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DESIGN AND IMPLEMENTATION OF ESD PROTECTION
CIRCUITS IN NANOSCALE FULLY SILICIDED CMOS

TECHNOLOGY
Student: Chih-Ting Yeh Adviser: Dr. Ming-Dou Ker

Department of Electronics Engineering and Institute of Electronics
College of Electrical and Computer Engineering

National Chiao Tung University

Abstract

As CMOS technology is continuously scaled down to nanoscale, the gate oxide becomes
thinner and.the diffusion junction depth becomes shallower. These lead to the reduced gate
oxide breakdown voltage and-increased gate leakage current of MOS transistor. The reduced
gate oxide breakdown voltage makes the MOS transistor more vulnerable to electrostatic
discharge (ESD) because ESD is not scaled down with the CMOS technology. The gate
leakage current makes the MOS transistors in ESD protection circuit malfunction during ESD
stresses and normal circuit operating condition. ESD is one of the most important reliability
issues for the integrated circuit (IC) during mass production. It must be taken into
consideration 'during the design phase to meet the reliability specifications for all
microelectronic products. For whole-chip ESD protection design, all pads, including the
input/output (I/O) pads and VDD/VSS pads, are necessary to be implemented with ESD
protection circuits to provide effective ESD protection for the IC. The ESD protection devices
between the 1/0 pads and VDD/VSS pads inevitably cause parasitic effects on the signal path
of RF front-end and ‘high-speed circuits, which are very sensitive to those parasitic effects.
The challenge of ESD protection devices for RF front-end and high-speed circuits is to sustain
the highest ESD level and to achieve the smallest parasitic effects. Moreover, the ESD
protection circuits between the VDD/VSS pads are necessary to provide ESD protection
between the power rails. Although the parasitic effects of power-rail ESD clamp circuit have
no impact on the internal circuits, the reduced gate oxide breakdown voltage and increased
gate leakage current of MOS transistor greatly increase the difficulty of ESD protection
design. In addition, the fabricated cost per unit area of the IC is dramatically increased with
the continuously scaled-down CMOS technology. Therefore, the power-rail ESD clamp

circuit with high efficiency of layout area is another design challenge. The research topics
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based on aforementioned design challenges in this dissertation including: (1) ESD protection
diode for RF and high-speed /O applications, (2) capacitor-less power-rail ESD clamp circuit,
(3) power-rail ESD clamp circuit with equivalent ESD-transient detection mechanism, (4)
power-rail ESD clamp circuit with considerations of gate leakage current and gate oxide
reliability, and (5) resistor-less power-rail ESD clamp circuit.

In Chapter 2, new ESD protection diodes drawn in the octagon, waffle-hollow,
octagon-hollow, multi-waffle, and multi-waffle-hollow layout styles are presented in a 90nm
CMOS process. The experimental results confirmed that they can achieve smaller parasitic
capacitance under the same ESD robustness level as compared to the stripe and waffle diodes.
Therefore, the signal degradation of RF and high-speed transmission can be reduced.

In Chapter 3, a new ESD-transient detection circuit without using the capacitor has been
proposed and wverified in a 65nm 1.2V CMOS process. The layout area of the new
ESD-transient detection circuit can be greatly reduced by more than 54%, as compared to the
traditional RC-based one. The new ESD-transient detection circuit with adjustable holding
voltage has better immunity against mis-trigger and transient-induced latch-on event under
the fast power-on and transient noise conditions.

In Chapter 4, a power-rail ESD clamp circuit realized with ESD clamp device drawn in the
layout style of BigFET, and with parasitic diode of BigFET, is proposed and verified in a
65nm 1.2V CMOS process. Utilizing the diode-connected MOS transistor as the equivalent
large resistor and parasitic reverse-biased diodes of BigFET as the equivalent capacitors, the
new RC-based and capacitance-coupling ESD-transient-detection mechanism can be achieved
without using an actual resistor and capacitor to significantly reduce the layout area by ~82%,
as compared to the traditional RC-based ESD-transient detection circuit.

In Chapter 5, a power-rail ESD clamp circuit realized with only thin gate oxide devices
and with SCR as main ESD clamp device has been proposed and verified in a 65nm 1V
CMOS process. By reducing the voltage difference across the gate oxide of the devices in the
ESD-transient detection circuit, the proposed design can achieve a low standby leakage
current. In addition, the ESD-transient detection circuit can be totally embedded in the SCR
device by modifying the layout structure. In this chapter, a 2xVDD-tolerant power-rail ESD
clamp circuit has also been proposed and verified in the same CMOS process. The proposed
design with SCR width of 50um can achieve a low standby leakage current of 34.1nA at room

temperature under the normal circuit operating condition with 1.8V bias.



In Chapter 6, a resistor-less power-rail ESD clamp circuit realized with only thin gate
oxide devices, and with SCR as main ESD clamp device, has been proposed and verified in a
65nm 1V CMOS process. Skillfully utilizing the gate leakage current to realize the equivalent
resistor, the RC-based ESD-transient detection mechanism can be achieved without using an
actual resistor. The resistor-less power-rail ESD clamp circuit with SCR width of 45um can
achieve an ultra-low standby leakage current of 1.43nA at room temperature under the normal
circuit operating condition with 1V bias.

In this dissertation, several novel designs have been proposed in the aforementioned
research topics. Measured ‘results of the fabricated test chips have demonstrated the
performance improvement. The innovative designs and achievements of this dissertation have

been published or submitted to several international journals and conferences.
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Figure Captions
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Fig. 1.1
Fig. 1.2

Fig. 1.3

Fig. 1.4
Fig. 1.5
Fig. 1.6

Fig. 1.7

Equivalent circuits of (a) HBM and (b) MM ESD tests.

Design concept of whole-chip ESD protection circuits in CMOS ICs.

The four pin combinations for ESD test on an IC product: (a)
positive-to-VSS (PS-mode), (b) negative-to-VSS (NS-mode), (¢)
positive-to-VDD (PD-mode), and (d) negative-to-VDD (ND-mode).
Pin-to-pin ESD tests: (a) positive mode and (b) negative mode.
VDD-to-VSS ESD tests: (a) positive mode and (b) negative mode.
Typical on-chip double-diode ESD protection scheme.

ESD current discharging paths in the typical double-diode ESD protection
scheme under (a) PD-mode, NS-mode, (b) PS-mode, ND-mode, and (c)

pin-to-pin ESD stresses.

Chapter 2

Fig. 2.1

Fig. 2.2

Fig. 2.3

Fig. 2.4

Fig. 2.5

Typical ESD protection scheme with double diodes for RF front-end or
high-speed I/0 applications.

The measured TLP /-V curve of the ESD protection diode. The current
compression point (I¢p) is defined as the current level at which the
measured /-V curve deviates from its linearly extrapolated value by 20%.
Device cross-sectional view and layout top view of the ESD protection
diode with typical stripe layout style.

Device cross-sectional view and layout top view of the ESD protection
diodes with (a) waffle layout style and (b) octagon layout style.

Device cross-sectional view and layout top view of the ESD protection
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Fig.

diodes with (a) waffle-hollow layout style and (b) octagon-hollow layout
style. The center region is drawn with the STI region to effectively reduce
the parasitic capacitance.

2.6 Device cross-sectional view to explain ESD current flows in the diodes
with (a) waffle layout style and (b) waffle-hollow layout style.

2.7 The 3D views of metal layer arrangement for (a) interconnect routing of
N+/Pgy diodes, and (b) the corresponding open pad structure.

2.8 The performance evaluations with the factors of N+ junction perimeter /
total N+ junction area under different diode layout styles.

2.9 Layout top views for de-embedded calculation to extract the parasitic
capacitance of the fabricated ESD diodes with (a) including-DUT pattern
and (b) excluding-DUT pattern.

2.10 Dependence of Cgsp extracted from S-parameter at 2.5GHz under zero DC
bias on the N+ occupied area of diode devices with different layout styles.

2.11 Dependence of TLP-measured Ron on the N+ junction perimeter of diode
devices with different layout styles.
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devices with different layout styles.

2.13 The simulated vectors of ESD discharging current along the cross section
of waffle diode with a (a) small, and (b) large, device size.

2.14 The (Icp/Crsp) FOM of ESD protection diodes with different layout styles.
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2.17 STI-bound N+/Pg,, ESD protection diode with typical stripe layout style.
The major current conduction path of the stripe diode occurs along the
length (L) of the diode.

2.18 Layout top view of the STI-bound (a) N+/Pg,, ESD protection diode and (b)
P+/Nyeit ESD protection diode with waffle layout style.

2.19 Layout top view of the STI-bound (a) N+/Pg,, ESD protection diode and (b)
P+/Nyen ESD protection diode with multi-waffle layout style.

2.20 Layout top view of the STI-bound (a) N+/Pg,, ESD protection diode and (b)
P+/Nyen ESD protection diode with multi-waffle-hollow layout style. The
N+ (P+) center diffusion region of N+/Pgyp (P+/Nyen) diode with
multi-waffle-hollow layout style is removed to reduce the parasitic
capacitance.

2.21 The performance evaluations with the ratio of (junction perimeter) /
(Junction area) under different layout styles.

2.22 Dependence of measured Cgsp extracted from S-parameter from 4 to SGHz
under zero DC bias on the (a) total N+ junction area of N+/Pg,, diodes and
(b) total P+ junction area of P+/Ny, diodes with different layout styles.

2.23 Dependence of extracted on-resistance Ron on the (a) N+ junction
perimeter of N+/Py,, diodes and (b) P+ junction perimeter of P+/Ny.y
diodes with different layout styles.

2.24 Dependence of extracted current compression point Icp on the (a) N+
junction perimeter of N+/Pg,, diodes and (b) P+ junction perimeter of
P+/Ny.en diodes with different layout styles.

2.25 Dependence of measured HBM level Vypy on the (a) N+ junction
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diodes with different layout styles.

Fig. 2.26 The exact values of Ron*Cgsp of the (a) N+/Pg,, diodes and (b) P+/Nyen
diodes with different layout styles.

Fig. 2.27 The exact values of Icp/Cgsp of the (a) N+/Pg,, diodes and (b) P+/Nyen
diodes with different layout styles.

Fig. 2.28 The FOM Vypwm/Cesp of the (a) N+/Pg,, diodes and (b) P+/Ny.; diodes with
different layout styles.

Fig. 2.29 The FOM Icp/Apayout of the (a) N+/Pg, diodes and (b) P+/Nye diodes with

different layout styles.

Chapter 3

Fig. 3.1 Typical on-chip ESD protection design with active power-rail ESD clamp
circuit under (a) PS-mode / ND-mode, and (b) PD-mode / NS-mode, ESD
stress conditions.

Fig. 3.2 Typical implementation of the RC-based power-rail ESD clamp circuit with
ESD-transient detection circuit, controlling circuit, and ESD clamp device.

Fig. 3.3 New proposed power-rail ESD clamp circuits with ESD clamp nMOS
transistor. There are (a) zero diode, (b) one diode, and (c) two diodes used
in the ESD-transient detection circuit, respectively.

Fig. 3.4 Comparison on the layout areas among the four power-rail ESD clamp
circuits. The ESD clamp nMOS transistor Mcjamp 1s drawn in a BigFET
layout style with the same W/L=2000um/0.1um, which is triggered by (a)
the traditional RC-based ESD-transient detection circuit, (b) the proposed
ESD-transient detection circuit with no diode, (c) the proposed

ESD-transient detection circuit with one diode, and (d) the proposed
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3.6

3.7

3.8

3.9

3.10

3.11

ESD-transient detection circuit with two diodes.

ESD-like simulation results of the voltage at the gate terminal of the ESD
clamp nMOS transistor controlled by the RC-based and the new proposed
ESD-transient detection circuit.

The simulation results of the voltage transient on Vpp and node A for new
proposed power-rail ESD clamp circuit with ESD clamp nMOS transistor.
The 3V ESD-like voltage pulse with Sns rise time is applied on Vpp.

Chip microphotographs of the fabricated power-rail ESD clamp circuit,
realized with (a) the traditional RC-based ESD-transient detection circuit
and (b) the proposed ESD-transient detection circuit with two diodes.

The measured standby leakage current of the RC-based power-rail ESD
clamp circuit, the new proposed power-rail ESD clamp circuits, and the
single ESD clamp nMOS transistor.

TLP measured /-7 curves of (a) the power-rail ESD clamp circuits with the
RC-based, the new proposed ESD-transient detection circuit, and (b) the
zoom-in illustration for the holding voltages (Vy).

The voltage waveforms under (a) ESD-transient-like condition with 3V
voltage pulse and 5ns rise time, (b) fast power-on condition with 1.2V
voltage pulse and 25ns rise time.

The measured voltage and current waveforms of power-rail ESD clamp
circuit, realized with (a) the traditional RC-based ESD-transient detection
circuit, (b) the proposed ESD-transient detection circuit with no diode, and
(c) the proposed ESD-transient detection circuit with one diode, under

transient noise condition.

Fig. 3.12 The setup for transient-induced latch-up (TLU) measurement [44], [45].
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Fig. 3.13 Measured Vpp and Ipp waveforms on the traditional RC-based power-rail
ESD clamp circuit under TLU measurement with Vharee 0f (a) +1kV and (b)
-1k V.

Fig. 3.14 Measured Vpp and Ipp waveforms on the new proposed power-rail ESD
clamp circuit with no diode under TLU measurement with V haree 0of (a) +3V
and (b) -2V.

Fig. 3.15 Measured Vpp and Ipp waveforms on the new proposed power-rail ESD
clamp circuit with one diode under TLU measurement with Vharee 0f (2)
+1kV and (b) -1k V.

Fig. 3.16 New proposed power-rail ESD clamp circuit with ESD clamp pMOS
transistor and diode string in the ESD-transient detection circuit.

Fig. 3.17 Comparison on the layout areas among the four power-rail ESD clamp
circuits. The Mjamp 1s drawn in a BigEET layout style with the same
W/L=2000pum/0.1pum, which is triggered by (a) the traditional RC-based
ESD-transient detection circuit, (b) the proposed ESD-transient detection
circuit with nordiode, (c) the proposed ESD-transient detection circuit with
one diode, and (d) the proposed ESD-transient detection circuit with two
diodes.

Fig. 3.18 The simulation results of the voltage transient on Vpp and node A under a
3V voltage pulse with a rise time of Sns. (a) The voltage waveforms in the
period of rising transition, and (b) the voltage waveforms during the whole
voltage pulse of 500ns.

Fig. 3.19 Chip microphotographs of (a) the traditional RC-based power-rail ESD
clamp circuit and (b) the proposed power-rail ESD clamp circuit with two

diodes in its ESD-transient detection circuit.
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Fig. 3.20 The measured standby leakage current of the traditional RC-based and the
proposed power-rail ESD clamp circuits at room temperature.

Fig. 3.21 TLP measured /-V curves of (a) the power-rail ESD clamp circuits and (b)
the zoomed-in illustration for the holding voltages.

Fig. 3.22 The voltage waveforms monitored on the power-rail ESD clamp circuits
under (a) ESD-transient-like condition and (b) fast power-on condition.

Fig. 3.23 The measured voltage and current waveforms of power-rail ESD clamp
circuit, realized with (a) the traditional RC-based ESD-transient detection
circuit, (b) the proposed ESD-transient detection circuit with no diode, and
(¢) the proposed ESD-transient detection circuit with one diode, under
transient noise condition with 3V overshooting on 1.2V Vpp.

Fig. 3.24 Measured Vpp and Ipp waveforms on the traditional RC-based power-rail
ESD clamp circuit under TLU measurement with Veparee 0f (2) +1kV and (b)
-1kV.

Fig. 3.25 Measured Vpp and Ipp waveforms on the new proposed power-rail ESD
clamp circuit with no diode under TLU measurement with V. paee of (a) #3V
and (b) -2V.

Fig. 3.26 Measured Vpp and Ipp waveforms on the new proposed power-rail ESD
clamp circuit with one diode under TLU measurement with V charee 0f (2)

+1kV and (b) -1kV.

Chapter 4
Fig. 4.1 Traditional RC-based power-rail ESD clamp circuit with ESD-transient
detection circuit and ESD clamp nMOS transistor [8].

Fig. 4.2 Power-rail ESD clamp circuit with smaller capacitance in ESD-transient
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Fig.
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4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

detection circuit [36].

Capacitor-less power-rail ESD clamp circuit with (a) ESD clamp nMOS
transistor [47] and (b) ESD clamp pMOS transistor [48].

The (a) circuit schematic and the (b) cross-sectional view of the new
proposed power-rail ESD clamp circuit with ESD clamp nMOS transistor.
Simulated voltage waveforms of the new proposed power-rail ESD clamp
circuit with ESD_clamp nMOS transistor under the ESD-like transition.
Chip microphotograph of the (a) traditional RC-based, (b) smaller
capacitance, (¢) capacitor-less, and (d) new proposed power-rail ESD clamp
circuits with ESD clamp nMOS transistor.

The measured standby leakage currents of the new proposed power-rail
ESD clamp circuits with ESD clamp nMOS transistor.

Measured TLP I-V curves of the (a) prior arts, (b) new proposed design
with ESD clamp nMOS transistor, and (¢) the zoom-in illustration of (b).
The voltage waveforms under (a) TLP transition with 4V voltage pulse and
(b) fast power-on transition.

The (a) circuit schematic and the (b) cross-sectional view of the new
proposed ESD-transient detection circuit with ESD clamp pMOS transistor.
Simulated voltage waveforms on the nodes and the leakage currents of the
(a) proposed power-rail ESD clamp circuit with ESD clamp pMOS
transistor under the normal power-on transition and (b) diode-connected
transistor Mpd and forward-biased diode Dsb.

Simulated voltage waveforms on the nodes of the new proposed power-rail
ESD clamp circuit with ESD clamp pMOS transistor under the ESD-like

transition.

XX1

105

106

107

107

108

109

110

111

112

113



ig. 4.13 Chip microphotograph of the fabricated power-rail ESD clamp circuits with 113
the (a) traditional RC-based, (b) smaller capacitance, (c) capacitor-less, and

(d) new proposed ultra-area-efficient ESD-transient detection circuits with

ESD clamp pMOS transistor.

ig. 4.14 The measured standby leakage currents of the fabricated power-rail ESD 114
clamp circuits with (a) prior art designs and (b) new proposed design with

ESD clamp pMOS transistor.

ig. 4.15 TLP measured I-V curves of the power-rail ESD clamp circuits with the 115
traditional RC-based and the smaller capacitance designs.

ig. 4.16 Measured /- curves of the new proposed power-rail ESD clamp circuits 117
under (a) the TLP measurement, (b) the zoom-in illustration of TLP /-1

curves for observing the holding voltages, and (¢) the DC -/ measurement

by curve tracer.

ig. 4.17 VF-TLP measured /-V curves. of the ultra-area-efficient power-rail ESD 117
clamp circuits with Mpd width of 20pm under positive VDD-to-VSS ESD

stress.

ig. 4.18 The measured transient voltage and current waveforms of the 118
ultra-area-efficient power-rail ESD clamp circuit under the 1.2V power-on
transition with the rise time of (a) 1ms and (b) 20ns.

ig. 4.19 Measured voltage and current waveforms of the new proposed power-rail 119
ESD clamp circuit with ultra-area-efficient ESD-transient detection circuit

under (a) transient noise condition and (b) TLP transition with 4V voltage

pulse.
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53

54
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5.7

5.8

Simulated gate currents of the nMOS capacitors in 65nm and 90nm CMOS
technologies.

Simulated node voltages of the traditional RC-based power-rail ESD clamp
circuit [8] and the gate current flowing through the MOS capacitor Mc
under the normal power-on condition with a rise time of Ims in a 65nm
CMOS process.

Simulated node voltages of the capacitor-less power-rail ESD clamp circuit
[47], the drain current, and the gate current flowing through the clamp
device Mgsp under the normal power-on transition.

The measured standby leakage currents of the traditional RC-based and the
capacitor-less power-rail ESD clamp circuits.

The proposed low standby leakage power-rail ESD clamp circuits with (a)
the p-type triggered SCR device, (b) the n-type triggered SCR device, as the
ESD clamp devices.

Cross-sectional view of the proposed power-rail ESD clamp circuit with
embedded ESD-transient detection circuit.

Simulated voltage waveforms on the nodes and the leakage current of the
ESD-transient detection circuit with (a) the p-type, and (b) the n-type,
triggered SCR devices in 65nm 1V CMOS process under the normal
power-on transition.

Simulated voltages on the nodes and the trigger current of the
ESD-transient detection circuit with (a) the p-type, and (b) the n-type,
triggered SCR devices in 65nm 1V CMOS process under the ESD-like

transition.
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

5.9 The microphotograph of the fabricated power-rail ESD clamp circuits with
(a) the p-type triggered SCR and (b) the n-type triggered SCR, as the ESD
clamp devices.

5.10 The microphotograph of the fabricated power-rail ESD clamp circuit with
the SCR device of 35um in width. (a) Embedded ESD-transient detection
circuit design and (b) the p-type triggered design.

5.11 TLP measured /-J curves of the fabricated power-rail ESD clamp circuits
with the SCR devices of different widths under positive VDD-to-VSS ESD
stress for the p-type and n-type triggered SCR designs.

5.12 TLP measured trigger voltage of the p-type and n-type triggered design with
different width of Mp, Mn, and SCR device.

5.13 TLP measured curves of (a) the p-type triggered design with different SCR
widths and (b) the zoom-in illustration for the holding voltage (Vh).

5.14 TLP measured curves of (a) the embedded ESD-transient detection circuit
with different SCR widths and (b) the zoom-in illustration for the holding
voltage (Vh).

5.15 The dependence of'the TLP measured trigger voltages on the device
dimensions of SCR.

5.16 Measured DC -V Characteristics of the embedded ESD-transient detection
circuit at different temperatures.

5.17 The measured DC I-V curves of the fabricated power-rail ESD clamp
circuits with SCR devices of different widths.

5.18 The measured leakage currents of the power-rail ESD clamp circuits with
different SCR widths for p-type triggered design and embedded

ESD-transient detection circuit design.
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Fig

Fig

Fig

Fig

Fig

Fig

Fig

Fig. 5.26 The proposed 2xVDD-tolerant power-rail ESD clamp circuits with the (a)

. 5.19 Measured voltage and current waveforms of the fabricated power-rail ESD
clamp circuits with the SCR devices under TLP transition with different
voltage pulse height, (a) the p-type triggered SCR, (b) the n-type triggered
SCR, and (d) the embedded ESD-transient detection circuit design.

. 5.20 VF-TLP measured I-V curves of the fabricated power-rail ESD clamp
circuits with the n-type triggered SCR device of different widths under

positive VDD-to-VSS ESD stress. The VE-TLP is with a pulse width of

10ns and a rise time of 200ps.

. 5.21 ESD protection scheme with on-chip ESD bus for high-voltage-tolerant

mixed-voltage I/O buffer.

. 5.22 The proposed low-leakage 2x VDD-tolerant power-rail ESD clamp circuits

with the (a) p-type and the (b) n-type triggered SCR as the ESD clamp

devices.

. 5.23 Cross-sectional view of the ESD clamp devices composed of the (a) p-type
and the (b) n-type triggered SCR devices with the cascode diode Dscg.

. 5.24" HSPICE-simulated voltages at the nodes of the ESD-transient detection
circuit with (a) the p-type, and (b) the n-type, substrate-triggered SCR
devices i 65nm CMOS process under the normal power-on condition with
VDD H of 1.8V and a rise time of Ims.

. 5.25 HSPICE-simulated voltages at all nodes and the trigger current of the
ESD-transient detection circuit with (a) the p-type, and (b) the n-type,
substrate-triggered SCR devices in 65nm CMOS process under the

ESD-like transition condition with VDD H raising from OV to 5V and a

rise time of 10ns.
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p-type and the (b) n-type substrate-triggered SCR devices, where the SCR
1s drawn with a width of 40pm.

Fig. 5.27 The measured DC I-V curves of the fabricated 2xVDD-tolerant power-rail
ESD clamp circuits with (a) the p-type and (b) the n-type
substrate-triggered SCR devices in 65nm CMOS process.

Fig. 5.28 TLP measured /-V curves of the 2xVDD-tolerant power-rail ESD clamp
circuit with (a) the p-type and (b) the n-type substrate-triggered SCR
devices.

Fig. 5.29 Measured voltage waveforms of the fabricated 2xVDD-tolerant ESD clamp
circuit with (a) the p-type and (b) the n-type substrate-triggered SCR

devices under ESD-like condition with 5V voltage pulse and 10ns rise time.

Chapter 6

Fig. 6.1 The simulated voltages on the nodes of the traditional RC-based power-rail
ESD clamp circuit [8] and the gate current flowing through the MOS
capacitor Mc under the normal power-on condition with a rise time of Ims
in a.65nm CMOS process.

Fig. 6.2 The simulated voltages on the nodes of the capacitor=less power-rail ESD
clamp circuit [47], the drain current, and the gate current flowing through
the ESD clamp device Mggp under the normal power-on transition.

Fig. 6.3 The measured standby leakage currents of the traditional RC-based and the
capacitor-less power-rail ESD clamp circuits.

Fig. 6.4 The proposed resistor-less ESD detection circuit with the p-type
substrate-triggered SCR device as the ESD clamp device.

Fig. 6.5 Simulated voltage waveforms on the nodes and the leakage current of the
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

proposed ESD-transient detection circuit under the normal power-on
transition with VDD of 1V and a rise time of 1ms in 65nm 1V CMOS
process.

6.6 Simulated voltage waveforms on the nodes and the trigger current of the
proposed ESD-transient detection circuit under the ESD-like transition with
VDD o0f 4V and a rise time of 10ns in 65nm 1V CMOS process.

6.7 Simulated values of (a) AVsg, AVdg, (b) Isg, Idg, and (c) the extracted
equivalent resistances of Rgs and Rgd under the ESD-like transition.

6.8 Chip microphotograph of the fabricated power-rail ESD clamp circuit
realized with the resistor-less design of ESD-transient detection circuit.

6.9 - TLP measured I-V curves of the power-rail ESD clamp circuits with the
resistor-less design of ESD detection circuit.

6.10 The dependence of the TLP measured trigger voltages on the device
dimension of Mp.

6.11 The measured DC /-V curves of the fabricated resistor-less power-rail ESD
clamp circuits with different widths of Mp at room temperature.

6.12 The measured voltage and current waveforms of the fabricated resistor-less
power-rail ESD clamp circuit under the 1V power-on transitions with the
rise time of (a) 1ms and (b) 20ns.

6.13 Measured voltage and current waveforms of the resistor-less power-rail
ESD clamp circuit under transient noise condition.

6.14 Measured voltage and current waveforms of the resistor-less power-rail

ESD clamp circuit under TLP transition with 4V voltage pulse.
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