

view of (a) around the low-current region.
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In Fig. 2.4(a), the TLP I-V curves can be simply discriminated between the main ESD
clamp NMOS transistors with traditional or BFET layout styles. Although the second
breakdown currents (1t2) of these four designs can achieve over 6 A, the difference of on
resistance (Ron) clearly distinguished the designs with traditional main ESD clamp NMOS

transistor from those with BFET. Due to smaller total channel widths in Traditionl and



Tradition2, their clamp voltage (Vclamp) and Ron are signification higher than those of
BFET1 and BFET2. Higher VVclamp and Ron in Traditionl and Tradition2 easily induced
some damages to the internal circuits. In addition, the TLP I-V curves of Traditionl and
Tradition2 presented obvious two-stage Ron in Fig. 2.4(a). The phenomenon of two-stage
Ron can be attributed to the changes of the discharging paths. The currents were conducted
through the channel of the main ESD clamp NMOS transistor under the low current region,
and they would be discharged by the parasitic npn bipolar transistor of the main ESD clamp
NMOS transistor [18]. Moreover, the controlling circuits with 3-stage inverters can enhance
the turn-on efficiency, such as lower trigger voltage (Vtl) and smaller on resistance,
especially under the low current region in both traditional and BFET designs, as shown in Fig.
2.4(b). It was ever reported that the higher Vtl and insufficient turn-on duration in the ESD
devices will induce some damages to interface circuits [51]. The enhancement of the turn-on
efficiency is more emphasized on the design with the controlling circuit of 3-stage inverter
cooperated with BFET. However, the influence of the different controlling circuits with
3-stage inverters and 1-stage inverter on.the turn-on efficiency is gradually indistinct under
the high current region. When the measured current is ever ~ 2.5 A, no obvious difference of
Vclamp between BFET1 and BFE¥2, both of which.have the total channel widths of 2600
um, is observed in Fig. 2.4(a). The-phenomenon can be-also attributed to the changes of the
discharging paths. Under such high.eurrent region,.the huge current can not be totally
discharged by the channel of the main ESD clamp"NMOS transistor. The parasitic npn bipolar
transistor would be triggered on to discharge huge current. Therefore, the gate-driven
enhancement by the 3-stage inverters will disappear under the high current region.

The similar measured results also can be observed in Modificationl, Modification2,
Modification3, and Modification4. Figs. 2.5(a) and 2.5(b) present the TLP I-V curves of the
power-rail ESD clamp circuits with silicide blocking or without silicide blocking diffusions
in the main ESD clamp NMOS transistor under the drain-contact-to-poly-gate spacing of 0.75
um. These four TLP I-V curves have the similar trends, especially in the high current range.
The trigger voltages of Modification3 and Modification4 are lower than those of
Modificationl and Modification2. The second breakdown currents (It2) of the designs with
silicide blocking (Modification2 and Modification4) are higher than those without silicide
blocking (Modificationl and Modification3), as shown in the insert of Fig. 2.5(a). The
influence of the drain-side silicide blocking on the Ron and Vclamp is not obvious, as

illustrated in Figs. 2.5(a) and 2.5(b). According to the TLP measured results, the design
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scheme of controlling circuit would affect the trigger voltage of the power-rail ESD clamp
circuit. However, the on resistance and VVclamp would be dominated by the drain-side layout
style in the main ESD clamp NMOS transistor.

The HBM ESD robustness of the eight different power-rail ESD clamp circuits are listed
in Table 2.2. The power-rail ESD clamp circuit with design of BFET2 sustains the highest
HBM ESD stress of 7 kV. However, the ESD robustness of Tradition2 is below 6 kV. The
four designs with the drain-contact-to-poly-gate spacing of 0.75 um have the similar ESD
robustness from 5.5 kV to 6.0 kV. The ESD robustness of these four designs do not have
significant enhancement by depositing silicide blocking oxide layer on their drain-side
diffusions of the main ESD clamp NMOS transistors or by adopting 3-stage inverters in the

controlling circuit.

Table 2.2
HBM ESD Robustness of the Eight Power-Rail ESD Clamp Circuits

Designs — HEM -
Positive Negative
Tradition1 6.5 kV > 8.0 kV
Tradition2 5.5kV > 8.0 kV
Modification1 5.5 kv > 8.0 kV
Modification2 6.0 kV > 8.0 kV
Modification3 6.0 kV > 8.0 kV
Modificationd 5.5 kv > 8.0 kV
BFET1 6.5 kV > 8.0 kV
BFET2 7.0 kV > 8.0 kV

A faint relation between the ESD robustness and the controlling circuits (or the layout
style of the main ESD clamp NMOS transistor) is summarized in Table 2.2. The 3-stage

inverters in controlling circuit could be suitable for the main ESD clamp NMOS transistor
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without silicide blocking on its diffusion. Such an NMOS transistor has a lower parasitic
resistance on its surface channel. However, the controlling circuit with 3-stage inverters
would induce some degradation on ESD robustness of the designs with drain-side silicide
blocking in the main ESD clamp NMOS transistor. Therefore, based on the measured results
of the TLP I-V characteristics and HBM ESD robustness, the 3-stage inverters in controlling
circuit did not have improvement for the power-rail ESD clamp circuits in nanoscale CMOS
technology.

2.2.4. Power-On Condition and Normal Circuit Operation Condition

In general, the normal VDD power-on voltage waveform of CMOS ICs has a rise time
in the order of milli-second (ms). Due to such a slow rise time in normal power-on conditions,
the ESD-transient detection circuit with a RC time constant of ~us can distinguish the
power-on signal to keep the main ESD clamp NMOS transistor off. All of the power-rail ESD
clamp circuits studied in this work can successfully achieve this desired task under normal
power-on conditions. However, the power-rail :ESD clamp circuits with RC-based ESD
transient detection circuits were easily mis-triggered to cause themselves into a “latch-on”
state, which the potential on VDD- nede will be‘.continuously clamped at a lower voltage,
under some abnormal fast power-on conditions [10], [11] or transient noise on VDD power
lines [20], [21]. In this work, the eight different power-rail ESD clamp circuits were verified
by a 1.2-V voltage pulse with 100-ns rise‘time, ‘which is used to simulate the abnormal fast
power-on condition, to investigate their immunities from the mis-trigger and latch-on state.
The measured results are respectively shown in Figs. 2.6 and 2.7. Unfortunately, the
power-rail ESD clamp circuits with 3-stage inverters in controlling circuit present the worse
immunity for mis-trigger under the 1.2-V fast power-on test conditions. BFET2 will be
mis-triggered on to enter latch-on state under the 1.2-V fast power-on test condition. The
voltage waveform is clamped at a very low voltage level around 0.3 V to 0.6 V, as illustrated
in Fig. 2.6. Such phenomenon is much harmful for the applications of the power-rail ESD
clamp circuits in real IC products. Besides, Modification3 also presents a similar measured
result to that of BFET2. Tradition2 and Modification4, both of which have the silicide
blocking on their drain sides, will be mis-triggered at the first 250 ns and first 420 ns,
respectively, under the 1.2-V fast power-on test condition with 100-ns rise time. However, all
of designs with 1-stage inverter in the controlling circuit, such as Traditionl, BFET1,
Modificationl, and Modification2, exhibit the higher mis-trigger immunity under this 1.2-V
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fast power-on test condition. Their voltage waveforms can follow up with the fast power-on

voltage waveforms, as presented in Figs. 2.6 and 2.7.
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Although the 3-stage inverters for controlling circuit would enhance the gate-driven
ability to slightly increase the ESD robustness and decrease Vclamp (and Ron), they will
dramatically degrade the immunity against mis-trigger and latch-on issues under the fast
power-on condition. Based on the aforementioned results, the controlling circuits with
1-stage inverter should be the optimal choice among the power-rail ESD clamp circuits with
RC-based ESD-transient detection circuit.

2.3. Experimental Results in System-Level Test

2.3.1. Electrical Fast Transient (EFT) Test

The reliability of microelectronic products has been put more emphasis on the
electromagnetic compatibility (EMC). In order to avoid the occurrence of the malfunction
and mis-trigger during normal system operation conditions, the on-chip ESD protection
circuits also has been required to meet the EMC regulation. For power-rail ESD clamp
circuits, the impact of the transient noise-coupled from microelectronic system on the power
(or ground) line has attracted more attentions, The“transient noise could induce some
power-rail ESD clamp circuits inta-Serious latch-on failure according to the previous studies
[20], [21]. In this work, the electrical fast transient (EFET) test [52] has been applied on the
eight different power-rail ESD clamp“circuits to judge their immunities against fast transient
noise on their power lines. The EFT voltage waveforms consist of many bursts with 15-ms
duration and these bursts are repeated every 300 ms, as shown in Fig. 2.8(a). Besides, each
voltage pulse in the burst has a rise time of 5 ns and a pulse width of 50 ns, as illustrated in
Fig. 2.8(b). Moreover, because the minimum EFT voltage waveforms of 200 V provided by
EFT generator would easily destroy the on-chip devices in nanoscale CMOS technology, the
EFT voltage waveforms were decayed by a 100-time attenuator before they were directly
applied to the VDD terminals of the power-rail ESD clamp circuits. The measurement setup
for the EFT test was demonstrated in Fig. 2.9. Fig. 2.10(a) shows the measured results of
BFET1 and BFET2 under the 4-V EFT test on the VDD terminals, both of which have the
BFET (D= 0.25 um without SB) layout styles for the main ESD clamp NMOS transistors.
The overshooting voltages on the VDD nodes can be effectively clamped by these two
power-rail ESD clamp circuits. BFET1 exhibits a smooth waveform, only decaying the
voltage amplitude on the VDD terminal, whereas BFET?2 presents a rough waveform during
the period of the EFT execution. Besides, the measured results of Traditionl and Tradition2
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have been illustrated in Fig. 2.10(b). The overshooting voltage on the VDD nodes also can be
clamped by the designs with the traditional ESD clamp NMOS transistor (D= 2.0 um with
SB). Nevertheless, Traditionl shows a smoother waveform during the period of the EFT
execution. Based on the measured results in Figs. 2.10(a) and 2.10(b), the power-rail ESD
clamp circuits with 1-stage inverter in controlling circuit possess better capability for

clamping transient noise on VDD terminals.
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Fig. 2.8. Specified electrical fast transient (EFT) waveforms of (a) burst, and (b) single pulse, with a
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Fig. 2.10. Under the 4-V EFT voltage pulse, the measured voltage waveforms of (a) BFET1 and
BFET2, and (b) Tradition1 and Tradition2.

With the 9.5-V EFT voltage stress on the VDD terminals, the measured results are
presented in Figs. 2.11(a) and 2.11(b). All of the designs can efficiently clamp the
overshooting voltage pulses on the VDD nodes during the EFT stresses. However, after the
duration of the EFT voltage pulse, the voltage potential on VDD terminal is not successfully

recovered to the normal operation voltage of 1.2 V in BFET2, as shown in Fig. 2.11(b).
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Fig. 2.11. Under the 9.5-V EFT voltage pulse, the measured voltage waveforms of (a) BFET1 and
BFET2, and (b) Tradition1 and Tradition2.

Although the voltage potential on VDD node would be slowly elevated toward 1.2 V, the
huge conducting current from VDD to VSS does not vanish under the VDD node recovery to
1.2 V. The main ESD clamp NMOS transistor is still kept at on state after 9.5-V EFT stress,
which is the occurrence of latch-on event. In contrast, the voltage waveforms of other designs

can be quickly recovered to 1.2 V after the duration of the EFT voltage pulse and no
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conducting current from VDD to VSS is observed after 9.5-V EFT stress. Moreover,
according to the measured results in Fig. 2.11(b), the recovery period of Tradition2 is larger
than that of Traditionl. Tradition2 would induce an irregular overshooting voltage pulse at
the end of the duration of the EFT voltage pulse. In a nutshell, the RC-based ESD-transient
detection circuit with the controlling circuit of 3-stage inverters and the main ESD clamp
NMOS transistor with BFET (D= 0.25 um without SB) layout style are very dangerous to be

used as the power-rail ESD clamp circuit due to the mis-trigger and latch-on concern.

2.3.2. Latch-On Mechanism

According to the measured results of the EFT test and fast power-on condition, BFET2
would induce the latch-on phenomenon if the fast transient noises applied on the VDD
terminal. The potential on the VDD node will be clamped into a lower voltage level or the
huge conducting current from VDD to VSS will be observed, as shown in Figs. 2.6, 2.11(a),
and 2.11(b). However, such power-rail ESD clamp circuit with RC-based ESD-transient
detection circuit should maintain in a_high impedance state from VDD to VSS after the
turn-on duration of main ESD clamp NMOS transistor. Tradition2 clearly presents this
characteristic, as shown in Fig. 2.6/ But, the voltage-waveforms of BFET2 are always
clamped to a lower voltage potential under the fast-power-on condition. There is an abnormal
mechanism to contribute a positive feedback path that in turn triggers the occurrence of the
latch-on event. In order to observe the root ‘cause of this latch-on mechanism, the failure
analysis has been executed by the emission microscope with InGaAs focal plane arrays (FPA)
detector [53], which has an excellent capability to capture the photon emission of wavelength
range from 800 nm to 1700 nm. This failure analysis equipment is suitable for the abnormal
location with very slight photon emissions [53]-[55] because of the higher quantum efficiency.
Figs. 2.12(a), 2.12(b), and 2.12(c) illustrated the results of the failure analysis after the EFT
test. According to the images in Figs. 2.12(a) and 2.12(b), the main ESD clamp NMOS
transistor with BFET layout style is turned on into the latch-on status after the 9.5-V EFT
voltage stress because the PMOS transistor in the third-stage inverter and the NMOS
transistor in the second-stage inverter are also in the on state. The PMOS transistor in the
third-stage inverter and the NMOS transistor in the second-stage inverter kept in the on state
could be attributed to voltage drop across the n-well resistance of the RC-based
ESD-transient detection circuit. Generally, the n-well resistance is usually regarded as a

common choice in such RC-based ESD-transient detection circuit to obtain an adequate
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resistance and a sufficient RC-time delay. However, based on the previous studies [56], [57],
a few electrons would be captured by this n-well resistance since this n-well resistance could
be performed as the guard ring of the minority to capture the minority carriers (electrons) in
the p-substrate. The slight hot spots on the n-well resistance have been observed in Fig.
2.12(c). It induces some voltage drop across the n-well resistance because the electrons were

captured and conducted by this n-well resistance.
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Fig. 2.12. Through the emission microscope with InGaAs FPA detector, (a) the abnormal emission
spots after the EFT test are located at the NMO§ tr.apswtor of the second-stage inverter, the PMOS
transistor of the third-stage inverter, and mam ESD clgmp’NMOS transistor. (b) The zoomed-in view
around the controlling circuit and th& RC{bas%aE EBELtr@hshent detection circuit. (c) The emission
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Due to the slight voltage drop écrp,ss_the ﬁwéll resistance, the PMOS transistor in
Ll

first-stage inverter can be slightly turned on. Then through the amplification of the first-stage

inverter, the NMOS transistor in the second-stage inverter and the PMOS transistor in the
third-stage inverter are thoroughly in the on state, as shown in Fig. 2.12(b) with bright hot
spots. In the layout, although the n-well resistance has been surrounded by the N+/n-well
minority guard rings connected to VDD, some escaped electrons still were captured by the
n-well resistance. Therefore, the voltage drop across the n-well resistance is slight, which can
not induce the latch-on phenomenon in BFET1. On the other hand, because the design with
the traditional ESD clamp NMOS transistor (D= 2.0 um with SB) has a smaller channel
width to generate less channel conduction current and substrate injection current, the latch-on
phenomenon would not occur in such designs. The latch-on event can be also observed in
Modification3. But, the latch-on event was not observed in Modificationl, Modification2,
and Modifictaion4. Consequently in layout, the width of N+/n-well minority guard rings
connected to VDD and the distance between the n-well resistance and the main ESD clamp

NMOS transistor should be enlarged to prevent the threat of latch-on event under the EFT test
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and fast power-on condition. However, such adjustments would extend some layout areas of
the power-rail ESD clamp circuit in the standard 1/O cell library.

2.4. Summary

The designs with controlling circuits of 3-stage inverters and 1-stage inverter have been
studied to verify the optimal circuit schemes in NMOS-based power-rail ESD clamp circuits.
In addition, the circuit performance among the four different main ESD clamp NMOS
transistors drawn with different drain-contact-to-poly-gate spacings and co-designed with
different inverter stages in the controlling circuits are compared. According to the
experiments and analyses, the 3-stage inverters for controlling circuit and BFET layout style
for the main ESD clamp NMOS transistor can slightly increase the ESD robustness, but they
will dramatically degrade the immunity against mis-trigger and latch-on issues under the EFT
test and fast power-on condition. The 1-stage inverter should be an appropriate and reliable
candidate for the controlling circuit in the power-rail ESD clamp circuits. Finally, the latch-on
phenomenon has been successfully observed by the, emission microscope with InGaAs FPA
detector. The root cause to induce such failure can:be attributed to the abnormal mechanism

of the voltage drop across the n-weH resistance after the EFT test.
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Chapter 3

Area-Efficient ESD-Transient Detection Circuit with
Ultra Small Capacitance for On-Chip Power-Rail
ESD Protection in CMOS ICs

In this chapter, an efficient ESD-transient detection circuit has been proposed and
verified in 130-nm 1.2-V CMOS technology. This design abandons the feedback circuit
techniques and adopts capacitance coupling mechanism to accomplish the desirable function
on commanding the main ESD clamp NMOS transistor. Through experimental measurements,
such as turn-on verification, transmission-line pulse, (TLP) stress [50], ESD stress, and fast
power-on test, this power-rail ESD clamp ¢ircuit with the new proposed ESD-transient
detection circuit presents an excellent performance to meet the specified requirements.
According to the measured results, the<new propesed ESD-transient detection circuit
possesses the sufficient turn-on duration underthe ESD-stress conditions and high

mis-trigger and latch-on immunities under the fast power-on conditions.

3.1. Background

In order to efficiently protect the core circuits realized with much thinner gate oxide in
nanoscale CMOS technology, some previous studies had reported the efficient NMOS-based
power-rail ESD clamp circuits without snapback operation [8]-[11], [17]-[19], [58], [59]. All
of them adopted the gate-driven mechanism, which was basically implemented by an
ESD-transient detection circuit and a controlling circuit, to respectively command the main
ESD clamp NMOS transistor into the on state or the off state under the ESD-stress conditions
and normal circuit operation conditions, as illustrated in Fig. 3.1. Two major different circuit
schemes, which are RC-time delay technique [6]-[11] and capacitance coupling mechanism
[18], [19], were usually used as the ESD-transient detection circuit in the power-rail ESD
clamp circuit. Then, the controlling circuit was always implemented by single- or multi-stage

inverters. In such power-rail ESD clamp circuit, main ESD clamp NMOS transistor can
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thoroughly discharge huge ESD current by its channel current to exhibit excellent turn-on
efficiency, such as lower trigger voltage (Vt1) and lower clamped voltage (Vclamp).

VDD

Main ESD
] Clamp NMOS

ESD-Transient
Detection Circuit

Mn1
Controlling Circuit
with 1-Stage Inverter

VSS
Fig. 3.1. Typical design scheme for NMOS-based power-rail ESD clamp circuit with an

ESD-transient detection stage and controlling stage.

The main ESD clamp NMOS transistor without. snapback operation has to be kept at the
on state under the whole duration of*ESD events in,order to ensure that the ESD current can
be discharged by its channel current. Based on the traditional RC-based ESD-transient
detection circuit [6], [7], the RC-time constant-which is the product of the resistance (R) and
capacitance (C) essentially dominated the turn-on.duration of the main ESD clamp NMOS
transistor. Therefore, the RC-time constant of the RC-based ESD-transient detection circuit
should be designed to sufficiently achieve a desirable turned-on duration of the main ESD
clamp NMQOS transistor. In general, the turn-on duration was adjusted to meet the period of
human-body-model (HBM) ESD event, which is about several hundred nano-seconds (ns) [1].
The extended RC-time constant not only accompanies with the larger layout sizes of the
resistance and capacitance, but also is subject to mis-trigger the main ESD clamp NMOS
transistor under fast power-on applications [10]. Several previous works proposed special
circuit schemes with feedback circuit techniques to extend the turn-on duration under a small
RC-time constant [9], [10], [17]-[19]. However, those feedback circuit designs always
suffered from the latch-on threats under the fast power-on events or the electrical fast
transient noise [20], [21]. Besides, other circuit schemes without feedback circuit techniques,
such as on-time control circuit [9] and multi-RC-triggered [11], also had been presented to
achieve the desirable turn-on duration and to avoid the latch-on threat. However, extra

resistors and capacitors have to be implanted into these designs, which occupying a quite
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silicon area. In this chapter, an efficient ESD-transient detection circuit adopted capacitance
coupling mechanism is proposed to accomplish the desirable function with ultra-small

capacitance for using in power-rail ESD clamp circuit.

3.2. Realization of Power-Rail ESD Clamp Circuit

3.2.1. New Proposed ESD-transient Detection Circuit

Area-efficient ESD-transient detection circuit with ultra small capacitor has been
presented in Fig. 3.2, which adopts capacitance coupling mechanism to achieve the required
functions on the power-rail ESD clamp circuit. This area-efficient ESD-transient detection
circuit consists of an ultra small capacitor (C1), cascode NMOS transistors (Mncl and Mnc2),
a resistor (R1), and a switch NMOS transistor (Mns), commanding the main ESD clamp
NMOS transistor through a controlling circuit with single-stage inverter. The ultra small
capacitor is implemented by metal-oxide-metal (MOM) parasitic capacitance. The cascode
NMOS transistors are used as a large resistor and cooperated with the ultra small capacitor to
construct a capacitance coupling network [60], [61].. The node A between the ultra small
capacitor and the cascode NMOS: transistors. s connected to gate terminal of the switch
NMOS transistor. Then, its drain terminal is-tied-to the VDD through the resistor and also
connected to the input of the controlling circuit.

VDD

131

=
2
0
Q

New Proposed ESD-
Transient Detection Circuit

VSS
Fig. 3.2.  Novel power-rail ESD clamp circuit with an new proposed ESD-transient detection circuit.

This new proposed ESD-transient detection circuit is composed of an ultra small capacitor (C1),
cascode NMOS transistors (Mncl and Mnc2), a resistor (R1), and a switch NMOS transistor (Mns).
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Through the controlling circuit, the switch NMQOS transistor can rule the main ESD
clamp NMOS transistor to keep at “on” or “off” state. Finally, the main ESD clamp NMOS
transistor has been drawn with the BIgFET layout style, which has the minimum
drain-contact-to-poly -gate spacing of 0.25 um and without silicide blocking on its diffusion.
This testchip is fabricated in a 130-nm 1.2-VV CMOS process. Compared with the layout area
of the power-rail ESD clamp circuit with traditional RC-based ESD-transient detection circuit,
this work with the new proposed ESD-transient detection circuit is far smaller in the
power-rail ESD clamp circuit, as shown in Figs. 3.3(a) and 3.3(b). The cell height of the
novel power-rail ESD clamp circuit is reduced about 15 % and the layout area of the

ESD-transient detection circuit is more reduced about 50 %.

115 um

Power-Rail ESD Clamp
Circuit with Traditional §
RC-Based ESD-Transient §
Detection Circuit

(@)

Power-Rail ESD Clamp
Circult with the New
Proposed ESD-Translent §
Detection Circuit :

Reducing 15 %
Cell Height

(b)

Fig. 3.3. The comparison of the layout areas between the power-rail ESD clamp circuits with (a) the

traditional, and (b) the new proposed, ESD-transient detection circuits.

3.2.2. Operation Principles

During the positive VDD-to-VSS ESD stress condition, the potential of the node A will
be synchronously evaluated toward a positive voltage potential by the capacitance coupling
of the ultra small capacitor to trigger on the switch NMOS transistor. Then, through the
switch NMOS transistor and the controlling circuit, the gate terminal of the main ESD clamp
NMOS transistor will be promptly charged toward the positive voltage potential. The main

ESD clamp NMOS transistor is turned on to clamp and discharge the huge ESD voltage and
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ESD current. The turn-on duration of the main ESD clamp NMOS transistor is dominated by
the potential of node A. This potential is synchronously kept at the positive voltage potential
by the capacitance coupling; however, it will be slowly pulled down due to the turned-on
cascode NMOS transistors. Because the gate terminals of these two cascode NMOS
transistors with small device dimensions have been connected to their drain terminals, they
are operated at saturation region to provide a huge resistance under the positive VDD-t0-VSS
ESD event. Finally, when the potential of node A is lower than the threshold voltage of
NMOS transistor, the switch NMOS transistor will be turned off to force the main ESD clamp
NMOS transistor off. Based on the simulation result, the turn-on duration of the main ESD
clamp NMOS transistor can achieve over 600 ns in the power-rail ESD clamp circuit with the

ultra small capacitor of only ~10 femto-Farad (fF), as presented in Fig. 3.4.

o 3-V Voltage Pulse with 2-ns Rise Time Applied on VDD Node

2.5

2.0
< Voltage Potential on the
g Gate Terminal of Main ESD
51.5 Clamp NMOS Transistor
b

1.0

5 Vith of ~0.35 V
=600 ns
o 200 a0 Ts00 00 10 1z 140

Time Iusl.

Fig. 3.4. The simulation result of the voltage potential on the gate terminal of main ESD clamp

NMOS transistor in power-rail ESD clamp circuit.

The 3-V voltage pulse with rise time of 2 ns was applied on VDD node with VSS node
grounded. The voltage potential on the gate terminal of main ESD clamp NMOS transistor is
higher than the threshold voltage of ~0.35 V during the period of ~620 ns. The detailed
design parameters, such as device sizes of cascode NMOS transistors and switch NMOS
transistor, have been listed in Table 3.1. On the other hand, the parasitic drain-bulk diode of
the main ESD clamp NMOS transistor can provide low impedance path under negative
VDD-to-VSS ESD stress. Under the normal power-on condition, the normal VDD power-on
voltage waveform has a rise time in the order of milli-second (ms). Such power-on voltage
waveform will not produce enough coupling potential on the node A to trigger on the switch

NMOS transistor. The potential of node A will be actually kept at ground through the high
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resistance path of the cascode NMOS transistors. Therefore, the main ESD clamp NMOS
transistor will be kept at “off” state under the normal circuit operation condition. Besides, the
power-rail ESD clamp circuit with the new proposed ESD-transient detection circuit also

presents a high immunity against mis-trigger and latch-on event.

Table 3.1
Design Parameters in the Power-Rail ESD Clamp Circuit with the New Proposed ESD-Transient

Detection Circuit

Design Parameters

Ultra Small Capacitor 10 fF
Device Size of Cascode

NMOS 4 um/2 pum (W/L)
Resistor 1.5 kQ
Device Size of Switch 60 um
NMOS K
Device Size of Main

ESD Clamp NMOS 2600 pm

3.3. Experimental Results

3.3.1. Turn-On Verification under ESD-Like Stress Condition

In order to observe the turn-on efficiency of the power-rail ESD clamp circuit with the
new proposed ESD-transient detection circuit, 2.4-V and 5-V ESD-like voltage pulses with
2-nano-seconds (ns) rise time are applied on the VDD terminal with VVSS terminal grounded.
The voltage pulses with a rise time of 2 ns and duration of 1 us generated from a pulse
generator are used to simulate the fast rising edge of HBM ESD event [12]. The sharp-rising
edge of the ESD-like voltage pulse will be detected by the ESD-transient detection circuit and
then to turn on the switch NMQOS transistor. The main ESD clamp NMOS transistor is
therefore triggered on by the controlling circuit. When the main ESD clamp NMOS transistor
is turned on, the voltage waveform on VDD terminal will be clamped as the measured results
shown in Fig. 3.5. According to the measured results in Fig. 3.5, the new proposed design
exhibits an excellent turn-on efficiency to clamp the overshooting voltage to a much lower
voltage level. The voltage waveform of the new proposed design can be constantly clamped
by the turned-on main ESD clamp NMOS transistor during the whole 1-us pulse width. On
the contrary, the voltage waveform of the traditional design will quickly raise and its clamped

voltage is much higher than that of the new proposed design after the duration of 200 ns. The
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new proposed ESD-transient detection circuit can efficiently extend the turn-on duration of
the main ESD clamp NMOS transistor in the power-rail ESD clamp circuit. The longer
turn-on duration of the main ESD clamp NMOS transistor would assure that the low
impedance path was entirely provided from VDD to VSS under the whole HBM ESD event,

and would also enhance the ESD robustness of the power-rail ESD clamp circuit.

Traditional Design
’ - m.‘-“

-A_‘“"'

New Proposed Design ’
| 1 | J

| 1 | L | 1 | I
Time (100 ns/ div)

Voltage (1 V/ div)

Fig. 3.5. The measured voltage waveforms of power-rail ESD clamp circuits with the traditional and

new proposed ESD-transient detection-Circuits under 5-V ESD-like voltage pulses with 2-ns rise time.

3.3.2. TLP I-V Characteristicssand ESD Robustness

The Transmission Line Pulse (TLP)/[17]-measured I-V characteristics of the power-rail
ESD clamp circuits with the traditional and new proposed ESD-transient detection circuits
are shown in Fig. 3.6. This TLP system has a 100-ns pulse width and 2-ns rise time. These
two power-rail ESD clamp circuits present the desired TLP I-V characteristics. No obvious
difference among the TLP measured results was observed between these two designs. The
second breakdown currents (1t2) of these two power-rail ESD clamp circuits can achieve over
7 A. Their clamped voltages (Vclamp) and on resistances (Ron) are similar. Table 3.2 shows
the HBM and MM ESD robustness of these two power-rail ESD clamp circuits. The HBM
and MM ESD robustness of the power-rail ESD clamp circuit with the new proposed
ESD-transient detection circuit are 8.0 kV and 400 V, respectively, which are obviously
higher than those of the power-rail ESD clamp circuit with the traditional ESD-transient
detection circuit. According to the failure analysis by SEM observation, the failure spot of the
traditional design is located on the unexpected junction melting damages between the
n+/n-well minority guard ring and the p+ majority guard ring after 6.0-k\V HBM ESD stress,
as shown in Figs. 3.7(a) and 3.7(b). Because the power-rail ESD clamp circuit with

-44 -



traditional ESD-transient detection circuit has insufficient turn-on duration, the huge ESD
current could not efficiently discharge during the whole HBM ESD event to induce the
unexpected failure spot after 6.0-k\VV HBM ESD stress.

Leakage Current (A)
1e-7 1e6 1e-5 1e4 1e-3 1e-2

T TTTTT T TTTTT] T TTTIT T T TTTT T T TLTTIT

L]

F =N

Current (A)
(4]

—&— New Proposed Design
-4~ Traditional Design

% a1 T T T T T T T T I Y
0 1 2 3 4 5 6 7
_ Volateg (V)

Fig. 3.6. The TLP I-V curves of the power-ra!I-EISD*nlamp circuits with the traditional and the new

I -
—H ] "
. -+ L

proposed ESD-transient detection cwcg;tla_' ]

i -\..{. T _;'.-_u
-;,\ P, 1 A A

i

HBM and MM ESD Robustness of the F‘fewel:-Rall ESD GFamp Circuits with the Traditional and the
New Proposed ESD-TranS|ent Detection Circuits

Design HBM MM
Traditional 5.5 kV 200V
New Proposed 8.0 kV 400 V

Location A ~
P+ Majority Guard Ring
; .C_onnected fo V88

Ve/N-Welt Minority

(a) (b)
Fig. 3.7. (a) The failure spot of the power-rail ESD clamp circuit with the traditional ESD-transient

detection circuit after 6.0-kV HBM ESD stresses. (b) Zoomed-in view of failure spot at Location A.
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3.3.3. Fast Power-On Condition and Discussion

In general, the normal VDD power-on voltage waveform has a rise time in the order of
milli-second (ms) and amplitude of VDD operation voltage. Due to such a slow rise time and
small amplitude in normal power-on conditions, the coupling potential on the node A is too
weak to turn on the switch NMOS transistor. Therefore, the main ESD clamp NMOS
transistor will be well kept at off state. In this work, both power-rail ESD clamp circuits with
the traditional and the new proposed ESD-transient detection circuits can successfully
achieve this desirable task under normal power-on conditions. However, some previous
studies [9]-[11], [20], [21] have illustrated that several power-rail ESD clamp circuits with
RC-based ESD-transient detection circuits and feedback circuit schemes were easily
mis-triggered and into the latch-on state under the fast power-on conditions with the rise time
in the order of nano-second (ns). The design with the new proposed ESD-transient detection
circuit has been applied with 1.2-V voltage pulses with 100-ns or 2-ns rise time, both of
which are used to simulate the fast power-on condition, to investigate its immunities against
the mis-trigger and latch-on event. The measured results are respectively shown in Figs. 3.8(a)
and 3.8(b). Its measured voltage waveforms'do not show any obvious degradation under the
fast power-on condition with voltage pulse of 1.2V and-rise time of 100 ns or 2 ns. On the
contrary, the power-rail ESD clamp:circuit with the traditional ESD-transient detection circuit
suffered from the mis-trigger under the fast power-on conditions. Its voltage waveforms will
be slightly degraded under the 1.2-V fast power-on pulse with 100-ns rise time, and be
dramatically degraded under that with 2-ns rise time. Since the feedback circuit schemes were
not used in this work, the latch-on event was not observed in these two power-rail ESD clamp
circuits. Compared with the results in the previous studies [9]-[11], [18], [19], the power-rail
ESD clamp circuit with new proposed ESD-transient detection circuit possesses an excellent
immunity against mis-trigger and latch-on event. Because the new proposed ESD-transient
detection circuit adopts the capacitance coupling mechanism, this new proposed design not
only distinguishes the abnormal overshooting voltage pulse by its rise time, but also
discriminates this voltage pulse by its voltage amplitude. The new proposed ESD-transient
detection circuit can easily distinguish the ESD event from the fast power-on condition with
the voltage amplitude of 1.2 V and the rise time of 2 ns.

In addition, the electrical fast transient (EFT) test [52] is applied on the power-rail ESD
clamp circuit with new proposed ESD-transient detection circuit to judge its immunity
against fast transient noise on the power line. With 10-V EFT voltage stress on the VDD node,
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the measured result is shown in Fig. 3.9. The new proposed design can efficiently clamp the
overshooting voltage pulse on VDD node during EFT stress. After the duration of 10-V EFT
voltage pulse, the voltage potential on VDD node is well remained at 1.2 V and no
conducting current from VDD to VSS is observed. According to the EFT measured result, the
new proposed ESD-transient detection circuit also possesses an excellent immunity against
mis-trigger and latch-on event under electrical fast transient noise applied on VDD terminal.

New Proposed Design

Traditional Design New Proposed Design

Traditional Design

Voltage (0.2 V/div)
Voltage (0.2 V/ div)

Time (Izoo nel divI) Time (106 na/ div)
(@) (b)

Fig. 3.8. The measured voltage waveforms of the pewer-railEkESD clamp circuits with the traditional

and the new proposed ESD-transient detection circuits under the 1.2-V fast power-on conditions with

(a) 100-ns rise time and (b) 2-ns rise time.

F -8
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Fig. 3.9. Under the 10-V EFT voltage pulse, the measured voltage waveform of the power-rail ESD

4 l l

clamp circuit with the new proposed ESD-transient detection circuit.
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3.4. Summary

A new proposed ESD-transient detection circuit cooperated with NMOS-based
power-rail ESD clamp circuit has been presented and successfully verified in a 130-nm
CMOS technology. The new proposed ESD-transient detection circuit adopts the capacitance
coupling mechanism and a switch NMOS transistor to command the main ESD clamp NMOS
transistor by the general controlling circuit with single-stage inverter. According to the
measured results, the power-rail ESD clamp circuit with the new proposed ESD-transient
detection circuit exhibits the superior ESD robustness of 8.0 kV and 400 V in HBM and MM
ESD stresses, respectively. Moreover, it also possesses an excellent immunity against the
mis-trigger and latch-on event under the 1.2-V fast power-on condition with the rise time of 2

ns.
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Chapter 4

Implementation of Initial-On ESD Protection
Concept with PMOS-Triggered SCR Devices in
Deep-Submicron CMOS Technology

In this chapter, a novel initial-on SCR design is proposed to achieve the lowest trigger
voltage and the highest turn-on efficiency of SCR device for effective on-chip ESD
protection. Without using the special native device or any process modification, this initial-on
SCR design is realized by circuit skill with the PMOS transistor in general CMOS processes
[45]. This initial-on SCR design alse!'presents: a high enough holding voltage in a
fully-silicided 0.25-um CMOS progess to-javoid latchup issues in normal circuit operation

conditions.

4.1. Background

In the past, the traditional ESD protection devices are initially kept off in CMOS ICs, as
illustrated in Fig. 4.1. When the pad is zapped with ESD pulse, the ESD clamp device is
triggered on by the ESD stress voltage to conduct ESD current from the pad to ground.
However, when the core circuits are realized with a much thinner gate oxide in a
deep-submicron CMOS technology, the traditional ESD protection design cannot be able to
effectively protect the core circuits with thinner gate oxide. To effectively protect the core
circuits with much thinner gate oxide in the deep-submicron CMOS technology, a new
on-chip ESD protection concept with the initial-on ESD protection device is shown in Fig.
4.2. The ESD clamp device is kept off, when the IC is in the normal circuit operation
conditions. But, the ESD clamp device is initially on, when the IC is floating without any
power bias. When the pad is zapped by ESD, the ESD clamp device standing in the
already-on status can quickly discharge ESD current from the pad to ground. Therefore, this
new ESD protection concept can effectively protect the internal circuits in a deep-submicron

CMOS technology [62]. The optimum ESD protection design window is restricted within the
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range between VDD operation voltage and the gate oxide breakdown voltage. The ESD
protection circuits should be triggered on to discharge the ESD currents, and to protect the
internal circuits without gate oxide damage. Therefore, the trigger voltage of the ESD
protection circuit must be lower than the breakdown voltage of the internal circuits. In
addition, the holding voltage and on resistance (R,,) of ESD protection circuit will
significantly influence the ESD robustness of CMOS IC product. The lower holding voltage
and smaller on resistance (R,,) can provide more efficient ESD protection. However, the
holding voltage of ESD protection devices must be higher than the VDD operation voltage to
prevent the latchup under normal circuit operation condition [63]. In IC products, the on-chip
ESD protection designs are required to provide higher ESD robustness with smaller layout
area to save the chip area. Silicon controlled rectifiers (SCRs) have been used as on-chip ESD
protection devices, because of their superior area-efficient ESD robustness [22]. However,
SCR has some drawbacks, such as higher trigger voltage (Vtl), lower turn-on efficiency, and

even latchup danger.

|
PAD ES& PAD ESEE

/I ~1

ESD clamp
device is

ESD clamp device is
triggered on during

initially “ off” % ESD stress.

(@) (b)
Fig. 4.1. The traditional ESD protection design with the initial-off ESD protection device. (a) The

ESD clamp device was kept off in normal circuit operation conditions. (b) During ESD stress, the

ESD clamp device was triggered on to discharge ESD current.

The related previous studies [22]-[31] on solving the disadvantages have been reported
in Chapter 1. In this chapter, a novel initial-on SCR design implemented by PMOS-triggered
SCR device is proposed to achieve the lowest trigger voltage and the highest turn-on
efficiency of SCR device for effective on-chip ESD protection. Without using the special
native device or any process modification, this initial-on SCR design is realized by circuit
skill with the embedded PMOS transistor cooperated with RC-based ESD-transient detection
circuit in general CMOS processes [45]. This initial-on SCR design has a high enough
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holding voltage to avoid latchup issues in a VDD operation voltage of 2.5 V. The new
proposed initial-on ESD protection design with PMOS-triggered SCR device has been
successfully verified in a fully-silicided 0.25-um CMOS process.

PAD T PAD
ESD clamp ) ESD clamp
device is device is ]
kept “off”, initially “on”,
when IC is when IC is
in normal floating.
operation. %
(a) (b)
IESD
X PAD |
!
®

ESD clamp device has
been already “on”,
when pad is zapped
with ESD.

(c)
Fig. 4.2. The new ESD protection concept with the initial-on ESD protection device. (a) The ESD
clamp device was kept off in normal circuit operation conditions. (b) The ESD clamp device was
initially on when IC was floating. (c) The already-on ESD clamp device can rapidly discharge ESD

current during ESD stress.

4.2. Realization of the Initial-On SCR Design

4.2.1. Implementation of the Initial-On ESD Protection Circuit

The new proposed initial-on ESD protection design, which consists of the SCR device
with PMOS-triggered technique and the RC-based ESD transient detection circuit, is shown
in Fig. 4.3. A PMOS transistor is directly embedded into the SCR structure to achieve the
initial-on function for ESD protection. The source and drain terminals of the PMOS transistor
are connected to the additional n+ diffusion and p+ diffusion of the SCR structure,

respectively, as illustrated in Fig. 4.3. These additional p+ diffusion and n+ diffusion are the
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p-triggered and n-triggered nodes in p-substrate and n-well of this SCR structure, respectively,
to enhance the turn-on efficiency of SCR during ESD stress. The gate terminal of the
embedded PMOS is controlled by a RC-based ESD transient detection circuit, which is used

to distinguish the ESD-stress conditions from the normal circuit operation conditions.

RC-Based ESD Transient
Detection Circuit

P-Triggered Node
Cathode

N-Triggered Node
Anode VDD

) [ e

SCR Path

NW

Embedded PMOS Transistor

P-substrate

Fig. 4.3. The cross-sectional view of:the initial-on SCR design with PMOS-triggered technique.

4.2.2. Operation Principles

Under positive VDD-to-VSS ESD-stress condition, the gate voltage of embedded PMOS
is initially kept at zero in the power-rail ESD clamp circuit, as shown in Fig. 4.4(a). With an
initial gate voltage of 0 V, the PMOS transistor is initially on to conduct the ESD current
from the anode (P+) of SCR or pickup (N+) of n-well, and then inject into the
p-well/p-substrate of SCR device, as the dashed lines illustrated in Fig. 4.4(a). With the both
trigger currents in the n-well and p-well/p-substrate synchronously, the SCR can be fired on
quickly. Finally, the ESD current is mainly discharged from the anode to the cathode of SCR
device. The equivalent circuit of the initial-on SCR design is shown in Fig. 4.4(b). The
initial-on PMOS transistor provides the conduction paths to generate the voltage bias between
emitters and bases, which in turns induce base currents of the parasitic vertical pnp bipolar
transistor (Qpnp) and lateral npn bipolar transistor (Qnpn) to trigger on the SCR device to
discharge ESD current. Due to the difference in the rise time between the ESD pulse and the
VDD power-on voltage, the RC time constant of the ESD-transient detection circuit is

designed about 0.1~1 micro-second to distinguish the ESD-stress condition from the normal
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circuit operation condition [6], [7]. To achieve the desired operation, the RC time constant of
the ESD-transient detection circuit in Figs. 4.4(a) and 4.4(b) is designed around 1 ps in this
work. During normal circuit operation condition with the normal VDD and VSS power
supplies, the gate of embedded PMOS is biased at VDD to keep itself off. Therefore, the

PMOS-triggered SCR device is always kept off during the normal circuit operation condition.
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(b)
Fig. 4.4. (a) The operation of the initial-on'SCR=design for power-rail ESD clamp circuit. (b) The
equivalent circuit of the initial-on SCR design:;The.embedded PMOS transistor generates the trigger

current to initiate the turn-on of SCR during ESD stress.

4.2.3. Layout Structure for Initial-On SCR Device

To investigate the turn-on phenomena and circuit characteristics, two types of layout
implementations (structure-1 and structure-2) for the proposed initial-on SCR device are
verified in this work, as shown in Figs. 4.5(a) and 4.5(b). The SCR structure is consisted of P+
diffusion of anode, the n-well, the p-substrate (p-well), and the N+ diffusion of cathode in
each test structure. The embedded PMOS transistors of structure-1 and structure-2 are
different in the layout of the n-triggered node and the anode-to-cathode spacing. Because the
n-triggered node has been merged into the source terminal of PMOS transistor, the
anode-to-cathode spacing of structure-2 is reduced to 7.7 um, whereas the anode-to-cathode
spacing of structure-1 is 9.5 um in a 0.25-um CMOS process. The device characteristics, such
as holding voltage, on resistance (R,,), and ESD robustness, of the PMOS-triggered SCR

device can be adjusted by its anode-to-cathode spacing.
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Fig. 4.5. The top views of initial-on SCR devices with (a) structure-1 and (b) structure-2 layout

styles realized in a 0.25-um CMOS process:

4.3. Experimental Results

The initial-on SCR devices, in Figs:-4.5(a)-and 4.5(b), have been fabricated in a 0.25-ym
salicided CMOS process without using the silicide-blocking mask. The active width of each
SCR device is drawn with 50 pm in the test chip.

4.3.1. DC Characteristics for the Initial-On SCR Devices

According to the measured device DC characteristics, the breakdown voltages of the P+
drain diffusion/n-well junction in PMOS and N+ drain diffusion/p-well junction in NMOS
are respectively 7 V and 6.5 V in the 0.25-um CMOS process. The n-well/p-well junction
breakdown voltage is higher than 15 V in the same CMOS process. If the ESD protection
devices are triggered on by junction-breakdown mechanisms, such as gate-grounded NMOS
(GGNMOS), gate-VDD PMOS (GDPMOS), and LVTSCR, the junction-breakdown
mechanisms often have higher trigger voltages which could not efficiently protect the internal
circuits with thinner gate oxide in the deep-submicron or nanoscale CMOS technologies.
Therefore, the initial-on ESD protection concept realized with PMOS-triggered SCR device
is proposed in this work to achieve the lower trigger voltage and the higher turn-on efficiency.

In order to observe the influence of embedded PMOS gate bias on the trigger voltage of SCR
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devices, the gate-biased voltages (Vi) of 0, 1, 2, and 3 V were applied to the gate terminal of
the embedded PMOS transistor. The measurement setup is shown in Fig. 4.6(a). The
measured DC I-V curves of the initial-on SCR devices with structure-1 and structure-2 layout

styles under different gate-biased voltages are shown in Figs. 4.6(b) and 4.6(c), respectively.
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Fig. 4.6. (a) The different gate-biased voltages were applied to the gate terminal of the embedded
PMOS transistor in the SCR structure. The measured DC I-V curves of the initial-on SCR devices

with the layout styles of (b) structure-1, and (c) structure-2, under different gate-biased voltages.

The trigger voltage (Vtl) of PMOS-triggered SCR device is reduced with the decrease of
the gate-biased voltage. When the gate voltage of the embedded PMOS is decreased from 3 V
to 0 V, the Vtl of PMOS-triggered SCR device is decreased from ~6.6 V to ~4 V and from
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~5.75 V to ~3.3 V in structure-1 and stricture-2, respectively. These results have proven that
the Vtl of SCR device can be significantly reduced by the proposed PMOS-triggered
technique. The holding voltage of the PMOS-triggered SCR device is slightly increased when
the gate voltage of embedded PMOS is increased, as shown in Figs. 4.6(b) and 4.6(c). With
an initial gate voltage of 0 V, the SCR device has the lowest holding voltage to effectively
clamp the over-stress ESD pulse. In addition, another issue of using SCR device as the ESD
protection device is the latchup concern under normal circuit operation condition. The gate
terminal of the embedded PMOS transistor was biased at VDD through the resistor in the
ESD-transient detection circuit during normal circuit operation conditions. To avoid latchup
issue, the holding voltage of SCR devices must be designed greater than the maximum
voltage of VDD. Under the temperatures of 25, 75, and 125 °C, the holding voltages of
PMOS-triggered SCR devices in the layout styles of structure-1 and structure-2 with gate bias
at VDD were shown in Figs. 4.7(a) and 4.7(b), respectively. The dependence of SCR holding
voltages in structure-1 and structure-2 layout styles on the operating temperature is shown in
Fig. 4.7(c). The holding voltages of the PMOS-triggered SCR device in structure-1 layout
style are about ~3.15 V to ~2.65, swhich asghigher than the 2.5-V VDD voltage, under
operating temperatures of 25 to 125 °C. The holding veltages of the PMOS-triggered SCR
device in structure-2 layout style are about =2.78 V to ~2.45 under operating temperatures of
25 to 125 °C. A diode can be added in"series withthe PMOS-triggered SCR device of
structure-2 to further increase the total helding voltage for latchup-free applications in the

CMOS ICs with VDD of 2.5 V.
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Fig. 4.7. The DC I-V curves of the initial-on SCR devices with the layout styles of (a) structure-1,
and (b) structure-2, under different temperatures. (¢c) The dependence of SCR holding voltage on the

temperature.

4.3.2. Turn-on Verification

To observe the turn-on efficiency of the initial-on SCR device, 6-V ESD-like voltage
pulses with different rise times were applied on the anodes of PMOS-triggered SCR with
structure-1, structure-2, and the traditional LVTSCR [23]. The measurement setup for
investigating the turn-on efficiency of the initial-on SCR device is illustrated in Fig. 4.8(a).

The rise time of Human Body Model (HBM) ESD event is about 2 ns to 10 ns [1]. The
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clamped voltage waveforms by different SCR devices are compared in Figs. 4.8(b) and 4.8(c)

under the rise times of 10 ns and 1.8 ns, respectively.
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Fig. 4.8. (a) The measurement setup with ESD-like voltage pulse to investigate the turn-on

efficiency of the LVTSCR and the PMOS-triggered SCR in structure-1 and structure-2 layout styles.
The 6-V ESD-like voltage pulses were applied to the anodes of SCR devices with the rise time of (b)
10 ns and (c) 1.8 ns. (d) The zoomed-in‘view on the clamped voltage waveform of (¢) around the

rising edge.

In Fig. 4.8(b), the applied 6-V.ESD-likeTvoltage: pulse with a rise time of 10 ns is
clamped by the PMOS-triggered SCR"devices to.a lower voltage level (below 4 V). In Fig.
4.8(c) with a rise time of as short as 1.8 ns which is faster than the typical rise time of HBM
ESD event, the PMOS-triggered SCR devices performed a lower trigger voltage and higher
turn-on efficiency than LVTSCR did. Because the LVTSCR device was triggered by junction
breakdown occurring between p-well and the N+ drain diffusion of the embedded GGNMOS
transistor, the trigger voltage of LVTSCR was much higher than that of the proposed
PMOS-triggered SCR device. When the 6-V ESD-like voltage pulses with the rise time of 10
ns or 1.8 ns were applied on the PMOS-triggered SCR devices, the main SCR structures were
rapidly turned on by the PMOS-generated trigger current. However, the LVTSCR device can
not be turned on to clamp the overshooting ESD voltage pulses when the 6-V ESD-like
voltage pulses were applied. According to the measurement results in Figs. 4.8(b) and 4.8(c),
the PMOS-triggered SCR devices can be firstly turned on at a lower applied voltage pulse to
efficiently clamp the overshooting ESD voltage pulse to a lower voltage level (below 4 V) at
the short period. The rising edges of the voltage waveforms clearly prove the higher turn-on

efficiency of the new proposed initial-on SCR devices under both structure-1 and structure-2
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layout styles, as the zoomed-in waveforms shown in Fig. 4.8(d). With lower trigger voltage
and higher turn-on efficiency, the PMOS-triggered SCR devices can rapidly clamp the
overshooting ESD voltage pulse to a lower voltage level. With duration of less than 10 ns, the
overshooting ESD voltage pulse can be rapidly clamped to avoid the damage occurrence in
internal circuits. Thus, the internal circuits with thinner gate oxide can be well protected by

the new proposed initial-on SCR devices.

4.3.3. TLP Characteristics

The Transmission Line Pulse (TLP) measured I-V characteristics of the new proposed
initial-on SCR devices with the structure-1 and structure-2 layout styles are shown in Figs.
4.9(a), 4.9(b), 4.10(a), and 4.10(b), respectively. The PMOS-triggered SCR devices were
measured by the TLP system with a 100-ns pulse width and a 2-ns to 10-ns rise time. The
trigger voltages of the PMOS-triggered SCR devices in structure-1 and structure-2 can be
significantly reduced from ~9.4 V to ~4.3 V and from ~9.3 V to ~4.2 V, respectively, as
shown in Figs. 4.9(b) and 4.10(b). If the gate of embedded PMOS transistor is connected to
the anode of SCR (to keep the PMOS off),, the 'SCR devices have trigger voltages of ~9.4 V
and ~9.3 V in structure-1 and structure-2, respeetively. Fhe second breakdown currents (It2)
of the PMOS-triggered SCR devices are also obviously improved, when the embedded
PMOS transistor is turned on, as shown in Figs. 49(a) and 4.10(a). The PMOS-triggered
SCR devices with the embedded PMOS "off" were triggered by the junction breakdown
between the n-well and the P+ drain diffusion of the embedded PMOS transistor. The trigger
voltages of the PMOS-triggered SCR devices with the embedded PMOS off are much higher
than that with the embedded PMOS on. In addition, because the junction breakdown occurred
between the n-well and the P+ drain diffusion of the embedded PMOS transistor, the
breakdown mechanism caused the local joule heats at this junction. When the higher TLP
energy pulses were applied to the PMOS-triggered SCR devices with the embedded PMOS
off, some junction location was produced with high enough joule heats to destroy the contacts.
However, the PMOS-triggered SCR devices with the embedded PMOS on were triggered on
by the trigger current generated from the PMOS transistor. The higher TLP energy pulses can
be effectively discharged by the SCR structures without junction breakdown to avoid the
local joule heat occurrence. Therefore, the It2 values of PMOS-triggered SCR devices with
the embedded PMOS on are much higher than that with the embedded PMOS off, as shown
in Figs. 4.9(a) and 4.10(a). The It2 of the proposed PMOS-triggered SCR device is about 4.5
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A (4.6 A) with the layout style of structure-1 (structure-2), whereas the widths of SCR
devices are only 50 um. Moreover, for the PMOS-triggered SCR devices, a It2 of 3.5 A can
be achieved before the gate-oxide breakdown of 12 V in the given 0.25-um CMOS
technology with a 5-nm gate-oxide thickness.
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Fig. 49. (a) The TLP-measured I-V curves of the PMOS-triggered SCR device with structure-1
layout style under the embedded PMOS on or off. (b) The zoomed-in view of (a) around the

low-current region.
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Fig. 4.10. (a) The TLP-measured I-V curves of the PMOS-triggered SCR device with structure-2

layout style under the embedded PMOS on or off. (b) The zoomed-in view of (a) in the low-current

region.

4.3.4. ESD Robustness
The HBM ESD robustness of the initial-on SCR devices was measured by the

ZapMaster ESD simulator. The failure criterion is defined as 30% voltage shifting from its

original I-V curve at 1-pA bias. With a device width of 50 pm in the given 0.25-um
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fully-silicided CMOS process, the HBM ESD levels of the initial-on SCR devices with
structure-1 and structure-2 layout styles are 5.5 kV and 6.0 kV, respectively. Due to the
smaller distance between anode and cathode of the SCR device with the structure-2 layout
style which has a lower holding voltage, the ESD robustness of PMOS-triggered SCR in

structure-2 is higher than that in structure-1.

4.4. Applications for On-Chip ESD Protection

4.4.1. Whole-Chip ESD Protection Scheme

The on-chip ESD protection designs for input, output, and power-rail ESD clamp
circuits with the proposed PMOS-triggered SCR devices and the corresponding
ESD-transient detection circuits are shown in Fig. 4.11(a). The initial-on SCR device with the
lowest Vtl and the highest turn-on efficiency, as compared to the other SCR devices [22], can
effectively protect the internal circuits against ESD damage. Application for power-rail ESD
clamp circuit, the initial-on SCR device ‘with the gate bias of VDD on the embedded PMOS
has a high enough holding voltage" to [prevent the latchup issue under the normal circuit
operation condition. In addition, the RC-based ESD transient detection circuits among the I/O
cells can share the same R and C to'save'chip-areasas that (R1 and C1) shown in Fig. 4.11(a).
The initial-on SCR device can provide bi-direction-low-impedance discharging paths, which
include the turn-on path of the SCR structure and the parasitic diode between n-well and
p-well (p-substrate), as shown in Fig. 4.11(b). The initial-on SCR device is placed from each
pad to VSS to provide ESD protection for the input or output circuits. The ESD current
discharging paths under different ESD-stress conditions, which are positive-to-VSS (PS)
mode, negative-to-VSS (NS) mode, positive-to-VDD (PD) mode, and negative-to-VDD (ND)
mode, are shown in Figs. 4.12(a), 4.12(b), 4.12(c), and 4.12(d), respectively. In Figs. 4.12(a)
and 4.12(b) during PS-mode and NS-mode ESD stresses, the ESD currents are discharged by
the initially turned-on PMOS-triggered SCR device and the parasitic diode in the SCR
structure, respectively. In Fig. 4.12(c) during PD-mode ESD stress, the ESD current is
discharged by the initially turned-on PMOS-triggered SCR device from the pad to the VSS
metal line, and then from VSS to the grounded VDD through the parasitic diode of another
PMOS-triggered SCR device in the power-rail ESD clamp circuit. In Fig. 4.12(d) during
ND-mode ESD stress, the negative ESD current is discharged by the parasitic diode of the
SCR device from the pad to the VSS metal line, and then through the initially turned-on
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PMOS-triggered SCR device in the power-rail ESD clamp circuit to the grounded VDD pin.
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Fig. 4.11. (a) The on-chip ESD protection design for input, output, and power-rail ESD clamp
circuits with the initial-on SCR devices. (b) The initial-on SCR device can provide the low-impedance

bi-direction discharging paths to discharge ESD currents during different ESD stress conditions.

-64 -



VDD VDD

P+ P+
Veso % R1 . % R1
Input/Output Pad oL 3 NW— Input/Output Pad —K/_ESD 3 NW—
Internal {E _“_—J_ k Internal _“_—J_ =
Circuits '—LEPW_;’ Circuits
__c1
N+ t
= = VSS
(b)
VDD VDD
_r I
— A =
R1 R1
Internal Input/Output Pad OKSD L_J—EI NW— Internal Input/Output Pad D—WESD L—J_EI NWHH
tern g = tern . =
Circuits EPW_: Circuits E|PW— |
N+ N+
i ‘VV
VSS
(© (d)

Fig. 4.12. The ESD current discharging paths during the ESD stresses of (a) positive-to-VSS (PS)
mode, (b) negative-to-VSS (NS) mode, (c) positive-to-VDD (PD) mode, and (d) negative-to-VDD
(ND) mode.

4.4.2. ESD Protection for IC with Multi-Power Domains

The interface circuits in CMOS ICs with separated power domains are often damaged by
ESD stress, especially during the I/O pin to I/O pin ESD test. For the chip with separated
power domains, the whole-chip ESD protection scheme realized with the proposed initial-on
SCR devices and ESD buses is shown in Fig. 4.13. In the same power domain, the anodes of
the PMOS-triggered SCR devices are connected to the pads (including I/O, VDD, and VSS
pads), and their cathodes are connected to the common ESD bus. The ESD bus can be
realized by the wide metal line in the chip to efficiently conduct ESD current of several
amperes during ESD stresses. To further save layout area, such ESD bus can be co-designed
with the seal ring of the chip [37]. Between the ESD buses, the initial-on SCR devices are

also used to connect the separated ESD buses to avoid ESD damage on the interface circuits
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between the separated power domains. During ESD stresses, the PMOS-triggered SCR
devices with the initial-on function in the whole-chip ESD protection scheme can be quickly
triggered on to efficiently protect the internal circuits. The proposed initial-on SCR devices
can achieve the same turn-on efficiency of the already-on (native) device for ESD protection,
but neither the extra on-chip negative voltage generator nor the native device is needed to

realize with this initial-on ESD protection concept with the PMOS-triggered SCR device.
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Fig. 4.13. The ESD protection scheme realized with the initial-on SCR devices and ESD buses for

the chip with separated power domains.

4.4.3. Discussion

The PMOS-triggered SCR devices have also been implemented in advanced CMOS
technologies, such as 0.18-um CMOS technology and 90-nm CMOS technology. According
to the measured results of PMOS-triggered SCR devices in 0.18-um CMOS technology, the
PMOS-triggered SCR devices have the lower trigger voltage (below 3.6 V) and higher
second breakdown current (over 4 A) to efficiently protect the internal circuits in

deep-submicron CMOS technologies. In addition, the lower holding voltage and smaller

- 66 -



layout area of the SCR devices always are the advantageous to others devices, such as
GGNMOS and parasitic lateral NPN bipolar transistor. According to the TLP I-V
characteristics of the PMOS-triggered SCR devices, the holding voltages of the
PMOS-triggered SCR devices are about 3 V (2.8 V) in 0.25-pum (0.18-pm) CMOS technology.
The holding voltages of parasitic diodes in SCR structures are about 0.85 V in 0.25-um and
0.18-um CMOS technologies. Due to these excellent ESD protection characteristics, which
are lower trigger voltage and lower holding voltage, and higher ESD robustness with smaller
layout area, the proposed initial-on ESD protection design with PMOS-triggered SCR device
is suitable to apply in nanoscale CMOS technology. To decrease the voltage across the
ultra-thin gate oxide of the internal circuits is the main challenge of ESD protection designs.
The overstress voltages across the ultra-thin gate oxide will induce the oxide breakdown to
cause internal circuit damages. During the ESD stresses, the huge ESD voltages must be
firstly clamp to avoid the damages of internal circuits. However, when the ESD currents
discharged through the arranged ESD protection circuits, such as pad-to-VDD ESD clamp
devices, pad-to-VSS ESD clamp devicesy powersrail ESD clamp devices, VDD metal lines,
or VSS metal lines, the voltage across the gate oxide were still raised by the holding voltages
and IR drops of the ESD clamp devices, and IR drops of the VDD or VSS metal lines. The
raised voltages across the gate oXide could cause the-'damages on the gate oxide of the
internal circuits.

For the whole-chip ESD protection design scheme with PMOS-triggered SCR devices,
the ESD currents can be discharged by the initially turned-on PMOS-triggered SCR device or
parasitic diode in the SCR structure from the pad to the VSS, and then from VSS to VDD
through the parasitic diode of another PMOS-triggered SCR device or the other initially
turned-on PMOS-triggered SCR device in the power-rail ESD clamp circuit under different
ESD-stress conditions. The detail ESD-current discharging paths were illustrated in Figs.
4.12(a), 4.12(b), 4.12(c), and 4.12(d). The discharging paths of PD-mode and ND-mode are
longer than that of PS-mode and NS-mode. Therefore, when the ESD stress applied on an
input pin, the raised voltage across the gate oxide of the PMOS transistor under PD-mode and
ND-mode ESD stresses are higher than that of the NMOS transistor under PS-mode and
NS-mode ESD stresses. Under PD-mode or ND-mode ESD stress, raised voltage (Voxide)
across the gate oxide of the PMOS transistor can be simply evaluated by the holding voltages
(Vh) of a PMOS-triggered SCR device and a parasitic diode, the IR drops of the ESD current
(Iesp) discharging through the on resistances (Ro,) of a PMOS-triggered SCR device and a
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parasitic diode, and the IR drops of the ESD current (Igsp) discharging through the resistance
(Rym) of VSS metal line. The related equation of the raised voltage is shown as following. The
raised voltages across the gate oxide of the PMOS transistor under PD-mode and ND-mode
ESD stresses are shown in equation (4.1). The equations (4.2) and (4.3) are shown the raised
voltages across the gate oxide of the NMOS transistor under PS-mode and NS-mode ESD

stresses, respectively.

Voxide = Vh, sck + Vh, diode + lesp X (Ron, scrR + Ron, diode + Rwm) 4.1)
Voxide = Vh, sck + lesp X Ron, scr 4.2)
Voxide = Vh, diode + lesp X Ron, diode 4.3)

The holding voltages of the PMOS-triggered SCR devices are about 3 V in 0.25-um
CMOS technology. The holding voltages of parasitic diodes in SCR structures are about 0.85
V in 0.25-um CMOS technologies. Thé on resistances (Ron) of a PMOS-triggered SCR
device and a parasitic diode in the SER structure with the 50-um device sizes are respectively
about 2.5 Q2 and 1.25 Q. Generally, the resistances of the'VSS metal lines or VDD metal lines
are about several tens mini- Q in deep-submicrom€MOS technology. Before the gate-oxide
breakdown of 12 V in the given 0.25-um CMOS téchnology, the Igsp can achieve over 2 A
(about HBM ESD robustness of 3 kV) under the PD-mode or ND-mode ESD stress in the
whole PMOS-triggered SCR devices with the device sizes of 50 um. On the other hand, the
Igsp of the NS-mode or PS-mode ESD stress was higher than that of the PD-mode or
ND-mode, because the whole-chip ESD protection design scheme with PMOS-triggered SCR
devices had the shorter ESD discharging paths in NS-mode or PS-mode ESD stress.

For more advanced CMOS technology applications with the ultra thin gate oxide, the
holding voltage and the on resistance (Ro,) of the PMOS-triggered SCR devices needs to be
further decreased to reduce the raised voltage across the ultra thin gate oxide of the internal
circuits. However, the holding voltages of the SCR devices are dependent on the
anode-to-cathode spacing of the SCR structures. The anode-to-cathode spacing of the
PMOS-triggered SCR devices can be adjusted by the layout modifications of the embedded
PMOS transistor, n-triggered node, and p-triggered node, such as the PMOS-triggered SCR
devices with different layout styles of structure-1 and structure-2. The holding voltages of the

PMOS-triggered SCR devices can be adjusted by different layout styles with different
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anode-to-cathode distances to reduce for more advanced CMOS technology applications. The
holding voltages would be reduced below 2 V in the SCR devices with the shortest
anode-to-cathode spacing. In addition, the on resistances (R,,) of the PMOS-triggered SCR
devices can be significantly reduced by increasing the device widths. The on resistances (Rop)
of the PMOS-triggered SCR devices are directly proportional to the device widths. The ESD
robustness also can be obviously improved in the increments of the device widths. Therefore,
the PMOS-triggered SCR devices with the shorter anode-to-cathode spacing and large device
width can efficiently reduce the raised voltage across the ultra thin gate oxide of the internal

circuits for ESD protection applications in nanoscale CMOS technology.

4.5. Summary
The “initial-on” ESD protection concept realized by the PMOS-triggered SCR device

with RC-based ESD-transient detection circuit has been successfully designed and verified in
a 0.25-um salicided CMOS process. Compared to the LVTSCR, the lowest trigger voltage
and the highest turn-on efficiency of 'SCR “device can be achieved by the proposed
PMOS-triggered technique for effective on-chip ESD’protection. Such a PMOS-triggered
SCR also presents a high enough holding voltage to overcome the latchup issue under the
normal circuit operation condition. “The ESD-robustness of the PMOS-triggered SCR can be
higher than 5.5 kV with a device width of as small.as-50 pm. Therefore, such initial-on SCR
devices can achieve the whole-chip ESD protection scheme for input, output, power-rail ESD

clamp circuit, and the ESD clamp cells between the separated power domains.
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Chapter 5

Optimization on MOS-Triggered SCR Structures for
On-Chip ESD Protection

As discussed in Chapter 4, the performance of initial-on SCR design implemented by
PMOS-triggered SCR device has been proposed to achieve the lowest trigger voltage and the
highest turn-on efficiency of SCR device for effective on-chip ESD protection. In this chapter,
further optimizations on the PMOS-triggered SCR devices are presented. The modified
PMOS-triggered SCR device with merged layout style is proposed to enhance its ESD
protection capability. In addition, NMOS transistor is also embedded into the SCR structures
to implement NMOS-triggered SCR devices. The device characteristics of these two different
MOS-triggered SCR devices are compared to optimize the on-chip ESD protection design in
CMOS ICs.

5.1. SCR Devices with Embedded MOS Transistors
The PMOS-triggered SCR device with embedded PMOS transistor and RC-based ESD

transient detection circuit is shown in Fig. 5.1(a) [45]. The source and drain terminals of
embedded PMOS transistors are respectively connected to the n-triggered and p-triggered
nodes to synchronously generate double trigger currents into n-well and p-well of the SCR
structure. The gate terminal of embedded PMOS transistor is tied to a RC-based ESD
transient detection circuit. Compared to the PMOS-triggered SCR device, the
NMOS-triggered SCR device is implemented with an embedded NMOS transistor, as shown
in Fig. 5.1(b). The source and drain terminals of the embedded NMOS transistor are
respectively connected to the p-triggered and n-triggered nodes. The gate terminal of
embedded NMOS transistor is tied to a RC-based ESD transient detection circuit with an
inverter. Due to the difference in the rise times between the ESD pulse and the VDD
power-on voltage, the RC time constant in the ESD transient detection circuit is traditionally
designed about 0.1~1 micro-second to distinguish the ESD stress condition from the normal

circuit operation condition [6], [7]. To achieve the desirable operation, the RC time constant
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of ESD transient detection circuit is designed as 0.4 ps in this work.
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Fig. 5.1. Cross-sectional views of (a) the PMOS-triggered SCR device with RC-based ESD transient
detection circuit, and (b) the NMOS-triggered SCR device with RC-based ESD transient detection

circuit and an inverter.

Three different channel lengths (L), which are 0.3 pum, 0.5 um, and 0.75 pm, of the
embedded MOS transistors in the MOS-triggered SCR devices are investigated in this work.

-71 -



The layout top views of the MOS-triggered SCR device are illustrated in Figs. 5.2(a) and
5.2(b). With the three different channel lengths in the embedded MOS transistors, the
anode-to-cathode spacings are therefore different in the MOS-triggered SCR devices. They
are 6.8 um, 7.0 um, and 7.25 um in the MOS-triggered SCR devices with channel lengths of
0.3 um, 0.5 pum, and 0.75 pum in the embedded MOS transistors, respectively. The
MOS-triggered SCR device with merged layout style is also proposed and implemented in
this work. The p-triggered node (or the n-triggered node) was directly merged into the drain
side of the embedded PMOS transistor (or the embedded NMOS transistor), and located
across the junction between n-well and p-well. The layout top views of the MOS-triggered
SCR devices with shorter anode-to-cathode spacing are illustrated in Figs. 5.3(a) and 5.3(b).
This shorter anode-to-cathode spacing is only 5.1 um with the channel length of 0.3 um in
the embedded MOS transistor. The device widths of all MOS-triggered SCR devices in this
work are kept the same of 50 um, which have been fabricated in a 0.18-um fully-silicide
CMOS process.
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Anode Cathode Anode Cathode
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Fig. 5.2. Top views of (a) the PMOS-triggered, and (b) the NMOS-triggered, SCR devices with
three different channel lengths of 0.3 pm, 0.5 um, and 0.75 pm in the embedded MOS transistor

(original layout style).
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5.2. Experimental Results,

5.2.1. Device Characteristics of the MOS-Triggered SCR Devices

During the normal circuit operation condition with VDD and VSS biases, the gate
terminals of embedded PMOS and NMOS transistors were biased at VDD and VSS
respectively to keep themselves off. The measured DC I-V curves of the MOS-triggered SCR
devices with different channel lengths in the embedded MOS transistors (original layout style)
are shown in Figs. 5.4(a) and 5.4(b). The DC trigger voltage (Vtl) and holding voltage (Vh)
of PMOS-triggered SCR device with 0.3-um channel length are 7.30 V and 2.82 V,
respectively. On the other hand, the NMOS-triggered SCR devices with 0.3-um, 0.5-um, and
0.75-um channel lengths have the Vh of 3.28 V, 3.63 V, and 3.75 V, respectively. Their
corresponding Vtl are 6.50 V, 7.17 V, and 7.19 V. The Vtl and Vh are increased by
increasing the channel length of the embedded MOS transistor. Besides, according to the
measured results in Figs. 5.5(a) and 5.5(b), the Vtl of the MOS-triggered SCR device with

merged layout style is similar to that with original layout style. However, the merged layout
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style can slightly reduce the Vh of MOS-triggered SCR devices due to the shorter
anode-to-cathode spacing in the layout. All Vh of MOS-triggered SCR devices with different
channel lengths and different layout styles are still greater than VDD of 1.8 V in this work.
The DC Vtl and Vh of PMOS-triggered and NMOS-triggered SCR devices were listed in
Table 5.1, respectively. The difference in Vtl between the NMOS-triggered and
PMOS-triggered SCR devices can be attributed to the different drain breakdown voltages of
NMOS and PMOS transistors.
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Fig. 5.4. The DC I-V curves of (a) the PMOS-triggered, and (b) the NMOS-triggered, SCR devices

with three different channel lengths in the embedded MOS transistors (original layout style).
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The DC I-V curves of (a) the PMOS-triggered, and (b) the NMOS-triggered, SCR devices

under two different layout styles.

5.2.2. Turn-on Verifications of the MOS-Triggered SCR Devices

In order to observe the turn-on efficiency of the MOS-triggered SCR devices with
different channel lengths in the embedded PMOS and NMOS transistors, a 5-V ESD-like
voltage pulse with fast rise time of 2 ns was applied on each VDD terminal (anode) of the
MOS-triggered SCR device with its VSS terminal (cathode) grounded. The rise time of
Human-Body-Model (HBM) ESD event is about 2 ns to 10 ns [1]. The voltage pulse with a

rise time of 2 ns generated from a pulse generator is used to simulate the fast rising edge of
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HBM ESD event. The sharp-rising edge of the ESD-like voltage pulse will be detected by the
RC-based ESD transient detection circuit and then to trigger on the MOS-triggered SCR
devices. When the MOS-triggered SCR device is turned on, the voltage waveform on VDD
node will be clamped down as the measured results shown in Figs. 5.6(a) and 5.6(b). The
PMOS-triggered SCR device (original layout style) with 0.3-um channel length in the
embedded PMOS transistor can efficiently clamp the overshooting ESD voltage pulse to a
lower voltage level, as shown in Fig. 5.6(a). However, all of NMOS-triggered SCR devices
(original layout style) with 0.3-um, 0.5-pum, and 0.75-um channel lengths present high
turn-on efficiency to clamp the voltage potentials at a much lower level. Due to the larger
driving current capability in the embedded NMOS transistor, the NMOS-triggered SCR

devices exhibit excellent turn-on efficiency, as illustrated in Fig. 5.6(b).

Table 5.1
Device Characteristics of PMOS-Triggered and NMOS-Triggered SCR Devices with Three Different

Channel Lengths in Embedded:dMOS Transistors and Two Different Layout Styles

Original Layout Style Merg;?yll': yout
Device
Characteristics L= 0.3 pm L=0.5 pm L= 0.75 pm L=0.3 pm

PMOS- NMOS- PMOS- NMOS- PMOS- NMOS- PMOS- NMOS-
Triggered | Triggered | Triggered | Triggered | Triggered | Triggered | Triggered | Triggered
vt 730V | 650V | 761V | 7147V | 783V | 719V | 730V | 648V

DC
Vh 282V | 328V | 300V |363V | 312V | 375V | 235V | 288V
Vi1 350V | 247V | 441V | 272V | 512V | 298V | 340V | 244 V
Vh 281V | 236V | 310V | 256V | 338V | 268V | 240V | 228V

TLP
Ron |[271Q (2600 (3.28Q (281 Q (3310 (278Q|240Q (213 Q
It2 305A | 267A | 351A | 271 A | 3.92A | 278A | 417 A | 4.22 A
ESD HBM | 50 kV | 4.0kV | 6.5 kV | 45kV | B.5kV | 45kV | 7.0kV | 7.0 kV
Level | mm | 200v | 150v | 250V | 200v | 300V | 200V | 350V | 350V
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Fig. 5.6. Under 5-V ESD-like voltage pulses with 2-ns rise time, the clamped voltage waveforms by
(a) the PMOS-triggered SCR devices, and (b) the NMOS-triggered SCR devices, under three different
channel lengths in the embedded MOS transistors (original layout style).

5.2.3. TLP I-V Characteristics and ESD Robustness

The TLP [50] I-V curves of the MOS-triggered SCR devices with different channel
lengths and layout styles in the embedded PMOS or NMOS transistors were shown in Figs.
5.7(a), 5.7(b), 5.8(a), and 5.8(b), respectively.
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Fig. 5.7. (a) The TLP-measured I-V curves of the PMOS-triggered SCR devices with different
channel lengths and different layout styles in the embedded PMOS transistors. (b) The zoomed-in

view of (a) around the low-current range.

The trigger voltages (Vtl) of the PMOS-triggered SCR devices are decreased from
~5.12 V to ~3.50 V in the embedded PMOS transistors with 0.75-um to 0.3-um channel
lengths, whereas those of the NMOS-triggered SCR devices are also decreased from ~2.98 V
to ~2.47 V by decreasing the channel lengths from 0.75 pum to 0.3 um. The shorter channel
lengths in the embedded MOS transistors can generate the higher trigger currents to reduce
the Vtl of MOS-triggered SCR devices. The holding voltages (Vh) are decreased from ~3.38
V to ~2.81 V by decreasing the channel lengths from 0.75 um to 0.3 pm in the embedded
PMOS transistors, and those are similarly decreased from ~2.68 V to ~2.36 V by decreasing
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the channel lengths in the embedded NMOS transistors. The on resistances (Ron), which are
extracted from TLP-measured I-V curves, of the PMOS-triggered (or NMOS-triggered) SCR
devices with 0.3-um, 0.5-um, and 0.75-um channel lengths in the embedded PMOS
transistors (or NMOS transistors) are 2.71 Q, 3.28 Q, and 3.31 Q (or 2.60 Q, 2.81 Q, and
2.78 Q), respectively, as listed in Table 5.1. The second breakdown currents (It2s) are
increased from ~3.05 A to ~3.92 A (from ~2.67 A to ~2.78 A) by increasing the channel
lengths from 0.3 pum to 0.75 pm in the PMOS-triggered (NMOS-triggered) SCR devices.
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Fig. 5.8. (a) The TLP-measured I-V curves of the NMOS-triggered SCR devices with different
channel lengths and different layout styles in the embedded NMOS transistors. (b) The zoomed-in

view of (a) around the low-current range.
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In addition, the HBM (MM) ESD robustness of the PMOS-triggered SCR devices with
0.3-um, 0.5-um, and 0.75-pum channel lengths are 5.0 kV (200 V), 6.5 kV (250 V), and 6.5
kV (300 V). They are 4.0 kV (150 V), 45 kV (200 V), and 4.5 kV (200 V) in
NMOS-triggered SCR devices, as listed in Table I. Although the NMOS-triggered SCR
devices have lower Vh and Ron, all of the PMOS-triggered SCR devices have the higher
ESD robustness and It2. The reasons will be attributed to the different failure mechanisms in
PMOS-triggered and NMOS-triggered SCR devices. Moreover, the MOS-triggered SCR
device with merged layout style has a lower Vh, a smaller Ron, and a higher It2 due to a
shorter anode-to-cathode spacing and higher turn-on efficiency. The It2 of the
PMOS-triggered (NMOS-triggered) SCR device with merged layout style achieves 4.17 A
(4.22 A), which is over 1-A higher than that with original layout style, as compared in Figs.
5.7(a) and 5.8(a). The HBM (MM) ESD robustness of the PMOS-triggered and
NMOS-triggered SCR devices with merged layout styles are 7.0 kV (350 V) and 7.0 kV (350
V), respectively, in Table 5.1.

5.3. Failure Analysis and-Discussion

5.3.1. Failure Analysis

The failure spot investigated by SEM image islocated at the embedded PMOS transistor
in the PMOS-triggered SCR device with 0.3-um channel length, as shown in Fig. 5.9(a).
However, the failure spots are located at the anode diffusions of the PMOS-triggered SCR
devices with 0.5-um and 0.75-pum channel lengths, as shown in Figs. 5.9(b) and 5.9(c). The
shorter channel length of 0.3 um in the embedded PMOS transistor causes the crowding ESD
currents nearby the embedded PMOS transistor, and generates the huge local joule heats to
destroy the embedded PMOS transistor. In addition, the shorter channel length in the
embedded PMOS transistors has the lower channel resistance to conduct the huge ESD
current through the surface channel of PMOS transistor to cause ESD damages. On the other
hand, since the driving capability of the NMOS transistor is higher than that of the PMOS
transistor, the failure spots on all NMOS-triggered SCR devices are located in the embedded
NMOS transistors after 4.5-kV or 5-kV HBM ESD stresses, as shown in Fig. 5.9(d). The
embedded NMOS transistors conduct huge ESD currents, and the local joule heats are
produced to damage the embedded NMOS transistor from drain to source. This failure

mechanism can explain that the ESD robustness of NMOS-triggered SCR devices was not
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increased by increasing the channel lengths of embedded NMOS transistors.
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Fig. 5.9. (a) The failure spot is located at the embedded PMOS transistor in the PMOS-triggered
SCR device with 0.3-um channel length. (b) and (c) The failure spots are located at the anode to
embedded PMOS transistors in the PMOS-triggered SCR devices with 0.5-um and 0.75-pum channel
lengths. (d) The failure spot is located at the embedded NMOS transistor in the NMOS-triggered SCR
device with 0.75-um channel length. ﬂg};ﬁi :
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However, a different measured result haﬁ)eém sfrved in the NMOS-triggered SCR devices
in this work. The Vh of NMOS-triggered SCR device under DC measurement is obviously
higher than that under TLP measurement. But, the Vh of the PMOS-triggered SCR device
under DC measurement is slightly lower than that under TLP measurement. The major
mechanism of this abnormal phenomenon can be attributed to the different parasitic
structures in these two MOS-triggered SCR devices, as shown in Figs. 5.10(a) and 5.10(b).
The current distributions would be affected by the parasitic structures to cause the differences
in the device I-V characteristics under DC and TLP measurements. When the gate terminal of
embedded NMOS transistor was biased at VSS, the drain-bulk junction breakdown of the
embedded NMOS transistor in NMOS-triggered SCR device would be induced under DC
measurements with overstress voltage. The parasitic npn bipolar transistor (Qnpnl), which is
formed by the drain-side N+ diffusion, p-substrate, and the cathode of NMOS-triggered SCR
device, will be triggered on to conduct main currents under DC measurement, as shown in

Fig. 5.10(a). The Vh of the NMOS-triggered SCR devices was dominated by the parasitic npn
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bipolar transistor under DC measurement. However, such parasitic npn bipolar transistor does
not exist in the PMOS-triggered SCR devices. The drain-side P+ diffusion, the n-well, and
the p-substrate also construct a parasitic pnp bipolar transistor (Qpnp1) in the SCR device, as
shown in Fig. 5.10(b). The Vh of the PMOS-triggered SCR devices were determined by the
SCR path. On the other hand, no junction breakdown occurs in the MOS-triggered SCR
devices under TLP measurements. The embedded MOS transistors can be turned on by the
RC-based ESD transient detection circuit to produce the trigger currents in n-well and
p-substrate, therefore the SCR devices will be rapidly triggered on during TLP measurement.
The Vh of MOS-triggered SCR devices are ruled by the SCR paths under TLP measurement.
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Fig. 5.10. The turn-on mechanisms of (a) NMOS-triggered SCR device, and (b) PMOS-triggered

SCR device, under DC measurement with the embedded MOS transistors in off state.
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5.4. Summary

In this chapter, the device characteristics of SCR devices with different embedded MOS
transistors have been compared and investigated. The turn-on efficiency, such as Vtl, Vh, and
Ron, of the MOS-triggered SCR devices is decreased by decreasing the channel lengths in the
embedded MOS transistors. But, the It2 and ESD robustness of the MOS-triggered SCR
devices are increased by increasing the channel lengths, especially in the PMOS-triggered
SCR devices. In addition, the merged layout style of the embedded MOS transistor can
obviously improve It2 and ESD robustness of the MOS-triggered SCR devices. Moreover,
the obvious differences on the Vh of NMOS-triggered SCR devices under DC and TLP
measurements have been attributed to the current distributions through the parasitic npn

bipolar transistor in the SCR device.
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Chapter 6

ESD Failure Mechanisms of Analog I/0 Cells in a
0.18-um CMOS Technology

In this chapter, different ESD protection designs for the analog I/O pin were compared
to find the optimal ESD protection circuit for the analog I/O pin in 0.18-pym 1.8-V/3.3-V
CMOS technology. In addition, the failure analyses on both 1.8-V and 3.3-V analog 1/O pins
are presented after ND-mode and PS-mode ESD stresses. In the ESD protection designs with
MOS transistors, ESD robustness is dominated by the ESD levels of GGNMOS or GDPMOS
under the PS-mode or ND-mode ESD stresses. However, the failure mechanism is different
from the ESD protection design with pure diodes under PS-mode or ND-mode ESD stresses.
Besides, an unexpected failure me€hanism has been found in the analog I/O pin with the
pure-diode ESD protection circuit. The parasitic npn bipolar transistor formed by the N+
diode and the N-well guard ring structure provides the ESD current path during the ND-mode

ESD stress, which causes a low ESD level to.the analog 1/0 pin.

6.1. ESD Protection Schemes for Analog I/O Interface Circuits

6.1.1. ESD Protection Circuit

Four ESD protection designs for analog I/0 pins with 1.8-V and 3.3-V devices in a
0.18-um CMOS process are compared in this work, as listed in Table I. The GGNMOS and
GDPMOS with a channel width of 50 um are used for pad-to-VSS (N-cell) and pad-to-VDD
(P-cell) ESD protection, respectively. The silicide-blocking widths on drain side are 1.5 um
(2.91 um) in all 1.8-V (3.3-V) MOS protection devices. The source sides of all 1.8-V (3.3-V)
MOS protection devices were formed with silicidation. The HBM ESD robustness of the
standalone GGNMOS or GDPMOS with such small dimension (50 um) is less than 500V in
the given 0.18-um CMOS process when the GGNMOS or GDPMOS is zapped in the

PS-mode or ND-mode ESD stresses (the devices in the drain-breakdown condition). However,
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the 50-um wide GGNMOS or GDPMOS can sustain an HBM ESD level of 6000 V in the
same 0.18-um CMOS process when the GGNMOS or GDPMOS is zapped in the
negative-to-VSS (NS-mode) or positive-to-VDD (PD-mode) ESD stresses (the devices
operated in the drain diode forward-biased condition). To avoid GGNMOS and GDPMOS
into the drain breakdown condition, an efficient power-rail ESD clamp circuit is constructed
in the analog 1/0 ESD protection circuits. In Fig. 6.1, the RC-based ESD-transient detection
circuit [6], [7] is applied to trigger on the ESD clamp device to provide a low impedance path
between the VDD and VSS, while the pad is zapped in the PS-mode or ND-mode ESD
stresses. Because the power-rail ESD clamp device can be turned on under PS-mode or
ND-mode ESD stresses, the ESD current is discharged through the forward-biased drain
diode and the turned-on power-rail ESD clamp device, as illustrated in Fig. 6.1. The
power-rail ESD clamp device is usually designed with a large device dimension to provide
the higher ESD robustness and lower impedance path between VDD and VSS to effectively
discharge ESD current under PS-mode or ND-mode ESD stresses. Because the ESD clamp
device is added between VDD and VSS, the:large, parasitic junction capacitance of the ESD
clamp device does not contribute to the analeg-pin: Therefore, this ESD protection design for

analog pin can sustain a high ESD rebustness but dnly with a low parasitic input capacitance.

Internal
Circuits

Fig. 6.1. The power-rail ESD clamp circuit can provide a low-impedance path between VDD and
VSS to discharge the ESD current under the PS-mode and ND-mode ESD stresses. ESD current is
discharged through the P-cell (N-cell) and power-rail ESD clamp device during PS-mode (ND-mode)
ESD stress.
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In high-frequency analog circuit applications, the parasitic effects of ESD protection
devices often play a critical factor to influence the circuit performance. Due to the smaller
parasitic effect in the pure diode structure, the ESD protection design with pure diodes for
input stage is more suitable than the ESD protection design with MOS devices in
high-frequency circuit applications [65], [66]. In Table 6.1, the pure-diode ESD protection
design between pad and VDD (VSS) is also designed to compare with the MOS protection
circuit. The pure N+ diode and the pure P+ diode are constructed by the N+/P-well junction
diode and the P+/N-well junction diode, respectively. The pure-diode ESD protection designs
are drawn with the same equivalent perimeters as the channel width of the MOS devices in
the test chip. In Table 6.1, the “P/D” terms mean the perimeters of the diode structures and
the distances between N+ (P+) diffusions and the P+ (N+) diffusions in N+ diodes (P+

diodes), respectively, in pure-diode structures.

Table 6.1
Different ESD Protection Designs for.1.8-V and 3.3-V Analog 1/0 Pins
' Power-Rail
Designs N-cell & P-cell ESD Clamp Device
1.8-V GGNMOS: W/L= 50/0.25 pm Gate-Driven NMOS [7]
AlO 1 GDPMOS: W/L= 50/0.25 pm WiL= 29_0;‘0.25 pum
T 33wy GGNMOS: W/L= 50/0.44 pm Gate-Driven NMOS [7]
GDPMOS: W/L= 50/0.44 pm W/L= 290/0.44 pm
1.8V GGNMOS: W/L= 50/0.25 pm STFOD [68]
AlO 2 GDPMOS: W/L= 50/0.25 pm W/L=180/0.28 pm
BEERY; GGNMOS: W/L= 50/0.44 pm STFOD [68]
GDPMOS: W/L= 50/0.44 pm W/L=180/0.28 pm
1.8V GGNMOS: W/L= 50/0.25 pm STNMOS with Dummy Gate [69]
AlO 3 ' GDPMOS: W/L= 50/0.25 pm WiL= 180;'0._28 um
= 33w GGNMOS: W/L= 50/0.44 pm STNMOS with Dummy Gate [69]
) GDPMOS: W/L= 50/0.44 pm W/L=180/0.34 pm
4.8y |Pure N+ Diode: P/D= 50/0.44 ym STFOD [68]
AlO 4 Pure P+ Di_ode: P/D= 50/0.44 pm [(W/L=180/0.28 pm
XY, Pure N+ Diode: P/D= 50/0.44 pm |STFOD [68]
Pure P+ Diode: P/D= 50/0.44 pm |[W/L=180/0.28 pm

* P/D = Perimeter of the diode / Distance between anode and cathode of the diode.

The turn-on efficiency of the ESD clamp devices with gate-driven and
substrate-triggered designs had been studied in a 0.35-um CMOS technology [67]. In this
work, the gate-driven NMOS [7], substrate-triggered field oxide device (STFOD) [68], and
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the substrate-triggered NMOS (STNMOS) with dummy gate [69] are used as the power-rail
ESD clamp devices to verify the utility for the analog 1/0O pins in 0.18-um CMOS technology,
as shown in Table 6.1. The “W/L” terms in STFOD mean the perimeters (W) of the parasitic
npn bipolar transistors in STFOD, and the distances (L) between the collector and the emitter
of the parasitic npn bipolar transistors in STFOD. The STNMOS with dummy gate is a new
proposed power-rail ESD clamp device, which has been drawn in the test chip and compared
with gate-driven NMOS and STFOD. The device structures of gate-driven NMOS, STFOD,
and STNMOS with dummy gate are shown in Figs. 6.2(a), 6.2(b), and 6.2(c), respectively.

VSS Triggered Node VDD Triggered NodeVSS

X / A\

Rsub Rsub

(P+ N+ ] [ N+ ] !N“‘/fﬂ
2

P-substrate

(@)
VSS VDD Triggered Node VDD VSS
T/Emitter Cylector -|- Collecl\or EmittiL
(P+ 2] N+ 24 N+ P+ / N+ N+ P+
NW Triggered NW
Rsub Current Rsub
W P-Substrate
(b)
V_Sl_S VDD Triggered Node VDD V_SL_S

P+ N+ LN+) LP+) LN+ ) N+ P+)

x_A/Triggt;m\»_z

NW Current NW

W P-Substrate W{’,

(©
Fig. 6.2. The cross-section views of (a) gate-driven NMOS, (b) substrate-triggered FOD (STFOD),
and (c) substrate-triggered NMOS (STNMOS) with dummy gate.
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In Fig. 6.2(c), the dummy gate is used to reduce the distance between the triggered note
and the base of parasitic npn bipolar transistor in NMOS structure. It can improve the turn-on
efficiency of STNMOS by enhancing the triggered current to achieve the base region of the
npn bipolar transistor, as illustrated in Fig. 6.2(c). The silicide-blocking widths on collector
side are 1.5 um (1.5 um) in 1.8-V (3.3-V) STFOD and STNMOS. Each analog 1/O cell has
been drawn in the same silicon area of an I/O cell with power-rail ESD clamp device and
ESD-transient detection circuit. Therefore, all analog 1/0 cells have the same cell height of 89
um (excluding the bonding pad) and cell pitch of 65 um. In addition, each analog I/O pin was
connected to the input stage of an inverter in the silicon chip to evaluate the core-circuit
protection efficiency in each ESD test condition. Due to the transient gate oxide breakdown
voltages as a function of the physical gate oxide thickness, the Transmission Line Pulse (TLP)
measurement results of transient gate oxide breakdown voltages are 10-12 volts and 16-18
volts in 1.8-V and 3.3-V processes, respectively.

6.1.2. Turn-On Efficiency of Power-Rail'ESD Clamp Circuit

Due to the difference in the rise time between.the ESD voltage and the VDD power-on
voltage, the power-rail ESD clamp:circuit provides a low-impedance path between VDD and
VSS power lines during the ESD-stress conditions-but it becomes an open circuit between the
power lines in VDD power-on condition. To meet these requirements, the RC time constant
of the ESD-transient detection circuit is designed about 0.1~1 micro-second to achieve the
desired operations. To verify the aforementioned ESD-transient detection function, an
experimental setup is shown in Fig. 6.3(a) [7]. A voltage pulse with a rise time about 5
nano-seconds to simulate the HBM ESD pulse is generated from a pulse generator (HP8110A)
and applied to VDD power line with the VSS grounded. The sharp-rising edge of the
ESD-like voltage pulse will trigger on the ESD clamp device to degrade the voltage
waveform on VDD power line. The measured voltage waveforms, which are clamped by the
gate-driven NMOQOS, the substrate-triggered FOD, and the substrate-triggered NMOS with
dummy gate, under ESD-like voltage stress of the 3.3-V (1.8-V) analog 1/0 pins on the VDD
power line are shown in Figs. 6.3(b), 6.3(c), and 6.3(d) (Figs. 6.4(a), 6.4(b), and 6.4(c)),
respectively. The maximum voltage degradations of the gate-driven NMOS, the
substrate-triggered FOD, and the substrate-triggered NMOS with dummy gate are 2V, 0.8 V,
and 1V, respectively, in the 1.8-V analog 1/O pins. Then, they are 3.5V, 1.5V, and 2 V in the
gate-driven NMOS, the substrate-triggered FOD, and the substrate-triggered NMOS with
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dummy gate, respectively, in the 3.3-V analog 1/0 pins.
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Fig. 6.3. (a) The experimental setup to measure the turn-on efficiency of the power-rail ESD clamp
circuits. The measured voltage waveforms of the 3.3-V analog 1/O pins on VDD node, which are
clamped by (b) gate-driven NMOS, (c) substrate-triggered FOD, and (d) substrate-triggered NMOS

with dummy gate, under ESD-like stress condition.

According to the measured results, the gate-driven NMOS has signification voltage
degradation to effectively clamp ESD-like voltage pulse in both 3.3-V and 1.8-V analog 1/0
pins in the given 0.18-um CMOS process. Therefore, the gate-driven NMOS could be a more
suitable as power-rail ESD clamp design for 1.8-V and 3.3-V analog 1/O pins in the
sub-quarter-micron CMOS technology which has STI (shallow trench isolation) structure. On
the other hand, the difference of the maximum voltage drops in the substrate-triggered FOD
and the substrate-triggered NMOS with dummy gate is caused by the difference of the base
width of the parasitic lateral npn bipolar transistors in the ESD clamp device. The current

gain (B) of the STNMOS with dummy gate can be increased by reducing the distance from
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the two separated N+ regions. The ESD robustness of the power-rail ESD clamp circuits with
the gate-driven NMOS, the substrate-triggered FOD, and the substrate-triggered NMOS with
dummy gate are 5.5 kV, 3.0 kV, and 3.0 kV, respectively, in 1.8-V process (which are 2.5 kV,
1.5 kV, and 2.0 kV, respectively, in 3.3-V process). The transient characteristics of the
power-rail ESD clamp circuits, such as trigger voltage and turn-on resistance, are also shown
in Table 6.2. According to the whole measured results, the power-rail ESD clamp circuits
with the gate-driven NMOS have the lowest turn-on resistance and fastest turn-on speed;
therefore it can provide the best turn-on efficiency and ESD robustness in the

sub-quarter-micron CMOS technology which has STI (shallow trench isolation) structure.

iE;SD-LiEé,.Vd!tagie Pulse
E_ .... & ... ................... P ‘E E-
- : T 5
T : >
S Ceeroorepfsaferd s S
" ¢ _ o @ .
E‘:..._:..._:__ E‘ Shoii e
S - : : i 2 : ° ° N
> i | Gate-Driven | ] = = e e I | NN
v | nmos STHOD:
o T T Y
Time (100 nS/div) Time (100 nS/div)
(@) (b)
A L 4 ge Pulse
.
- . 5
LD_: . .
3' : II_. i Al o i
@1 .
g- ........................................
S . i ISTNMOS with: }
OV Dumnty Gatef; =
m--
QOOmV. . : Mlﬁ-ﬂns Ch:l.l' .2.37V
Time (100 nS/div)

(©)
Fig. 6.4. The measured voltage waveforms of the 1.8-V analog 1/O pins on VDD node, which are

clamped by (a) gate-driven NMOS, (b) substrate-triggered FOD, and (c) substrate-triggered NMOS

with dummy gate, under ESD-like stress condition.

6.2. Experimental Results and Discussion

The device characteristics, such as junction breakdown voltages (reverse-biased
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condition) and turn-on resistances (forward-biased condition) of the GGNOMS and
GDPMOS in 1.8-V and 3.3-V devices, are shown in Table 6.2. In 1.8-V and 3.3-V devices,
the junction breakdown voltages of pure-diode structures are higher than those of the MOS
transistors. The turn-on resistances of the pure-diode structures and MOS transistors in
N-cells and P-cells were measured during the ESD currents discharged by the forward-biased
pure-diode structures or forward-biased drain diodes. However, the slightly lower turn-on
resistances of the pure-diode structures can be attributed to the fully silicided process in N+
(P+) diffusions and the P+ (N+) diffusions in the pure N+ diodes (P+ diodes).

Table 6.2

The Transient Characteristics of Different ESD Protection Devices

MOS Transistors Diode Devices

N-cell and P-cell
GGNMOS GDPMOS N+ Diode P+ Diode

Junction 1.8-V 5~6 VvV 6V 1MV 10V
Breakdown
(Reverse-Biased Condition) |3-3-V 75V 7.5V 16V 16V
Turn-On 1.8-V ~2.670Q ~2.240
Resistance
(Forward-Biased Condition) |3.3-V ~270Q ~219Q
Power-Rail ESD Clamp .
Circuits Gate-Driven NMOS STFOD STNMOS
1.8-V 5V 6V 4V
Trigger Voltage
3.3.v 7.5V 7.3V 5V
1.8-V 5V 6V 4V
Holding Voltage
3.3V 6V 7.3V 5V
VDD-to-V3S 1.8V ~1.78Q ~1.850 ~2520Q
Turn-On
Resistance 3.3V ~1.65Q ~ 247 Q ~225Q

6.2.1. HBM ESD Robustness

The HBM ESD robustness of the 1.8-V and 3.3-V analog 1/0O pins are shown in Table
6.3 and Table 6.4, respectively. In 1.8-V analog /O pins, the ESD levels of the AIO_1,
AIO_2, AIO_3, and AIO_4 are 0.5 kV, smaller than 0.5 kV, 0.5 kV, and 3.0 kV, respectively,
in PS-mode ESD stress. Then, the PS-mode ESD levels of the AIO 1, AIO_2, AlO_3, and
AIO_4 in 3.3-V analog I/O pins are 1.5 kV, smaller than 0.5 kV, 1.5 kV, and 2.0 kV,
respectively. The analog I/O pins with the pure-diode protection have the higher ESD level
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among all ESD test modes. In 1.8-V 1/O designs, the ESD levels of the analog 1/0 pins with
the MOS devices are much weaker than that with the diode devices during a PS-mode ESD
stress. On the other hand, the ND-mode ESD levels don’tachieve the general specification (2
kV) in AlO_2 of 1.8-V analog I/0O pins, and AIO_2 and AlO_4 of 3.3-V analog I/0O pins. The
ESD robustness of the 1.8-V and 3.3-V I/O analog pins with MOS protection circuits are
dominated by PS-mode ESD levels, but the analog pins with pure-diode protection circuits
are dominated by ND-mode ESD levels. The difference in ESD robustness among analog 1/0

pins was inspected by failure analysis after PS-mode and ND-mode ESD stresses.

Table 6.3
The HBM ESD Robustness of 1.8-V Analog 1/0 Pins
Designs  PS-mode | NS-mode | PD-mode | ND-mode
AIO_1 0.5 kV -3.5 kV 7.5 kV -2.5 kV
AlIO_2 | <0.5kV | -3.5kV 7.5 kV -1.0 kV
AlO_3 0.5 kV -3.5 kV 7.5 kV -2.5 kV
AlO_4 3.0 kv -5.5 kV 6.0 kV -2.0 kV
Table 6.4
The HBM ESD Robustness of 3.3-V Analog 1/0 Pins
Designs | PS-mode | NS-mode | PD-mode | ND-mode
AlO_1 1.5 kV -3.5 kv 7.5 kV -2.0 kV
AlO_2 | <0.5kV | -3.5kV 7.5 kV -0.5 kV
AlO_3 1.5 kV -3.5 kV 7.5 kV -2.0 kV
AlO_4 2.0 kV -5.5 kV 6.5 kV 1.5 kV

6.2.2. Failure Analysis
The I-V curves of 3.3-V and 1.8-V analog I/0 pins were measured to identify which

device or junction was damaged after PS-mode and ND-mode ESD stresses. The results are
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listed in Table 6.5 and 6.6, respectively. The analog pins with GGNMOS and GDPMOS
shorted to ground after PS-mode ESD stress. The 1.8-V and 3.3-V GGNMOS devices of the
AlO_1, AIO_2, and AIO_3 were damaged to cause the short circuit between the analog pin
and VSS.

Table 6.5
The Failures on the 1.8-V and 3.3-V Analog /O Pins after PS-Mode ESD Stress
Dl':i’;:ls Shorting Path Dzﬁé\;s Shorting Path
AlO_1 Pad-to-VSS AlO_1 Pad-to-VSS
AlO_2 Pad-to-VSS AlO_2 Pad-to-VSS
AlO_3 Pad-to-VSS AlO_3 Pad-to-VSS
AlO_4 VDD-to-VSS AlO_4 VDD-to-VS8S
Table 6.6
The Failures on the 1.8-V and'3.3-V Analog 1/O Pins after ND-Mode ESD Stress
Dlﬁ;"]s Shorting Path Dﬁfi’;,‘.ﬂs Shorting Path
AlO_1 Pad-to-VDD AlO_1 Pad-to-VDD
AlO_2 Pad-to-VDD AlO_2 Pad-to-VDD
AlO_3 Pad-to-VDD AlO_3 Pad-to-VDD
AlO_4 VDD-to-VSS AlO_4 VDD-to-VSS

The failure spot of 1.8-V analog I/O pins is shown in Figs. 6.5(a) and 6.5(b) after
PS-mode ESD stress. After 0.5-kV or 1-kV ESD stresses, the AIO_1, AIO 2, and AIO_3
show local damage in GGNMOS. The ESD damage is located under poly gate oxide to cause
the short circuit between analog pin to VSS, as shown in Fig. 7. On the other hand, the failure
spots of the 3.3-V analog 1/O pins are shown in Figs. 6.6(a) and 6.6(b) after PS-mode ESD
stresses. In Fig. 6.6(a), the huge ESD current discharged through the parasitic npn bipolar
transistor of the GGNMOS of AlO_3 to violently destroy the silicon substrate after 2-kV
PS-mode ESD stress. The GGNMOS of AIO_2 shows only slight damage after 0.5-kV
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PS-mode ESD stress, as shown in Fig. 6.6(b).

T o B T e e e e s et
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(b)
Fig. 6.5. (a) The failure spot is located at the GGNMOS in 1.8-V analog 1/0 pins with the MOS
ESD protection design of AlO_2 after 0.5-kV PS-mode ESD stress. (b) The zoomed-in view of the
failure spot.

Due to the difference in the turned-on efficiency of power-rail ESD clamp circuit of the
AlO _1, AIO_2, and AIO_3, the distributions of the ESD current are also different in AIO_1,
AIO_2, and AIO_3 of the 3.3-V analog I/O pins. In AIO_1 and AIO_3, the ESD current
majority discharged through the drain-diode of the P-cell and the turned-on power-rail ESD
clamp circuit to grounded VSS under PS-mode ESD stress. The parasitic npn bipolar
transistor of the small GGNMOS would be turned on by the increasing voltage drop between
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analog pin and VSS, and be destroyed to cause serious damages under higher ESD stresses.
But, the small GGNMOS of AIO_2 was unexpectedly turned on to discharge the ESD current
and cause slight damage under lower ESD level, because the ineffective power-rail ESD
clamp circuit didn’t provide the low-impedance discharging path. In addition, due to the
lower drain-breakdown voltage and thinner gate oxide in the 1.8-V analog pins, the
GGNMOS would be damage to cause regional failure spot under about 0.5-kV to 1-kV
PS-mode ESD stress, as presented in Figs. 6.5(a) and 6.5(b).
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Fig. 6.6. (a) The failure spot is located at the GGNMOS in 3.3-V analog 1/0 pin with the MOS ESD
protection design of AIO_3 after 2.0-kV PS-mode ESD stress. (b) The failure spot is located at the
GGNMOS in 3.3-V analog I/O pin with the MOS ESD protection design of AIO_2 after 0.5-kV
PS-mode ESD stress.
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However, the measured results of the analog pins with pure diodes to implement N-cell
and P-cell are obviously different. The I-V curves show that the VDD shorting to ground after
PS-mode ESD stress. The power-rail ESD clamp devices are damaged to cause the short
circuit between VDD and VSS in the 1.8-V and 3.3-V analog 1/O pins, as shown in Figs.
6.7(a), 6.7(b), 6.8(a), and 6.8(b). In these SEM photographs, the failure spots are located at
the parasitic npn transistors of the STFODs. The clearly destroyed path is occurred between
the collector to the emitter of the parasitic npn bipolar transistor in the STFOD, as shown in
Figs. 6.7(b) and 6.8(b).

IMA-TEK 10.0kV 14.5mm x45.0k SEi :
(b)
Fig. 6.7. (a) The failure spot is located at the ESD clamp FOD in 1.8-V analog 1/O pins with the
pure-diode ESD protection design of AlO_4 after 3.5-kV PS-mode ESD stress. (b) The zoomed-in
view of the failure spot.
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Fig. 6.8. (&) The failure spot is located at the ESD clamp FOD in 3.3-V analog I/O pins with the
pure-diode ESD protection design of AIO_4 after 2.5-kV PS-mode ESD stress. (b) The zoomed-in

view of the failure spot.

The power-rail ESD clamp device will dominate the ESD levels of these analog 1/0O pins
with the pure-diode under PS-mode ESD stress. The failures on the analog I/O pins after
PS-mode ESD stress are summarized in Table 6.5. On the other hand, the failures on the
analog 1/0 pins after ND-mode ESD stress are listed in Table 6.6. After the ND-mode ESD
stress, the GDPMOS is damaged in those analog pins of AIO_1, AlO_2, or AIO_3in 1.8-V
and 3.3-V applications, as illustrated in Figs. 6.9(a) and 6.9(b). The parasitic pnp bipolar
transistor of the GDPMOS was also turned on by the increased voltage drop between VDD
and analog pin to seriously destroy under higher ND-mode ESD stress in AIO_1 and AIO_3
of the 1.8-V and 3.3-V analog I/O pins. Both the AIO_2 with a lower ESD level should be
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also attributed to the ineffective power-rail ESD clamp circuit. According to the turn-on
verification on the power-rail ESD clamp circuit, the STFOD could not rapidly discharge the
ESD current to result in the GDPMOS conducting the huge current through the drain
breakdown condition under lower ESD stresses, as shown in Fig. 6.9(b). The ESD levels of
the analog I/O pins with the MOS ESD protection design are dominated by the ESD
robustness of the GGNMOS and GDPOMS under PS-mode and ND-mode ESD stresses,
respectively.

l MA-TEK 100k 6.0mm =7 00k SE(M) 1404 1053 :
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(b)
Fig. 6.9. (a) The failure spot is located at the GDPMOS in 1.8-V analog 1/0 pin with the MOS ESD
protection design of AIO_1 after 3.0-kV ND-mode ESD stress. (b) The failure spot is located at the
GDPMOS in 1.8-V analog I/O pin with the MOS ESD protection design of AlIO_2 after 1.5-kV
ND-mode ESD stress.
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6.2.3. Unexpected Failure Spot in ND-mode ESD Stress

In Table 6.3 and Table 6.4, the lowest ESD robustness in the both AIO_4 designs is
dominated by the ND-mode ESD stress. To identify the failure location for further improving
its ESD level, the sample of AIO_4 after ND-mode ESD failure was de-layered. The
unexpected ESD failure was located at the guard ring structure of the analog 1/0 pin with the
pure-diode ESD protection design after ND-mode ESD stress, as shown in Figs. 6.10(a) and

6.10(b).
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Fig. 6.10. (a) After 2.5-kV ND-mode ESD stress, the failure spot is located at the guard ring in
AIO_4 of 1.8-V process. (b) The zoomed-in view of the failure spot at guard ring corner.
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Fig. 6.11. (a) The parasitic npn bipolar transistor was constructed between the N+/PW diode and
N+/NW guard ring. (b) The ESD current discharged through the parasitic npn bipolar transistor to
grounded VDD during the ND-mode ESD stress causes the unexpected ESD failure.

Interaction between the N+/PW diode and the N+/NW guard ring was determined to be
the cause of the failure under ND-mode ESD stress, in Fig. 6.10(b). In order to overcome
latchup issues, the ESD protection devices are often surrounded by the guard rings, which are
commonly connected to VDD or VSS. These guard rings could interact with the ESD
protection devices to degrade the ESD robustness of the protection circuits [70]. As shown
Fig. 3, the ND-mode ESD current should be discharged through the forward-biased diode
between the 1/O pad to VSS and the power-rail ESD clamp device to the grounded VDD.
However, the parasitic npn bipolar transistor which was formed between the N+/PW diode
and the N+/NW guard ring was triggered on to form a direct discharging path between the
I/0 pad and the grounded VDD during the ND-mode ESD stress, as the dashed lines
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illustrated in Fig. 6.11(a). In Fig. 6.11(b), it explains that the ND-mode ESD current is
discharged through this parasitic bipolar transistor to cause damage at the corner of the guard
ring due to the localized heat. In addition, the current gain (B) and the avalanche
multiplication factor of the parasitic bipolar transistor are important parameters contributing
to this failure mechanism. To overcome this failure, the spacing between N+/NW guard ring
to N+/PW diode should be increased to eliminate the parasitic npn BJT effect. On the other
hand, replacing the power-rail ESD clamp circuit with higher turn-on efficiency can avoid the
turn-on of parasitic npn BJT to degrade the ESD robustness under ND-mode ESD stress. In
addition, the power-rail ESD clamp circuit with high turn-on efficiency also can improve the
ESD robustness of PS-mode ESD stress by providing the efficient and low-impedance
discharging path between VDD and VSS. A successful modification with optimal power-rail
ESD clamp circuit has been practically verified in a 0.13-um CMOS process to achieve HBM
ESD level of 7.0 kV for analog 1/0 cell.

6.3. Summary

Different ESD protection schemes 'for- the. analog input/output cells have been
investigated to find the optimal analog ESD protection-design for deep-submicron CMOS
technology. According to the experimental results; the:GGNMOS was not a suitable ESD
protection device for analog 1/0 cells in.deep-submicron CMOS process, such as 0.18-pum
and below. The pure-diode ESD protection device between the pad to VDD (VSS) would be
an optimal design for the analog 1/0 pins. In addition, the gate-driven NMQOS for power-rail
ESD clamp circuit also performs a higher ESD robustness for analog 1/O pins in
deep-submicron CMOS technology with STI structure. Finally, layout optimization with a
wider spacing between N+/PW diode and N+/NW guard ring, as well as improvement on the
power-rail ESD clamp circuit with higher turn-on efficiency, should be used to avoid the

unexpected ESD failure under ND-mode ESD stress in such analog 1/0O cells.
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Chapter 7

Active ESD Protection Design for Interface Circuits
between Separated Power Domains against

Cross-Power-Domain ESD Stresses

In this chapter, a failure study of the internal ESD damage on the interface circuits of a
0.35-um 3.3 V/5 V mixed-mode CMOS IC product with two separated power domains is
presented [48]. The ESD failure spots were specially observed at the interface circuits of the
separated power domains after negative-to-VDD mode (ND-mode) machine-model (MM)
ESD stress [2] of 100 V. However, this:IC product.has a 2-kVV human-body-model (HBM)
ESD robustness [1] in each ESD test=combination of 1/0 pin to power/ground pins. Therefore,
the efficient ESD protection designs 'should be applied on the interface circuits between the
separated power domains against such cross-power-domain ESD stresses. Secondly, several
active cross-power-domain ESD protection designs were reviewed to compare their ESD
protection strategies for interface circuits between separated power domains. Besides, one
new active ESD protection design for the interface circuits between separated power domains
has been also proposed to solve the interface circuit damages under cross-power-domain ESD
stresses. This ESD protection design has been implemented by PMOS and NMOS transistors
with the ESD-transient detection function in a 0.13-um 1.2-V CMOS technology.

7.1. Failure Study under Cross-Power-Domain ESD Stresses

7.1.1. ESD Protection Cell Designs for the Commercial IC Product with

Separated Power Pins
The ESD protection scheme for input, output, and power-rail ESD clamp circuits in this
IC product is shown in Fig. 7.1. The internal circuit 1 is a digital circuit block, and the
internal circuit 2 is an analog circuit block. Each circuit block has an individual power-rail
ESD clamp circuit. The gate-grounded NMOS (GGNMOS) and gate-VDD PMOS
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(GDPMOS) with a channel length/width of 0.8 um/300 um are used for pad-to-VSS and
pad-to-VDD ESD protection at each 1/O pad, respectively.
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Fig. 7.1. ESD protection scheme in:an IC produet with separated power domains. The ESD

protection circuits included input, output, and power-rail' ESD-clamp circuits.

The power-rail ESD clamp circuit;-which“is-implemented with the substrate-triggered
field-oxide-device (STFOD) [68], [71] with-RC€-based ESD transient detection circuit [6], [7]
is individually installed in each power domain, as illustrated in Fig. 7.1. The perimeter of the
STFOD is equivalent to 216 um. The STFOD as a power-rail ESD clamp circuit of a VDD
(or VSS) cell had been successfully verified with over 4-kV HBM and 400-V MM ESD
robustness in this 0.35-um 3.3 V/5 V CMOS process. In addition, each 1/O cell with
GGNMOS and GDPMOS of 300-um channel width also had been verified to achieve over
4-kV HBM and 400-V MM ESD robustness in the same process. Due to noise consideration
between power domains, the VDD1 was separated from the VDD2. Then, the VSS1 and
VSS2 only connected by the parasitic p-substrate resistance (Rsub) without bi-directional

diode connection in this chip.

7.1.2. Internal ESD Damages on the Interface Circuits between Separated

Power Domains
After HBM ESD tests of all 1/0 pins to each power/ground pin and power-to-ground
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ESD test, the HBM ESD robustness achieved 2 kV, which is the basic specification for
commercial IC products. However, the MM ESD robustness can not achieve 200 V in
positive-to-VSS mode (PS-mode), positive-to-VDD mode (PD-mode), negative-to-VSS
mode (NS-mode), and ND-mode MM ESD stresses. Even the ND-mode MM ESD robustness
of Pin-A and Pin-B can not achieve 200 V by VDD1 and VDD2 shorting together in the test
board under ND-mode ESD stress. The ESD test results for this IC product are shown in
Table 7.1. After ESD tests are finished, a monitor on leakage current is used to judge whether
the 1/0O pin under ESD test is passed or failed. The traced I-V characteristics of the

investigated IC before and after ESD stress are shown in Fig. 7.2.

Table 7.1
HBM and MM ESD Robustness of the Pin-A and Pin-B 1/O Pins in this IC Product

ESD Test I/0 Pins PS-Mode NS-Mode PD-Mode ND-Mode

Pin-A >20kV >20kVv >20kV >2.0kV

HBM
Pin-B >20kV >20kV >20kV >2.0KkV
Pin-A 150 V 150 V 150 V 150 V
MM
Pin-B 150 V 150 V 150 V 100 V
2.0 ——

-
0
1 Y

-
o
T

0.0

Current (mA)

1.0 | [ PO = - 1
-2 -1 0 1 2 3 4 5

Voltage (V)

Fig. 7.2. After ND-mode MM ESD stress on 1/O pins, the I-V characteristics of VDD2-to-VSS2

showed higher leakage currents than that before ESD stress.
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Obviously, after the 200-V MM ESD stress, the leakage current at 3.3 V between VDD2
and VSS2 showed leakage current about 10 times higher, as compared with that of good dies.
From the measured |-V characteristics, there are some ESD damages in the internal circuits
between VDD2 and VSS2 after ESD stress. These internal ESD damages have also been
clearly observed by the physical failure analysis, such as emission microscope (EMMI) and
scanning electron microscope (SEM).

7.1.3. Failure Mechanism under Cross-Power-Domain ESD Stresses

In order to indicate the failure locations caused by ND-mode MM ESD stresses, the
EMMI was used to find abnormal ESD failure spots in this IC. The measured EMMI photos
are shown in Figs. 7.3(a) and 7.3(b) with the corresponding IC layout patterns of the
ND-mode MM ESD failure sample. All the circled areas in Fig. 7.3(c) are the ESD damage
locations indicated by EMMI around the interface circuits after ND-mode MM ESD stress.

Failure Locations after 150-V Pin-B

ND-Mode MM ESD Stress (Sample #2)

z TS
Maunmn
MUl
HEuNuN

=

(@) (b)

Fig. 7.3. According to EMMI failure analysis, abnormal hot spots were found at the interface
circuits (see the circled areas) after ND-mode MM ESD stress on (a) Pin-A, and (b) Pin-B. (c) The
corresponding layout locations of the interface circuits were indicated the failure spots in (a) and (b).
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The ESD damages are recognized at the interface circuits by comparison with circuits
and layout patterns to the SEM photos of ESD damaged failure spots. After Pin-A ND-mode
MM ESD stress, the SEM photos of failure spots are shown in Figs. 7.4(a) and 7.4(b). The

clear failure spots were found in two PMOS transistors (M1 and M2) of the interface circuits.
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Source \m n
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e M2 Gate. B

Drain «_woe)! Drain
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(a) (b)
Fig. 7.4. After ND-mode MM ESD stress Oﬁ, Pln A the failure spots were located at (a) PMOS
transistor (M1), and (b) the other PMQOS translstor (i\'/IZ)H s

/
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Circuit 2

Power-Rail ESD
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Power-Rail ESD
Clamp Circuit 2

VSS1 VSS2

Fig. 7.5. The ESD current could be discharged through the circuitous path to cause ESD damages to
M1 and M2 during ND-mode MM ESD stress on Pin-A.

However, the Pin-A are connected to the internal circuit 1 through a 20-kQ poly-resistor,
which can effectively block the ESD currents to damage internal circuits nearby the 1/0 cell.
Therefore, the ESD current could be discharged by the circuitous path to cause damages on
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the M1 and M2 after Pin-A ND-mode MM ESD stress, as shown in Fig. 7.5. Due to the larger
device size of the Ma in Fig. 7.5, the ESD current didn’t destroy it during ND-mode MM

ESD stress. On the other hand, the failure spots were also found in two transistors of interface
circuits after Pin-B ND-mode MM ESD stress, as shown in Figs. 7.6(a) and 7.6(b). ND-mode
MM ESD currents were discharged by two mainly current paths, as the dashed lines shown in
Fig. 7.7. These two paths provided the current paths to distributive discharge ESD current.
The corresponding failure photos on the interface devices Mb and M3 are shown in Figs.
7.6(a) and 7.6(b), respectively.

T-JL

@ A E (b)
Fig. 7.6. (a) NMOS transistor (Mb), de (-&)Rmm‘gﬁstor (M3) of the interface circuits were

destroyed after ND-mode MM ESD stress dr&'ﬁm% ﬁ,;': v
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Circuit 1 I Circuit 2
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VSS1 <+— VS8S2

Fig. 7.7. ESD discharging paths during ND-mode MM ESD stress on Pin-B. The Mb and M3 were
damaged after such ESD stress.
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7.1.4. Proposed Solutions to Rescue such ESD Failures

To overcome such ESD failures at the interface circuits between separated power
domains, adding the suitable blocking resistors (Rblock) to the interface devices and
installing the bi-directional diode connection in original ESD protection scheme were
proposed in Fig. 7.8. Two extra blocking resistors are added at the source terminal of the M1
and the gate terminal of the Mb, respectively. The bi-directional diode connection was used to
connect the separated ground lines (VSS1 and VSS2). The diode numbers of the
bi-directional diode connection were optimized to prevent different ground-line noise
coupling issue between the separated ground lines of analog and digital circuit blocks. To
further provide higher ground-line noise coupling isolation, the bi-directional
silicon-controlled rectifier (SCR) [72] with ESD-detection circuit can be used to replace the
bi-directional diode connection between the separated power lines (VDD1 and VDD2). By
using the proposed ESD protection solutions, the ESD current will be effectively discharged
along the desired connection of ground lines under ND-mode MM ESD stress. In addition,
the blocking resistors also can avoid the:ESD carrents discharging through the undesirable
paths. Therefore, the abnormal internal, ESDdamages-can be overcome in this IC product

with separated power lines.
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Fig. 7.8. The proposed ESD protection solution to rescue ESD failures at the interface circuits of

this 1C product with separated power domains.
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7.2. Active ESD Protection Designs for Interface Circuits

between Separated Power Domains

7.2.1. ESD Threats and Damages of Interface Circuits between Separated

Power Domains

With more circuit blocks integrated into an IC product to meet different applications,
such circuit blocks usually have separated power domains to supply the power and ground
signals in each individual circuit block. In addition, the interface circuits were also adopted to
communicate with different circuit blocks inside the chip. However, the interface circuits
between separated power domains are often damaged under cross-power-domain ESD
stresses [33]-[38]. The bi-directional diode connections between the separated power domains
are usually applied to construct a completely whole-chip ESD protection design [39], [40], as
shown in Fig. 7.8. In general, the bi-directional diode connections are only used to connect
the separated VSS pins due to different VDD1.and VDD?2 voltage levels and noise-coupling
considerations [39], [40]. When the .ESD voltage was applied on the VDD1 and grounded
VDD2 under the cross-power-domain ESD stresses, the ESD current can be discharged from
the VDD to the VSS1 by the power-rail ESD clamp circuit 1 in the power domain one, from
the VSS1 to the VSS2 through the inserted-bi-directional diode connection, and then from the
VSS2 to the grounded VVDD2 through the other power-rail ESD clamp circuit 2 in the power
domain two, as the discharged path shown by dashed line in Fig. 7.9(a). The Vh1 and Vh2 are
the holding voltage of the power-rail ESD clamp circuits 1 and 2, respectively. Then, the Vhd
is the holding voltage of the bi-directional diode connection between the separated power
domains. Among the parameters, the R1, R2, and Rd are the turn-on resistances of the
power-rail ESD clamp circuits 1, 2, and the bi-directional diode connection, respectively.
When the ESD current was conducted by this long discharging path, it would induce the
overstress voltage across the each MOS transistor in interface circuits between separated
power domains [40]-[42]. The induced voltage drops with discharging ESD currents from
VDD1 to VDD2 on each node of the interface circuit had been estimated, as shown in Fig.
7.9(a). The voltage potential at node A could be raised up to the VDD1 because the driver’s
PMOS transistor (Mp1) had an initially floating gate situation. The highest voltage drop was
applied across the gate oxide of the receiver’s PMOS transistor (Mp2) in interface circuits
under the VDD1 to VDD2 ESD stresses. On the other hand, the highest voltage drop was also

generated across the gate oxide of the receiver’s NMOS transistor (Mn2) in interface circuits
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under the VDDL1 to VSS2 ESD stresses. The similar estimation on voltage drops during ESD
stress was presented in Fig. 7.9(b).
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Fig. 7.9. The estimations of the induced voltage potential under the cross-power-domain (a)
VDD1-to-VDD2, and (b) VDD1-t0-VSS2, ESD stresses.

Therefore, the 2" ESD clamp designs were usually installed nearby the MOS transistors

of receiver to reduce the overstress voltage under the cross-power-domain ESD stresses
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[40]-[42], as shown in Figs. 7.9(a) and 7.9(b). As the CMOS technologies being continually
shrunk toward nanometer scales, the breakdown voltages of ultra-thin gate oxide in the MOS
transistors were sharply reduced to impact the ESD protection designs. It was important to
avoid the gate oxide damages of the MOS transistors in the interface circuits by ESD-current
induced overstress voltages. The overview on some 2" ESD clamp designs will be presented
and compared in the following sub-section.

7.2.2. Review on ESD Protection Designs for Interface Circuits between
Separated Power Domains

The resistor-diode clamp design [40], which consists of a resistor (R1) and two diodes,

was allocated in the interface circuits between separated power domains in order to restrict

the ESD current distribution and to clamp the overstress voltage across the gate oxide of the
receiver’s MOS transistors, as shown in Fig. 7.10.

VDD1 VDD2
Internal
Circuit 1
Mp1 '_': Perimeter= 5 WK Mp2
b
Node A R1

Power-Rail ESD
Clamp Circuit 1
Power-Rail ESD
Clamp Circuit 2

Mn2

|

Internal
Circuit 2

Perimeter= 5 pm

VSS1 VSS2

Fig. 7.10. The ESD protection design with resistor-diode clamp had been proposed to protect the
interface circuits between separated power domains [40].

These two clamped diodes can be respectively replaced by the gate-grounded NMOS
(GGNMOS) transistor and gate-VDD PMOS (GDPMOS) transistor to further enhance the
clamping efficiency. However, such traditional junction-breakdown clamp designs with
diodes, GGNMOS, or GDPMOS could not be suitable for interface circuits with ultra-thin

oxide against cross-power-domain ESD stresses. Therefore, some second ESD protection
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designs with special trigger mechanisms, such as the modified interface circuits with special
drivers and receivers [41] as well as the ground-current-trigger (GCT) NMOS transistor [42],
had been proposed to efficiently reduce the overstress voltages across the ultra-thin gate

oxides of the MOS transistors in interface circuits between separated power domains.

Special Driver Consists of a NAND Gate and an Inverter
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Fig. 7.11. The ESD protection design with (a) a special driver and (b) a special receiver for interface

circuits between separated power domains [41].

The special driver and receiver had been implemented for interface circuits between
separated power domains, which were collaborated with an ESD detector to accomplish
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differently desired functions under the cross-power-domain ESD stress condition and the
normal circuit operation condition, as presented in Figs. 7.11(a) and 7.11(b) [41]. The special
driver was composed of a 1-stage NAND gate and a 1-stage inverter. Through different
signals from the ESD detector, the driver can be respectively performed as cascaded 2-stage
inverters and a biased-high 1-stage inverter under normal circuit operation condition and
VDD1-to-VDD-2 cross-power-domain ESD stress, as illustrated in Fig. 7.11(a). In addition,
the special receiver consisted of a 1-stage inverter, a PMOS transistor (Mp3) cascoded on the
inverter, and a NMOS transistor (Mn3) in parallel to the inverter. The cascoded PMOS and
the parallel NMQOS transistors, both of which were controlled by the ESD detector, will be
respectively turned on and off under normal circuit operation condition, whereas the Mp3 and
the Mn3 will be respectively turned off and on under cross-power-domain ESD stress, as
shown in Fig. 7.11(b). Although such special designs in the driver and receiver [41] can
reduce and restrain the overstress voltage across the gate oxide of receiver’s PMOS and
NMOS transistors, the complicated connection could be an obstacle to practical applications.

VDD1 VDD2

[ Internal Circuit 2

Circuit 1

Mp1 Mp2

Node A

Power-Rail ESD
Clamp Circuit 1
'
Power-Rail ESD
Clamp Circuit 2

Mn1

GCT NMOS

VSS1 s R W i i ) VSS52
Fig. 7.12. The ESD protection design with grounded-current-trigger (GCT) NMOS transistor for

interface circuits between separated power domains [42].

On the other hand, the grounded-current-trigger (GCT) NMOS transistor [42] had been
also proposed to act as a 2" ESD clamp for interface circuits between separated power
domains, as shown in Fig. 7.12. The GCT NMOS transistor can be turned on to clamp the

overstress voltage across the gate oxide of receiver’s PMOS and NMOS transistors by the
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induced voltage drop between VSS1 and VSS2 under cross-power-domain ESD stress. But, it
will be kept off due to the same voltage potential on VSS1 and VSS2 under normal circuit
operation condition. This active 2" ESD clamp design can achieve high ESD robustness
under cross-power-domain ESD stress [42]. In this work, one new active ESD protection
design for interface circuits between separated power domains was proposed to solve this

problem.

7.3. New Cross-Power-Domain ESD Protection Design

7.3.1. Implementation of the New Proposed Design for Cross-Power-Domain

ESD Protection

An ESD protection design was implemented by gate-controlled PMOS (GC-PMOS) and
gate-controlled NMOS (GC-NMOS) transistors with the ESD-transition detection function
for interface circuits between separated power domains, as shown in Fig. 7.13. The
GC-PMOS (Mp3) and GC-NMOS (Mn3) were placed nearby the receiver in the interface
circuits to clamp overstress voltages across:the gate oxides of the receiver’s NMOS and
PMOS transistors (Mn2 and Mp2), ‘respectively. The-gate terminals of GC-PMOS and
GC-NMOS transistors were respectively;connected to the VDD2 and VSS2 through the 1-kQ
resistance. The 1-kQ resistances are adopted to avoid the gate-oxide damages to GC-PMOS
and GC-NMOS transistors during the ESD stresses. During the VDD1-to-VSS2
cross-power-domain ESD stress, the positive ESD voltage was applied at the VDD1 with the
grounded VSS2. The gate-to-source voltage (\Vgs) of the GC-PMOS transistor (Mp3) was
high enough to turn this Mp3 on under VDD?2 floating. The voltage potential of node A can
be clamped by the turn-on Mp3 to restrict the overstress voltage across the receiver’s NMOS
transistor (Mn2). When the negative ESD voltage was applied at VDD1 with the grounded
VSS2, the forward-biased parasitic diode, which was consisted of N-well and P+ drain
diffusion in Mp3, will provide excellent ability to clamp the voltage across Mn2. In addition,
the GC-NMOS transistor (Mn3) was useful to prevent ESD damage under the
VDD1-to-VDD2 ESD stresses. When the positive ESD voltage was applied at the VDD1
with the grounded VDD?2, the ESD current initially discharged by the desired path, which
was the dashed line in Fig. 7.9(a). This ESD discharging current will induce the voltage
levels on VDD1, VDD2, VSS1, and VSS2. The induced voltage level of VSS2 was higher
than that of VDD2 under the positive VDD1-to-VDD2 ESD stresses. The GC-NMOS
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transistor (Mn3) can be turned on by the induced voltage levels of VSS2 and VDD2. Then,
the voltage level at node A can be restricted to avoid damages to the gate oxide in the
interface circuits. The GC-NMOS transistor can also be turned on in the negative ESD
stresses since the voltage level at node A would be lower than that of VSS2. On the other
hand, the parasitic npn bipolar transistor in Mn3 can be triggered on to restrict the voltages
across the gate oxides of Mn2 and Mp2 under VDD1-to-VDD2 ESD stresses.
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Fig. 7.13. A proposed cross-power-domain ESD protection design with gate-controlled PMOS and
NMOS (GC-PMOS and GC-NMOS) transistors and source pumping mechanism.

According to previous studies, gate oxide breakdown voltages of gate-to-source terminals
and gate-to-bulk terminals are quite different in NMOS transistors [73]. The gate oxide
breakdown voltage of gate-to-source terminal is remarkably lower than that of gate-to-bulk
terminal. In order to enhance the ESD robustness of the input stage with thin gate oxide in
nanoscale CMOS process and extend the design windows of ESD protection circuits, the
source pumping design had been used to reduce the ESD voltage across the gate-to-source
terminal in the NMOS transistor of input stage under HBM and CDM ESD stresses [73], [74].
In Fig. 7.13, a resistor had also been inserted between VDD2 (or VSS2) and source terminal
of Mp2 (or Mn2) to comprise source pumping mechanism. The partial ESD currents could be

conducted by turned-on Mp3 and Mn3, also raised the source-terminal potentials of Mn2 and
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Mp2 to reduce the voltage across the gate-to-source terminals of Mn2 and Mp2. The source
pumping mechanisms can be expected to further enhance the ESD robustness of the receivers

in interface circuits under the cross-power-domain ESD stresses.

7.3.2. Experimental Results

The cross-power-domain ESD protection design with the GC-PMOS and GC-NMOS
transistors had been implemented in 0.13-um 1.2-V CMOS process. Two other different
cross-power-domain  ESD  protection  designs, which were diodes [40] and
ground-current-triggered (GCT) NMOS transistor [42], were also compared with the design
with GC-PMOS and GC-NMOS transistors under the same process. The cross-power-domain
ESD protection design with diodes was identical with the aforementioned scheme, as shown
in Fig. 7.10. However, the GCT NMOS transistor was only substituted for the GC-PMOS

transistor to construct a complete cross-power-domain ESD protection in this work, as shown
in Fig 7.14.
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Fig. 7.14. The cross-power-domain ESD protection design with GCT NMOS and GC-NMOS
transistors and source pumping mechanism.

Both device sizes (W/L) of the gate-controlled PMOS (Mp3) and NMOS (Mn3)
transistors are 5 um / 0.18 um. Then, the value of R1 is 25 Q. Because the ESD currents were
not mainly discharged by the Mn3 and Mp3, these transistors did not need to occupy huge
device dimensions. The equivalent perimeters of the diodes are 5 um, and the device size

(W/L) of the GCT NMOS transistor is also 5 um / 0.18 um in this work. These
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cross-power-domain ESD protection designs had the identical ESD protection elements of the
power-rail ESD clamp circuit in each power domain and the bi-directional diode connection
between separated power domains. The I-V characteristics of these three designs were
measured by transmission-line-pulse (TLP) system, which generated the current pulses with
100-ns duration time and 10-ns rise time to be able to obtain the device characteristics under
high-current stresses [50].

The TLP I-V characteristics of the cross-power-domain ESD protection design with the
GC-PMOS and GC-NMOS transistors under VDD1-to-VSS1, VSS1-t0-VSS2, and
VSS2-to-VDD?2 three different stress combinations had been measured and illustrated in Fig.
7.15(a). The symbol of VDD1-t0-VSS1 (VSS1-t0-VSS2 or VSS2-to-VDD2) means that the
TLP current pulse was applied at the VDD1 (VSS1 or VSS2) under the grounded VSS1
(VSS2 or VDD2). Therefore, the VDD1-t0-VSS1 curve presents the TLP I-V characteristic of
a power-rail ESD clamp circuit which consists of RC-based ESD-transient detection circuit
and main power-rail ESD clamp NMOS transistor between VDD1 and VSS1. Then, the
VSS1-t0-VSS2 is the TLP I-V characteristic ofsthe bi-directional diode connection between
VSS1 and VSS2, while the VSS2-t0-VDD24jis.the TLP 1-V characteristic of the parasitic
drain-bulk diode in the power-rail ESD clamp NMQOS ‘transistor between VSS2 and VDD2.
Moreover, the TLP measured results. of<all three  different cross-power-domain ESD
protection designs were shown in Fig.. 7:15(b). Under the VDD1-t0-VSS2 stresses, these
three different cross-power-domain ESD' protection designs presented high second
breakdown currents (It2). The cross-power-domain ESD protection design with GC-PMOS
and GC-NMOS transistors had the highest 1t2 value about 3.52 A. The HBM and MM ESD
robustness of these three designs were presented in Table 7.2, under VDD1-to-VSS2 and
VDD1-to-VDD2 ESD stresses. The new proposed ESD design had the highest ESD
robustness among all ESD stresses. However, the cross-power-domain ESD protection design
with diodes presented an unexpected ESD robustness under VDD1-to-VDD2 ESD stresses.
The related attributions of the low ESD robustness in the design with diodes would be
discussed and explained by failure analyzing in following section.

In addition, the influence of source pumping mechanism was investigated in
cross-power-domain ESD protection designs with GCT NMOS transistor. The comparisons
between the cross-power-domain ESD protection designs with and without source pumping
resistance were shown in Fig. 7.16(a). The It2 value of the design with source pumping
resistance was significantly higher than that without source pumping resistance. The It2

values of the designs with and without source pumping resistance are about 3.14 A and 2.26 A
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under VDD1-to-VSS2 TLP stresses, respectively. On the other hand, the other TLP measured
results, which the cross-power-domain ESD protection designs were adopted as GC-PMOS
and GC-NMOS transistors, with the different source pumping resistances of 5 Q and 15 Q
were also shown in Fig. 7.16(b).
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Fig. 7.15. (a) The 100-ns TLP measured I-V characteristics of the cross-power-domain ESD
protection design with GC-PMOS and GC-NMOS transistors under VDD1-to-VSS1, VSS1-to-VSS2,
and VSS2-to-VDD2 three different stress combinations. (b) The 100-ns TLP measured I-V
characteristics of the three different cross-power-domain ESD protection designs under
VDD1-t0-VSS2 stresses.
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The 1t2 values were increased by increasing the resistance of the source pumping
resistors. According to the measured results, the source pumping resistance can be expected
to enhance the ESD robustness for the cross-power-domain ESD protection designs. However,

this source pumping resistances would also cause the body effect and affect the circuit
performance on the receiver.
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Fig. 7.16. The influence of source pumping mechanism on the TLP measured I-V characteristics of

the cross-power-domain ESD protection designs under VDD1-t0-VSS2 stresses. (a) With or without
source pumping resistance in the design with GCT NMOS transistor. (b) With source pumping
resistance of 5 Q or 15 Q in the design with GC-PMQOS and GC-NMOS transistors.
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Table 7.2
HBM and MM ESD Robustness of the Different Cross-Power-Domain ESD Protection Designs under
VDD1-t0-VSS2 and VDD1-to-VDD2 ESD Testing Conditions

VDD1 to VSS2

Designsl I . GC-PMOS &
| Resistor-Diode | M°dh;‘:fgSGCT GC-NMOS
ESD [ I (New Proposed)
l
HBM , 3.5 kV : 4.5 kV 4.5 kV
i i
MM | 450V I 450V 550V
I ———————
VDD1 to VDD2
Designdd . . GC-PMOS &
I Resistor-Diode | M°dhmgsGCT GC-NMOS
ESD l I (New Proposed)
l
HBM , 2 kV : 3.5 kV 4.5 kV
‘ |
MM | 300V I 350V 400V
]

7.3.3. Failure Analysis and Discussion

The cross-power-domain ESD. protection:-design. with diodes presented lower ESD
robustness among all ESD testing conditions, shown in Table 7.2. However, the lower ESD
robustness of the ESD protection design with diodes can be attributed to two completely
different failure mechanisms under VDD1-toVSS2 and VDD1-to-VDD2 ESD stresses,
respectively. First, the failure spot of the design with diodes was located at the source side of
the driver’s PMOS transistor under VDD1-t0-VSS2 ESD stresses, as shown in Figs. 7.17(a)
and 7.17(b). This failure spot only occurred on the source side of the driver’s PMOS
transistor. The gate area and drain side of the driver’s PMOS transistor did not be destroyed
after VDD1-t0-VSS2 ESD stresses, as illustrated in Fig. 7.17(b). The failure mechanism
could be explained that the vertical pnp bipolar transistor was turned on to cause the serious
contact spike on the source side, as shown in Figs. 7.17(b) and 7.17(c). This vertical pnp
bipolar transistor consisted of the P+ source diffusion of the driver’s PMOS, the N-well, and
the mutual P-substrate, as shown in Fig. 7.17(c). Furthermore, this vertical pnp bipolar
transistor would easily incorporate with a lateral npn bipolar transistor, which consists of the
n-well, the p-substrate, and the N+ source diffusion of the driver’s NMOS to construct a
parasitic SCR path between VDD1 and VSS1, as also illustrated in Fig. 7.17(c).
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Fig. 7.17. (a) After VDD1-to-VSS2 HBM ESD stress, the failure spots of the cross-power-domain

ESD protection design with diodes were located at the source side of the driver’s PMOS transistor

(Mpl1). (b) The zoomed-in view of the failure spot. (c¢) The failure mechanism of the
cross-power-domain ESD protection design with diodes under VDD1-toVSS2 HBM ESD stress.

Because the protecting diode between node A and VSS2 was under the reverse biasing
condition, the partial ESD current could not conduct from the driver’s PMOS transistor to
grounded VSS2. The partial ESD current could be discharged through this SCR path between
VDD1 and VSS1 and the diode between VSS1 and VSS2 since no guard ring and pick up
were installed between the driver’s PMOS and NMOS transistors under such situation. In

-122 -



contrast, the failure mechanisms of the cross-power-domain ESD protection designs with
GCT NMOS, GC-PMQOS, and GC-NMOS transistors were caused by the drain-to-source
filaments that were clearly proved in Figs. 7.18(a) and 7.18(b). The partial ESD current

conducted from the source side to drain side in the driver’s PMOS transistor to cause the
damage to the surface layer on this PMOS transistor under VDD1-t0-VSS2 ESD stresses
[42].

(@ R ','::i , (b)

| o= [

Fig. 7.18. (a) After VDD1-to-VSS2 HBM ESIJ itress the fallure spots of cross-power-domain ESD
protection design with GC-PMOS and e, NMOS tran3|stor's were located at the driver’s PMOS
transistor (Mpl). (b) The zoomed-in VIE,W ofihe'fa'ﬂure'spot L

Secondly, the failure spot of the Eéﬁbrété'étion design with diodes was located at the
source and drain sides of the driver’s PMOS transistor under VDD1-to-VDD2 ESD stresses,
as shown in Fig. 7.19(a). This failure spot was similar to those of the cross-power-domain
ESD protection designs with GCT NMOS, GC-PMOS, and GC-NMOS transistors under
VDD1-t0-VSS2 and VDD1-to-VDD2 ESD stresses, as shown in Figs. 7.18(b) and 7.19(b).
Since the protecting diode between node A and VDD2 was under the forward biasing
condition, the ESD currents could easily conduct from the driver’s PMOS transistor to
grounded VDD2. This discharging path sustained huge ESD current to cause the
source-to-drain filament on the driver’s PMOS transistor, as presented in Fig 7.19(a). Besides,
the failure spot was also found in the receiver’s PMOS transistor after VDD1-to-VDD2 ESD
stresses, especially in MM ESD event, as shown in Fig. 7.19(c). This failure spot did not
occur on the cross-power-domain ESD protection designs with GCT NMOS, GC-PMOS, and
GC-NMOS transistors. The ESD protection design with diodes conducted huge ESD current
cause the damage to the receiver’s PMOS transistor under VDD1-to-VDD2 MM ESD
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stresses. Therefore, the unsuitable current distributions of the cross-power-domain ESD
protection design with diodes were caused the lower ESD robustness under VDD1-to-VSS2
and VDD1-to-VDD2 ESD stresses. Because these ESD protection designs were mainly
focused on the receiver’s gate oxide threat, the failure spots did not be located on the receiver
except that of the ESD protection design with diodes. However, according to the above
measured results and failure analyses, the ESD robustness of the cross-power-domain ESD
protection designs with GCT NMQOS, GC-PMOS, and GC-NMOS transistors seemed to be
restricted and dominated by the failure mechanism of the driver’s PMOS transistors. The
blocking resistance, which is shown in Fig. 7.8, should be appropriately inserted between
driver’s source terminal and VDDL1 in order that the ESD robustness of the interface circuits

between separated power domains could be further enhanced.

Fig. 7.19. (a) and (b), both cross-power-domain ESD protection designs with diodes and GC-PMQOS
and GC-NMOS transistors have the failure spots at the driver’s PMOS transistor (Mpl) after
VDD1-to-VDD2 ESD stresses. (c) The other failure spots of cross-power-domain ESD protection
designs with diodes were found at the receiver’s PMOS transistor (Mp2) after VDD1-to-VDD2 MM
ESD stress.
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7.4. Summary

Due to the circuit performance considerations, the 1C product has two separated power
domains to cause ESD failures in interface circuits between different power domains. MM
ESD currents are discharged through some unexpected paths in the interface circuits during
ND-mode ESD stress. Each failure mechanism of Pin-A and Pin-B has been clearly analyzed
and illustrated by the failure spot images and ESD current discharge paths. The effective
solutions have been proposed to overcome abnormal internal ESD damage by means of
adding the blocking resistors to the interface devices and installing the suitable bi-directional
diode connection cells between the separated power lines. The optimum modifications have
been proven in the new version IC product to sustain MM ESD level of greater than 200V.
Besides, the cross-power-domain ESD protection designs with resistor-diode clamp, the
special driver and receiver, or the GCT NMOS transistor have been reviewed to compare the
ESD protection schemes for interface circuits between separated power domains. Moreover,
one new active ESD protection design with gate-controlled PMOS and NMOS transistors has
been proposed and successfully verifiedto sustain 4-kV HBM and 400-V MM ESD stresses
in a 0.13-um 1.2-V CMOS technolegy. [The source.pumping mechanism was also proven to
significantly enhance the ESD robustness under the tross-power-domain ESD stresses.
Finally, the failure mechanisms of. three-different ccross-power-domain ESD protection
designs, which were diodes, GCT NMOS,. GC-PMOS; and GC-NMOS transistors, have been

distinctly illustrated according to the related ESD failure locations and discharge paths.
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Chapter 8

Conclusions and Future Works

This chapter summarizes the main results of this dissertation. Suggestions for future
research in power-rail ESD clamp circuits, analog /O interface circuits, and
cross-power-domain ESD protection circuits for on-chip ESD protection design with

advanced nanoscale CMOS technology are also provided in this chapter.

8.1. Main Results of This Dissertation

With the evolution of CMOS technology, the electrostatic discharge (ESD) threat has
become a major reliability concern fort CMOS IC products fabricated in the advanced
nanoscale CMOS process. The power=rail ESD clamp circuit is an efficient design to achieve
whole-chip ESD protection in IC-products. It-not only can improve ESD robustness of
VDD-to-VSS ESD stress, but “also pcan _significantly enhance ESD robustness of
input/output-to-VDD/VSS and pin-to-pin ESD stresses. Furthermore, to efficiently protect
the core circuits realized with much thinner'gate oxide and shallower junction in nanoscale
CMOS technology, the efficient power-rail ESD clamp circuits must be added into CMOS
chips to avoid the damages to the fragile gate oxide and the junction. Thus, the optimization
of circuit schemes, such as controlling circuit and ESD-transient detection circuit, is an
essential challenge for ESD protection in nanoscale CMOS technology. In this dissertation,
the circuit schemes, which are implemented by single-stage and multi-stage inverters, for
controlling circuit has been compared and verified. In addition, the ESD-transient detection
circuit also needs to be optimized to further reduce the occupied chip area and prevent
mis-trigger and latch-on concerns under fast power-on operation. In this dissertation, an
efficient ESD-transient detection circuit adopted capacitance coupling mechanism has been
has been proposed and verified. With the proposed circuit scheme for ESD-transient detection
circuit, the controlling circuit of 1-stage inverter can be accomplished the desirable function
on commanding the main ESD clamp NMOS transistor in power-rail ESD clamp circuit.

On-chip ESD protection devices are often required to provide higher ESD robustness
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with smaller layout area to reduce the occupied chip area, especially in the high-pin-count IC
products. Silicon controlled rectifiers (SCRs) have been used as on-chip ESD protection
devices, because of their superior area-efficient ESD robustness. SCR device as power-rail
ESD clamp device has also been presented in this dissertation. A novel initial-on SCR design
has been proposed and verified to achieve the lowest trigger voltage and the highest turn-on
efficiency of SCR device. Besides the enhancement of the power-rail ESD clamp circuit, the
ESD protection designs for analog I/O interface circuits and cross-power-domain interface
circuit are proposed and verified in this dissertation. In order to reduce the input capacitance
of the analog I/O interface circuit, the ESD clamp devices between input pad and VDD (or
VSS) are designed with smaller device dimensions. However, such small devices can’t
sustain high enough ESD level, while the analog pin is stressed in the positive-to-VSS
(PS-mode) or the negative-to-VDD (ND-mode) ESD stress (the devices operated in the
breakdown condition). Therefore, an efficient power-rail ESD clamp circuit between VDD
and VSS was co-constructed into the analog ESD protection circuit to improve the overall
ESD level of the analog I/O interface .circuit:sFinally, as the ultra-large-scale-integrated
(ULSI) circuits being continually deyeloped teward system-on-chip (SoC) applications, more
and more multiple separated power domains are used in a SoC IC for specified circuit
functions, such as digital/analog eircuit Iblocks, ‘mixed-voltage circuit blocks, and power
management considerations. A new -active ESD protection design for the interface circuits
between separated power domains has ‘been also proposed to solve the interface circuit
damages under cross-power-domain ESD stresses.

Chapter 2 compares the designs with controlling circuits of 3-stage inverters and 1-stage
inverter to verify the optimal circuit schemes in NMOS-based power-rail ESD clamp circuits.
In addition, the circuit performance among the four different main ESD clamp NMOS
transistors drawn with different drain-contact-to-poly-gate spacings and co-designed with
different inverter stages in the controlling circuits are compared. According to the
experiments and analyses, the 3-stage inverters for controlling circuit and BFET layout style
for the main ESD clamp NMOS transistor can slightly increase the ESD robustness, but they
will dramatically degrade the immunity against mis-trigger and latch-on issues under the EFT
test and fast power-on condition. The 1-stage inverter should be an appropriate and reliable
candidate for the controlling circuit in the power-rail ESD clamp circuits. Finally, the latch-on
phenomenon has been successfully observed by the emission microscope with InGaAs FPA
detector. The root cause to induce such failure can be attributed to the abnormal mechanism

of the voltage drop across the n-well resistance after the EFT test.
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In Chapter 3, a new proposed ESD-transient detection circuit cooperated with
NMOS-based power-rail ESD clamp circuit has been presented and successfully verified in a
130-nm CMOS technology. The new proposed ESD-transient detection circuit adopts the
capacitance coupling mechanism and a switch NMOS transistor to command the main ESD
clamp NMOS transistor by the general controlling circuit with single-stage inverter.
According to the measured results, the power-rail ESD clamp circuit with the new proposed
ESD-transient detection circuit exhibits the superior ESD robustness of 8.0 kV and 400 V in
HBM and MM ESD stresses, respectively. Moreover, it also possesses an excellent immunity
against the mis-trigger and latch-on event under the 1.2-V fast power-on condition with the
rise time of 2 ns.

In Chapter 4, the “initial-on” ESD protection concept realized by the PMOS-triggered
SCR device with RC-based ESD-transient detection circuit has been successfully designed
and verified in a 0.25-um salicided CMOS process. Compared to the LVTSCR, the lowest
trigger voltage and the highest turn-on efficiency of SCR device can be achieved by the
proposed PMOS-triggered technique . for i effective on-chip ESD protection. Such
PMOS-triggered SCR also presents a high enough holding voltage to overcome the latchup
issue under the normal circuit- operation condition. The ESD robustness of the
PMOS-triggered SCR can be higher than 5:5kV with a-device width of as small as 50 pm.
Therefore, such initial-on SCR deviees. can achieve the whole-chip ESD protection scheme
for input, output, power-rail ESD clamp ‘circuit, and the ESD clamp cells between the
separated power domains.

In Chapter 5, the device characteristics of SCR devices with different embedded MOS
transistors have been compared and investigated. The turn-on efficiency, such as Vtl, Vh, and
Ron, of the MOS-triggered SCR devices is decreased by decreasing the channel lengths in the
embedded MOS transistors. But, the It2 and ESD robustness of the MOS-triggered SCR
devices are increased by increasing the channel lengths, especially in the PMOS-triggered
SCR devices. In addition, the merged layout style of the embedded MOS transistor can
obviously improve It2 and ESD robustness of the MOS-triggered SCR devices. Moreover,
the obvious differences on the Vh of NMOS-triggered SCR devices under DC and TLP
measurements have been attributed to the current distributions through the parasitic npn
bipolar transistor in the SCR device.

Chapter 6 investigates different ESD protection schemes for the analog input/output
cells to find the optimal analog ESD protection design for deep-submicron CMOS technology.
According to the experimental results, the GGNMOS was not a suitable ESD protection
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device for analog I/O cells in deep-submicron CMOS process, such as 0.18-um and below.
The pure-diode ESD protection device between the pad to VDD (VSS) would be an optimal
design for the analog I/O pins. In addition, the gate-driven NMOS for power-rail ESD clamp
circuit also performs a higher ESD robustness for analog I/O pins in deep-submicron CMOS
technology with STI structure. Finally, layout optimization with a wider spacing between
N+/PW diode and N+/NW guard ring, as well as improvement on the power-rail ESD clamp
circuit with higher turn-on efficiency, should be used to avoid the unexpected ESD failure
under ND-mode ESD stress in such analog 1/O cells.

The cross-power-domain ESD issues in IC products are presented in Chapter 7. Due to
the circuit performance considerations, the IC product has two separated power domains to
cause ESD failures in interface circuits between different power domains. MM ESD currents
are discharged through some unexpected paths in the interface circuits during ND-mode ESD
stress. Each failure mechanism of Pin-A and Pin-B has been clearly analyzed and illustrated
by the failure spot images and ESD current discharge paths. The effective solutions have been
proposed to overcome abnormal internal+ESDrdamage by means of adding the blocking
resistors to the interface devices and installingsthe suitable bi-directional diode connection
cells between the separated power hnes. The optimum modifications have been proven in the
new version IC product to sustain MM ESD level of greater than 200V. Besides, the
cross-power-domain ESD protection designs with resistor-diode clamp, the special driver and
receiver, or the GCT NMOS transistor have been reviewed to compare the ESD protection
schemes for interface circuits between separated power domains. Moreover, one new active
ESD protection design with gate-controlled PMOS and NMOS transistors has been proposed
and successfully verified to sustain 4-kV HBM and 400-V MM ESD stresses in a 0.13-pm
1.2-V CMOS technology. The source pumping mechanism was also proven to significantly
enhance the ESD robustness under the cross-power-domain ESD stresses. Finally, the failure
mechanisms of three different cross-power-domain ESD protection designs, which were
diodes, GCT NMOS, GC-PMOS, and GC-NMOS transistors, have been distinctly illustrated

according to the related ESD failure locations and discharge paths.

8.2. Future Works

In advanced nanoscale CMOS technology, the efficient design for power-rail ESD clamp
circuit has been proposed and verified in this dissertation. However, leakage issues of

power-rail ESD clamp circuit become much severe for the low-power and portable
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applications. As mentioned in Chapter 3, utilizing metal-oxide-metal (MOM) capacitor to
replace the conventional MOS capacitor is a feasible method. Furthermore, the SCR devices
can also prevent the extra leakage current induced by the main ESD clamp NMOS transistor
with huge device dimension. To achieve successful ESD protection design for low power
application, power-rail ESD clamp circuit with low leakage design methodology is necessary
in the future.

With the evolution of CMOS technology, the operation frequency and transmission rate
is significantly increased in specific integrated circuits. For analog I/O interface circuit, the
parasitic capacitance of ESD clamp devices is a limitation, especially in high-speed 1/O
interface circuit. On the other hand, the parasitic capacitance of cross-power-domain ESD
clamp devices also degrades the data transmission between separated power domains. Thus,
developing ESD protection designs with low capacitance for high-speed analog I/O and
cross-power-domain interface circuits are promising in the future. Moreover, the on-chip
ESD protection designs for charged-device model (CDM) events [75], [76] will be another
strict task to protect the much thinner gatesoxide and shallower junction in nanoscale CMOS
technology, especially for the SoC sapplicationswith: larger chip area and more complex
consideration of power domain arrangements. Such ESD related topics will be the continual

future works for research.
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