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Chapter 1 
Introduction 

 
In this chapter, the background and the organization of this dissertation are discussed. First, 

the whole-chip electrostatic discharge (ESD) protection designs for on-chip ESD protection in 

fully silicided complementary metal-oxide-semiconductor (CMOS) processes are introduced. 

Then, the organization of this dissertation is described. 

 

1.1 Background of Whole-Chip ESD Protection Design 
The aggressive scaling of CMOS technology has driven the MOSFET down to sub-100nm 

scale. ESD has become the main reliability concern on semiconductor products in nanoscale 

CMOS processes. Generally, the typical ESD specifications for commercial integrated circuit 

(IC) products are required to be higher than 2kV in human-body-model (HBM) [1] and 200V 

in machine-model (MM) [2] ESD stresses. HBM and MM ESD tests are used to evaluate the 

ESD robustness of the IC when the IC is touched by the charged human body or charged 

machine. The equivalent circuits of HBM and MM ESD tests are shown in Fig. 1.1(a) and (b), 

respectively. During the HBM ESD test, the charges stored in the capacitor would be 

discharged into the device under test (DUT) through 1.5kΩ resistor. Similarly, during the MM 

ESD test, the charges stored in the capacitor would be discharged directly into the DUT. In 

order to protect the internal circuits against ESD stresses, on-chip ESD protection circuits 

have to be added between the input/output (I/O) pad and VDD/VSS to provide the desired 

ESD robustness in CMOS ICs [3]-[5]. Fig. 1.2 shows the concept of whole-chip ESD 

protection design. The turn-on-efficient power-rail ESD clamp circuit was placed between 

VDD and VSS power lines to avoid the unexpected ESD damage in the internal circuits 

[6]-[8]. ESD stresses on an I/O pad with respect to the grounded VDD or VSS have four pin 

combinations: positive-to-VSS (PS-mode), negative-to-VSS (NS-mode), positive-to-VDD 

(PD-mode), and negative-to-VDD (ND-mode), as shown in Fig. 1.3(a) ~ (d), respectively. For 

comprehensive ESD verification, the pin-to-pin and VDD-to-VSS ESD stresses had also been 

specified to verify the whole-chip ESD robustness, as shown in Figs. 1.4 and 1.5, respectively. 

The typical on-chip ESD protection scheme with double-diode at I/O pad and the 
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power-rail ESD clamp circuit is shown in Fig. 1.6 [9]. In Fig. 1.6, the diodes Dp and Dn are 

placed at input pad and output pad. The Dp is a P+/N-well diode and the Dn can be an 

N+/P-well diode or an N-well/P-substrate diode. The diodes Dp and Dn are operated under 

forward-biased condition to provide discharging paths between I/O pad and VDD/VSS. Under 

positive-to-VDD mode (PD-mode) and negative-to-VSS mode (NS-mode) ESD stresses, ESD 

current is discharged through the forward-biased diodes Dp and Dn, as shown in Fig. 1.7(a). 

During positive-to-VSS mode (PS-mode) and negative-to-VDD mode (ND-mode) ESD 

stresses, the power-rail ESD clamp circuit between VDD and VSS is necessary to provide 

ESD current discharging path between the power rails [8]. Hence, ESD current can be 

discharged from I/O pad through the forward-biased diode Dp to VDD, and discharged to the 

grounded VSS through the turn-on-efficient power-rail ESD clamp circuit during PS-mode 

ESD stress. Similarly, ESD current can be discharged from VDD through the turn-on-efficient 

power-rail ESD clamp circuit to VSS, and discharged to I/O pad through the forward-biased 

diode Dn during ND-mode ESD stress, as shown in Fig. 1.7(b). During pin-to-pin ESD stress, 

ESD current is discharged from the zapped I/O pad through the forward-biased diode Dp, the 

power-rail ESD clamp circuit, and the forward-biased diode Dn to the grounded I/O pad, as 

shown in Fig. 1.7(c). Under VDD-to-VSS ESD stress, ESD current is discharged through the 

turn-on-efficient power-rail ESD clamp circuit between VDD and VSS. With the 

turn-on-efficient power-rail ESD clamp circuit, the ESD diodes Dp and Dn can be certainly 

operated in forward-biased condition during all ESD test modes. 

Although the power-rail ESD clamp circuit operated independently between VDD and 

VSS does not have any parasitic effect on the internal circuits, the parasitic effects of ESD 

protection devices at the I/O pads inevitably introduce some negative impacts to degrade the 

circuit performance. For the high-frequency performance, the main parasitic effect of ESD 

protection devices is the parasitic capacitance. Therefore, the parasitic capacitance of ESD 

protection device at the RF and high-speed input pad is strictly limited because the input 

signal is small and sensitive to the shunt parasitic capacitance of ESD protection device. On 

the contrary, the devices at the RF output stage are implemented with large dimensions to 

output the signals with large enough signal power. The devices at the RF output stage can also 

be properly used to protect the RF output pad against ESD stresses. Therefore, ESD 

protection design with low parasitic capacitance and high ESD robustness for the input pad of 

the RF receiver is more challenging than that for the output pad of the RF transmitter. 
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1.2 Organization of This Dissertation 
In order to achieve the whole-chip ESD protection design, several new ESD protection 

diodes with layout modification and power-rail ESD clamp circuits with area and/or leakage 

efficiency are proposed and verified in this dissertation. This dissertation consists of seven 

chapters. In chapter 2, the ESD protection diodes for RF and high-speed I/O applications are 

investigated. The ESD protection diodes are proposed in several new layout styles to improve 

the ratio of ESD robustness to parasitic capacitance. In chapter 3, capacitor-less power-rail 

ESD clamp circuit is proposed to reduce the layout area and standby leakage current. In 

chapter 4, the power-rail ESD clamp circuit with equivalent ESD-transient detection 

mechanism is proposed to achieve high efficiency of layout area. By using the same concept 

of ESD-transient detection circuit with positive feedback mechanism proposed in chapter 3, 

the power-rail ESD clamp circuits with the considerations of gate leakage current and gate 

oxide reliability are investigated in chapter 5 for core VDD and high-voltage-tolerant 

applications. In chapter 6, resistor-less power-rail ESD clamp circuit is also proposed to solve 

the gate leakage current and gate oxide reliability issues by utilizing the gate leakage itself to 

construct RC-based ESD-transient detection mechanism. The outlines of each chapter are 

summarized below. 

In chapter 2, new ESD protection diodes drawn in the octagon, waffle-hollow, 

octagon-hollow, multi-waffle, and multi-waffle-hollow layout styles to improve the efficiency 

of ESD current distribution and to reduce the parasitic capacitance for RF front-end and 

high-speed I/O pads are presented. The experimental results in a 90nm CMOS process 

confirmed that they can achieve smaller parasitic capacitance under the same ESD robustness 

level as compared to the stripe and waffle diodes, especially for the diodes drawn in the 

hollow layout style. Therefore, the signal degradation of RF and high-speed transmission can 

be reduced due to smaller parasitic capacitance of the new proposed diodes. 

The ESD clamp device drawn in the layout style of BigFET has been utilized to effectively 

enhance the ESD robustness of CMOS ICs. In chapter 3, a new ESD-transient detection 

circuit without using the capacitor has been proposed and verified 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 ESD-transient detection circuit. 

From the experimental results, the new ESD-transient detection circuit with adjustable 

holding voltage can achieve long enough turn-on duration under ESD stress condition, as well 

as better immunity against mis-trigger and transient-induced latch-on event under the fast 
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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 as a part of ESD-transient 

detection mechanism, 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 power-rail ESD clamp circuit 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. From the measured results, 

the proposed power-rail ESD clamp circuit with SCR width of 45µm can achieve 7kV HBM 

and 350V MM ESD levels, while consuming only a standby leakage current in the order of 

nano-ampere at room temperature under the normal circuit operating condition with 1V bias. 

In this chapter, a 2×VDD-tolerant power-rail ESD clamp circuit with only thin gate oxide 1V 

devices and SCR as main ESD clamp device has also been proposed and verified in the same 

CMOS process. From the measured results, the proposed design with SCR width of 50µm can 

achieve 6.5kV HBM, 300V MM ESD levels, and 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 in the ESD-transient detection circuit, the RC-based ESD-transient detection 

mechanism can be achieved without using an resistor to significantly reduce the layout area. 

From the measured results, the resistor-less power-rail ESD clamp circuit with SCR width of 

45µm can achieve 5kV HBM, 400V MM ESD levels, and a low standby leakage current of 

1.43nA at room temperature under the normal circuit operating condition with 1V bias. 

Chapter 7 summarizes the main results of this dissertation. Some suggestions for the future 

works are also addressed in this chapter. 
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(a) 

 

(b) 

Fig. 1.1  Equivalent circuits of (a) HBM and (b) MM ESD tests. 

 

 

 

Fig. 1.2  Design concept of whole-chip ESD protection circuits in CMOS ICs. 

 



 

 6 

    

(a)                                     (b) 

    

(c)                                     (d) 

Fig. 1.3  The four pin combinations for ESD test on an IC product: (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). 

 

 

    

(a)                                     (b) 

Fig. 1.4  Pin-to-pin ESD tests: (a) positive mode and (b) negative mode. 
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(a)                                     (b) 

Fig. 1.5  VDD-to-VSS ESD tests: (a) positive mode and (b) negative mode. 

 

 

 

Fig. 1.6  Typical on-chip double-diode ESD protection scheme. 

 

 



 

 8 

 

(a) 

 

(b) 

 

(c) 

Fig. 1.7  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. 
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Chapter 2 
ESD Protection Diode for RF and High-Speed I/O 

Applications 

 
In this chapter, the ESD protection diodes for RF and high-speed I/O applications are 

presented. The ESD diodes with octagon, waffle-hollow, and octagon-hollow layout styles are 

investigated in section 2.2, and those with multi-waffle and multi-waffle-hollow layout styles 

are discussed in section 2.3. All ESD diodes with new proposed layout styles were fabricated 

in a 90nm CMOS process to achieve high ESD robustness and low parasitic capacitance. 

 

2.1 Background 
ESD has become the major concern of reliability for ICs in nanoscale CMOS technology. 

The thinner gate oxide and shallower diffusion junction seriously degraded the ESD 

robustness of ICs and raised the difficulty of ESD protection design for ICs implemented in 

nanoscale CMOS technology [10]-[13]. Furthermore, thinner metal layer and shallower 

diffusion junction increase the resistance and local heat of the ESD protection devices [14]. In 

order to sustain the required ESD robustness, such as 2kV in HBM [1] and 200V in MM [2], 

the on-chip ESD protection devices must be drawn with large enough device dimension. 

However, the parasitic loading effects of the ESD protection devices with large device 

dimension will obviously degrade the circuit performance of signal transmission, especially 

for radio-frequency (RF) front-end and high-speed input/output (I/O) circuits [15], [16]. In 

order to reduce the circuit performance degradation, the parasitic capacitance (CESD) of the 

ESD protection devices must be minimized but the ESD robustness is still kept at the 

reasonable level [17]. ESD protection designs for RF front-end and high-speed I/O interface 

circuits must be optimized with consideration of parasitic capacitance and ESD robustness. 

A typical on-chip ESD protection scheme for RF front-end or high-speed I/O applications 

is shown in Fig. 2.1, where two ESD diodes at I/O pad are cooperated with the 

turn-on-efficient power-rail ESD clamp circuit to discharge ESD current in the forward-biased 

condition [4], [12], [18]. Through the turn-on-efficient power-rail ESD clamp circuit, the 
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device dimensions of these two diodes can be significantly shrunk to meet the circuit 

performance and ESD requirement simultaneously. In order to minimize the parasitic 

capacitance caused by the ESD protection diodes and to achieve satisfactory ESD robustness, 

the high frequency characteristics and the ESD levels of the ESD protection diodes in a 90nm 

CMOS process were evaluated in this work to obtain the dependence of device size on ESD 

robustness and parasitic capacitance. Furthermore, the layout style of ESD protection diode 

will also directly affect its ESD robustness and parasitic capacitance. 

Under normal circuit operation, the diode is turned off under the reverse-biased condition. 

Although the diode is turned off, there is still an intrinsic junction capacitance of the diode 

seen by the signals at the I/O pad. On the other hand, the diode should be turned on to 

discharge ESD current at forward-biased condition (cooperated with efficient power-rail ESD 

clamp circuit) under ESD stresses. Therefore, the intrinsic junction capacitance of the diode at 

reverse-biased condition and the ESD protection capability of the diode at forward-biased 

condition are the important characteristics to investigate ESD diodes. 

The current-handling ability of ESD protection device is usually indicated in terms of its 

second breakdown current It2. However, the measured I-V curve of the diode, as shown in Fig. 

2.2, reveals that the ESD protection diode near the failure level It2 may not function as an 

effective voltage clamp due to the series resistances of the diffusion regions [19]. When the 

current level approaches to It2, the increased on-resistance (RON) would result in local heating 

in the silicon or metal routing. Therefore, the maximum current-handling capability of the 

diode is suggested to be defined as the current level at which the measured I-V curve deviates 

from its linearly extrapolated value by 20% [20]-[22]. In this work, the current compression 

point is denoted as ICP, which is used to represent the current-handling capability of the ESD 

protection diode. 

Although the ICP and RON of the ESD diode can be improved by increasing its device size, 

this would cause larger CESD and layout area of the ESD diode. Consequently, in order to 

determine the efficiency of the ESD diodes with different layout styles for high-speed I/O 

circuits, the figure of merits (FOMs) of RON*CESD and ICP/CESD will be utilized. It is better for 

the ESD protection diode to achieve higher ICP and lower CESD at the specific layout style and 

device size. In order to further improve the ICP/CESD, the area of active junction region in ESD 

protection diode must be minimized to attain low parasitic capacitance, but its junction 

perimeter must be maximized to enhance the ESD robustness. Moreover, the FOM of 

VHBM/CESD can also be an alternative evaluation factor for the ESD diodes because the HBM 
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levels (VHBM) of the ESD protection diodes are reasonably relative to ICP. 

 

2.2 Octagon, Waffle-Hollow, and Octagon-Hollow Layout Styles 
For the N+/Psub diode, the GND and I/O nodes are electrically connected to P+ diffusion 

and N+ diffusion, respectively. Under normal circuit operation, the diode is kept off due to the 

reverse-biased condition between the Psub and N+ diffusion regions. Although the diode is 

turned off, there is still an intrinsic junction capacitance of the diode seen by the signals at the 

I/O pad. On the other hand, the diode should be turned on to conduct ESD current at 

forward-biased condition under ESD stresses. Therefore, the junction capacitance of diode at 

reverse-biased condition and the ESD protection capability of diode at forward-biased 

condition are the important parameters to be investigated in the following. In this section, the 

ESD protection diodes realized in stripe, waffle, octagon, waffle-hollow, and octagon-hollow 

layout styles are fabricated in a 90nm CMOS process and compared with each other. 

According to the measured results, the ESD protection diodes with octagon and hollow layout 

styles can successfully boost the ICP/CESD to make the diodes more profitable to RF front-end 

and high-speed I/O applications. 

 

2.2.1 Diode with Stripe Layout Style 
The device cross-sectional view and layout top view of the ESD protection diodes with 

stripe layout style are shown in Fig. 2.3, which is the typical layout style to be often 

implemented in IC products. This typical stripe diode is realized with P+ stripe on both sides 

of the N+ stripe to give it with twice the conducting perimeter. Moreover, the width of N+ 

stripe is twice as large as that of each P+ stripe in order to avoid the current crowding at the 

N+ stripe region. Based on the typical stripe diode, the diodes with the new proposed layout 

style will be discussed in the following sections to improve the characteristics of diodes for 

ESD protection and circuit performance. In previous studies [20], [23]-[25], the ESD 

protection diodes realized in the waffle layout style have been verified to achieve better FOM 

than that of stripe diodes under careful size optimization, which is suitable to RF front-end 

and high-speed I/O applications [20], [23]. 

 

2.2.2 Diodes with Waffle and Octagon Layout Styles 
The device cross-sectional view and layout top view of the ESD protection diodes with 

waffle and octagon layout styles are shown in Figs. 2.4(a) and (b), respectively. The octagon 
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layout style is formed from waffle layout style but the four corners are cut off. When the 

junction area of waffle and octagon diodes is reduced, they can achieve lower parasitic 

capacitance. Compared to the waffle diode, the junction perimeter and junction area of the 

octagon diode are simultaneously smaller than those of the waffle diode by 17%. It means that 

all FOM based on physical characteristics of the waffle and octagon diodes would be totally 

the same. Fortunately, the risk of damages located at the corner can be reduced by forming 

octagon layout style because the corner angle of octagon diode is larger than that of waffle 

diode. Hence, the octagon diode can be supposed to have better ESD level than waffle diode.  

 

2.2.3 Diodes with Waffle-Hollow and Octagon-Hollow Layout Styles 
The two new proposed diodes investigated in this study are illustrated in Figs. 2.5(a) and 

(b), which are called as the waffle-hollow and octagon-hollow layout styles, respectively. 

Generally, the parasitic capacitance of the diode is proportional to the active junction area and 

the ESD robustness is related to the active junction perimeter. The purpose of forming the 

hollow layout is to reduce the active junction area and to keep the active junction perimeter at 

the same time by removing the N+ central diffusion region. For instance, the cross-sectional 

view to explain ESD current flows in the diodes with waffle and waffle-hollow layout styles 

are shown in Figs. 2.6(a) and (b), respectively. According to the device cross-sectional view in 

Fig. 2.6(a), the ESD current could not uniformly flow through whole N+ active junction 

region in the waffle diode because the current always tends to flow through the shortest path 

between two nodes. Therefore, there is only a small part of total ESD current discharging 

through the N+ central diffusion region, where still contributes parasitic capacitance to RF 

front-end and high-speed I/O circuits at normal circuit operation. By removing the N+ central 

diffusion region to form the hollow layout style, the ESD current can be effectively 

concentrated in restricted region of the diode as shown in Fig. 2.6(b). Consequently, the 

diodes with hollow layout style can be expected to attain a great reduction of parasitic 

capacitance without degrading ESD robustness severely at the same time. Similarly, all FOM 

based on physical characteristics of the waffle-hollow are also the same as those of 

octagon-hollow diodes. 

Based on the waffle layout style studied in previous work [20], [23], the octagon, 

waffle-hollow, and octagon-hollow layout styles are proposed and fabricated in a 90nm 

CMOS process to investigate the dependence between ESD robustness and parasitic 

capacitance on diode layout styles. The important layout parameters of those investigated 
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diodes are listed in Table 2.1, where the different spacings are also marked in Fig. 2.3, Fig. 2.4, 

and Fig. 2.5, respectively. It has to be noticed that the dimensions of the stripe diode in this 

work are not optimum. 

 

2.2.4 Interconnect Routing of the Diodes 
To effectively reduce the impact from the parasitic resistance and capacitance of the 

interconnect routing in the layout of ESD diodes, the arrangement of metal lines to connect 

the ESD diodes should be considered with the de-embedding calculation. The 3D layout 

diagram of interconnect routing of the N+/Psub diode is shown in Fig. 2.7(a). The width of 

metal line from the diode to the bond pad is drawn as large as possible to reduce the parasitic 

resistance of interconnect routing. With the large width of metal line, the parasitic resistance 

of interconnect routing (that can be estimated manually with the sheet resistance provided by 

foundry) can be quite smaller than the on-resistance RON of the ESD diodes. 

About the parasitic capacitance of interconnect routing, the 3D layout diagram of the open 

pad structure for de-embedding calculation is shown in Fig. 2.7(b). All metal layers are 

remained except the diodes. With the measured S-parameters of the open pad structure, the 

parasitic capacitance of interconnect routing can be de-embedded to obtain the pure junction 

capacitance of the ESD diodes. 

The different metal routing approaches [20], [23] were not discussed in this work because 

the diodes are totally symmetric. To diminish the parasitic effects of interconnect routing is 

emphasized in this work to obtain the pure characteristics of the diodes. 

 

2.2.5 Performance Evaluations 
Before implementing the diodes, there is a useful evaluation to imply the goodness of the 

diodes. This evaluation discussed in the following paragraphs is based on the physical 

dimensions of diodes listed in Table 2.1. 

This important evaluation is the factor of (N+ junction perimeter) / (total N+ junction area). 

This is the most commonly used evaluation to estimate the diodes, as that illustrated in Fig. 

2.8. The N+ junction perimeter is related to ESD robustness and the total N+ junction area is 

corresponded to parasitic capacitance at normal circuit operation. Undoubtedly, this 

evaluation is expected to be large to sustain high enough ESD robustness and minimize the 

degradation of circuit performance for RF front-end and high-speed I/O applications. In Fig. 

2.8, the diodes with hollow layout styles obviously have the highest values at the specified 
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diode size. Moreover, the large-size diodes with hollow layout styles can achieve comparable 

level to that of small-size diodes with non-hollow layout style. This result inspires us to 

consider a way not to continuously shrink the diode size to avoid any capacitance penalty 

from the junction perimeter [17], [20], [23]. Though the diode with stripe layout style has the 

smallest width, its evaluation is not the highest because the diode with stripe layout style can 

not give the N+ junction perimeter as much as those of the diodes with other layout styles. 

The performance evaluation is also listed in Table 2.1. 

 

2.2.6 Experimental Results 
The test chips of diodes with the stripe, waffle, and new proposed layout styles have been 

fabricated in a 90nm CMOS process. These diodes are prepared with the considerations of 

two-port S-parameter measurement, TLP measurement, and HBM ESD level measurement. In 

this work, each diode structure was tested four times from four separated dice. 

 

2.2.6.1 Parasitic Capacitance 
The diode devices are arranged with ground-signal-ground (G-S-G) pads to facilitate 

on-wafer two-port S-parameter measurement. During the S-parameter measurement, the P+ 

and N+ diffusion regions of the diode devices are connected to port 1 and port 2, respectively, 

and they are both biased at 0V. 

In order to extract the characteristics of the intrinsic device at high frequency, the parasitic 

effects of the pad and the interconnect routing must be de-embedded [26]-[28]. The test 

structures, one including the DUT and the other excluding the DUT (open pad structure), as 

shown in Figs. 2.9(a) and (b), were implemented in the same test chip [26], [27]. The 

Y22-parameter can be obtained from the measured two-port S-parameters by 

( )( )
( )( )( )211222110

21122211
22 11

11
SSSSZ

SSSSY
−++

+−+
=                          (1) 

where Z0 is the termination resistance of 50Ω [28]. The measured Y-parameter of the 

including-DUT pattern is labeled as Y22-meas, and the measured Y-parameter of the 

excluding-DUT pattern (open pad structure) is labeled as Y22-open. The intrinsic device 

characteristics, Y22-DUT, can be obtained by subtracting Y22-open from Y22-meas. The parasitic 

capacitance (CESD) of each diode can be extracted from the Y22-DUT by 
( )

f
YC DUT

ESD π2
Im 22−=                             (2) 
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where f is the operating frequency. The extracted parasitic capacitances of the fabricated 

diode devices at 2.5GHz under zero DC bias are listed in Table 2.2 and shown in Fig. 2.10. 

From the measured results of the diode devices with stripe, waffle, and octagon layout 

styles, the extracted parasitic capacitances are obviously proportional to the N+ occupied area. 

Meanwhile, the reductions of parasitic capacitances can achieve 16%, 26%, and 39% by 

modifying the diodes in size A, size B, and size C from waffle to waffle-hollow layout styles, 

respectively. Similarly, it can achieve the reductions of parasitic capacitance of 13%, 25%, 

and 38% by modifying the diodes from octagon to octagon-hollow layout styles. The 

reduction of parasitic capacitance is exactly meeting the theoretical calculations. This great 

reduction of parasitic capacitance is the key factor to significantly improve the FOM of the 

diodes with hollow layout style. 

 

2.2.6.2 Transmission Line Pulsing (TLP) Measurement 
In order to investigate the device behavior during high ESD current stress, TLP generator 

with a pulse width of 100ns and a rise time of ~2ns is used to measure It2 of the device [29]. 

For the ESD protection diode, it is suggested that an appropriate upper-bound current level, 

ICP, is utilized because the ESD protection diode should never be designed to discharge ESD 

current near its failure level [20], [23]. By using TLP, the RON, It2, and ICP derived from It2 of 

the diode devices under positive stresses at the P+ diffusion region with grounded N+ 

diffusion region are measured and listed in Table 2.2. The RON and ICP versus the N+ junction 

perimeter of the diodes are illustrated in Fig. 2.11 and Fig. 2.12, respectively. Apparently, the 

RON is decreased and the ICP is increased with the increased N+ junction perimeter. 

When the diode is modified from non-hollow to hollow layout style, the drop on ICP of the 

diode with large device size is greater than that of the diode with small device size. The line 

current densities, which are the ratio of ICP to N+ junction perimeter, of waffle and octagon 

diodes are calculated in Table 2.3. The drop percentages of line current density from waffle to 

waffle-hollow (from octagon to octagon-hollow) are also calculated in Table 2.3. From the 

measured results and calculations, the waffle (or octagon) diode with large device size has 

larger line current density and larger drop percentage of line current density while modified to 

waffle-hollow (or octagon-hollow) diode. This implies that the ESD discharging current of 

waffle (or octagon) diode with large device size would flow more deeply through the N+ 

central diffusion region because waffle (or octagon) diode with large device size has more 

contacts at N+ diffusion region to cause a small equivalent resistance at cathode. With more 
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detailed explanation and illustration, the simulations can give a clear perspective. Figs. 2.13(a) 

and (b) are the current vector plots of the diode in small size and large size, respectively. For 

convenience, the anode is set along the entire edge of the diode and the cathode is set along 

the right half of the top surface of the diode. When the diode is drawn in small size, the fewer 

contacts at junction area make the current crowded into the nearest corner of the electrode. On 

the contrary, there are more contacts at junction area for the diode drawn in large size as 

shown in Fig. 2.13(b). The current crowding behavior experienced in Fig. 2.13(a) has 

diminished and the current can be distributed through the entire electrode more widely. Based 

on the simulation results and the measured results of line current density, the ESD discharging 

current through the diode in large size is expected to flow more deeply through the N+ central 

diffusion region. Therefore, the diode in large device size has larger reduction of ICP when the 

diode with non-hollow layout style is modified to hollow layout style. 

According to the measured results, the reductions of ICP are 2.4%, 6.2%, and 14.8% for the 

waffle diodes in size A, size B, and size C, respectively. Also, they are 1.2%, 4.4%, and 10.6% 

for the octagon diodes in size A, size B, and size C, respectively. Compared with the 

reductions of parasitic capacitance, the removed N+ central diffusion region is originally 

flowed by a small part of total ESD discharging current. Consequently, removing the N+ 

central diffusion region of the diodes can greatly reduce the parasitic capacitance without 

degrading the ESD protection capability. 

 

2.2.6.3 ESD Robustness 
The HBM ESD robustness of the fabricated diodes is also listed in Table 2.2. The 

relationship between the HBM ESD level (VHBM) and the It2 based on the measured results in 

this work is about 

2)1800( ItRV ONHBM ×+≈                           (3) 

where RON is the turn-on resistance of the diode. The HBM ESD levels of all ESD protection 

diodes are within the range of 1.4-3.5kV, except the stripe diode. 

 

2.2.7 FOM Comparison and Discussion 
The FOM (ICP/CESD, VHBM/CESD, and RON×CESD) of the diode devices are listed in Table 

2.2 and illustrated in Figs. 2.14-2.16. The most important FOM, ICP/CESD, among the diodes is 

illustrated in Fig. 2.14. The trend of ICP/CESD is apparently increasing from non-hollow to 

hollow layout style due to the reduction of parasitic capacitance, and the results exactly meet 
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the expectation of layout design. Because the HBM ESD level is directly proportional to It2, 

the trend of VHBM/CESD illustrated in Fig. 2.15 is quite similar to that in Fig. 2.14. According 

to the experimental results of diodes with different layout styles, the diodes with hollow 

layout styles can apparently achieve higher ESD robustness under the same parasitic 

capacitance. For instance, the measured results clearly demonstrate that the ICP/CESD of 

waffle-hollow (or octagon-hollow) diode in size C is better than that of waffle (or octagon) 

diode in size B. These two diodes actually have the same total N+ junction area, but the N+ 

junction perimeter of waffle-hollow (or octagon-hollow) diode in size C is obviously larger. 

This feature reveals that the diodes with waffle-hollow (or octagon-hollow) layout styles can 

attain higher ICP than those with waffle (octagon) layout styles under the same total N+ 

junction area to achieve better ICP/CESD. Besides, the ICP/CESD can also be slightly improved 

from waffle (or waffle-hollow) diode to octagon (or octagon-hollow) diode due to the 

relaxation of current distribution located at the smoother corners. 

The ICP/CESD values of waffle-hollow and octagon-hollow diodes in size B and size C can 

achieve almost the same level as that of waffle diode in size A. It represents that the diode 

with hollow layout style in large size still can sustain ICP as high as that of the diode with 

waffle layout style in small size under the same parasitic capacitance. As a result, the 

waffle-hollow and octagon-hollow diodes in large size can perform as well as the waffle diode 

in small size under careful layout optimization. 

From TLP I-V measurement and the results in Fig. 2.12, RON can be reduced by increasing 

the N+ junction perimeter of the ESD diodes, but this action also increases the parasitic 

capacitance of the ESD diodes simultaneously due to the increased N+ junction area. For ESD 

protection purpose, the RON of the ESD diode is expected to be as small as better to 

effectively clamp the voltage. The CESD is also highly demanded to be as small as better to 

avoid the RF circuits’ performance degradation. Therefore, the RON×CESD is another useful 

justification to the diodes, as shown in Fig. 2.16. The RON×CESD value of the stripe diode is 

too large, that is hard to be implemented for high-performance RF and high-speed I/O 

interface applications. For the diodes with hollow layout styles, such values can be reduced to 

the range from 23 to 34 (Ω-fF), which is much smaller than that of the stripe diode. Moreover, 

the RON×CESD value of the waffle-hollow and octagon-hollow diodes in large size can also be 

comparable to that of waffle and octagon diodes with small size. 

Although the waffle diode in small size theoretically has larger ratio of N+ junction 

perimeter to N+ junction area, carefully optimizing the size of waffle diode is still required to 
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avoid any capacitance penalty from junction perimeter [20], [23]. Therefore, it is not 

necessary to simply shrink the device size of waffle diode to achieve high value of ICP/CESD 

and low value of RON×CESD. In this work, it has been verified that there are two methods, 

forming octagon and hollow layout styles, to effectively improve the ICP/CESD and RON×CESD 

of the diodes. 

 

2.3 Multi-Waffle and Multi-Waffle-Hollow Layout Styles 
The STI-bound N+/Psub and P+/Nwell ESD protection diodes fabricated in a 90nm CMOS 

technology were investigated in this section. The evaluations of ESD protection diodes with 

stripe and waffle layout styles in previous works [20], [21], [23] are briefly reviewed. Two 

new layout styles are proposed to effectively improve the FOMs of ESD protection diodes. 

The key design variables are the P-N junction dimensions and layout styles. Experimental 

results of the ESD protection diodes have confirmed that the new layout styles can 

successfully improve RON*CESD and ICP/CESD of the diodes. Compared to the prior arts, the 

diodes drawn with the new proposed layout styles are adequate for high-speed I/O 

applications. It should be noted that, for applications other than gigahertz frequency and 

high-speed I/O circuits, the CESD of the ESD diode may not be the major concern of the 

design. Instead, the ESD protection diode might be optimized based on different performance 

evaluation, such as layout area (ALayout). Therefore, the FOM of ICP/ALayout presented in this 

section also gives another perspective factor on the tradeoffs between diode dimensions and 

layout styles. 

 

2.3.1 Diodes with Stripe and Waffle Layout Styles 
Under forward-biased condition, the perimeter of the P-N junction in ESD diode primarily 

provides electrical conduction path [22]. It implies that the bottom plate of the P-N junction in 

ESD diode mainly contributes the CESD. Therefore, the FOMs, especially for ICP/CESD, should 

be enhanced by maximizing the junction perimeter and minimizing the junction area. 

The top view of the STI-bound N+/Psub ESD diode with stripe layout style is shown in Fig. 

2.17, which is the typical layout style often implemented in IC products. This typical stripe 

diode is realized by P+ stripe with both sides of the N+ stripe to give it with twice the 

electrical conduction path. Because the dimension H is much smaller than L, these two short 

sides of N+ stripe do little to improve electrical conduction. For the stripe diode, the ratio of 

junction perimeter to junction area for N+ strip diffusion region can be expressed as 
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HLH
L

Area  Junction
Perimeter  Junction 22

=
⋅
⋅

=                            (4) 

Another STI-bound N+/Psub ESD protection diode with waffle layout style is shown in Fig. 

2.18(a). The waffle diode has been studied in the previous works [24], [25], [30]. The N+ 

diffusion region is surrounded by a P+ diffusion region. In order to obtain different 

current-handling capability of the diode, multiple waffle diodes can be joined in parallel to 

form an array structure. A similar waffle structure can be implemented for P+/Nwell diode, as 

shown in Fig. 2.18(b). For the waffle diode, the ratio of junction perimeter to junction area 

can be expressed as 

HHH
H

Area  Junction
Perimeter  Junction 44 =

⋅
⋅=                          (5) 

which is twice as large as that for the stripe diode in (4). These evaluations imply that a waffle 

diode may potentially outperform a stripe diode. 

In the previous works [20], [21], [23], the ESD protection diodes with the waffle layout 

style have been verified to achieve better FOMs than that of stripe diodes under careful size 

optimization. In addition, the diodes with waffle-hollow, octagon, and octagon-hollow layout 

styles have been proposed in the previous work [21] to further improve the FOMs of the 

waffle diode. Because the junction perimeter and the junction area of the octagon 

(octagon-hollow) diode are simultaneously smaller than those of the waffle (waffle-hollow) 

diode by 17%, the measured FOMs of the octagon (octagon-hollow) diode are only slightly 

better than those of the waffle (waffle-hollow) diode. However, the FOMs of the diodes with 

hollow layout style are significantly improved because the useless junction area is removed to 

reduce the parasitic capacitance. In this work, the new multi-waffle layout style based on 

waffle layout style is proposed. The multi-waffle diode with the increased junction perimeter 

and the reduced junction area is supposed to have better FOMs than that of waffle diode. 

Based on the same concept of hollow layout style in [21], the new multi-waffle-hollow layout 

style based on multi-waffle layout style is also proposed to further enhance the FOMs for 

high-speed I/O applications. 

 

2.3.2 Diodes with Multi-Waffle and Multi-Waffle-Hollow Layout Styles 
The layout top view of the N+/Psub [30] and P+/Nwell ESD protection diodes with 

multi-waffle layout style are shown in Figs. 2.19(a) and (b), respectively. The multi-waffle 

layout style is modified from waffle layout style. The P+ (N+) diffusion region extends into 

the N+ (P+) diffusion region from four sides for N+/Psub (P+/Nwell) diodes. The junction area 
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can be theoretically reduced by a factor of 44%. Besides, the junction perimeter can also be 

increased by a factor of 67% at the same time. It implies that the ratio of junction perimeter to 

junction area for the multi-waffle diode can be given by 

( )
( ) HH

H
Area  Junction

Perimeter  Junction 12
35

345
2 =

⋅

⋅⋅
=                        (6) 

which is triple of that in (5). This suggests that the multi-waffle layout style can be another 

good method to reduce CESD of ESD diode for high-speed I/O applications. 

It should be noted that the risk of damages located at the corner might be elevated because 

the corner number of multi-waffle diode is more than that of waffle diode. Moreover, the 

uniformity issue of discharging current would be emerged in real multi-waffle diode. 

However, the multi-waffle diode can still be supposed to have better FOMs than those of 

waffle diode due to great reduction of junction area and great raise of junction perimeter. 

The other new layout style for ESD diode is illustrated in Fig. 2.20, which is called as the 

multi-waffle-hollow layout style. The multi-waffle-hollow layout style is modified from the 

multi-waffle layout style by removing the N+ (P+) central diffusion region of N+/Psub 

(P+/Nwell) diodes. The purpose is to further reduce the junction area and to keep the junction 

perimeter at the same time. For instance, the cross-sectional view to explain ESD current 

flows in the N+/Psub diodes with hollow and non-hollow layout styles are shown in Figs. 2.6(a) 

and (b), respectively. For the non-hollow layout style shown in Fig. 2.6(a), the ESD current 

could not be uniformly discharged through the whole N+ diffusion region because the current 

always tends to flow through the shortest path between two nodes. The ESD discharging 

current did not flow through the N+ central diffusion region, where still contributes CESD at 

normal circuit operation. To form the hollow layout style as shown in Fig. 2.6(b), the N+ 

central diffusion region is removed to directly reduce the junction area of the diode. The ESD 

discharging current can be effectively concentrated in the remaining N+ diffusion region of 

the diode. Therefore, the ratio of junction perimeter to junction area for the 

multi-waffle-hollow diode can be theoretically expressed by 

( )
( ) ( ) ( )

H
SHSH

H
Area  Junction

Perimeter  Junction
222 3

12
535
345

⋅
−

=
⋅−⋅

⋅⋅
=               (7) 

where the junction perimeter is assumed to be the same as that of multi-waffle layout style 

and the symbol S represents the width of removed central diffusion region. The ratio in (7) is 
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always larger than that in (6) for multi-waffle diode. Therefore, the multi-waffle-hollow diode 

can be expected to further reduce the CESD and to keep the ESD robustness at the same time. 

In this work, the ESD diodes with multi-waffle and multi-waffle-hollow layout styles are 

drawn and fabricated in a 90nm CMOS process to investigate their corresponding FOMs. The 

major layout parameters of those N+/Psub and P+/Nwell diodes are listed in Table 2.4, where 

the different spacings are also marked in Figs. 2.18-2.20. 

 

2.3.3 Performance Evaluations 
Before implementing the diodes, there is a useful evaluation to imply the goodness of ESD 

diodes. This important evaluation is the ratio of (junction perimeter) / (junction area), which 

has been calculated in (4) ~ (7) for different layout styles. Undoubtedly, the high evaluation 

value suggests that the ESD diodes can sustain high ESD robustness with low CESD to 

minimize the degradation of circuit performance for high-speed I/O applications. The 

evaluation values for the diodes investigated in this work are listed in Table 2.4 and illustrated 

in Fig. 2.21. According to the theoretical calculations, the diode in small size obviously has 

larger evaluation value at the given layout style. It can also be noted that the diodes in large 

size with the two new modified layout styles can achieve comparable level to that of 

small-size diodes with waffle layout style. This result reveals that not to continuously shrink 

the diode size but to implement the diode with new modified layout styles can be a good 

choice for avoiding the penalty, such as parasitic sidewall capacitance from the junction 

perimeter and local heat distribution [20], [23]. 

 

2.3.4 Experimental Results 
The test chips of STI-bound N+/Psub and P+/Nwell diodes with the original waffle and two 

new modified layout styles have been fabricated in a 90nm CMOS process. These diodes are 

prepared with the consideration of two-port S-parameter measurement, TLP measurement, 

and HBM ESD robustness measurement. In this work, each diode structure was tested four 

times from four separated dice. 

 

2.3.4.1 Parasitic Capacitance 
The extracted CESD of the fabricated N+/Psub (P+/Nwell) diodes from 4 to 5GHz under zero 

DC bias are listed in Table 2.5 (2.6) and compared in Fig. 2.22. From the measured results of 

the diodes with waffle, multi-waffle, and multi-waffle-hollow layout styles, the extracted 
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parasitic capacitances of the diodes in large dimension are practically proportional to the 

junction area. It can be observed that the extracted parasitic capacitances of waffle diodes in 

small size are higher than expected values due to parasitic sidewall capacitances. When the 

diodes are modified from waffle to multi-waffle and multi-waffle-hollow layout styles, the 

junction area is purposely decreased and the junction perimeter is increased. The contribution 

of parasitic sidewall capacitance induced by increased junction perimeter would be gradually 

emerged. Therefore, the measured CESD trend lines of multi-waffle and multi-waffle-hollow 

diodes in Figs. 2.22(a) and (b) are a little higher than that of waffle diode. Besides, it can be 

also observed that the measured CESD of multi-waffle-hollow diode in size C is slightly larger 

than that of multi-waffle diode in size C due to the effect of parasitic sidewall capacitance. 

Compared to the N+/Psub (P+/Nwell) waffle diodes in size C ~ size E, the CESD can be reduced 

33%, 34%, and 36% (44%, 38%, and 37%) for the N+/Psub (P+/Nwell) multi-waffle diodes, 

respectively. Similarly, they can be reduced 32%, 39%, and 46% (43%, 46%, and 47%) for 

the N+/Psub (P+/Nwell) multi-waffle-hollow diodes. These great reductions of CESD are the 

major factors to significantly improve the FOMs of the diodes with new layout styles. 

 

2.3.4.2 TLP Measurement 
The RON and current compression point (ICP) of the fabricated STI-bound diodes under 

forward-biased condition were characterized by the TLP system. The current level ICP is 

utilized for comparison. By using TLP system, the RON and ICP of the N+/Psub and P+/Nwell 

diodes under forward-biased condition are extracted and listed in Table 2.5 and Table 2.6, 

respectively. The RON versus the junction perimeter of the N+/Psub and P+/Nwell diodes with 

different layout styles are illustrated in Figs. 2.23(a) and (b), respectively. Apparently, the RON 

is decreased with the increased junction perimeter. 

The ICP versus the junction perimeter of the N+/Psub and P+/Nwell diodes with different 

layout styles are illustrated in Figs. 2.24(a) and (b), respectively. The junction perimeter of 

multi-waffle diode is purposely increased 67% to be larger than that of waffle diode. But the 

ICP is not increased as much as the theoretical expectation when the diode is modified from 

waffle to multi-waffle layout style. This is caused by non-uniformity of the ESD discharging 

current. Besides, the increased corners of multi-waffle diode also increase the risk of damages 

at the corners. However, the CESD can be greatly reduced by removing the N+ (P+) diffusion 

region of the N+/Psub (P+/Nwell) diode. Consequently, the FOMs can still be expected to be 

further improved by modifying the diode from waffle to multi-waffle and multi-waffle-hollow 
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layout styles. 

The line current densities, which are the ratio of ICP to junction perimeter, of multi-waffle 

and multi-waffle-hollow diodes are calculated in Table 2.7. The reduction percentages of line 

current density from multi-waffle to multi-waffle-hollow layout style are also calculated in 

Table 2.7. When the diode is modified from multi-waffle to multi-waffle-hollow layout style, 

the reduction on ICP of the diode in large device size is greater than that of the diode in small 

device size. This implies that the ESD discharging current of multi-waffle diode in large 

device size would flow more deeply through the central diffusion region because the 

multi-waffle diode in large device size has more contacts at diffusion region to cause a small 

equivalent resistance at cathode. 

 

2.3.4.3 ESD Robustness 
The HBM ESD robustness of the ESD diode is measured by KeyTek ZapMaster with the 

test method standard [31]. The ESD diodes are tested from 0.1kV to 8kV with the step 0.1kV 

under forward-biased condition and the results are also listed in Table 2.5 and Table 2.6. The 

VHBM versus the N+ (P+) junction perimeter of the N+/Psub (P+/Nwell) diodes with different 

layout styles are shown in Fig. 2.25. The trend in Fig. 2.25 is quite similar to Fig. 2.24. 

 

2.3.5 FOM Comparison and Discussion 
The FOMs (RON*CESD, ICP/CESD, VHBM/CESD, and ICP/ALayout) of the ESD diodes in a 90nm 

COM technology are listed in Table 2.5 and Table 2.6. According to TLP I-V measured results 

in Fig. 2.23, RON can be reduced by increasing the junction perimeter, but the junction area of 

the ESD diodes would be increased simultaneously. The RON of the ESD diode is expected to 

be small to effectively clamp the voltage. The CESD is also highly demanded to be small to 

minimize the degradation of circuit performance. Therefore, the RON*CESD is a useful 

justification to the ESD diodes. The exact values of RON*CESD of the N+/Psub and P+/Nwell 

diodes with different layout styles are illustrated in Figs. 2.26(a) and (b). In Fig. 2.26, the 

RON*CESD values of the diodes with new modified layout styles in size C can be comparable 

to that of waffle diodes in small size. 

The most important FOM of ICP/CESD should be expected to be high to sufficiently sustain 

the ESD stresses. The exact values of ICP/CESD of the N+/Psub and P+/Nwell diodes with 

different layout styles are shown in Figs. 2.27(a) and (b). For the waffle diodes in size A and 

size B, the ICP/CESD values are not improved as high as that of theoretical expectation. The 



 

 24 

main reason is that the effects of parasitic sidewall capacitance and the local heat dissipation 

are getting serious when the dimension of the diode is shrunk. However, the ICP/CESD values 

of the diodes at given size can be greatly improved from the waffle to the new layout styles in 

order to avoid the penalty when continuously shrinking the diode size. Moreover, the trend of 

VHBM/CESD illustrated in Fig. 2.28 is quite similar to that in Fig. 2.27 because the HBM ESD 

level is highly related to It2. Taking the multi-waffle diode in size C and waffle diode in size A 

for comparison, the ICP/CESD and the VHBM/CESD values of multi-waffle N+/Psub (P+/Nwell) 

diode are only smaller than those of waffle diode about 15% and 11% (29% and 8%), 

respectively. Overall, ICP/CESD and VHBM/CESD values of P+/Nwell diodes are better than those 

of N+/Psub diodes. It was found that the P+/Nwell diodes have both a higher ICP and a lower 

CESD than their N+/Psub diode counterparts. The higher ICP may be caused by the turn-on 

parasitic vertical PNP bipolar transistor [20]. The lower parasitic capacitance is most likely 

due to the different Nwell and Psub doping concentrations. Besides, RON*CESD values of 

P+/Nwell diodes are also slightly lower than those of N+/Psub diodes due to the smaller CESD. 

Another design concern for the circuit applications is layout area (ALayout). In advanced 

CMOS technology, the fabrication cost per die area is getting higher and higher. Therefore, 

the biggest concern of some ESD designers might be to save the layout area of the protection 

circuit but to sustain required ESD robustness. The values of ICP/ALayout of the N+/Psub and 

P+/Nwell diodes with different layout styles are shown in Figs. 2.29(a) and (b), respectively. 

The value of ICP/ALayout is supposed to be large to meet the requirements of layout area 

efficiency for a given ESD robustness. For the diodes with new modified layout styles, the 

values of ICP/ALayout are within the range from 17 to 19mA/µm2 for N+/Psub diodes and 18 to 

21mA/µm2 for P+/Nwell diodes. The ICP/ALayout value of the waffle diode in size A is obviously 

the smallest among all ESD diodes. Taking the multi-waffle diode in size C and waffle diode 

in size A for comparison, the ICP/ALayout value of multi-waffle N+/Psub (P+/Nwell) diode are 

higher than that of waffle diode about 66% (59%). It implies that the effect of local heat 

dissipation is truly getting serious to degrade the current-handling capability when the diode 

size is getting small. 

Although the waffle diodes in size A and size B theoretically have larger ratio of junction 

perimeter to total junction area as shown in Fig. 2.21, the size of waffle diode is still required 

to be carefully optimized. The penalties of parasitic sidewall capacitance and significant 

reduction on ICP due to local heat dissipation for the waffle diode in small size are emerged. 

Therefore, it should not to simply shrink the device size of waffle diode for achieving better 
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FOMs. Based on the FOMs illustrated in Figs. 2.26-2.29, the characteristics of the diodes in 

large size can be improved to the level of waffle diodes in small size by adequately modifying 

the layout style. Overall, the diodes with new modified layout styles are superior to those 

waffle diodes in small size for implementing to the high-speed I/O circuits with the 

consideration of layout area. 

 

2.4 Summary 
In section 2.2, the new proposed diodes with octagon and hollow layout styles have been 

successfully verified in a 90nm CMOS process. The layout optimization is the essential 

element to minimize the parasitic capacitance and to improve ESD robustness of the ESD 

protection diodes for RF front-end and high-speed I/O applications. As compared to the 

diodes with stripe and waffle layout style, the new proposed diodes with hollow layout styles 

have been demonstrated to significantly improve ESD robustness under the same parasitic 

capacitance. Therefore, the proposed waffle-hollow and octagon-hollow diodes are more 

suitable to be implemented to RF front-end and high-speed I/O circuits. 

In section 2.3, the ESD diodes with multi-waffle and multi-waffle-hollow layout styles 

have also been successfully verified in a 90nm CMOS technology. They are characterized in 

terms of some FOMs (RON*CESD, ICP/CESD, VHBM/CESD, and ICP/ALayout) to evaluate the 

suitability for high-speed I/O applications. It is expected that the FOMs of the ESD diode can 

be improved by maximizing the ratio of junction perimeter to junction area. However, it is 

found that the FOMs of waffle diodes with continuously shrinking size would be limited due 

to emerged parasitic sidewall capacitance and local heat dissipation in small layout area. As a 

result, the FOMs of waffle diodes will not be further improved by simply shrinking the diode 

size to maximize the ratio of junction perimeter to total junction area. 

The new proposed diodes with multi-waffle and multi-waffle-hollow layout styles have 

been demonstrated. The new proposed diodes in large size can avoid the penalty of local heat 

distribution. The reduction of junction area by using new layout styles is the key factor to 

significantly improve the FOMs of the ESD diodes. As compared to the FOMs of waffle 

diodes, it reveals that the FOMs values of the large size diodes can be enhanced by modifying 

the layout styles. Therefore, the proposed multi-waffle and multi-waffle-hollow diodes are 

also adequate to be implemented to high-speed I/O applications with small layout area. 
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Table 2.1 
Device Dimensions and Previous Evaluation Values of Diodes under Different Layout Styles 

 

 

 

 

Table 2.2 
Measured Results and FOM of Diode Devices with Different Layout Styles 

 
 

 

 

Table 2.3 

Line Current Density of Diode Devices from Waffle (Octagon) to Waffle-Hollow 

(Octagon-Hollow) 
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Table 2.4 

Device Characteristics and Previous Evaluation Items of Diodes with Different Layout Styles  

 

 

 

Table 2.5 
Measured Results and Figures-of-Merit of N+/Psub Diodes with Different Layout Styles  

 

 

 

Table 2.6 
Measured Results and Figures-of-Merit of P+/Nwell Diodes with Different Layout Styles  
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Table 2.7 
Line Current Density of Diode Devices from Multi-Waffle to Multi-Waffle-Hollow 
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Fig. 2.1  Typical ESD protection scheme with double diodes for RF front-end or high-speed 

I/O applications. 

 

 

 
Fig. 2.2  The measured TLP I-V curve of the ESD protection diode. The current compression 

point (ICP) is defined as the current level at which the measured I-V curve deviates from its 

linearly extrapolated value by 20%. 
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Fig. 2.3  Device cross-sectional view and layout top view of the ESD protection diode with 

typical stripe layout style. 
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(a) 

 
(b) 

Fig. 2.4  Device cross-sectional view and layout top view of the ESD protection diodes with 

(a) waffle layout style and (b) octagon layout style. 
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(a) 

 
(b) 

Fig. 2.5  Device cross-sectional view and layout top view of the ESD protection 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. 
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(a)                                    (b) 

Fig. 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. 

 

 

(a) 

 
(b) 

Fig. 2.7  The 3D views of metal layer arrangement for (a) interconnect routing of N+/Psub 

diodes, and (b) the corresponding open pad structure. 
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Fig. 2.8  The performance evaluations with the factors of N+ junction perimeter / total N+ 

junction area under different diode layout styles. 

 

 
(a) 

 
(b) 

Fig. 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. 
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Fig. 2.10  Dependence of CESD extracted from S-parameter at 2.5GHz under zero DC bias on 

the N+ occupied area of diode devices with different layout styles. 

 

 
Fig. 2.11  Dependence of TLP-measured RON on the N+ junction perimeter of diode devices 

with different layout styles. 
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Fig. 2.12  Dependence of TLP-measured ICP on the N+ junction perimeter of diode devices 

with different layout styles. 
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(a) 

 
(b) 

Fig. 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. 
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Fig. 2.14  The (ICP/CESD) FOM of ESD protection diodes with different layout styles. 

 

 

 
Fig. 2.15  The (VHBM/CESD) FOM of ESD protection diodes with different layout styles. 
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Fig. 2.16  The (RON×CESD) FOM of ESD protection diodes with different layout styles. 

 

 

 
Fig. 2.17  STI-bound N+/Psub 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. 
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(a) 

 
(b) 

Fig. 2.18  Layout top view of the STI-bound (a) N+/Psub ESD protection diode and (b) 

P+/Nwell ESD protection diode with waffle layout style. 
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(a) 

 
(b) 

Fig. 2.19  Layout top view of the STI-bound (a) N+/Psub ESD protection diode and (b) 

P+/Nwell ESD protection diode with multi-waffle layout style. 
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(a) 

 
(b) 

Fig. 2.20  Layout top view of the STI-bound (a) N+/Psub ESD protection diode and (b) 

P+/Nwell ESD protection diode with multi-waffle-hollow layout style. The N+ (P+) center 

diffusion region of N+/Psub (P+/Nwell) diode with multi-waffle-hollow layout style is removed 

to reduce the parasitic capacitance. 
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Fig. 2.21  The performance evaluations with the ratio of (junction perimeter) / (junction area) 

under different layout styles. 
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(a) 

 
(b) 

Fig. 2.22  Dependence of measured CESD extracted from S-parameter from 4 to 5GHz under 

zero DC bias on the (a) total N+ junction area of N+/Psub diodes and (b) total P+ junction area 

of P+/Nwell diodes with different layout styles. 
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(a) 

 
(b) 

Fig. 2.23  Dependence of extracted on-resistance RON on the (a) N+ junction perimeter of 

N+/Psub diodes and (b) P+ junction perimeter of P+/Nwell diodes with different layout styles. 
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(a) 

 
(b) 

Fig. 2.24  Dependence of extracted current compression point ICP on the (a) N+ junction 

perimeter of N+/Psub diodes and (b) P+ junction perimeter of P+/Nwell diodes with different 

layout styles. 
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(a) 

 
(b) 

Fig. 2.25  Dependence of measured HBM level VHBM on the (a) N+ junction perimeter of 

N+/Psub diodes and (b) P+ junction perimeter of P+/Nwell diodes with different layout styles. 
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(a) 

 

(b) 

Fig. 2.26  The exact values of RON*CESD of the (a) N+/Psub diodes and (b) P+/Nwell diodes 

with different layout styles. 
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(a) 

 

(b) 

Fig. 2.27  The exact values of ICP/CESD of the (a) N+/Psub diodes and (b) P+/Nwell diodes with 

different layout styles. 
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(a) 

 

(b) 

Fig. 2.28  The FOM VHBM/CESD of the (a) N+/Psub diodes and (b) P+/Nwell diodes with 

different layout styles. 
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(a) 

 
(b) 

Fig. 2.29  The FOM ICP/ALayout of the (a) N+/Psub diodes and (b) P+/Nwell diodes with 

different layout styles. 

 

 



 

 52 

 

 

 



 

 53 

Chapter 3 
Capacitor-Less Design of Power-Rail ESD Clamp Circuit 

 
In this chapter, the capacitor-less design of power-rail ESD clamp circuits are presented. 

The power-rail ESD clamp circuit with ESD clamp nMOS transistor is investigated in section 

3.2, and that with ESD clamp pMOS transistor is discussed in section 3.3. All power-rail ESD 

clamp circuit with traditional RC-based and new proposed designs were fabricated in a 65nm 

1.2V fully silicided CMOS process. 

 

3.1 Background 
With the continuously scaled-down CMOS technology, ESD protection has become the 

major concern of reliability for ICs in nanoscale CMOS technology. The nanoscale device 

with thinner gate oxide and shallower diffusion junction depth seriously degraded the ESD 

robustness of ICs and raised the difficulty of ESD protection design for ICs implemented in 

nanoscale CMOS technology [4], [11]. In order to sustain the required ESD robustness, such 

as 2kV in HBM [1] and 200V in MM [2], the power-rail ESD clamp circuit is an important 

element to achieve whole-chip ESD protection for ICs [8], [32]. The power-rail ESD clamp 

circuit is vital for ESD protection under VDD-to-VSS (or VSS-to-VDD) ESD stress, as well as 

different ESD stress conditions from the input/output to VDD/VSS, including positive-to-VSS 

mode (PS-mode), negative-to-VSS mode (NS-mode), positive-to-VDD mode (PD-mode), and 

negative-to-VDD mode (ND-mode), which are illustrated in Figs. 3.1(a) and (b). Therefore, the 

power-rail ESD clamp circuit can provide efficient protection to the internal circuits of IC 

products. 

In advanced nanoscale CMOS technology, the ESD clamp device drawn in the layout style 

of big field-effect transistor (BigFET) had demonstrated excellent ESD protection 

performance [33]-[38]. In these power-rail ESD clamp circuits, the ESD clamp devices can 

discharge a large ESD current by the inversion channel layer without snapback operation of 

the parasitic BJT [39]-[42]. The typical power-rail ESD clamp circuit, which was shown in 

Fig. 3.2 with RC-based ESD-transient detection circuit and a controlling circuit, commands 

the ESD clamp device to turn on under ESD stress conditions and to turn off under normal 
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circuit operation conditions. Practically, there are two different circuit skills, the RC-delay 

technique [33]-[36] and the capacitance-coupling design [37], [38], to realize the 

ESD-transient detection circuit in the power-rail ESD clamp circuit. The turn-on duration of 

the ESD clamp nMOS transistor is mainly controlled by the RC-time constant of the 

RC-based ESD-transient detection circuit [33]-[36]. Consequently, the RC-time constant 

would be designed large enough about several hundreds nanosecond to keep the ESD clamp 

nMOS transistor at “ON” state under the ESD stress condition. However, the extended 

RC-time constant of the ESD-transient detection circuit suffers not only the larger layout area 

from the resistance and capacitance but also the mis-triggering of the ESD clamp nMOS 

transistor under fast power-on application [34]. 

In previous studies [33], [34], [37], [38], they demonstrated the power-rail ESD clamp 

circuits with feedback circuit methods to extend the turn-on duration by using a small 

RC-time constant. However, the feedback circuit designs would suffer the latch-on issue 

under the fast power-on or the electrical fast transient (EFT) conditions [43]. Moreover, some 

circuit designs, such as on-time control circuits [33] and multi-RC-triggered circuits [35], had 

also been used to extend the turn-on duration without the latch-on issue. However, those 

previous circuits are more complicated with large silicon layout area including the requested 

resistances and capacitances in the ESD-transient detection circuits. 

 

3.2 Power-Rail ESD Clamp Circuit with ESD Clamp nMOS 

Transistor 
In this section, a new capacitor-less ESD-transient detection circuit, which is combined 

with the parasitic capacitance of the ESD clamp nMOS transistor drawn in BigFET layout 

style, has been proposed and verified in 65nm 1.2V CMOS technology. This new design 

adopts the feedback circuit in cascode structure to achieve desired function for controlling the 

ESD clamp nMOS transistor. According to the experimental measured results, the power-rail 

ESD clamp circuit with the new proposed ESD-transient detection circuit has revealed a much 

better performance than that of the traditional RC-based power-rail ESD clamp circuit. 

 

3.2.1 ESD-Transient Detection Circuit Scheme 
The capacitor-less ESD-transient detection circuits with different number of diodes in 

series are illustrated in Fig. 3.3. The proposed power-rail ESD clamp circuit in Fig. 3.3(a) 
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consists of the ESD-transient detection circuit with feedback technique, which are realized by 

two transistors (Mn and Mp) and two resistors (Rn and Rp), and the ESD clamp nMOS 

transistor (Mclamp) drawn in BigFET layout style. These two resistors are realized by N-well 

resistors with shallow trench isolation (STI). In Fig. 3.3(a), the gate terminal of ESD clamp 

nMOS transistor is linked to the output of the ESD-transient detection circuit. The circuit is 

connected in a cascode structure (Rn with Mn, and Mp with Rp) to construct the ESD-transient 

detection circuit with positive-feedback mechanism, which can command the ESD clamp 

nMOS transistor at “ON” or “OFF” state. 

To overcome the transient-induced latch-on issue, the ESD-transient detection circuit is 

added with one or two diodes in series to adjust its holding voltage, as shown in Figs. 3.3(b) 

and (c), respectively. The anode of the diode is connected to the gate terminal of Mp transistor, 

and its cathode is connected to the drain terminal of Mn transistor. With such a modification, 

the holding voltage of the power-rail ESD clamp circuit can be adjusted by the number of 

added diodes. 

Verified in the test chips, the ESD clamp nMOS transistor is drawn in BigFET layout style 

without silicide blocking in a 65nm 1.2V CMOS process. Compared with the power-rail ESD 

clamp circuit with the traditional RC-based ESD-transient detection circuit, the layout area of 

the new proposed ESD-transient detection circuit is much smaller, as illustrated in Figs. 3.4(a) 

~ (d). The dimension of Mclamp in all circuits verified in the silicon test chips is kept the same 

of 2000µm/0.1µm. According to the layout area of the new proposed power-rail ESD clamp 

circuits, the cell height of the whole power-rail ESD clamp circuit is reduced by 30%, and the 

layout area of the ESD-transient detection circuit is reduced by 54.5%. 

 

3.2.2 Operation Principles 
The most important feature of the new proposed power-rail ESD clamp circuit is no need 

of additional capacitor. Because the ESD clamp nMOS transistor is drawn in BigFET layout 

style without silicide blocking, a large gate-to-drain, gate-to-source, and gate-to-body 

parasitic capacitors (Cgd, Cgs, and Cgb) essentially exist in the ESD clamp nMOS transistor. 

Sufficiently utilizing these parasitic capacitors with the resistor (Rp) to realize 

capacitance-coupling mechanism, no additional capacitor is needed in this design. In Fig. 

3.3(a), during the positive VDD-to-VSS ESD stress condition, the voltage of node A will be 

simultaneously elevated toward a positive voltage through the coupling effect from the 

parasitic capacitors of the ESD clamp nMOS transistor. The elevated voltage of node A can 
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not hold for a long time because the resistor (Rp) connected to VSS would pull down the 

voltage of node A. Therefore, the nMOS transistor (Mn) is designed to immediately start the 

ESD-transient detection circuit with positive feedback mechanism when the voltage of node 

A is elevated. The turned-on nMOS transistor (Mn) makes the voltage of node B low enough 

to turn on the pMOS transistor (Mp) due to the voltage drop on the resistor (Rn). Therefore, 

the feedback loop of the ESD-transient detection circuit is started entirely, and the voltage of 

node A is continuously elevated to the voltage level at VDD line by the turned-on pMOS 

transistor (Mp) during the ESD stress transition. Finally, the ESD clamp nMOS transistor is 

turned on to discharge ESD current. A 3V voltage pulse with a rise time of 5ns was applied to 

the VDD node while the VSS node was grounded to simulate the fast-rising edge of the HBM 

ESD event, as illustrated in Fig. 3.5. The simulation results clearly demonstrate that the 

voltage at node A can be elevated to the voltage level at VDD. However, the voltage at node A 

in the RC-based power-rail ESD clamp circuit is elevated to the voltage level higher than the 

threshold voltage of ~0.58V for only the first period of ~300ns. The design parameters, 

including the device sizes of each transistor and resistor, are listed in Table 3.1. On the other 

hand, the parasitic drain-substrate diode in the ESD clamp nMOS transistor can provide a low 

impedance path under the negative VDD-to-VSS ESD stress. 

 With the proposed power-rail ESD clamp circuit in Fig. 3.3, the gain (G) of the coupling 

effect composed of Cgd, Cgs, Cgb, and Rp can be expressed as 
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According to the design parameters of the proposed power-rail ESD clamp circuit, the gain 

with Cgd≒Cgs=0.43pF, Cgb=0.39pF, Rp=20kΩ, and signal frequency of 50MHz derived from 

5ns fast-rising edge of the voltage pulse, would be 0.34. Therefore, the voltage of node A is 

determined by the gain of the coupling structure. As shown in Fig. 3.6, the coupling voltage at 

node A is exactly equal to 0.34VDD before the ESD-transient detection circuit is turned on. 

When the sub-threshold current of the Mn can produce enough voltage drop on Rn to further 

turn on the Mp, the voltage at node A would be elevated quickly to the voltage level at VDD. In 

Fig. 3.6, it can be observed that the voltage of node A is elevated to 0.41V and then raised 

quickly because the ESD-transient detection circuit is turned on. Consequently, the ESD 

clamp nMOS transistor is turned on by the ESD-transient detection circuit with positive 
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feedback mechanism. The gain expression in eq. (1) of the coupling structure has been 

successfully verified by the simulation. 

According to eq. (1), the most critical device is the Rp to quickly drive the Mn into 

sub-threshold region during the pulse rising period. Therefore, the Rp is chosen to be 20kΩ to 

make the gain of the coupling structure and the layout area of Rp optimal. The Rn resistance of 

40kΩ is determined to produce enough voltage drop on Rn to further turn on the Mp as long as 

there is sub-threshold current of a few tens micro-ampere flowing through the Rn. 

Consequently, the ESD-transient detection circuit with positive feedback mechanism can be 

successfully initiated. 

According to the design window of the ESD protection circuit for avoiding the latch-on 

issue, the holding voltage (Vh) of the ESD protection circuit is an important index to exceed 

the normal circuit operation voltage VDD. The holding voltage of the proposed power-rail 

ESD clamp circuit can be indicated as 

THP)Diode(ONRVI)M(ds

)M(gs)Diode(ON)M(dsh
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VnVVV
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n

pn

++=

++=

=
          (2) 

where n and VON are the number and the turn-on voltage of the diode, respectively. For the 

pMOS threshold voltage of 0.58V and Rn resistance of 40kΩ, the Ids current flowing through 

the Mn transistor is only about 14.5µA. Based on the device parameters and simulation results, 

the Vds of Mn transistor is only a few milli-volt and the VON of diode is about 0.67V. 

Therefore, the Vh in the expression (2) can be re-expressed as below due to minor Vds 

compared to VON and VTHP. 

THP)Diode(ONh VnVV +≈                       (3) 

For the new proposed power-rail ESD clamp circuit in Fig. 3.3(a), the Vh would be only 

0.58V due to zero diode in the ESD-transient detection circuit. It would be a high risk to 

apply the structure in Fig. 3.3(a) to the circuit with 1.2V operation voltage. However, the Vh 

can be theoretically adjusted to 1.25V and 1.92V for the new proposed structures in Figs. 

3.3(b) and (c), respectively. By adding the diodes in the ESD-transient detection circuit, the 

new proposed power-rail ESD clamp circuit with adjustable holding voltage can be safely 

applied to protect any internal circuits from the transient-induced latch-on event. 

Under the normal VDD power-on condition, the gain of the coupling structure is 1.35×10-5 

for a 1.2V power-on voltage pulse with a rise time of 1ms. Such a slow-rising power-on 
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voltage will not induce a high enough coupling voltage at node A to initiate the ESD-transient 

detection circuit. When the power-on voltage pulse has a rise time of 100ns, the gain of the 

coupling structure is only 0.13, which is also too small to initiate the ESD-transient detection 

circuit. Even though the power-rail ESD clamp circuit encounters a fast-rising power-on 

voltage with the order of nanoseconds, the voltage level of node A and node B can be kept at 

ground and VDD, respectively, due to the design with adjustable holding voltage. Therefore, 

the new proposed power-rail ESD clamp circuit can have excellent immunity against 

mis-trigger under the fast power-on conditions. 

 

3.2.3 Experimental Results 
The test chips of power-rail ESD clamp circuits with the traditional RC-based and the new 

proposed ESD-transient detection circuits have been fabricated in a 65nm 1.2V CMOS 

process, as shown in Figs. 3.7(a) and (b). These circuits are prepared for standby leakage 

current measurement, TLP measurement, turn-on verification measurement, and 

transient-induced latch-up (TLU) measurement. 

 

3.2.3.1 Standby Leakage Current 
The DC I-V characteristics of the power-rail ESD clamp circuits are measured by HP4155 

from 0V to 1.2V with the voltage step of 10mV. The leakage currents of the power-rail ESD 

clamp circuits at 1.2V normal VDD operation voltage can be observed clearly in Fig. 3.8. The 

leakage current of the RC-based power-rail ESD clamp circuit is 86.9nA. However, the new 

proposed power-rail ESD clamp circuits have the leakage currents of the range from 50.2nA 

to 55.3nA, and the leakage current of the ESD clamp nMOS transistor (Mclamp) is about 

49.2nA. This implies that the leakage currents of the RC-based and the new proposed 

ESD-transient detection circuits are 37.7nA and 6.1nA, respectively. The leakage current of 

the new proposed ESD-transient detection circuit is extremely reduced by 83.8% because the 

device sizes of Mn and Mp transistors are greatly shrunk. Therefore, the new proposed 

power-rail ESD clamp circuit with lower leakage current is more adequate for the portable 

product applications, which strongly demand the low standby current. 

 

3.2.3.2 TLP Measurement and ESD Robustness 
In order to investigate the circuit behavior during high ESD current stress, TLP generator 

with a pulse width of 100ns and a rise time of ~2ns is used to measure the RC-based and the 
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new proposed power-rail ESD clamp circuits [29]. The measured results, as illustrated in Fig. 

3.9(a), demonstrate that there are no obvious differences among the curves at the voltage level 

higher than 4V because the ESD clamp nMOS transistors in all power-rail ESD clamp circuits 

are drawn with the same device dimension and layout style. The second breakdown currents 

(It2) of these four power-rail ESD clamp circuits are all around 5.44A. 

The Vh of the new proposed ESD-transient detection circuits with zero, one, and two 

diodes are 0.51V, 1.22V, and 1.95V, respectively, as shown in Fig. 3.9(b). These measured Vh 

are very close to the theoretical Vh of 0.58V, 1.25V, and 1.92V calculated in section 3.2.2. 

The adjustable holding voltage by modifying the number of diodes in the ESD-transient 

detection circuit has been successfully verified by the TLP I-V measurement. 

Table 3.2 shows the HBM [1] and MM [2] ESD robustness of these four power-rail ESD 

clamp circuits. The HBM and MM ESD robustness of all power-rail ESD clamp circuits are 

over 8kV and 450V, respectively. It is obvious that the characteristics (It2, HBM, and MM 

ESD levels) of all power-rail ESD clamp circuits are the same due to the same device 

dimension and layout style of the ESD clamp nMOS transistors. 

 

3.2.3.3 Turn-On Verification 
In order to observe the turn-on efficiency of the power-rail ESD clamp circuits, a 3V 

ESD-transient-like voltage pulse with 5ns rise time is applied to the VDD power line with the 

grounded VSS. The voltage pulse with a rise time of 5ns is utilized to simulate the fast-rising 

edge of the HBM ESD event [1]. The ESD-transient-like voltage pulse will be coupled to the 

gate terminal of the Mn transistor in the proposed ESD-transient detection circuit, and then the 

proposed ESD-transient detection circuit with positive feedback mechanism will be started up. 

Consequently, the Mclamp transistor is triggered on. The turn-on verifications of the voltage 

waveform on VDD power line under ESD-like stress condition are shown in Fig. 3.10(a). 

In Fig. 3.10(a), the voltage waveform of the RC-based design rises as the time is increased. 

On the contrary, the voltage waveforms of the new proposed designs can be clamped to a 

specific voltage level during the whole pulse width due to the positive feedback mechanism of 

the ESD-transient detection circuit. Therefore, the new proposed ESD-transient detection 

circuit can efficiently extend the turn-on duration of the ESD clamp nMOS transistor under 

ESD stress conditions. 

For power-on condition, the voltage usually has a rise time in the order of milliseconds. 

According to this feature, the coupling voltage at node A is not enough to start up the 
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ESD-transient detection circuit, and the ESD clamp nMOS transistor will be kept at “OFF” 

state. However, some previous studies [33]-[36], [43] have demonstrated that the power-rail 

ESD clamp circuits with RC-based ESD-transient detection circuits and feedback mechanism 

were easily mis-triggered into the latch-on state under the fast power-on condition. The new 

proposed power-rail ESD clamp circuits have been applied with 1.2V voltage pulse with 25ns 

rise time to investigate their immunity against mis-trigger, as shown in Fig. 3.10(b). The 

voltage waveforms of the new proposed power-rail ESD clamp circuits are not degraded 

under the fast power-on condition. Even though the rise time of fast power-on voltage is 

shorter than 25ns, the new proposed power-rail ESD clamp circuits with adjustable holding 

voltage can still perform high immunity against mis-trigger. On the contrary, the RC-based 

power-rail ESD clamp circuit dramatically suffered the mis-trigger under the fast power-on 

condition, and it spends about 300ns to return back the normal operation voltage level. 

In addition, the turn-on verification with the power line noise at normal operation is 

another useful justification for the latch-on concerns. The transient noise with 3V voltage 

level and a rise time of 5ns is purposely added to VDD power line with 1.2V operation voltage. 

As shown in Figs. 3.11(a) ~ (c), the new proposed ESD-transient detection circuit with zero 

diode is the only circuit to suffer the latch-on issue because its holding voltage is much lower 

than the 1.2V operation voltage. However, the holding voltage of the new proposed 

ESD-transient detection circuit can be adjusted by adding the diodes. Therefore, the 

ESD-transient detection circuits with positive feedback mechanism and the adjustable holding 

voltage can be free to latch-on issue. Since the feedback mechanism is not used in the 

RC-based power-rail ESD clamp circuit, the latch-on event is not occurred. 

 

3.2.3.4 Transient-Induced Latch-Up (TLU) Measurement 
The transient-induced latch-up (TLU) measurement has been used to investigate the 

susceptibility of device under test (DUT) to the noise transient or glitch on the power lines 

under normal circuit operation condition. The TLU measurement setup with bipolar trigger 

waveform can accurately simulate the practical system-level ESD event [44]. The setup for 

TLU measurement is shown in Fig. 3.12 [44], [45]. The charging voltage (Vcharge) has positive 

(Vcharge > 0) and negative (Vcharge < 0) polarities. The positive (negative) Vcharge can generate 

the positive-going (negative-going) bipolar trigger noise into the power pins of the DUT. A 

200pF capacitor is employed as the charging capacitor. The supply voltage of 1.2V is used as 

VDD and the noise trigger source is directly connected to DUT through the relay in the 
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measurement setup. The current-limiting resistance of 4.7Ω is used to avoid electrical 

overstress (EOS) damage in the DUT under a high-current latch-on state. The voltage and 

current waveforms of the DUT at VDD node after TLU measurement are monitored by the 

oscilloscope. 

The measured VDD and IDD transient responses of the traditional RC-based power-rail ESD 

clamp circuit under the TLU measurement with Vcharge of +1kV and -1kV are shown in Figs. 

3.13(a) and (b), respectively. In Fig. 3.13, the latch-on event is not occurred because the 

feedback mechanism is not used in the RC-based power-rail ESD clamp circuit. Due to the 

holding voltage lower than VDD, the new proposed power-rail ESD clamp circuit with zero 

diode suffered the latch-on issue under TLU measurement for Vcharge of +3V and -2V, as 

shown in Fig. 3.14. The measured results of the new proposed power-rail ESD clamp circuits 

with the diodes under the TLU measurement with Vcharge of +1kV and -1kV are also shown in 

Fig. 3.15. In Fig. 3.15, the new proposed power-rail ESD clamp circuits with adjustable 

holding voltage can successfully overcome transient-induced latch-on issue. The TLU levels 

(the minimum Vcharge to induce the latch-on on VDD) among the four power-rail ESD clamp 

circuits are listed in Table 3.3. 

 

3.3 Power-Rail ESD Clamp Circuit with ESD Clamp pMOS 

Transistor 
Besides, low standby leakage of the power-rail ESD clamp circuit is highly demanded by 

the hand-held, portable, and battery powered products. In advanced CMOS technology, the 

leakage current of nMOS was often larger than that of pMOS in the same device dimension. 

Therefore, pMOS is suggested to be used as ESD clamp device [38]. 

In this section, the parasitic capacitance of the ESD clamp pMOS transistor drawn in 

BigFET layout style is used as a part of ESD-transient detection circuit. This new design has 

also been verified in a 65nm 1.2V CMOS technology. From the measured results, the 

proposed power-rail ESD clamp circuit has features of area efficiency, low leakage current, 

and high immunity against mis-trigger. 

 

3.3.1 ESD-Transient Detection Circuit Scheme 
The new proposed power-rail ESD clamp circuit is illustrated in Fig. 3.16. The 

ESD-transient detection circuit consists of two transistors (Mn and Mp), two resistors (Rn and 
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Rp), and diode string. The pMOS transistor drawn in BigFET layout style (Mclamp) is used as 

ESD clamp device. The gate terminal of Mclamp is linked to the output of the ESD-transient 

detection circuit, which can command Mclamp at “ON” or “OFF” state. 

In Fig. 3.16, the diode string in ESD-transient detection circuit is used to adjust the holding 

voltage to overcome the transient-induced latch-on issue. In this work, the ESD-transient 

detection circuits with zero, one, and two diodes were investigated in silicon chip. The 

measured results reveal that the holding voltage of the power-rail ESD clamp circuit can be 

adjusted by modifying the number of the diodes in the ESD-transient detection circuit. In 

addition, the new proposed power-rail ESD clamp circuit can be totally turned off after 

power-on transition because the nodes A and B are kept at VDD and VSS through the resistors 

Rn and Rp, respectively. 

Verified in the test chip, the ESD clamp pMOS transistor is drawn in BigFET layout style 

without silicide blocking in a 65nm 1.2V CMOS process. Compared with the power-rail ESD 

clamp circuit with the traditional RC-based ESD-transient detection circuit, the layout area of 

the new proposed ESD-transient detection circuit is much smaller, as illustrated in Figs. 

3.17(a) ~ (d). The dimension of Mclamp in all circuits verified in the silicon test chip is kept the 

same of 2000µm/0.1µm. According to the layout area of the new proposed power-rail ESD 

clamp circuits, the cell height of the whole power-rail ESD clamp circuit is reduced by 30%, 

and the layout area of the ESD-transient detection circuit is reduced by 54.5%. 

 

3.3.2 Operation Principles 
The ESD clamp pMOS transistor is drawn in BigFET without silicide blocking. Large Cgd, 

Cgs, and Cgb parasitic capacitors essentially exist in the ESD clamp pMOS transistor. These 

parasitic capacitors and the resistor Rn can be used to realize capacitance-coupling mechanism. 

In Fig. 3.16, the gain (G) of the coupling effect caused by Cgd, Cgs, Cgb, and Rn during the 

positive VDD-to-VSS ESD stress condition can be expressed as 
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According to the device sizes used in this work, the gain is 0.64 with Cgd≒Cgs=0.44pF, 

Cgb=0.35pF, Rn=40kΩ, and signal frequency of 50MHz derived from 5ns fast-rising edge of 
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the ESD voltage pulse. 

A 3V voltage pulse with a rise time of 5ns is applied to the VDD node while the VSS node 

was grounded to simulate the fast-rising edge of the HBM ESD event, as shown in Fig. 

3.18(a). The coupling voltage at node A (VA) of the proposed circuit is exactly equal to 

0.64VDD before the ESD-transient detection circuit is turned on. When the voltage difference 

between VDD and VA is getting larger, the sub-threshold current of Mp can produce enough 

voltage difference on Rp to further turn on Mn, the VA will be quickly pulled down to the 

ground level to trigger on the ESD clamp pMOS transistor. In Fig. 3.18(b), the pulled-down 

VA of the proposed circuit can be kept at low voltage level during whole voltage pulse 

duration. However, the VA in the traditional RC-based power-rail ESD clamp circuit is 

elevated to the voltage level higher than the nMOS threshold voltage of ~0.58V for only the 

first period of ~300ns. The design parameters, including the device sizes of each transistor 

and resistor, are listed in Table 3.4. 

According to the design window of the ESD protection circuit for avoiding the latch-on 

issue, the Vh of the ESD protection circuit is an important index to exceed the normal circuit 

operation voltage VDD. The holding voltage of the proposed power-rail ESD clamp circuit can 

be indicated as 

, VnV    

VnVV    

VnVVV

THN)Diode(ON

THN)Diode(ONRVI)M(ds

)M(gs)Diode(ON)M(dsh

pTHNds
p

np

+≈

++=

++=

=           (5) 

where n and VON are the number and the turn-on voltage of the diode, respectively. Based on 

the simulation results, the Vh can be represented as the summation of VON (0.71V) and VTHN 

(0.58V) due to minor Vds (~ few milli-volt). 

For the new proposed power-rail ESD clamp circuit with zero diode in Fig. 3.16, the Vh 

would be only 0.58V. It would be a high risk to apply this structure to the circuit with 1.2V 

operation voltage. However, the Vh can be theoretically adjusted to 1.29V and 2.00V by 

adding the diodes in the ESD-transient detection circuit. The new proposed power-rail ESD 

clamp circuit with adjustable holding voltage can be safely applied to protect any internal 

circuits from the transient-induced latch-on event. 
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3.3.3 Experimental Results 
The test chip to verify the proposed power-rail ESD clamp circuit has been fabricated in a 

65nm 1.2V CMOS process. As shown in Figs. 3.19(a) and (b), the layout area of the proposed 

ESD-transient detection circuit is reduced by 54.5% from that of traditional RC-based one. 

 

3.3.3.1 Standby Leakage Current 
The leakage currents of the power-rail ESD clamp circuits at 1.2V normal circuit operation 

voltage are shown in Fig. 3.20. The leakage current of the traditional RC-based power-rail 

ESD clamp circuit is 86.9nA at room temperature. However, the proposed power-rail ESD 

clamp circuits with different numbers of diodes have the leakage currents in the range of 

15nA to 17nA. The leakage current of the proposed power-rail ESD clamp circuit is largely 

reduced by 80.4% due to ESD clamp pMOS transistor. Therefore, the proposed power-rail 

ESD clamp circuit with lower leakage current is more adequate for the portable products, 

which highly require low standby leakage current. 

 

3.3.3.2 TLP Measurement and ESD Robustness 
As shown in Fig. 3.21(a), there are no differences among the curves higher than 3.5V 

because the device sizes of Mclamp in all proposed power-rail ESD clamp circuits are the same. 

The It2 of the traditional RC-based and the proposed power-rail ESD clamp circuits are 5.44A 

and 5.01A, respectively. 

The measured holding voltages of the proposed ESD-transient detection circuits with zero, 

one, and two diodes are 0.56V, 1.25V, and 2.12V, respectively, as shown in Fig. 3.21(b). 

They are very close to the theoretical ones of 0.58V, 1.29V, and 2.00V calculated from (5). 

The ESD-transient detection circuit with the adjustable holding voltage has been successfully 

verified, which can be safely applied to protect any internal circuits from the 

transient-induced latch-on event. 

Table 3.5 shows the HBM and MM ESD robustness of these four power-rail ESD clamp 

circuits. The HBM ESD robustness of all power-rail ESD clamp circuits are over 8kV. The 

MM ESD robustness of the traditional RC-based and the proposed power-rail ESD clamp 

circuits are 450V and 350V, respectively. 

 

3.3.3.3 Turn-On Verification 
For the turn-on verification, a 3V voltage pulse with 5ns rise time to simulate the rising 
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transition of HBM ESD event is applied to the VDD power line with the grounded VSS. In Fig. 

3.22(a), the voltage waveform of the traditional RC-based design rises as the time increases. 

On the contrary, the voltage waveforms of the proposed designs with different numbers of 

diodes are clamped to the specific voltage levels during the whole pulse duration due to the 

positive feedback mechanism in the proposed ESD-transient detection circuit. 

For the fast power-on condition, a voltage pulse with 1.2V and 2ns rise time is applied in 

this work. As shown in Fig. 3.22(b), the voltage waveforms of the proposed power-rail ESD 

clamp circuits with one and two diodes are not degraded. The proposed power-rail ESD clamp 

circuits have high immunity against mis-trigger due to adjustable holding voltage. On the 

contrary, the RC-based power-rail ESD clamp circuit dramatically suffers the mis-trigger, 

which spends about 300ns to return back the normal circuit operation voltage level of 1.2V, as 

shown in Fig. 3.22(b). 

In addition, the transient noise with 3V voltage level and a rise time of 5ns is purposely 

added to VDD power line with 1.2V operation voltage. As shown in Figs. 3.23(a) ~ (c), the 

new proposed ESD-transient detection circuit with zero diode is the only circuit to suffer the 

latch-on issue because its holding voltage is much lower than the 1.2V operation voltage. 

However, the holding voltage of the new proposed ESD-transient detection circuit can be 

adjusted by adding the diodes. Therefore, the ESD-transient detection circuits with positive 

feedback mechanism and the adjustable holding voltage can be free to latch-on issue. Since 

the feedback mechanism was not used in the traditional RC-based power-rail ESD clamp 

circuit, the latch-on event was not occurred in such a measurement. 

 

3.3.3.4 TLU Measurement 
The measured VDD and IDD transient responses of the traditional RC-based power-rail ESD 

clamp circuit under the TLU measurement with Vcharge of +1kV and -1kV are shown in Figs. 

3.24(a) and (b), respectively. In Fig. 3.24, the latch-on event is not occurred because the 

feedback mechanism is not used in the RC-based power-rail ESD clamp circuit. Due to the 

holding voltage lower than VDD, the new proposed power-rail ESD clamp circuit with zero 

diode suffered the latch-on issue under TLU measurement for Vcharge of +3V and -2V, as 

shown in Figs. 3.25(a) and (b). The measured results of the new proposed power-rail ESD 

clamp circuits with the diodes under the TLU measurement with Vcharge of +1kV and -1kV are 

also shown in Figs. 3.26(a) and (b). In Fig. 3.26, the new proposed power-rail ESD clamp 

circuits with adjustable holding voltage can successfully overcome transient-induced latch-on 



 

 66 

issue. The TLU levels (the minimum Vcharge to induce the latch-on on VDD) among the four 

power-rail ESD clamp circuits are listed in Table 3.6. 

 

3.4 Summary 
The new capacitor-less power-rail ESD clamp circuits with adjustable holding voltage 

have been proposed and successfully verified in a 65nm 1.2V CMOS technology. The new 

proposed ESD-transient detection circuit adopts the capacitance-coupling mechanism to 

command the ESD clamp nMOS or pMOS transistors. According to the measured results, the 

capacitor-less power-rail ESD clamp circuits with adjustable holding voltage demonstrate 

excellent immunity against mis-trigger under the fast power-on condition, and also perform 

no latch-on issue under power noise and TLU measurement. Moreover, the new proposed 

capacitor-less ESD-transient detection circuits are also area-efficient, which save layout area 

by more than 54.5% compared with the traditional RC-based ESD-transient detection circuit. 

For the proposed power-rail ESD clamp circuit with ESD clamp pMOS transistor, it is also 

efficient in standby leakage to save leakage current by more than 80.4%, compared with the 

traditional RC-based ESD-transient detection circuit. 
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Table 3.1 
Design Parameters of the Power-Rail ESD Clamp Circuits with ESD Clamp nMOS Transistor 

 

 

 

Table 3.2 
Measured Results of Second Breakdown Current and ESD Levels of Four Power-Rail ESD 

Clamp Circuits 

 

 

 

Table 3.3 

Comparison on TLU Levels among Four Power-Rail ESD Clamp Circuits 
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Table 3.4 

Design Parameters of the Power-Rail ESD Clamp Circuits with ESD Clamp pMOS Transistor  

 
 

 

Table 3.5 
Measured Results of Second Breakdown Current and ESD Levels of Four Power-Rail ESD 

Clamp Circuits  

 

 

 

Table 3.6 
Comparison on TLU Levels among Four Power-Rail ESD Clamp Circuits  
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(a) 

 
(b) 

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. 
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(a) 

 

(b) 

 
(c) 

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. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 3.4  Comparison on the layout areas among the four power-rail ESD clamp circuits. The 

ESD clamp nMOS transistor Mclamp is drawn in a BigFET layout style with the same 

W/L=2000µm/0.1µm, 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 ESD-transient 

detection circuit with two diodes. 
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Fig. 3.5  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. 

 

    
Fig. 3.6  The simulation results of the voltage transient on VDD and node A for new proposed 

power-rail ESD clamp circuit with ESD clamp nMOS transistor. The 3V ESD-like voltage 

pulse with 5ns rise time is applied on VDD. 
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(a)                                   (b) 

Fig. 3.7  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. 

 

 

 

 

Fig. 3.8  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. 
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(a) 

 
(b) 

Fig. 3.9  TLP measured I-V 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 (Vh). 
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(a) 

 
(b) 

Fig. 3.10  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. 
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(a) 

 
(b) 

 
(c) 

Fig. 3.11  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. 
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Fig. 3.12  The setup for transient-induced latch-up (TLU) measurement [44], [45]. 
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(a) 

 
(b) 

Fig. 3.13  Measured VDD and IDD waveforms on the traditional RC-based power-rail ESD 

clamp circuit under TLU measurement with Vcharge of (a) +1kV and (b) -1kV. 



 

 79 

 
(a) 

 
(b) 

Fig. 3.14  Measured VDD and IDD waveforms on the new proposed power-rail ESD clamp 

circuit with no diode under TLU measurement with Vcharge of (a) +3V and (b) -2V. 
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(a) 

 
(b) 

Fig. 3.15  Measured VDD and IDD waveforms on the new proposed power-rail ESD clamp 

circuit with one diode under TLU measurement with Vcharge of (a) +1kV and (b) -1kV. 



 

 81 

 
Fig. 3.16  New proposed power-rail ESD clamp circuit with ESD clamp pMOS transistor 

and diode string in the ESD-transient detection circuit. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 3.17  Comparison on the layout areas among the four power-rail ESD clamp circuits. 

The Mclamp is drawn in a BigFET layout style with the same W/L=2000µm/0.1µm, 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 ESD-transient detection circuit with two diodes. 
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(a) 

 
(b) 

Fig. 3.18  The simulation results of the voltage transient on VDD and node A under a 3V 

voltage pulse with a rise time of 5ns. (a) The voltage waveforms in the period of rising 

transition, and (b) the voltage waveforms during the whole voltage pulse of 500ns. 
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(a)                                     (b) 

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. 

 

 

 
Fig. 3.20  The measured standby leakage current of the traditional RC-based and the 

proposed power-rail ESD clamp circuits at room temperature. 
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(a) 

 
(b) 

Fig. 3.21  TLP measured I-V curves of (a) the power-rail ESD clamp circuits and (b) the 

zoomed-in illustration for the holding voltages. 
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(a) 

 
(b) 

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. 
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(a) 

 
(b) 

 
(c) 

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 (c) the proposed ESD-transient detection 

circuit with one diode, under transient noise condition with 3V overshooting on 1.2V VDD. 
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(a) 

 
(b) 

Fig. 3.24  Measured VDD and IDD waveforms on the traditional RC-based power-rail ESD 

clamp circuit under TLU measurement with Vcharge of (a) +1kV and (b) -1kV. 
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(a) 

 
(b) 

Fig. 3.25  Measured VDD and IDD waveforms on the new proposed power-rail ESD clamp 

circuit with no diode under TLU measurement with Vcharge of (a) +3V and (b) -2V. 
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(a) 

 
(b) 

Fig. 3.26  Measured VDD and IDD waveforms on the new proposed power-rail ESD clamp 

circuit with one diode under TLU measurement with Vcharge of (a) +1kV and (b) -1kV. 
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Chapter 4 
Power-Rail ESD Clamp Circuit with Equivalent 

ESD-Transient Detection Mechanism 

 
In this chapter, the power-rail ESD clamp circuits with equivalent ESD-transient detection 

mechanisms are presented. The conventional power-rail ESD clamp circuits with traditional 

RC-based design, smaller capacitance design, and capacitor-less design, are discussed in 

section 4.2. The power-rail ESD clamp circuit with equivalent capacitance-coupling detection 

mechanism is investigated in section 4.3, and the power-rail ESD clamp circuit with 

equivalent RC-based detection mechanism is discussed in section 4.4. All power-rail ESD 

clamp circuit were fabricated in a 65nm 1.2V fully silicided CMOS process. 

 

4.1 Background 
In advanced nanoscale CMOS technology, the ESD clamp device drawn in the layout style 

of BigFET had demonstrated excellent ESD protection performance [33]-[38]. In these 

power-rail ESD clamp circuits, the ESD clamp devices can discharge a large ESD current by 

the inversion channel layer without snapback operation of the parasitic BJT [39]-[42]. 

Practically, there are two different circuit skills, the RC delay technique [33]-[35] and the 

capacitance-coupling design [36]-[38], to realize the ESD-transient detection circuit in the 

power-rail ESD clamp circuit. The turn-on duration of the ESD clamp device is mainly 

controlled by the RC time constant of the RC-based ESD-transient detection circuit [33]-[35]. 

Therefore, the RC time constant would be designed large enough about several hundreds 

nanosecond to keep the ESD clamp device at “ON” state under the ESD stress condition. 

However, the extended RC time constant of the ESD-transient detection circuit suffers not 

only the larger layout area from the resistance and capacitance but also the mis-trigger of the 

ESD clamp device under fast power-on application [34]. In previous studies [33], [34], [37], 

[38], they demonstrated the power-rail ESD clamp circuits with feedback circuit methods to 

extend the turn-on duration by using a small RC time constant. However, the feedback circuit 

designs would suffer the latch-on issue under the fast power-on or the electrical fast transient 
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(EFT) conditions [46]. Moreover, some circuit designs, such as on-time control circuits [33] 

and multi-RC-triggered circuits [35], had also been used to extend the turn-on duration 

without the latch-on issue. However, those previous circuits are more complicated with large 

silicon layout area including the requested resistances and capacitances in the ESD-transient 

detection circuits. 

 

4.2 Prior Arts of Power-Rail ESD Clamp Circuit 

4.2.1 Traditional RC-Based Power-Rail ESD Clamp Circuit 
The traditional RC-based power-rail ESD clamp circuit was widely used to protect the core 

circuits [8], as shown in Fig. 4.1. The RC-based ESD-transient detection circuit commands the 

ESD clamp nMOS transistor to turn on under ESD stress condition and to turn off under 

normal circuit operating condition. The turn-on time of the ESD clamp nMOS transistor can 

be adjusted by the RC time constant of the RC-based ESD-transient detection circuit to meet 

the half-energy discharging time of the HBM ESD event [1]. To meet the aforementioned 

requirements, the RC time constant of the RC-based ESD-transient detection circuit is 

designed about 0.1-1µs to achieve the desired operations. 

 

4.2.2 Power-Rail ESD Clamp Circuit with Smaller Capacitance 
A power-rail ESD clamp circuit with smaller capacitance that adopts the 

capacitance-coupling mechanism has been shown in Fig. 4.2 [36]. The smaller capacitor 

implemented in this work is MOS capacitor. The cascode nMOS transistors (Mnc1 and Mnc2) 

operated at the saturation region are used as a large resistor and combined with the smaller 

capacitor to construct a capacitance-coupling network. Under ESD stress condition, the 

potential of node A will be synchronously elevated toward a positive voltage potential by 

capacitance coupling of the smaller capacitor. Then, the gate terminal of the ESD clamp 

nMOS transistor will be promptly charged toward the positive voltage potential. Under 

normal circuit operating condition, the potential of node A will actually be kept at VSS 

through the high resistance path of the cascode nMOS transistors. Therefore, the ESD clamp 

nMOS transistor will be kept at the OFF state under normal circuit operating condition. 

 
4.2.3 Capacitor-Less Design of Power-Rail ESD Clamp Circuit 

The capacitor-less design of power-rail ESD clamp circuit with ESD clamp nMOS 

transistor has been proposed, as shown in Fig. 4.3(a) [47]. The large parasitic capacitances 



 

 93 

(Cgd, Cgs, and Cgb) of MESD and resistor Rp can be used to form capacitance-coupling 

mechanism to control MESD under different operation conditions. The diode string in the 

ESD-transient detection circuit is used to adjust the holding voltage of the power-rail ESD 

clamp circuit to avoid from the transient-induced latch-on event [45]. 

The capacitor-less design of power-rail ESD clamp circuit with ESD clamp pMOS 

transistor was also proposed to protect the core circuits [48], as shown in Fig. 4.3(b). The 

large parasitic capacitances (Cgd, Cgs, and Cgb) of the ESD clamp pMOS transistor and the 

resistor Rn can be used to realize capacitance-coupling mechanism in the power-rail ESD 

clamp circuit. Under ESD stress condition, the voltage of node A will be quickly pulled down 

to the ground level to turn on the ESD clamp pMOS transistor. The diode string in the 

ESD-transient detection circuit is used to adjust the holding voltage of the power-rail ESD 

clamp circuit to avoid from the transient-induced latch-on event [45]. Under normal circuit 

operating condition, the power-rail ESD clamp circuit can be totally turned off because the 

voltages of nodes A and B are kept at VDD and VSS through the resistors Rn and Rp, 

respectively. 

The device dimensions of the traditional RC-based design [8], the smaller capacitance 

design [36], and the capacitor-less designs [47], [48] fabricated in a 65nm 1.2V CMOS 

process are listed in Table 4.1. The device dimension of ESD clamp transistor MESD in all 

power-rail ESD clamp circuits verified in the silicon test chip is kept the same of 

2000µm/100nm. 

 

4.3 ESD Clamp Circuit with Equivalent Capacitance-Coupling 

Detection Mechanism 
In this section, an ESD-transient detection circuit, which is combined with the parasitic 

diode of the ESD clamp nMOS transistor drawn in BigFET layout style, has been proposed 

and verified in a 65nm 1.2V CMOS process. The new proposed power-rail ESD clamp circuit 

has features of low leakage current, high immunity against mis-trigger, and high efficiency of 

layout area. 

 

4.3.1 Circuit Schematic 
The circuit schematic and cross-sectional view of the new proposed power-rail ESD clamp 

circuit with MESD drawn in BigFET layout style are shown in Figs. 4.4(a) and (b), respectively. 
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In Fig. 4.4(a), the body of MESD is not directly connected to VSS but to diode-connected Mnd 

and input node of controlling circuit, which is composed of two transistors (Mp and Mn) and 

two resistors (Rp and Rn). However, the body of MESD can be still biased to VSS through the 

parasitic p-substrate resistor Rsub due to P+ pickup elsewhere, as shown in Fig. 4.4(b). 

There is a large-area reverse-biased diode Ddb existed in the drain and body of MESD. The 

other one exists in the body of MESD and the Nwell guard ring. These two parasitic diodes are 

used as the equivalent capacitors. The diode-connected Mnd and parasitic p-substrate resistor 

Rsub are used as the equivalent large resistors. Hence, an equivalent capacitance-coupling 

network is constructed without using an actual capacitor and resistor to greatly reduce the 

layout area. 

 

4.3.2 Operation Mechanism under ESD Transition 
When a positive fast transient ESD-like voltage is applied to VDD, the node Psub will be 

elevated by equivalent capacitance-coupling mechanism. Thus Mn can be quickly turned on 

and the controlling circuit can output a voltage level equal to that on VDD power line to 

command MESD at ON state. In order to simulate the fast transient edge of the HBM ESD 

event before the breakdown on the internal devices, a 4V voltage pulse with a rise time of 

10ns is applied to VDD, as shown in Fig. 4.5 with the device sizes listed in Table 4.2 

(adopting MESD width of 2000µm). 

During this ESD-like transition, the voltage of node Psub is increased by 

capacitance-coupling network. Although the voltage of node Psub is nearly kept at the value 

of turn-on voltage of the parasitic diode Dsb, such a turn-on voltage is still larger than the 

threshold voltage of Mn to activate the controlling circuit. Therefore, the voltage of node Nb 

is quickly pulled up to the voltage level on VDD power line in ~4ns. Then, MESD can be 

successfully turned on to discharge the ESD current from VDD to VSS. 

 

4.3.3 Experimental Results 
The test chips of power-rail ESD clamp circuits had been fabricated in a 65nm 1.2V 

CMOS process. As shown in Figs. 4.6(a) ~ (d), the layout area of the proposed ESD-transient 

detection circuit is reduced by ~82% than that of traditional RC-based one. 

 

4.3.3.1 Standby Leakage Current 
The leakage current of the RC-based power-rail ESD clamp circuit is 88.66nA as listed in 
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Table 4.3. The leakage currents of the proposed power-rail ESD clamp circuits at 1.2V normal 

operation voltage are shown in Fig. 4.7. The proposed power-rail ESD clamp circuits have the 

leakage currents of the range from 30nA to 48nA, which is greatly reduced by ~46% 

compared with traditional RC-based one. Therefore, the proposed power-rail ESD clamp 

circuit with lower leakage current is more adequate for the portable product, which highly 

requires low standby current. 

 

4.3.3.2 TLP Measurement and ESD Robustness 
The TLP generator with a pulse width of 100ns and a rise time of ~2ns is used to measure 

the power-rail ESD clamp circuits [29]. The measured TLP I-V curves of the prior arts are 

shown in Fig. 4.8(a). The It2 of the prior arts with MESD width of 2000µm are both 5.34A. As 

shown in Fig. 4.8(b), the It2 of the new proposed power-rail ESD clamp circuit can achieve 

the same level of 5.39A. To observe the beginning of conduction in Fig. 4.8(b), the zoom-in 

illustration of TLP I-V curves is shown in Fig. 4.8(c). The curves of different Mnd widths both 

have the same Vt1 of ~2.9V because Rsub has a much smaller resistance than that of 

diode-connected Mnd. It is verified that capacitance-coupling network is mainly consisted by 

Ddb and Rsub. Overall, the measured holding voltages are ~2V, which is higher than the 

normal circuit operation voltage VDD of 1.2V. Therefore, the proposed power-rail ESD clamp 

circuits are free to latch-on issue for safely applying in 1.2V applications. In addition, the 

measured HBM (MM) ESD levels of all fabricated power-rail ESD clamp circuits with the 

MESD width of 2000µm are over ±8kV (+650V and -750V). 

 

4.3.3.3 Turn-On Verification 
A TLP voltage pulse with a rise time of ~2ns and a pulse height of 4V is applied to the 

VDD power line with the VSS grounded, as shown in Fig. 4.9(a). The applied 4V voltage 

pulse can be quickly clamped down to a lower voltage level of ~2.28V with the discharging 

current of ~32mA. The MESD can be successfully turned on to provide a low impedance path 

from VDD to VSS to discharge ESD current. 

For the fast power-on condition, a voltage pulse with 1.2V and 20ns rise time is applied, as 

shown in Fig. 4.9(b). The measured voltage waveform is totally not degraded. Therefore, the 

proposed power-rail ESD clamp circuit has high immunity against mis-trigger. 
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4.4 ESD Clamp Circuit with Equivalent RC-Based Detection 

Mechanism 
Low standby leakage of the power-rail ESD clamp circuit is highly demanded by the 

hand-held, portable, and battery powered products [38]. In advanced CMOS technology, the 

leakage current of nMOS was often larger than that of pMOS in the same device dimension. 

Besides, pMOS used as ESD clamp device has become important for low voltage and mixed 

voltage supply in deep submicron CMOS products [49], [50]. Hence, pMOS is suggested to 

be used as the ESD clamp device. 

In this section, an ultra-area-efficient ESD-transient detection circuit, which is combined 

with the parasitic diode of the ESD clamp pMOS transistor drawn in BigFET layout style, has 

been proposed and verified in a 65nm 1.2V CMOS process. From the measured results, the 

new proposed power-rail ESD clamp circuit can achieve excellent electrical performances 

with greatly reduced layout area. 

 

4.4.1 Circuit Schematic 
The circuit schematic and the cross-sectional view of the new proposed ESD-transient 

detection circuit with the ESD clamp pMOS transistor drawn in BigFET layout style are 

shown in Figs. 4.10(a) and (b), respectively. In Fig. 4.10(a), the body of ESD clamp pMOS 

transistor is not connected to VDD but to the diode-connected pMOS transistor Mpd and the 

input node of the controlling circuit, which is composed of two transistors (Mp and Mn) and 

two resistors (Rp and Rn). The output node of the controlling circuit is connected to the gate 

of ESD clamp pMOS transistor to command the ESD clamp pMOS transistor at “ON” or 

“OFF” state. As shown in Fig. 4.10(b), there is a large-area reverse-biased diode existed in the 

body and the drain of ESD clamp pMOS transistor. The other one exists in the body of ESD 

clamp pMOS transistor and the P+ pickup. These two parasitic diodes are used as the 

equivalent capacitors and the diode-connected pMOS transistor Mpd is used as the equivalent 

resistor. Therefore, an equivalent RC-based ESD-transient detection mechanism is constructed 

without using an actual resistor and capacitor to significantly reduce the layout area. 

 

4.4.2 Operation Principles 
4.4.2.1 Normal Power-On Transition 

Under the normal circuit operating condition, the body voltage of ESD clamp pMOS 
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transistor (Nwell in Fig. 4.10(a)) can be biased toward VDD through the diode-connected 

transistor Mpd. The diode-connected transistor Mpd acts as an equivalent large resistor to 

charge the Nwell node toward VDD. Then, the controlling circuit can output a voltage level of 

VDD to command the ESD clamp pMOS transistor at “OFF” state. 

With the SPICE parameters provided from foundry and the device sizes listed in Table 4.4 

(adopting MESD width of 2000µm), the simulated voltage waveforms and the leakage current 

of the proposed power-rail ESD clamp circuit during the normal power-on transition are 

shown in Fig. 4.11(a). In Fig. 4.11(a), the voltage of node Nwell can be smoothly charged to 

the voltage level near VDD through the diode-connected transistor Mpd. When the width of 

Mpd is 4µm (20µm), the voltage of node Nwell is charged to 1.130V (1.164V). At the same 

time, the body current of MESD is 238pA (354pA). This body current is obviously not 

provided by the parasitic forward-biased diode Dsb of ESD clamp pMOS transistor as shown 

in Fig. 4.11(b) because the forward-biased current is only in the order of femto-ampere (fA). 

On the contrary, the drain current of Mpd with 4µm (20µm) width is 238pA (354pA) when it 

dissipates ~69mV (~35mV) voltage drop. Mpd with smaller width would cause larger voltage 

drop to provide drain current. As a result, Mp would not be completely turned off to induce 

more leakage current. Therefore, the simulated total standby leakage current is 45nA (31nA) 

for Mpd width of 4µm (20µm) when VDD is raised up to 1.2V with a rise time of 1ms. 

 

4.4.2.2 ESD Transition 
When a positive fast transient ESD-like voltage is applied to VDD with VSS grounded, the 

RC time constant keeps the node Nwell at a relatively low voltage level as compared with that 

on VDD power line. The RC time constant is consisted by the equivalent resistor implemented 

by diode-connected transistor Mpd, and the equivalent capacitors from parasitic diodes of 

Nwell/Psub and Nwell/drain junctions. Consequently, Mp can be quickly turned on and the 

controlling circuit can output a voltage level of VSS to command the ESD clamp pMOS 

transistor at “ON” state. 

In order to simulate the fast transient edge of the HBM ESD event before the breakdown 

on the internal devices, a 4V voltage pulse with a rise time of 10ns is applied to VDD. The 

simulated voltage waveforms of the new proposed power-rail ESD clamp circuit during such 

an ESD-like transition are illustrated in Fig. 4.12. During this ESD-like transition, the voltage 

of node Nwell is increased much slower than that on the VDD power line due to RC time 

constant at node Nwell. The voltage difference between the VDD power line and node Nwell 
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is nearly kept at the value of turn-on voltage of the diode Dsb. However, such a turn-on 

voltage of the diode Dsb is still larger than the threshold voltage of Mp to activate the 

controlling circuit. Therefore, the voltage level of node Nb is successfully pulled down to the 

VSS level in about 4ns. Therefore, the ESD clamp pMOS transistor can be fully turned on to 

discharge the ESD current from VDD to VSS. 

In Fig. 4.12, the voltages of node Nwell are slightly different under different Mpd width. 

The equivalent resistance of Mpd with smaller width is larger than that of Mpd with larger 

width. As a result, the voltage of node Nwell under smaller Mpd width would be slightly 

lower due to larger RC time constant. Besides, the body and the source of ESD clamp pMOS 

transistor are not connected together. It will induce the body effect of MOSFET to influence 

the conduction behavior of ESD clamp pMOS transistor. This phenomenon will be observed 

and discussed in the following experimental results. 

 

4.4.3 Experimental Results 
The test chips of power-rail ESD clamp circuits with the traditional RC-based, smaller 

capacitance, capacitor-less, and new proposed ultra-area-efficient ESD-transient detection 

circuits have been fabricated in a 65nm 1.2V CMOS process, as shown in Figs. 4.13(a) ~ (d). 

The dimension of MESD in all circuits verified in the silicon test chip is kept 2000µm/100nm. 

Compared with the power-rail ESD clamp circuit with the traditional RC-based ESD-transient 

detection circuit, the layout area of the whole new proposed power-rail ESD clamp circuit is 

reduced by ~46%, and the layout area of the ultra-area-efficient ESD-transient detection 

circuit is reduced by ~82%. These circuits are prepared for leakage measurement, ESD 

robustness and TLP measurement, very fast TLP (VF-TLP) measurement, and turn-on 

verification. 

 

4.4.3.1 Standby Leakage Current 
The leakage currents of the fabricated power-rail ESD clamp circuits are measured by 

HP4155 from 0V to 1.2V with the voltage step of 20mV at 25oC, as shown in Fig. 4.14(a) for 

the prior art designs and in 4.14(b) for the new proposed design. The leakage currents of the 

traditional RC-based design and the smaller capacitance design are 88.66nA and 85.22nA at 

room temperature, respectively. At the same device width of 2000µm, the leakage current of 

the capacitor-less design can be reduced to only 12.97nA due to ESD clamp pMOS transistor. 

For the new proposed design, the leakage current is 23.35nA for Mpd width of 20µm. 



 

 99 

Because the body node of ESD clamp pMOS transistor is not fully biased to VDD, the 

transistor Mp would not be fully turned off to increase the total leakage current (as shown in 

Fig. 4.11(a)). Although the leakage current of the new proposed design is slightly larger than 

that of the capacitor-less design, it is still reduced by ~74%, compared with that of traditional 

RC-based design. The measured standby leakage currents of the fabricated power-rail ESD 

clamp circuits under 1.2V bias at different temperatures are also listed in Table 4.5. At higher 

temperatures, it can be observed that the increasing percentage of leakage current of the new 

proposed design is much better than those of the prior art designs. 

 

4.4.3.2 TLP Measurement and ESD Robustness 
The TLP generator with a pulse width of 100ns and a rise time of ~2ns is used to measure 

the fabricated power-rail ESD clamp circuits [29]. The measured TLP I-V curves of the prior 

arts are shown in Fig. 4.15. The It2 of the traditional RC-based and the smaller capacitance 

designs of the power-rail ESD clamp circuits with MESD width of 2000µm are both 5.31A. 

However, the It2 of the capacitor-less design of the power-rail ESD clamp circuit is 4.83A due 

to ESD clamp pMOS transistor. As shown in Fig. 4.16(a), the It2 of the new proposed 

power-rail ESD clamp circuit can achieve the same level as that of capacitor-less design at the 

specific MESD width. To observe the beginning of conduction in Fig. 4.16(a), the zoom-in 

illustration of TLP I-V curves is shown in Fig. 4.16(b). The curves of different Mpd widths 

start to rise at different voltage level due to the body effect of ESD clamp pMOS transistor. 

For the Mpd width of 4µm, the body effect is worse and the threshold voltage of ESD clamp 

pMOS transistor would be smaller. As a result, the TLP I-V curves for the Mpd width of 4µm 

rise at lower voltage level of ~1.3V (It is ~1.8V for the Mpd width of 20µm). In addition, the 

DC I-V curves of the ultra-area-efficient designs are measured (using TEK370 curve tracer) 

by applying a voltage sweep on the VDD power line to verify the dependence on the body 

effect of ESD clamp pMOS transistor and the holding voltage of the new proposed power-rail 

ESD clamp circuit. In Fig 4.16(c), the circuit with the Mpd width of 4µm surely has lower 

holding voltage of ~1.76V due to more serious body effect and it is high to ~1.95V for the 

Mpd width of 20µm when the width of ESD clamp pMOS transistor is kept at 2000µm. 

Overall, the measured holding voltages are all higher than the normal circuit operation voltage 

VDD of 1.2V no matter what kind of measurement is taken. Therefore, the proposed 

power-rail ESD clamp circuits are free to latchup issue for safely applying in 1.2V 

applications [51], [52]. 
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The measured HBM and MM ESD levels of the fabricated power-rail ESD clamp circuits 

under positive and negative VDD-to-VSS ESD stresses are listed in Table 4.6. The measured 

HBM (MM) ESD level of the ESD clamp pMOS transistor with the width of 2000µm is over 

±8kV (+500V and -700V). Overall, the measured HBM and MM ESD levels of the proposed 

power-rail ESD clamp circuits are well proportional to the width of ESD clamp pMOS 

transistor. 

Charged-device model (CDM) is also an important ESD testing standard for ICs. In order 

to investigate the turn-on behavior of the new proposed designs under CDM-like fast transient 

condition, the very fast TLP (VF-TLP) with a pulse width of 10ns and a rise time of 200ps is 

used to measure the new proposed power-rail ESD clamp circuits. The measured VF-TLP I-V 

curves of the power-rail ESD clamp circuits with different MESD widths are shown in Fig. 

4.17, where the width of Mpd is kept at 20µm. In Fig. 4.17, the new proposed power-rail ESD 

clamp circuits can be successfully activated to achieve higher It2 than those measured by TLP 

measurement due to the shorter pulse width of VF-TLP. In addition, the measured It2 from 

VF-TLP are also well proportional to the width of ESD clamp pMOS transistor. 

 

4.4.3.3 Turn-On Verification 
For normal power-on condition, the voltage pulse usually has a rise time in the order of 

milliseconds. As shown in Fig. 4.18(a), the measured voltage on VDD power line successfully 

rises up to 1.2V in 1ms without any degradation and the measured current is near zero. 

However, some previous studies [36], [46] have demonstrated that the power-rail ESD clamp 

circuits with RC-based ESD-transient detection circuits were easily mis-triggered or into the 

latch-on state under the fast power-on condition. The new proposed power-rail ESD clamp 

circuit has also been applied with 1.2V voltage pulse with 20ns rise time to investigate the 

immunity against mis-trigger under the fast power-on condition, as shown in Fig. 4.18(b). The 

measured voltage on VDD power line still can rise up to 1.2V with tiny deviation in the 

beginning period of ~5ns. However, the measured current waveform is smooth at the level 

near zero. Therefore, the new proposed power-rail ESD clamp circuit can be still free from the 

mis-trigger issues. 

The transient voltage with a pulse height of 4V and a rise time of 10ns is applied to the 

VDD power line with 1.2V normal operation voltage to verify the latch-on issue. As shown in 

Fig. 4.19(a), the transient voltage pulse can activate the ESD-transient detection circuit to 

command the ESD clamp pMOS transistor at ON state. The applied 4V voltage pulse is 
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clamped down to a lower voltage level of ~2.2V by the new proposed power-rail ESD clamp 

circuit with discharging current of ~35mA. After the transient, the voltage on VDD power line 

is back to 1.2V operation voltage and the current is almost zero. 

In order to observe the transient behavior of the proposed power-rail ESD clamp circuit, a 

TLP voltage pulse with a rise time of ~2ns and a pulse height of 4V is applied to the VDD 

power line with the VSS grounded. The TLP voltage pulse can quickly initiate the new 

proposed power-rail ESD clamp circuit. The measured voltage and current waveforms in time 

domain on VDD power line under 4V voltage pulse are shown in Fig. 4.19(b). The applied 4V 

voltage pulse can be quickly clamped down to a lower voltage level of ~1.71V by the new 

proposed power-rail ESD clamp circuit with the discharging current of ~45mA. When the 

TLP voltage pulse height is increased, the new proposed power-rail ESD clamp circuit can 

discharge more current. The turned-on ESD clamp pMOS transistor can provide a low 

impedance path from VDD to VSS to discharge ESD current and clamp down the voltage 

level. Overall, the new proposed ultra-area-efficient ESD-transient detection circuit can be 

successfully activated by the voltage pulse with fast transient edge to turn on the ESD clamp 

pMOS transistor. 

 

4.5 Summary 
The new proposed ESD-transient detection circuit with equivalent capacitance-coupling 

and equivalent RC-based ESD-transient detection mechanism has been proposed and 

successfully verified in a 65nm 1.2V CMOS technology. According to the measured results, 

the proposed power-rail ESD clamp circuit has good ESD robustness and excellent immunity 

against the transient-induced latch-on or mis-trigger issues and good proportionality between 

the width of ESD clamp device and the ESD robustness. Moreover, the proposed 

ESD-transient detection circuit saves the layout area by ~82% compared with the traditional 

RC-based ESD-transient detection circuit. The new proposed power-rail ESD clamp circuit is 

an excellent circuit solution to achieve effective and efficient on-chip ESD protection in 

advanced nanoscale CMOS technologies. 
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Table 4.1 
Device Dimension of Prior Arts of Power-Rail ESD Clamp Circuit 

 
 

Table 4.2 
Device Sizes of Proposed Power-Rail ESD Clamp Circuit with ESD Clamp nMOS Transistor 

 
 

Table 4.3 

Leakage Currents of the Power-Rail ESD Clamp Circuits  
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Table 4.4 

Device Sizes of Proposed Power-Rail ESD Clamp Circuit with ESD Clamp pMOS Transistor 

 
 

Table 4.5 
Leakage Currents of the Power-Rail ESD Clamp Circuits  

 
 

Table 4.6 
ESD Robustness of Fabricated Power-Rail ESD Clamp Circuits  
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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 detection 

circuit [36]. 
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(a) 

 

 
(b) 

Fig. 4.3  Capacitor-less power-rail ESD clamp circuit with (a) ESD clamp nMOS transistor 

[47] and (b) ESD clamp pMOS transistor [48]. 
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(a) 

 

(b) 
Fig. 4.4  The (a) circuit schematic and the (b) cross-sectional view of the new proposed 

power-rail ESD clamp circuit with ESD clamp nMOS transistor. 
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Fig. 4.5  Simulated voltage waveforms of the new proposed power-rail ESD clamp circuit 

with ESD clamp nMOS transistor under the ESD-like transition. 

 

         
(a)                              (b) 

         
(c)                              (d)   

Fig. 4.6  Chip microphotograph of the (a) traditional RC-based, (b) smaller capacitance, (c) 

capacitor-less, and (d) new proposed power-rail ESD clamp circuits with ESD clamp nMOS 

transistor. 
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Fig. 4.7  The measured standby leakage currents of the new proposed power-rail ESD clamp 

circuits with ESD clamp nMOS transistor. 

 

 

 
(a) 
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(b) 

 
(c) 

Fig. 4.8  Measured TLP I-V curves of the (a) prior arts, (b) new proposed design with ESD 

clamp nMOS transistor, and (c) the zoom-in illustration of (b). 
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(a) 

 
(b) 

Fig. 4.9  The voltage waveforms under (a) TLP transition with 4V voltage pulse and (b) fast 

power-on transition. 
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(a) 

 

(b) 

Fig. 4.10  The (a) circuit schematic and the (b) cross-sectional view of the new proposed 

ESD-transient detection circuit with ESD clamp pMOS transistor. 
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(a) 

 
(b) 

Fig. 4.11  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. 
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Fig. 4.12  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. 

 

         
(a)                              (b) 

         
(c)                              (d) 

Fig. 4.13  Chip microphotograph of the fabricated power-rail ESD clamp circuits with 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. 
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(a) 

 
(b) 

Fig. 4.14  The measured standby leakage currents of the fabricated power-rail ESD clamp 

circuits with (a) prior art designs and (b) new proposed design with ESD clamp pMOS 

transistor. 
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Fig. 4.15  TLP measured I-V curves of the power-rail ESD clamp circuits with the traditional 

RC-based and the smaller capacitance designs. 
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(a) 

 
(b) 
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(c) 

Fig. 4.16  Measured I-V curves of the new proposed power-rail ESD clamp circuits under (a) 

the TLP measurement, (b) the zoom-in illustration of TLP I-V curves for observing the 

holding voltages, and (c) the DC I-V measurement by curve tracer. 

 

 

Fig. 4.17  VF-TLP measured I-V curves of the ultra-area-efficient power-rail ESD clamp 

circuits with Mpd width of 20µm under positive VDD-to-VSS ESD stress. 
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(a) 

 
(b) 

Fig. 4.18  The measured transient voltage and current waveforms of the 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. 
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(a) 

 
(b) 

Fig. 4.19  Measured voltage and current waveforms of the new proposed power-rail 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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Chapter 5 
Power-Rail ESD Clamp Circuit with Considerations of 

Gate Leakage Current and Gate Oxide Reliability 

 
In this chapter, the power-rail ESD clamp circuits with considerations of gate leakage 

current and gate oxide reliability are presented. First, the gate leakage current issue in 

conventional power-rail ESD clamp circuits is discussed in section 5.2. The power-rail ESD 

clamp circuit for 1×VDD applications is investigated in section 5.3, and high-voltage-tolerant 

power-rail ESD clamp circuit is discussed in section 5.4. All power-rail ESD clamp circuit 

were fabricated in a 65nm 1V fully silicided CMOS process. 

 

5.1 Background 
With the continuously scaled-down CMOS technology, the thickness of the gate oxide has 

been scaled down to only ~2nm. Such a thin gate oxide in nanometer CMOS technology 

would result in intolerable overall leakage current of the ICs due to the gate leakage current 

[53], [54]. Although the high-K/metal-gate materials can be used to reduce the equivalent 

oxide thickness (EOT) and the gate leakage current in nanoscale CMOS technology [55], [56], 

the 90nm, 65nm, and 45nm CMOS technologies still suffer the gate leakage issue because the 

high-K/metal-gate materials were not yet included into these processes supported by some 

foundries. Although the gate leakage can be reduced by directly using thick gate oxide 

devices, it has some limitations for the system-on-chip (SoC) with mixed-voltage I/O 

interfaces [57]. Without the thick gate oxide devices in low voltage process, the process steps 

can be reduced, the fabrication yield can be increased, and the chip cost can be lowered. 

Recently, some works were reported on how to reduce the gate leakage current by circuit 

technique for saving total power consumption in advanced CMOS technologies [58], [59]. 

The gate current of MOSFET is directly dependent on the poly-gate area and the gate 

oxide thickness, which has been modeled in BSIM4 MOSFET model [60]. Based on the 

corresponding SPICE parameters provided from foundry, the gate current flowing through an 

nMOS capacitor with W/L of 5µm/5µm under 1V bias is as large as 1.61µA (217nA) in 65nm 
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(90nm) CMOS technology. The simulated voltage-dependent gate leakage currents of the 

nMOS capacitors are shown in Fig. 5.1, where the gate leakage issue in 65nm CMOS 

technology is obviously worse than that in 90nm CMOS technology. 

Recently, some designs of the low-leakage power-rail ESD clamp circuit in nanometer 

CMOS technologies were revealed [32], [61], [62]. In [32], the gate current was utilized to 

bias the ESD detection circuit and to reduce the voltage difference across the gates of the 

MOS capacitors. In [61], the RC-based ESD detection circuit and the feedback control 

inverter were used to avoid the direct leakage path through the MOS capacitor. In [62], the 

ESD detection circuit consisted of the RC timer, inverters, and feedback pMOS. The feedback 

pMOS could lower the voltage drop across the RC timer to reduce the gate-leakage current of 

the MOS capacitor. 

In addition, the SoC has become popular because the number of transistors in a chip is 

aggressively increasing with the continuously progressed CMOS technology. The gate oxide 

thickness has been shrunk to improve circuit operating speed for such SoC applications. The 

power supply voltage has also been scaled down to reduce power consumption. For SoC 

integration, the I/O circuits with low-voltage devices may receive or drive high-voltage 

signals to communicate with other ICs in a microelectronic system. However, the nanoscale 

device with thinner gate oxide and shallower diffusion junction depth arises several serious 

problems when it is implemented in the I/O circuits with mixed-voltage interfaces [63]. These 

problems include the gate oxide reliability [64]-[66] and the undesirable leakage current paths 

[32], [61], [67]. Therefore, the chip-to-chip mixed-voltage I/O interfaces are required in the 

microelectronic systems with different power supply voltages [63], [68], [69]. 

In order to solve the gate oxide reliability issue without using the additional thick 

gate-oxide devices in the ESD protection circuit for the mixed-voltage I/O interfaces, the 

high-voltage-tolerant configurations had been widely used for mixed-voltage I/O circuits to 

reduce the process complexity and fabrication cost [70]-[73]. For [70] and [71], the 

substrate-triggered circuit, which is composed of the two pMOS devices, is controlled by the 

two RC-based detection circuits. In [72] and [73], the diode-connected pMOS are used as the 

voltage divider to bias the ESD detection circuit. However, those prior designs [70]-[73] did 

not consider the gate leakage current if such circuits were further implemented in nanometer 

CMOS processes. In nanometer CMOS technologies, the gate leakage current must be 

considered during circuit design. Therefore, some design strategies on high-voltage-tolerant 

power-rail ESD clamp circuit were also revealed to reduce the standby leakage current in 
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nanometer CMOS technologies [62], [74]. 

 

5.2 Gate Leakage Current in the Conventional Power-Rail ESD 

Clamp Circuits 

5.2.1 Traditional RC-Based Power-Rail ESD Clamp Circuit 
The traditional RC-based power-rail ESD clamp circuit with a large-sized ESD clamp 

device was traditionally used to protect the core circuits [8], as shown in the inset of Fig. 5.2. 

The simulated voltages on the nodes of the traditional RC-based power-rail ESD clamp circuit 

and the gate current of the MOS capacitor Mc are shown in Fig. 5.2, under the normal 

power-on condition with a rise time of 1ms in a 65nm 1V CMOS process. The dimensions of 

R, Mc, Mp, Mn, and MESD are 165.3kΩ, 64µm/2µm, 184µm/60nm, 36µm/60nm, and 

2000µm/0.1µm, respectively. From the simulated results in Fig. 5.2, the gate current of Mc is 

1.65µA when VDD is raised up to 1V. The voltage level on node A is about 0.72V due to the 

voltage drop across R. Therefore, a leakage current path is generated from VDD through the 

inverter (Mp and Mn) to VSS. Consequently, the main ESD clamp device MESD operating in 

the sub-threshold region will cause more leakage current under the normal circuit operating 

condition. 

 

5.2.2 Capacitor-Less Design of Power-Rail ESD Clamp Circuit 
Based on the concept of capacitor-less design [47], a SCR clamp with dual-base ESD 

detection driver was proposed to save area [75]. The SCR used as ESD clamp device can 

reduce leakage current. However, the gate leakage issue of the dual-base ESD detection driver 

in advanced nanoscale CMOS process should be further considered. 

The capacitor-less design of power-rail ESD clamp circuit with a large-sized ESD clamp 

device was proposed to protect the core circuits [47], as shown in the inset of Fig. 5.3. The 

simulated voltages on the nodes of the capacitor-less design of power-rail ESD clamp circuit 

under the normal power-on condition with a rise time of 1ms in a 65nm 1V CMOS process 

are shown in Fig. 5.3. The gate and drain currents of MESD are also shown in Fig. 5.3. The 

dimensions of Rp, Rn, Mp, Mn, and MESD are 20kΩ, 40kΩ, 24µm/60nm, 12µm/60nm, and 

2000µm/0.1µm, respectively. The P+ junction area of the diode Dn is 0.057µm2. From the 

simulated results in Fig. 5.3, the gate current of MESD is 1.69µA when VDD is raised up to 1V. 

The voltage drop across Rp mainly induced by the gate current of MESD is about 55mV, which 
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is not enough to turn Mn on. Therefore, the ESD detection circuit can be almost turned off. 

However, there is still a leakage current path from VDD through the main ESD clamp device 

MESD to VSS. As shown in Fig. 5.3, the drain current of MESD is as large as 11.79µA and is the 

major source of the total standby leakage current. 

The measured standby leakage currents of the traditional RC-based and the capacitor-less 

power-rail ESD clamp circuits in a 65nm 1V CMOS process at room temperature are shown 

in Fig. 5.4. The voltage of VDD power line is from 0V to 1V with the voltage step of 20mV. 

When VDD is 1V, the measured standby leakage currents of the RC-based and the 

capacitor-less power-rail ESD clamp circuits at room temperature are 760.42µA and 12.86µA, 

respectively. The standby leakage currents of the traditional RC-based and the capacitor-less 

power-rail ESD clamp circuit under different temperatures are also listed in Table 5.1. Based 

on the measured results in Fig. 5.4 and Table 5.1, MOS transistor, which is drawn with large 

device dimension as the ESD clamp device, is too leaky for the portable products requiring 

for low power consumption. 

 

5.3 Power-Rail ESD Clamp Circuit for 1×VDD Applications 
In this section, a new power-rail ESD clamp circuit with low standby leakage current and 

area efficiency is proposed and successfully verified in a 65nm 1V CMOS technology. By 

using the new proposed circuit solution, the standby leakage current of the proposed 

power-rail ESD clamp circuit can be significantly reduced to the order of nano-ampere under 

the normal circuit operating condition with 1V bias. In addition, an area-efficient SCR clamp 

device with embedded ESD-transient detection circuit is also proposed. The modification of 

layout structure not only saves the total layout area but improves the discharging efficiency 

for ESD current. At the same time, the standby leakage current of the proposed layout 

structure can be still in the order of nano-ampere under the normal circuit operating condition 

with 1V bias. 

 

5.3.1 Design Concept of ESD-Transient Detection Circuit 
The new proposed power-rail ESD clamp circuits of low standby leakage are shown in 

Figs. 5.5(a) and (b), respectively, with p-type and n-type triggered silicon-controlled rectifier 

(SCR) devices as the main ESD clamp devices. The SCR device [76] used as the main ESD 

clamp device can avoid the gate leakage current issue due to no poly-gate structure inside the 

SCR device. However, the SCR device has some disadvantages, such as the slow turn-on 
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speed and the high triggered voltage. Therefore, the ESD detection circuit is necessary to 

improve the turn-on speed of the SCR device under ESD stress condition. The new proposed 

ESD detection circuit is designed with considerations of the gate leakage current and the gate 

oxide reliability. By inserting the diode in the ESD detection circuit, the voltage differences 

across the gate oxide of the nMOS and pMOS transistors can be intentionally reduced. 

Therefore, the gate leakage current of the nMOS and pMOS transistors in the ESD detection 

circuit can be well controlled to minimize the total standby leakage current. 

In the proposed ESD detection circuit of Fig. 5.5(a), the pMOS Mp is used to generate the 

trigger current into the trigger node (node C in Fig. 5.5(a)) of the p-type triggered SCR device 

during the ESD stress event. Under the normal circuit operating condition, the Mp is kept off 

and the trigger node is kept at VSS through the parasitic p-substrate resistor Rsub. Therefore, 

the p-type triggered SCR device is turned off during the normal circuit operating condition. 

The RC-based ESD-transient detection mechanism is realized by the Rn and the junction 

capacitance of the reverse-biased diode Dc, which can distinguish the ESD stress event from 

the normal power-on condition. Compared to the thin gate oxide of MOS in the traditional RC 

circuit, the reverse-biased diode Dc used as capacitor to realize the RC time constant in the 

proposed ESD detection circuit can be free from the gate leakage current issue. The inserted 

diodes, Dn and Dp, in the ESD detection circuit are used to reduce the voltage differences 

across the gate oxide of the transistors Mp and Mn in the ESD-transient detection circuit. 

Therefore, the leakage current and gate oxide reliability of Mp and Mn can be safely relieved. 

Similarly, the complementary type of the proposed ESD detection circuit is shown in Fig. 

5.5(b) to trigger the n-type triggered SCR device. In Fig. 5.5(b), the Rp is used to keep the 

node C at VSS under the normal circuit operating condition. The additional diode Dt is used 

to block the connection between the Rn and the parasitic n-well resistor Rwell in the SCR 

device for not affecting the RC time constant at node A. In this complementary type of ESD 

detection circuit, the nMOS Mn is used to conduct the trigger current from the trigger node 

(the anode of Dt) of the n-type triggered SCR device under the ESD stress event. 

The new proposed power-rail ESD clamp circuits have been fabricated in a 65nm 1V 

CMOS process. All devices in the proposed design are 1V fully-silicided devices, including 

the SCR device. For p-type and n-type triggered designs, the widths of SCR devices are split 

with 30, 40, and 50µm to verify the corresponding ESD robustness. The device dimension of 

Mp (Mn) in the ESD-transient detection circuit can be adjusted to provide different trigger 

currents for turning on the p-type (n-type) triggered SCR devices. Therefore, the gate widths 
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of Mp and Mn are split with 40, 60, 80µm to investigate the turn-on efficiency of the 

proposed power-rail ESD clamp circuit, as listed in Table 5.2. 

 

5.3.2 Silicon-Controlled Rectifier (SCR) Embedded into ESD-Transient 
Detection Circuit 

The cross-sectional view of the proposed area-efficient power-rail ESD clamp circuit with 

embedded ESD-transient detection circuit is shown in Fig. 5.6. The main concept of layout 

modification is to sufficiently utilize parasitic or existing elements in the ESD-transient 

detection circuit. By following this main concept, the layout area of new proposed design can 

be greatly saved due to no use of additional resistors and capacitors. 

In Fig. 5.6, the source of Mp (Mn) in ESD-transient detection circuit is skillfully used as 

the anode (cathode) of one of the SCR path. The resistors (Rwell and Rsub) connected to the 

gate of Mp and Mn are implemented by parasitic resistor in N-well and P-substrate, 

respectively. The RC-based ESD-transient detection mechanism is realized by the Rwell and 

the reverse-biased diode Dc, which is implemented by the Nwell/P-substrate junction of the 

surrounding guardring. The inserted diodes, Dn and Dp, in ESD-transient detection circuit are 

intentionally placed between the P+ pickup regions and the cathodes of SCR paths. This 

arrangement can increase the parasitic resistance of Rsub and the holding voltage of SCR 

device can be reduced in response to increased value of Rsub. Additional N+ region 

connected to VDD is inserted to form a diode Dr to provide a forward-biased discharging path 

from VSS-to-VDD during the ESD stress event. 

For comparison, the widths of SCR devices in the proposed power-rail ESD clamp circuit 

in Fig. 5.5(a) are designed with 25, 35, and 45µm to verify the corresponding ESD robustness. 

The width of Mp is kept at 35µm for single finger with the variance in finger number of 1, 2, 

and 4. The device dimensions of the other devices, including Rn, Dc, Dp, Dn, and Mn, are 

fixed as listed in Table 5.3.  

For the power-rail ESD clamp circuit with embedded ESD-transient detection circuit in 

this work, the widths of SCR devices are also split with 25, 35, and 45µm. The width of Mp 

and Mn is varied in response to the width of SCR device due to embedded feature of layout 

structure. Therefore, the width of Mp and Mn would be 25, 35, and 45µm for single finger 

with the variance in finger number of 1, 2, and 4. For simplicity, the dimensions of Dp and Dn 

are also varied in response to the width of SCR device as listed in Table 5.3. The 

reverse-biased diode Dc is provided by the surrounding N+ guardring. 
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5.3.3 Operation Mechanism 
5.3.3.1 Normal Power-On Transition 

Under the normal circuit operating condition with VDD of 1V and grounded VSS, the gate 

voltage of Mp (node A in Fig. 5.5) is biased at 1V through the resistor Rn in the new proposed 

ESD detection circuit. The gate voltage of Mn (node C) is simultaneously biased at 0V 

through the parasitic p-substrate resistor Rsub (the resistor Rp) in the p-type (n-type) triggered 

design. Because Mp (Mn) is kept off, no trigger current is generated into (conducted from) the 

trigger node of the p-type (n-type) triggered SCR device. By inserting the diodes, Dp and Dn, 

in the ESD-transient detection circuit, the voltages at node B and node D can be clamped to 

the desired higher or lower voltage levels. Therefore, the drain-to-gate and drain-to-source 

voltages of Mp and Mn can be far less than 1V to further reduce the standby leakage current. 

By using the SPICE parameters provided from foundry and the design dimensions listed in 

Table 5.2, the simulated voltage waveforms and the leakage current of the proposed ESD 

detection circuit during the normal power-on transition are shown in Fig. 5.7, where VDD is 

raising from 0V to 1V with a rise time of 1ms. From the simulation results in Fig. 5.7, the 

voltage differences across the gate-to-drain, gate-to-source, and drain-to-source terminals of 

all transistors in the proposed ESD-transient detection circuit are only about 0.5V. Because the 

Mp (Mn) with the device dimension of 40µm/0.12µm is used to trigger the p-type (n-type) 

triggered SCR device on during the ESD stress event and the pMOS Mp has smaller gate 

leakage current as comparing to that of nMOS Mn in the same 65nm 1V CMOS process, the 

simulated leakage current of the ESD-transient detection circuit is around 13.9nA (42.6nA) 

for the p-type (n-type) triggered design as shown in Fig. 5.7. 

 

5.3.3.2 ESD Transition 
When a positive fast-transient ESD-like voltage is applied to VDD with grounded VSS, 

the RC time delay keeps the node A at a relatively low voltage level as compared with that at 

VDD. Mp can be quickly turned on to generate the trigger current into the trigger node (node 

C) of the p-type triggered SCR device in Figs. 5.5(a) and 5.6. The turned-on Mp can also 

elevate the voltage level at the node C to further turn Mn on. When Mn is turned on, the 

trigger current can be conducted from the trigger node (node A) of the n-type triggered SCR 

device in Figs. 5.5(b) and 5.6. 

To simulate the fast-transient edge of the HBM ESD event [1] before the breakdown on the 

internal devices to be protected, a 5V voltage pulse with a rise time of 10ns is applied to VDD. 
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The simulated transient voltage and the trigger current of the ESD detection circuit during 

such an ESD-like transition are illustrated in Fig. 5.8. According to the simulation results, Mp 

(Mn) can be successfully turned on to generate (conduct) the trigger current for the p-type 

(n-type) triggered design. Finally, the SCR device is fully turned on to discharge the ESD 

current from VDD to VSS. 

 
5.3.4 Experimental Results 

The proposed power-rail ESD clamp circuits have been fabricated in a 65nm fully silicided 

CMOS process by using only 1V devices. The microphotograph of the fabricated power-rail 

ESD clamp circuits with the SCR device of 40µm in width are shown in Fig. 5.9(a) for p-type 

triggered design and Fig. 5.9(b) for n-type one. The microphotograph of the embedded 

ESD-transient detection circuit design with the SCR device of 35µm in width is shown in Fig. 

5.10(a), and the p-type triggered design discussed in Fig. 5.5(a) is shown in Fig. 5.10(b). 

 

5.3.4.1 TLP Measurement and ESD Robustness 
In order to investigate the protection performance of the power-rail ESD clamp circuit 

during the ESD stress events, the TLP generator [29] with a pulse width of 100ns and a rise 

time of ~2ns is used to measure the It2 of the fabricated power-rail ESD clamp circuits. The 

TLP measured I-V curves of the fabricated power-rail ESD clamp circuits with different SCR 

widths are shown in Fig. 5.11 for the p-type and n-type triggered designs at room temperature. 

The power-rail ESD clamp circuit with p-type (n-type) triggered SCR widths of 30, 40, and 

50µm can achieve the It2 values of 2.07, 2.65, and 3.33A (2.08, 2.65, and 3.32A), respectively. 

The trigger voltage of the fabricated power-rail ESD clamp circuit with different Mp (Mn) 

widths is shown in Fig. 5.12. As shown in Fig. 5.12, the trigger voltage can be obviously 

reduced when the Mp (or Mn) width is increased. Therefore, the turn-on speed of the SCR 

device can be properly adjusted by the dimension of Mp or Mn to meet different application 

requirements. In addition, the holding voltages (Vh) of the p-type and n-type triggered 

designs are around ~2V. The fabricated power-rail ESD clamp circuits with Vh higher than 

VDD of 1V are free to latchup issue for 1V applications [51], [52]. 

The HBM and MM ESD levels of the fabricated power-rail ESD clamp circuit under 

positive VDD-to-VSS ESD stress are listed in Table 5.4. The HBM and MM ESD levels of 

the proposed power-rail ESD clamp circuits are also only related to the width of SCR device. 

The other TLP measured characteristics of fabricated power-rail ESD clamp circuit are also 
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listed in Table 5.4. 

The TLP measured I-V curves of the power-rail ESD clamp circuits are shown in Fig. 5.13 

for the p-type triggered design and in Fig. 5.14 for the embedded ESD-transient detection 

circuit. In these two figures, the It2 of embedded ESD-transient detection circuit is 1.63 times 

the value of p-type triggered design with given SCR width because the embedded 

ESD-transient detection circuit can provide two SCR discharging paths. For the Vh in the 

zoom-in illustration, it has been lowered from 1.92V to 1.46V due to larger Rsub and Rwell in 

the embedded ESD-transient detection circuit. ESD clamp circuit with lower Vh has better 

ESD protection capability and the Vh of embedded ESD-transient detection circuit is still 

higher than VDD of 1V to be free from latchup issue [52]. 

The HBM and MM ESD levels of the fabricated power-rail ESD clamp circuits with 

embedded ESD-transient detection circuit under positive VDD-to-VSS ESD stress are listed 

in Table 5.5. From the measured results, the HBM and MM ESD levels of the proposed 

embedded ESD-transient detection circuit are about 1.4~1.6 times the values of p-type 

triggered design with given SCR width. 

The trigger voltages (Vt1) of the fabricated power-rail ESD clamp circuits with different 

SCR widths are shown in Fig. 5.15 and also listed Table 5.5. In Fig. 5.15, Vt1 can be 

obviously reduced when the finger number of Mp and Mn is increased to provide larger 

trigger current into SCR device. Overall, the turn-on speed of the SCR device can be properly 

adjusted by the dimension of Mp or Mn to meet different application requirements. 

To avoid the latchup issue, the Vh of ESD protection circuit with SCR device must be 

designed greater than the maximum voltage level of VDD. The DC I-V curves of the proposed 

layout structures are measured (using Tek370 curve tracer) by applying a voltage sweep on 

the VDD pin. The dependence of Vh of the embedded ESD-transient detection circuit under 

different temperatures is illustrated in Fig. 5.16. In Fig. 5.16, the Vh slightly reduces when the 

temperature is increased because the current gain (β) of the parasitic bipolar transistor in the 

SCR device is increased with the increase of temperature. The Vh of the proposed layout 

structure at temperature of 100oC is 1.31V, which is still greater than VDD of 1V. The 

measured results have verified that the proposed layout structure can be safely applied in 1V 

CMOS ICs without latchup issue. 

 

5.3.4.2 Standby Leakage Current 
The leakage current of the fabricated power-rail ESD clamp circuits are measured by 
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HP4155 from 0V to 1V with the voltage step of 20mV as shown in Fig. 5.17. In Fig. 5.17, the 

standby leakage currents of the power-rail ESD clamp circuits with SCR widths of 30, 40, and 

50µm are similar, because the leakage current in the SCR device is quite small. When the 

device dimension of Mp (Mn) increases from 40µm/0.12µm to 80µm/0.12µm, the standby 

leakage current of the power-rail ESD clamp circuit with p-type (n-type) triggered SCR of 

50µm increases from 16.4nA to 24.8nA (42.9nA to 84.3nA) at 25oC under 1V bias. The 

standby leakage currents of the fabricated power-rail ESD clamp circuits at room temperature 

are reduced to the order of nano-ampere only, because the gate oxide leakage is successfully 

relieved by inserting the diodes in the ESD-transient detection circuit. The n-type triggered 

design has largest standby leakage current because the nMOS Mn has larger gate leakage 

current as comparing to that of pMOS at the same device size in 65nm CMOS process. 

Increasing the device dimension of Mp (Mn) results in a larger standby leakage current under 

the normal circuit operating condition, but at the same time it can increase the trigger current 

to improve the turn-on speed of the triggered SCR device with a reduced trigger voltage (as 

shown in Fig. 5.12 and Table 5.4). The measured results of the standby leakage current at 1V 

normal operating voltage under different temperatures are also listed in Table 5.6. 

The leakage currents of the fabricated power-rail ESD clamp circuits with embedded 

ESD-transient detection circuit are shown in Fig. 5.18. At 1V operating voltage, the leakage 

currents of the embedded ESD-transient detection circuits are slightly greater than those of 

p-type triggered designs under the room temperature because there are larger widths of Mn in 

embedded ESD-transient detection circuit. The nMOS transistor always contributes larger 

leakage current than that of pMOS transistor at the same device size. However, the leakage 

currents of proposed embedded ESD-transient detection circuits are still in the order of 

nano-ampere. The measured standby leakage currents at 1V operating voltage under different 

temperatures are listed in Table 5.7. 

 

5.3.4.3 Turn-On Verification 
In order to observe the turn-on behavior of the fabricated power-rail ESD clamp circuits, a 

TLP voltage pulse with a rise time of ~2ns and a pulse height of 20V is applied to the VDD 

power line with the grounded VSS. The TLP voltage pulse will start the ESD-transient 

detection circuit to generate the trigger current to trigger on the SCR device. The triggered-on 

SCR device can provide a low impedance path from VDD to VSS to discharge ESD current. 

When the TLP voltage pulse height of 20V is applied to VDD, the p-type (n-type) triggered 
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SCR can be fully turned on to be a low impedance path and the voltage across the clamp 

circuit is clamped to only 2.5V in Fig. 5.19(a) (2.2V in Fig. 5.19(b)). However, the power-rail 

ESD clamp circuit with embedded ESD-transient detection circuit can also be activated to 

clamp the voltage down to the lower level of 1.84V (2.08V) for SCR width in 45µm (25µm) 

due to two SCR discharging paths, as shown in Fig. 5.19(c). 

Charged device model (CDM) is also an important ESD testing standard for ICs. In order 

to investigate the turn-on behavior of the proposed designs under CDM-like fast transient 

condition, the very fast TLP (VF-TLP) with a pulse width of 10ns and a rise time of 200ps is 

used to measure the fabricated power-rail ESD clamp circuits. The VF-TLP measured I-V 

curves of the power-rail ESD clamp circuits with different SCR widths are shown in Fig. 5.20 

for the n-type triggered SCR, where the device dimension of Mn is kept at 80µm/0.12µm. In 

Fig. 5.20, the power-rail ESD clamp circuit with n-type triggered SCR widths of 50µm can 

achieve the It2 value of 5.73A (3.33A) for VF-TLP (TLP) measurement. It can be observed 

that the SCR device with larger device width has smaller turn-on resistance to effectively 

discharge ESD current. 

 

5.4 High-Voltage-Tolerant Power-Rail ESD Clamp Circuit 
In this section, a new low-leakage 2×VDD-tolerant power-rail ESD clamp circuit realized 

with only thin gate oxide devices for mixed-voltage I/O applications is proposed and verified 

in a 65nm 1V CMOS technology. The proposed design implements the ESD detection circuit 

with the feature of low leakage current and the consideration of 2×VDD voltage tolerance for 

mixed-voltage I/O applications. According to the experimental results, the standby leakage 

current of the proposed 2×VDD-tolerant power-rail ESD clamp circuit has been significantly 

reduced to the order of nano-ampere under the normal circuit operating condition. 

 

5.4.1 Design Concept of ESD-Transient Detection Circuit 
In order to receive the input signals with 2×VDD voltage level, the traditional ESD 

protection design with direct diode connection from the I/O pad to the power line of 1×VDD 

is inappropriate. The ESD protection scheme with ESD bus and high-voltage-tolerant ESD 

clamp circuit for the IC with mixed-voltage I/O interfaces has been reported [71]. The ESD 

protection scheme for high-voltage-tolerant mixed-voltage I/O buffer is shown in Fig. 5.21, 

which is realized with the ESD diodes, ESD bus, 1×VDD ESD clamp circuit, and the 

high-voltage-tolerant ESD clamp circuit. 
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As a positive ESD stress zapping at the I/O pad with grounded VSS, the ESD current can 

be discharged through diode Dp to the ESD bus and then through the high-voltage-tolerant 

ESD clamp circuit to VSS. When a positive ESD stress zapping at the I/O pad with grounded 

VDD, the ESD current can be discharged through diode Dp, ESD bus, high-voltage-tolerant 

ESD clamp circuit, VSS line, and the 1×VDD ESD clamp circuit. When a negative ESD 

stress zapping at the I/O pad with grounded VSS, the ESD current can be discharged through 

the diode Dn in forward-biased condition. When a negative ESD stress zapping at the I/O pad 

with grounded VDD, the ESD current can be discharged through the diode Dn to the VSS line 

and then through the 1×VDD ESD clamp circuit to VDD. Therefore, the four modes of ESD 

test at the I/O pad with the relatively grounded VDD or VSS in the mixed-voltage I/O buffer 

can be well protected by this ESD protection scheme. 

The proposed 2×VDD-tolerant power-rail ESD clamp circuits with p-type and n-type 

substrate-triggered SCR devices [76] as the main ESD clamp devices are shown in Figs. 

5.22(a) and (b), respectively. The cross-sectional views of p-type and n-type 

substrate-triggered SCR devices are illustrated in Figs. 5.23(a) and (b), respectively. The SCR 

device without the poly-gate structure has very small leakage current. The ESD-transient 

detection circuit is necessary to improve the turn-on speed of the substrate-triggered SCR 

device under ESD stress condition. Therefore, the proposed ESD detection circuit with only 

thin gate oxide 1V devices for 2×VDD-tolerant applications has to be designed with 

considerations of gate current and gate oxide reliability. The main design concept on the 

ESD-transient detection circuit is to reduce the voltage drop across the gate oxide. By 

following this main design concept, the gate leakage currents of the nMOS and pMOS in the 

ESD-transient detection circuit can be well controlled to minimize the total standby leakage 

current. 

In the proposed ESD-transient detection circuit of Fig. 5.22(a), the pMOS Mp is used to 

generate the substrate-triggered current into the trigger node (node C in Fig. 5.22(a)) of the 

SCR device during the ESD stress event. Under the normal circuit operating condition, the 

Mp is kept off and the trigger node is kept at VSS through the parasitic p-substrate resistor 

Rsub. Therefore, the p-type substrate-triggered SCR device is turned off during the normal 

circuit operating condition. The RC-based ESD-transient detection mechanism is realized by 

the Rn and the capacitance of the reverse-biased diode Dc, which can distinguish the ESD 

stress event from the normal power-on condition. Using the reverse-biased diode Dc as 

capacitor to realize the RC time constant in the ESD-transient detection circuit can 
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significantly reduce the gate leakage current through the thin gate oxide of MOS in the 

traditional RC circuit. The cascode diode DSCR is used to increase the total holding voltage of 

the ESD clamp device to avoid the transient-induced latchup issue. Other diodes, Dn1, Dn2, 

Dp1, and Dp2, are used to reduce the voltage drop across the gate oxide of the devices in the 

ESD-transient detection circuit. Therefore, the leakage currents of Mp (Mn) from source 

terminal to gate and drain terminals (from drain terminal to gate and source terminals) can be 

reduced. 

Similarly, the reverse type of the proposed ESD detection circuit is shown in Fig. 5.22(b) 

to trigger the n-type substrate-triggered SCR device. In Fig. 5.22(b), the Rp is used to keep 

the node C at VSS under the normal circuit operating condition. The additional diode Dt is 

used to block the connection between the Rn and the parasitic n-well resistor Rwell in the 

SCR device for not affecting the RC time constant at node A. In this reverse-type ESD 

detection circuit, the nMOS Mn is used to conduct the triggered current from the trigger node 

(the anode of Dt) of the n-type substrate-triggered SCR device under the ESD stress event. 

 

5.4.2 Operation Principles 
5.4.2.1 Normal Power-On Transition 

During the normal circuit operating condition with VDD_H of 1.8V and grounded VSS, 

the gate voltage of Mp (node A) is biased at 1.8V through the resistor Rn in the new proposed 

ESD-transient detection circuit. The gate voltage of Mn (node C) is simultaneously biased at 

0V through the p-substrate resistor Rsub (the resistor Rp) in the new proposed ESD-transient 

detection circuit with p-type (n-type) substrate-triggered SCR device. Because Mp (Mn) is 

turned off, no trigger current is generated into (conducted from) the trigger node of the p-type 

(n-type) substrate-triggered SCR device. By inserting the diode strings into the ESD-transient 

detection circuit, the voltages at node B and node D can be clamped to some desired levels. 

Therefore, the drain-to-gate and drain-to-source voltages of Mp and Mn can be less than 1V 

to effectively reduce the standby leakage current. With such a bias design, all 1V devices in 

the proposed ESD-transient detection circuit are free from the gate oxide reliability issue 

under the normal circuit operating condition. 

By using the SPICE parameters provided from foundry and the device dimensions listed in 

Table 5.8, the simulated voltage waveforms of the proposed ESD-transient detection circuit 

during the normal power-on transition are shown in Fig. 5.24. VDD_H is powered on from 

0V to 1.8V with a rise time of 1ms. From the simulation results in Figs. 5.24(a) and (b), the 
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voltage drops across the gate-to-drain, gate-to-source, and drain-to-source terminals of all 

devices in the proposed ESD-transient detection circuit do not exceed the 1×VDD 1V range. 

Therefore, the proposed ESD-transient detection circuit is verified without suffering the gate 

oxide reliability issue under the normal circuit operating condition. 

 

5.4.2.2 ESD Transition 
When a positive ESD-like transient voltage is applied to VDD_H with grounded VSS, the 

RC time delay keeps the node A at a relatively low voltage level as compared with that at 

VDD_H. Mp can be quickly turned on to generate the trigger current into the trigger node 

(node C) of the p-type substrate-triggered SCR device in Fig. 5.22(a). For the n-type 

substrate-triggered SCR device in Fig. 5.22(b), the turned-on Mp can elevate the voltage level 

at the node C to further turn Mn on. When Mn is turned on, the trigger current is conducted 

from the trigger node (the anode of Dt) of the n-type substrate-triggered SCR device. 

In order to simulate the transient edge of the HBM ESD event [1] before the breakdown on 

the ESD protection devices, a 5V voltage pulse with a rise time of 10ns is applied to VDD_H. 

The simulated transient voltage and the trigger current of the ESD detection circuit during the 

ESD transition are illustrated in Fig. 5.25. According to the simulation results, Mp (Mn) can 

be successfully turned on to generate (conduct) the trigger current for the p-type (n-type) 

substrate-triggered SCR device. Finally, the SCR device can be turned on to discharge the 

ESD current from VDD_H to VSS. 

 

5.4.3 Experimental Results 
The new proposed 2×VDD-tolerant power-rail ESD clamp circuits have been fabricated in 

a 65nm fully silicided CMOS process by using only 1V devices, as shown in Fig. 5.26. The 

widths of SCR devices in the power-rail ESD clamp circuit are split with 30, 40, and 50µm to 

verify the corresponding ESD robustness. In order to keep the same cross-section area of the 

ESD discharging path to avoid the ESD failure location occurring at DSCR, the junction widths 

of the cascode diode DSCR are also split with 30, 40, and 50µm at the same time. 

 

5.4.3.1 Standby Leakage Current 
The DC I-V characteristics of the fabricated 2×VDD-tolerant power-rail ESD clamp 

circuits are measured by HP4155 from 0V to 1.8V with the voltage step of 10mV, as shown 

in Fig. 5.27. At 1.8V normal operating voltage, the leakage currents of the proposed 
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2×VDD-tolerant power-rail ESD clamp circuits with p-type (n-type) substrate-triggered SCR 

devices are 32.7, 33.1, and 34.1nA (100.6, 101.4, and 103.7nA) for the SCR widths of 30, 40, 

and 50µm, respectively, at the room temperature. The proposed ESD-transient detection 

circuit for n-type substrate-triggered SCR device has larger leakage current due to the intrinsic 

characteristics of nMOS Mn with larger gate leakage current as comparing to pMOS. Based 

on the measured results in Fig. 5.27, the SCR devices obviously contribute very small part to 

the total leakage current. In addition, the leakage current of the ESD-transient detection circuit 

is reduced to the order of nano-ampere because the gate oxide leakage has been successfully 

eased by inserting the diode strings. The measured results of leakage current at 1.8V normal 

operating voltage under different temperatures are listed in Table 5.9. 

 

5.4.3.2 TLP Measurement and ESD Robustness 
The TLP measured results of the fabricated 2×VDD-tolerant power-rail ESD clamp 

circuits with SCR devices of different widths are shown in Fig. 5.28(a) for the p-type 

substrate-triggered SCR and in Fig. 5.28(b) for the n-type substrate-triggered SCR. The ESD 

clamp circuit with p-type (n-type) substrate-triggered SCR width of 40µm can achieve the It2 

value of 2.68A (2.75A). In Fig. 5.28, the TLP-measured I-V curves have no snapback 

phenomenon and start to rise up after 2.1V. Because the voltage level of VDD_H under the 

normal circuit operating condition is 1.8V, the proposed 2×VDD-tolerant power-rail ESD 

clamp circuit can be free from the latchup issue. 

The It2, HBM ESD levels, and MM ESD levels of the fabricated 2×VDD-tolerant 

power-rail ESD clamp circuits are listed in Table 5.10. The HBM (MM) ESD levels of the 

p-type substrate-triggered SCR with widths of 30, 40, 50µm are 3.5, 5.0, and 6.5kV (150, 250, 

300V), respectively. The HBM and MM ESD levels of n-type substrate-triggered SCR are the 

same with those of p-type substrate-triggered SCR devices due to the same SCR widths. 

 

5.4.3.3 Turn-On Verification 
In order to observe the turn-on efficiency of the proposed power-rail ESD clamp circuits, a 

ESD-like voltage pulse with a rise time of 10ns and a pulse height of 5V is applied to the 

VDD_H power line with the grounded VSS to simulate the rising edge of a positive-to-VSS 

HBM ESD pulse. The ESD-like voltage pulse will start the ESD detection circuit to trigger on 

the SCR device. The triggered-on SCR device can provide a low impedance path from 

VDD_H to VSS. The measured voltage waveforms on VDD_H power line under ESD-like 
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stress condition are shown in Fig. 5.29(a) with the p-type substrate-triggered SCR device and 

in Fig. 5.29(b) with the n-type substrate-triggered SCR device. In Fig. 5.29, the applied 5V 

voltage pulse is quickly clamped down to a low voltage level of ~2.4V by the proposed ESD 

clamp circuit. The turn-on time is ~5ns, which is estimated from the maximum voltage peak 

to the clamped low voltage level in Fig. 5.29. According to the measured voltage waveforms, 

the proposed 2×VDD-tolerant power-rail ESD clamp circuits during the ESD stress event 

have been successfully verified with high turn-on efficiency. 

 

4.5 Summary 
New design of power-rail ESD clamp circuit to achieve low standby leakage current and 

area efficiency has been proposed and successfully verified in a 65nm 1V fully-silicided 

CMOS technology. The new proposed ESD-transient detection circuit is realized with only 

1V devices without suffering the gate leakage issue. According to the measured results, the 

proposed power-rail ESD clamp circuit with the consideration of gate leakage current 

demonstrates a low standby leakage current of only 16.4nA under 1V bias at 25oC. In addition, 

with the layout design of embedded ESD-transient detection circuit, the power-rail ESD 

clamp circuit can save over 16% layout area with better ESD discharging capabilities of It2, 

HBM, and MM ESD levels, which are 1.6 times the values of p-type triggered design. Overall, 

the proposed power-rail ESD clamp circuit performs excellent turn-on efficiency due to low 

trigger voltage. The proposed power-rail ESD clamp circuit with low standby leakage current 

and high area efficiency is an excellent on-chip ESD protection solution in advanced 

nanoscale CMOS technologies without latchup issue. 

New designs of 2×VDD-tolerant power-rail ESD clamp circuits with low standby leakage 

current have also been proposed and successfully verified in a 65nm 1V fully-silicided CMOS 

technology. The new proposed ESD-transient detection circuit is realized with only 1V 

devices without suffering the gate oxide reliability issue under 1.8V (2×VDD) applications. 

According to the measured results, the proposed 2×VDD-tolerant power-rail ESD clamp 

circuits with the consideration of gate leakage current demonstrate a very small standby 

leakage current of only 34.1nA for the p-type substrate-triggered SCR device with a width of 

50µm and 103.7nA for the n-type one under 1.8V bias at 25oC. Moreover, the proposed 

power-rail ESD clamp circuits also perform excellent turn-on efficiency. The new proposed 

2×VDD-tolerant power-rail ESD clamp circuit with low standby leakage current is a superior 

design technique for on-chip ESD protection in the mixed-voltage I/O interfaces. 
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Table 5.1 
Leakage Currents of the Conventional Power-Rail ESD Clamp Circuits under Different 

Temperatures at 1V in a 65nm CMOS Process 

 
 

Table 5.2 
Design Parameters of the Proposed Power-Rail ESD Clamp Circuits 

 
 

Table 5.3 

Device Dimension of the Proposed Power-Rail ESD Clamp Circuits and Embedded 

ESD-Transient Detection Circuit  
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Table 5.4 

TLP Measured Results and ESD Robustness of the Fabricated Power-Rail ESD Clamp Circuit 

 
 

Table 5.5 
TLP Measured Characteristics and ESD Robustness of the Power-Rail ESD Clamp Circuits 

with P-Type Triggered Design and Embedded ESD-Transient Detection Circuit Design  

 
 

Table 5.6 
Measured Leakage Currents of the Fabricated Power-Rail ESD Clamp Circuits under 

Different Temperatures at 1V  
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Table 5.7 
Leakage Currents of Power-Rail ESD Clamp Circuits with P-Type Triggered Design and 

Embedded ESD-Transient Detection Circuit Design under 1V Bias at Different Temperatures  

 
 

Table 5.8 
Design Parameters of the Proposed 2×VDD-Tolerant Power-Rail ESD Clamp Circuits  

 
 

Table 5.9 
Leakage Currents of the Proposed 2×VDD-Tolerant Power-Rail ESD Clamp Circuits at 1.8V  

 
 

Table 5.10 
ESD Robustness of the Proposed 2×VDD-Tolerant Power-Rail ESD Clamp Circuits  
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Fig. 5.1  Simulated gate currents of the nMOS capacitors in 65nm and 90nm CMOS 

technologies. 

 

 

 

Fig. 5.2  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 1ms in a 65nm CMOS process. 
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Fig. 5.3  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 MESD under the 

normal power-on transition. 

 

 

 
Fig. 5.4  The measured standby leakage currents of the traditional RC-based and the 

capacitor-less power-rail ESD clamp circuits. 
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(a) 

 
(b) 

Fig. 5.5  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. 

 

    
Fig. 5.6  Cross-sectional view of the proposed power-rail ESD clamp circuit with embedded 

ESD-transient detection circuit. 
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(a) 

 
(b) 

Fig. 5.7  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. 
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(a) 

 
(b) 

Fig. 5.8  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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(a)                                  (b) 

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. 

 

 

  

(a)                                   (b) 

Fig. 5.10  The microphotograph of the fabricated power-rail ESD clamp circuit with the SCR 

device of 35µm in width. (a) Embedded ESD-transient detection circuit design and (b) the 

p-type triggered design. 
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Fig. 5.11  TLP measured I-V 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. 

 

 

 
Fig. 5.12  TLP measured trigger voltage of the p-type and n-type triggered design with 

different width of Mp, Mn, and SCR device. 
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(a) 

 
(b) 

Fig. 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). 
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(a) 

 
(b) 

Fig. 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). 
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Fig. 5.15  The dependence of the TLP measured trigger voltages on the device dimensions of 

SCR. 

 

 

Fig. 5.16  Measured DC I-V Characteristics of the embedded ESD-transient detection circuit 

at different temperatures. 
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Fig. 5.17  The measured DC I-V curves of the fabricated power-rail ESD clamp circuits with 

SCR devices of different widths. 

 

 
Fig. 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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(a) 

 
(b) 

 
(c) 

Fig. 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. 
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Fig. 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 VF-TLP is with a pulse width of 10ns and a rise time of 200ps. 

 

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

mixed-voltage I/O buffer. 
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(a) 

 

(b) 

Fig. 5.22  The proposed low-leakage 2×VDD-tolerant power-rail ESD clamp circuits with 

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

 

(b) 

Fig. 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 DSCR. 
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(a) 

 
(b) 

Fig. 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 in 65nm CMOS 

process under the normal power-on condition with VDD_H of 1.8V and a rise time of 1ms. 
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(a) 

 
(b) 

Fig. 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 0V to 5V and a rise time of 10ns. 
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(a) 

 

(b) 

Fig. 5.26  The proposed 2×VDD-tolerant power-rail ESD clamp circuits with the (a) p-type 

and the (b) n-type substrate-triggered SCR devices, where the SCR is drawn with a width of 

40µm. 
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(a) 

 
(b) 

Fig. 5.27  The measured DC I-V curves of the fabricated 2×VDD-tolerant power-rail ESD 

clamp circuits with (a) the p-type and (b) the n-type substrate-triggered SCR devices in 65nm 

CMOS process. 
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(a) 

 

(b) 

Fig. 5.28  TLP measured I-V curves of the 2×VDD-tolerant power-rail ESD clamp circuit 

with (a) the p-type and (b) the n-type substrate-triggered SCR devices. 

 

 



 

 160 

 
(a) 

 
(b) 

Fig. 5.29  Measured voltage waveforms of the fabricated 2×VDD-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. 
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Chapter 6 
Resistor-Less Design of Power-Rail ESD Clamp Circuit 

 
In this chapter, the resistor-less design of power-rail ESD clamp circuit with considerations 

of gate leakage current and gate oxide reliability are presented. First, the gate leakage current 

issue in conventional power-rail ESD clamp circuits is discussed in section 6.2. The new 

proposed resistor-less design of power-rail ESD clamp circuit is investigated in section 6.3. 

The power-rail ESD clamp circuit with new proposed design was fabricated in a 65nm 1V 

fully silicided CMOS process. 

 

6.1 Background 
In nanoscale CMOS technology, the gate oxide thickness has been scaled down to several 

nanometers. Such a thin gate oxide causes the gate-tunneling issue more serious [53], [54]. 

The gate leakage current of MOSFET is directly dependent on the poly-gate area and the gate 

oxide thickness, which has been investigated and modeled in the BSIM4 MOSFET model 

[60], [77]. For on-chip ESD protection, the ESD clamp device drawn in the layout style of 

BigFET had demonstrated excellent ESD protection performance [33]-[38]. However, the 

ESD clamp device with BigFET layout style is not adequate for low power consumption 

anymore in the nanoscale CMOS technology because the BigFET of large device dimension 

with thin gate oxide would lead to intolerable gate leakage current. Therefore, the 

ESD-transient detection circuit has to be designed with the consideration of gate leakage issue. 

Recently, the low-leakage power-rail ESD clamp circuit in nanometer CMOS technologies 

had been revealed [32], [62], [78]. In [32], the gate current was utilized to bias the ESD 

detection circuit and to reduce the voltage drop across the MOS capacitors. In [62], the ESD 

detection circuit consisted of the RC timer, inverters, and feedback pMOS, where the 

feedback pMOS used to lower the voltage drop across the RC timer and therefore to reduce 

the gate leakage current of the MOS capacitor. In [78], the RC-based ESD detection circuit 

with the feedback control inverter was used to avoid the direct leakage path through the MOS 

capacitor. However, those previous circuits were more complicated with large layout area to 

implement the ESD detection circuits. 
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6.2 Gate Leakage Current in the Conventional Power-Rail ESD 

Clamp Circuits 

6.2.1 Traditional RC-Based Power-Rail ESD Clamp Circuit 
The RC-based power-rail ESD clamp circuit was traditionally used to protect the core 

circuits [8], as shown in the inset of Fig. 6.1. Under the normal circuit operating condition, the 

MOS capacitor Mc with a large poly-gate area would induce a large gate leakage current from 

node A to VSS in nanometer CMOS technology. A voltage drop across the resistor R is 

generated, and therefore the pMOS Mp cannot be completely turned off. The voltage of node 

B would be elevated to a level higher than VSS due to the non-turned-off pMOS Mp. Finally, 

the main ESD clamp device (MESD) drawn with large device dimension operated in the 

sub-threshold region will further generate a huge leakage current from VDD to VSS under the 

normal circuit operating condition. 

The simulated voltages on the nodes of the traditional RC-based power-rail ESD clamp 

circuit and the gate current of the MOS capacitor Mc under the normal power-on condition 

with a rise time of 1ms in a 65nm 1V CMOS process are shown in Fig. 6.1. The dimensions 

of R, Mc, Mp, Mn, and MESD are 165.3kΩ, 64µm/2µm, 184mµ/60nm, 36µm/60nm, and 

2000µm/0.1µm, respectively. In Fig. 6.1, the gate leakage current of Mc is 1.65µA and the 

voltage of node A is only 0.72V when VDD is raised up to 1V. Therefore, a leakage current 

path is generated from VDD through the inverter (Mp and Mn) to VSS. Consequently, the 

main ESD clamp device MESD operated in the sub-threshold region will contribute another 

leakage current of 0.98µA under the normal circuit operating condition. 

 

6.2.2 Capacitor-Less Design of Power-Rail ESD Clamp Circuit 
The capacitor-less design of power-rail ESD clamp circuit was also proposed to protect the 

core circuits [47], as shown in the inset of Fig. 6.2. Under the normal circuit operating 

condition, the ESD clamp device MESD drawn with large device dimension will induce a large 

gate current from drain terminal to node B and the sub-threshold channel current in MESD 

from drain to source in nanometer CMOS technology. The voltage drop across the resistor Rp 

can be designed smaller to keep the nMOS Mn in the off state, and therefore the pMOS Mp 

can be virtually turned off. Consequently, the ESD-transient detection circuit can be almost 

turned off. However, the MESD drawn with large device dimension always contributes a large 

standby leakage current under the normal circuit operating condition. 
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The simulated voltages on the nodes of the capacitor-less power-rail ESD clamp circuit 

under the normal power-on condition with a rise time of 1ms in a 65nm 1V CMOS process 

are shown in Fig. 6.2. The gate and drain currents of MESD are also shown in Fig. 6.2. The 

dimensions of Rp, Rn, Mp, Mn, and MESD are 20kΩ, 40kΩ, 24µm/60nm, 12µm/60nm, and 

2000µm/0.1µm, respectively. The P+ junction areas of diode Dn1 and Dn2 are both 0.057µm2. 

In Fig. 6.2, the gate current of MESD is 1.70µA and the voltage of node B is 0.05V when VDD 

is raised up to 1V. The voltage of node B is not enough to turn Mn on. Therefore, the voltage 

drop across Rn is only about 2mV, and the ESD-transient detection circuit can be almost 

turned off. However, there is still a leakage current path from VDD through the MESD to VSS. 

As shown in Fig. 6.2, the drain current of MESD is as large as 9.83µA, which is the major 

source of the total standby leakage current. 

The device dimensions and the total layout areas of the traditional RC-based and the 

capacitor-less power-rail ESD clamp circuits fabricated in a 65nm 1V CMOS process are 

listed in Table 6.1. The measured standby leakage currents at room temperature are shown in 

Fig. 6.3. The applied voltage on VDD is from 0V to 1V with the voltage step of 20mV. When 

VDD is 1V, the measured standby leakage currents of the RC-based and the capacitor-less 

power-rail ESD clamp circuits are 760.42µA and 10.48µA, respectively. The standby leakage 

currents of the traditional RC-based and the capacitor-less power-rail ESD clamp circuits 

under different temperatures are also listed in Table 6.2. We can observe that MOS transistor 

drawn with large device dimension as the ESD clamp device would be too leaky in nanometer 

CMOS technology, which is not suitable for the portable products with the requirement of low 

power consumption. 

 

6.3 Resistor-Less Design of ESD-Transient Detection Circuit 
In this section, a new resistor-less design of ESD-transient detection circuit realized with 

the gate leakage current is proposed and successfully verified in a 65nm 1V CMOS 

technology. The proposed ESD-transient detection circuit realized with only core devices can 

be accurately activated to generate the trigger current to the ESD clamp device. According to 

the experimentally measured results, the standby leakage current of the proposed power-rail 

ESD clamp circuit can be significantly reduced to a few nano-ampere under the normal circuit 

operating condition with 1V bias. 
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6.3.1 Circuit Schematic 
The resistor-less design of power-rail ESD clamp circuit is shown in Fig. 6.4 with the 

p-type triggered SCR device as the main ESD clamp device. The SCR device [76] adopted as 

the main ESD clamp device can avoid the gate leakage current issue due to no poly-gate 

structure inside the SCR device. However, the ESD-transient detection circuit is necessary to 

enhance the turn-on speed of the SCR device under ESD stress condition. The new proposed 

ESD-transient detection circuit is designed with considerations of the gate leakage current and 

the gate oxide reliability. By inserting the diode in the ESD-transient detection circuit, the 

voltage differences across the gate oxide of the pMOS transistor can be intentionally reduced. 

By using the gate leakage current of the pMOS transistor, the induced equivalent resistors can 

be a part of ESD-transient detection mechanism. Therefore, the gate leakage current of the 

pMOS transistor can be well utilized to achieve the resistor-less design of ESD-transient 

detection circuit. 

The RC-based ESD-transient detection mechanism is realized by the equivalent resistors 

(Rgs and Rgd) of Mp and the junction capacitance of the reverse-biased diode Dc, which can 

distinguish the ESD stress event from the normal power-on condition. In Fig. 6.4, the pMOS 

Mp is mainly used to generate the trigger current into the trigger node (node C in Fig. 6.4) of 

the p-type triggered SCR device during the ESD stress event. Comparing to the thin gate 

oxide of MOS-capacitor in the traditional RC circuit, the Dc used as capacitor in the proposed 

ESD-transient detection circuit to realize the RC time constant can be free from the gate 

leakage current issue. The inserted diodes, Dp1 and Dp2, in the ESD-transient detection 

circuit are used to reduce the voltage differences across the gate oxide of Mp. Therefore, the 

total leakage current and gate oxide reliability of Mp can be safely relieved. 

 

6.3.2 Operation Mechanism 
6.3.2.1 Normal Power-On Transition 

Under the normal circuit operating condition, the gate voltage of Mp (node A in Fig. 6.4) is 

biased at VDD through the resistors Rgs and Rgd induced by the gate leakage current. The 

cathode of Dp2 (node C) is simultaneously biased at VSS through the parasitic p-substrate 

resistor Rsub in the p-type triggered SCR device. Because Mp is kept off, no trigger current is 

generated into the trigger node of the p-type triggered SCR device. Inserting two diodes (Dp1 

and Dp2) in the ESD-transient detection circuit is to raise up the voltage of node B at the 

voltage level near to VDD. Therefore, all terminals of Mp are almost at the same voltage level 
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of VDD to reduce its gate leakage current. 

With the SPICE parameters provided from foundry and the device sizes listed in Table 6.3 

(adopting Mp width of 140µm), the simulated voltage waveforms and the leakage current of 

the proposed ESD-transient detection circuit during the normal power-on transition are shown 

in Fig. 6.5. In Fig. 6.5, the voltage of node A is successfully charged to the voltage level of 

VDD due to the gate leakage current. Therefore, the Mp is completely turned off and the 

simulated standby leakage current of the proposed ESD-transient detection circuit is only 

1.53nA when VDD is raised up to 1V. 

 

6.3.2.2 ESD Transition 
When a positive fast-transient ESD-like voltage is applied to VDD with VSS grounded, 

the RC time delay keeps the node A at a relatively low voltage level as compared with that at 

VDD. The RC time delay is consisted by the equivalent resistors, which are induced by gate 

leakage currents of Mp, and the reverse-biased diode Dc. Consequently, Mp can be quickly 

triggered to generate the trigger current into the node C of the p-type triggered SCR device. 

In order to simulate the fast transient edge of the HBM ESD event [1] before the 

breakdown on the internal devices, a 4V voltage pulse with a rise time of 10ns is applied to 

VDD. The simulated transient voltage and the trigger current of the ESD-transient detection 

circuit during such an ESD-like transition are illustrated in Fig. 6.6. Mp is successfully turned 

on to generate the trigger current of ~41mA into the p-type triggered SCR device. Therefore, 

the SCR device can be fully triggered on to discharge the ESD current from VDD to VSS. 

According to the simulated results in Fig. 6.6, the voltages across the source-to-gate and 

drain-to-gate (∆Vsg and ∆Vdg) in time domain are plotted in Fig. 6.7(a). The corresponding 

gate leakage currents of source-to-gate and drain-to-gate (Isg and Idg) in time domain are 

drawn in Fig. 6.7(b). The gate leakage currents are in the order of nano-ampere. By using the 

Ohm’s Law, the equivalent resistances (Rgs=∆Vsg/Isg and Rgd=∆Vdg/Idg) can be extracted 

from the voltage differences and the corresponding gate leakage currents, as shown in Fig. 

6.7(c). During the ESD-like transition, the minimum values of Rgs and Rgd are 2.35MΩ and 

6.43MΩ, respectively. With these large intrinsic equivalent resistors induced by the gate 

leakage currents of Mp, the RC time delay can be achieved by adopting reverse-biased diode 

Dc in small size to reduce the layout area of the proposed ESD-transient detection circuit. 
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6.3.3 Experimental Results 
The resistor-less power-rail ESD clamp circuits with different device sizes have been 

fabricated in a 65nm 1V CMOS process as shown in Fig. 6.8. All devices in the proposed 

design are 1V fully-silicided devices, including the SCR device. The total layout area of the 

proposed power-rail ESD clamp circuit with SCR width of 45µm is 21.63×48.60µm2. The 

widths of SCR devices are split with 25, 35, and 45µm to verify the corresponding ESD 

robustness. The gate widths of Mp are split with 35, 70, 140µm to investigate the trigger 

voltage of the proposed power-rail ESD clamp circuit. These power-rail ESD clamp circuits 

are prepared for the measurements of DC I-V, TLP and ESD test, and transient behavior. 

 

6.3.3.1 TLP Measurement and ESD Robustness 
The TLP generator with a pulse width of 100ns and a rise time of ~2ns is used in this 

measurement [29]. The TLP measured I-V curves of the new proposed power-rail ESD clamp 

circuits with different SCR widths are shown in Fig. 6.9, where the device dimension of Mp is 

kept at 140µm/0.12µm. The power-rail ESD clamp circuit with SCR widths of 25µm, 35µm, 

and 45µm can achieve the It2 values of 1.48A, 2.14A, and 2.74A, respectively. The It2 and 

the trigger voltage of the power-rail ESD clamp circuit with different SCR widths and 

different Mp widths are listed in Table 6.4. As seen in Table 6.4, the It2 of the proposed 

power-rail ESD clamp circuit is proportional to the width of SCR device. The trigger voltages 

of the proposed power-rail ESD clamp circuits are compared in Fig. 6.10. As shown in Fig. 

6.10, the trigger voltage can be obviously reduced by increasing the Mp width to generate 

larger trigger current. In addition, the SCR device with small width also has lower trigger 

voltage due to larger parasitic p-substrate resistor Rsub. Therefore, the turn-on speed of the 

SCR device can be properly adjusted by the dimension of Mp. In Fig 6.9, the holding voltages 

of the SCR devices are ~2V, which is higher than the VDD of 1V under the normal circuit 

operation conditions. Therefore, the proposed power-rail ESD clamp circuits are free to 

latchup issue for 1V applications [51], [52]. 

The measured HBM and MM ESD levels of the proposed power-rail ESD clamp circuit 

under positive VDD-to-VSS ESD stress are also listed in Table 6.4. The measured HBM (MM) 

ESD levels of the SCR with the widths of 25, 35, and 45µm are 3, 4, and 5kV (200, 300, and 

400V), respectively. The measured HBM and MM ESD levels of the proposed power-rail 

ESD clamp circuits are also proportional to the width of SCR device. 

In nanoscale CMOS process, the application of automotive electronics is increasingly 
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important for driving safety. In order to meet high reliability need of automotive electronics, 

typically 8kV HBM ESD level [79], the device width of SCR can be appropriately enlarged. 

Because the SCR can be uniformly triggered by the trigger current generated from 

independent ESD-transient detection circuit, the measured It2 and ESD levels as shown in 

Table 6.4 are well proportional to the SCR width. Therefore, the proposed power-rail ESD 

clamp circuit with enlarged SCR device width can sustain high enough HBM ESD level to 

meet the application requirement of automotive electronics. 

 

6.3.3.2 Standby Leakage Current 
The DC I-V curves of the fabricated power-rail ESD clamp circuits are measured by 

HP4155 from 0V to 1V with the voltage step of 20mV at 25oC, as shown in Fig. 6.11 and 

listed in Table 6.4. In Fig. 6.11, the standby leakage current of the power-rail ESD clamp 

circuit with SCR width of 45µm increases from 1.13nA to 1.43nA under 1V bias when the 

width of Mp increases from 35µm to 140µm. In Table 6.4, the standby leakage currents of the 

power-rail ESD clamp circuits with SCR widths of 25, 35, and 45µm are similar, because the 

leakage current in the SCR device is quite small. The measured standby leakage currents of 

the fabricated power-rail ESD clamp circuits under 1V bias at 50oC and 100oC are also listed 

in Table 6.4. The standby leakage currents of the fabricated power-rail ESD clamp circuits are 

reduced to the order of nano-ampere because the voltage drop across the gate oxide of Mp is 

significantly reduced by inserting the reverse-biased diode Dc and the diodes (Dp1 and Dp2) 

in the ESD-transient detection circuit. Although increasing the width of Mp causes a slightly 

increased standby leakage current under the normal circuit operating condition, it can increase 

the trigger current to improve the turn-on speed of the SCR device with a reduced trigger 

voltage (as shown in Fig. 6.10). 

 

6.3.3.3 Turn-On Verification 
For normal power-on condition, the voltage pulse usually has a rise time in the order of 

milliseconds. As shown in Fig. 6.12(a), the measured voltage on VDD power line rises up to 

1V and the measured current is near zero. However, some previous studies [36], [46] have 

demonstrated that the power-rail ESD clamp circuits with RC-based ESD detection circuits 

were easily mis-triggered or into the latch-on state under the fast power-on condition. The 

new proposed power-rail ESD clamp circuits have been applied with 1V voltage pulse with 

20ns rise time to investigate the immunity against mis-trigger, as shown in Fig. 6.12(b). The 
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measured voltage on VDD power line is not degraded under the fast power-on condition. The 

measured current waveform is also smooth at the level near zero. The inserted two diodes 

(Dp1 and Dp2) in ESD detection circuit can ensure that there would not be any on-current 

flowing through themselves from VDD to VSS. Therefore, the resistor-less power-rail ESD 

clamp circuit is free from the transient-induced latch-on or mis-trigger issues. 

The transient voltage with a pulse height of 4V and a rise time of 10ns is applied to the 

VDD power line with 1V operation voltage to verify any latch-on issue. As shown in Fig. 6.13, 

the transient voltage pulse will activate the ESD-transient detection circuit to generate the 

trigger current of ~14mA. The applied 4V voltage pulse is clamped down to a lower voltage 

level of ~3.3V by the proposed power-rail ESD clamp circuit. After the transient, the voltage 

on VDD power line is back to 1V operation voltage and the current is almost zero. 

In order to observe the transient behavior of the proposed ESD-transient detection circuit, 

a TLP voltage pulse with a rise time of ~2ns and a pulse height of 4V is applied to the VDD 

power line with the VSS grounded. The TLP voltage pulse will initiate the ESD-transient 

detection circuit to generate the trigger current to trigger on the SCR device. The measured 

voltage and current waveforms in time domain on VDD power line under 4V voltage pulse 

are shown in Fig. 6.14. The applied 4V voltage pulse can be quickly clamped down to a lower 

voltage level of ~3.0V by the proposed ESD-transient detection circuit with the trigger current 

of ~20mA. When the TLP voltage pulse height is increased, the proposed ESD-transient 

detection circuit can generate more trigger current into the SCR device. The triggered-on SCR 

device can provide a low impedance path from VDD to VSS to discharge ESD current and 

clamp down the voltage level. Overall, the proposed ESD-transient detection circuit can be 

successfully activated by the fast-transient voltage pulse to trigger on the SCR device. 

 

6.4 Summary 
Resistor-less design of ESD-transient detection circuit to achieve ultra-low standby 

leakage current and small layout area has been proposed and successfully verified in a 65nm 

1V fully-silicided CMOS technology. The proposed ESD-transient detection circuit is realized 

with only 1V devices without suffering the gate leakage issue. According to the measured 

results, the proposed power-rail ESD clamp circuit demonstrates an ultra-low standby leakage 

current of only 1.43nA under 1V bias at 25oC, where the device dimension of Mp is drawn as 

140µm/0.12µm. Moreover, the proposed power-rail ESD clamp circuit has excellent 

immunity against the transient-induced latch-on or mis-trigger issues. The proposed 
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resistor-less power-rail ESD clamp circuit is an excellent circuit solution to achieve effective 

and efficient on-chip ESD protection in advanced nanoscale CMOS technologies. 
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Table 6.1 
Device Dimensions of the Conventional Power-Rail ESD Clamp Circuits 

 

 

Table 6.2 
Leakage Currents of the Conventional Power-Rail ESD Clamp Circuits under Different 

Temperatures at 1V in a 65nm CMOS Process 

 
 

Table 6.3 

Design Parameters of the Resistor-Less Design of Power-Rail ESD Clamp Circuit 

 

 

Table 6.4 

Measured Results of the Resistor-Less Design of Power-Rail ESD Clamp Circuits  
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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 1ms 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 

MESD under the normal power-on transition. 
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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. 
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Fig. 6.5  Simulated voltage waveforms on the nodes and the leakage current of the 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. 

 

    
Fig. 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 of 4V and a rise time 

of 10ns in 65nm 1V CMOS process. 
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(a) 

 
(b) 

 
(c) 

Fig. 6.7  Simulated values of (a) ∆Vsg, ∆Vdg, (b) Isg, Idg, and (c) the extracted equivalent 

resistances of Rgs and Rgd under the ESD-like transition. 



 

 175 

 
Fig. 6.8  Chip microphotograph of the fabricated power-rail ESD clamp circuit realized with 

the resistor-less design of ESD-transient detection circuit. 

 

 
Fig. 6.9  TLP measured I-V curves of the power-rail ESD clamp circuits with the 

resistor-less design of ESD detection circuit. 
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Fig. 6.10  The dependence of the TLP measured trigger voltages on the device dimension of 

Mp. 

 

 
Fig. 6.11  The measured DC I-V curves of the fabricated resistor-less power-rail ESD clamp 

circuits with different widths of Mp at room temperature. 
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(a) 

 
(b) 

Fig. 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. 
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Fig. 6.13  Measured voltage and current waveforms of the resistor-less power-rail ESD 

clamp circuit under transient noise condition. 

 

 

 
Fig. 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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Chapter 7 
Conclusions and Future Works 

 
This chapter summarizes the main results and contributions of this dissertation. Future 

works for the fields of power-rail ESD clamp circuits for whole-chip ESD protection design 

in fully silicided CMOS process are also provided in this chapter. 

 

7.1 Main Contributions of This Dissertation 
In this dissertation, many novel power-rail ESD clamp circuits and ESD protection diodes 

have been developed in nanoscale CMOS technology for whole-chip ESD protection design. 

Each of the ESD protection circuits has been successfully verified in the test chips. The 

contributions of each chapter in this dissertation are presented in the following. 

In Chapter 2, the new proposed diodes with octagon, waffle-hollow, octagon-hollow, 

multi-waffle, and multi-waffle-hollow layout styles have been demonstrated. The new 

proposed diodes in large size can avoid the penalty of local heat distribution. The reduction of 

junction area by using new modified layout styles is the key factor to significantly improve 

the FOMs of the ESD diodes. As compared to the FOMs of waffle diodes, it reveals that the 

FOMs values of the large size diodes can be enhanced by modifying the layout styles. 

Therefore, the diodes with proposed layout styles are adequate to be implemented to 

high-speed I/O applications with small layout area. 

In Chapter 3, the capacitor-less power-rail ESD clamp circuits with adjustable holding 

voltage have been proposed and successfully verified in a 65nm 1.2V CMOS technology. The 

new proposed ESD-transient detection circuit adopts the capacitance-coupling mechanism to 

command the ESD clamp nMOS or pMOS transistors. According to the measured results, the 

capacitor-less power-rail ESD clamp circuits with adjustable holding voltage demonstrate 

excellent immunity against mis-trigger under the fast power-on condition, and also perform 

no latch-on issue under power noise and TLU measurement. Moreover, the new proposed 

capacitor-less ESD-transient detection circuits are also area-efficient, which save layout area 

by more than 54.5% compared with the traditional RC-based ESD-transient detection circuit. 

For the proposed power-rail ESD clamp circuit with ESD clamp pMOS transistor, it is also 
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efficient in standby leakage to save leakage current by more than 80.4%, compared with the 

traditional RC-based ESD-transient detection circuit. 

In Chapter 4, the new proposed ESD-transient detection circuits with equivalent 

capacitance-coupling and equivalent RC-based ESD-transient detection mechanisms have 

been proposed and successfully verified in a 65nm 1.2V CMOS technology. According to the 

measured results, the proposed power-rail ESD clamp circuit has good ESD robustness and 

excellent immunity against the transient-induced latch-on or mis-trigger issues and good 

proportionality between the width of ESD clamp device and the ESD robustness. Moreover, 

the proposed ESD-transient detection circuit saves the layout area by ~82% compared with 

the traditional RC-based ESD-transient detection circuit. The new proposed power-rail ESD 

clamp circuit is an excellent circuit solution to achieve effective and efficient on-chip ESD 

protection in advanced nanoscale CMOS technologies. 

In Chapter 5, new design of power-rail ESD clamp circuit to achieve low standby leakage 

current and area efficiency has been proposed and successfully verified in a 65nm 1V 

fully-silicided CMOS technology. The new proposed ESD-transient detection circuit is 

realized with only 1V devices without suffering the gate leakage issue. According to the 

measured results, the proposed power-rail ESD clamp circuit with the consideration of gate 

leakage current demonstrates a low standby leakage current of only 16.4nA under 1V bias at 

25oC. In addition, the power-rail ESD clamp circuit with embedded ESD-transient detection 

circuit can save over 16% layout area with better ESD discharging capabilities of It2, HBM, 

and MM ESD levels, which are 1.6 times the values of p-type triggered design. Overall, the 

proposed power-rail ESD clamp circuit performs excellent turn-on efficiency due to low 

trigger voltage. The proposed power-rail ESD clamp circuit with low standby leakage current 

and high area efficiency is an excellent on-chip ESD protection solution in advanced 

nanoscale CMOS technologies without latchup issue. Another designs of 2×VDD-tolerant 

power-rail ESD clamp circuits with low standby leakage current have also been proposed and 

successfully verified in a 65nm 1V fully-silicided CMOS technology. The new proposed 

ESD-transient detection circuit is realized with only 1V devices without suffering the gate 

oxide reliability issue under 1.8V (2×VDD) applications. According to the measured results, 

the proposed 2×VDD-tolerant power-rail ESD clamp circuits with the consideration of gate 

leakage current demonstrate a very small standby leakage current in the order of nano-ampere 

under 1.8V bias at 25oC. Moreover, the proposed power-rail ESD clamp circuits also perform 

excellent turn-on efficiency. The new proposed 2×VDD-tolerant power-rail ESD clamp circuit 
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with low standby leakage current is a superior design technique for on-chip ESD protection in 

the mixed-voltage I/O interfaces. 

In Chapter 6, resistor-less design of ESD-transient detection circuit to achieve ultra-low 

standby leakage current and small layout area has been proposed and successfully verified in 

a 1V 65nm fully-silicided CMOS technology. The proposed ESD-transient detection circuit is 

realized with only 1V devices without suffering the gate leakage issue. According to the 

measured results, the proposed power-rail ESD clamp circuit demonstrates an ultra-low 

standby leakage current of only 1.43nA under 1V bias at 25oC, where the device dimension of 

Mp is drawn as 140µm/0.12µm. Moreover, the proposed power-rail ESD clamp circuit has 

excellent immunity against the transient-induced latch-on or mis-trigger issues. The proposed 

resistor-less power-rail ESD clamp circuit is an excellent circuit solution to achieve effective 

and efficient on-chip ESD protection in advanced nanoscale CMOS technologies. 

Overall, the comparisons of several circuit characteristics are listed in Table 7.1 for 65nm 

LP 1.2V CMOS process and in Table 7.2 for 65nm GP 1V CMOS process. In Table 7.1, the 

capacitor-less design and equivalent ESD-transient detection mechanism design are compared 

with traditional RC-based design [8] and small capacitance design [36]. The proposed designs 

have advantages of layout area and leakage current. In addition, the proposed designs also 

have the feature of adjustable holding voltage to avoid mis-trigger and transient-induced 

latch-on issues. In Table 7.2, the embedded SCR design and resistor-less design are compared 

with the prior arts [32], [78]. Because there is a serious gate leakage issue in 65nm GP 1V 

CMOS process, the ESD clamp devices in all discussed circuits are substrate-triggered SCR. 

As long as the holding voltage of SCR is higher than the normal circuit operation voltage 

VDD, all circuits would not suffer from mis-trigger and transient-induced latchup issues. 

However, the new proposed designs still have advantages of ESD robustness improvement 

and leakage current.  

 

7.2 Future Works 
With the continuously scaling CMOS technology, the thickness of gate oxide layer 

becomes thinner and thinner. The gate leakage current will absolutely be a serious issue for 

the hand-held and portable electronic products, which highly require low power consumption. 

In addition, the power-rail ESD clamp circuit is a key element for whole-chip ESD protection 

design during the ESD stresses. However, the power-rail ESD clamp circuit should not be 

activated during normal circuit operating condition. Therefore, the design of power-rail ESD 
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clamp circuit with low standby leakage current in advanced nanoscale CMOS process is still a 

continuously interesting research topic to be focused. In this field, the gate leakage current of 

MOSFET and gate oxide reliability must be considered carefully during the design phase. 

In advanced CMOS technology below 40nm, there are some structures presented, such as 

high-K/metal gate and FinFET, to solve gate leakage issue and improve the control capability 

of gate electrode. However, the ESD design issues of such a novel process are still largely 

unknown and need to be solved urgently. 

For SoC applications, the power supply voltage may exceed the original VDD of the 

process to drive a high-voltage output signal. Therefore, it is required to design the 

high-voltage-tolerant power-rail ESD clamp circuit with low-voltage devices but without 

suffering the gate leakage current and gate oxide reliability issues. In this field, the standby 

leakage current of the high-voltage-tolerant power-rail ESD clamp circuit is an important 

concern, especially when the IC is operated at high temperature condition. 

In addition, the fabrication cost per layout area of ICs is incredibly increasing with the 

scaling CMOS technology. The power-rail ESD clamp circuit with small layout area is 

another continuous research topic to be achieved. Particularly, the small layout area design is 

very suitable to pre-bonding functional test of 3D IC. During the fabrication of 3D IC, every 

tier needs to do functional test before stacking. Therefore, there is a high risk to damage the 

core circuit in the specific tier during functional test. Consequently, the basic ESD protection 

design is necessary to provide ESD protection at every probing pad. However, those ESD 

protection circuit in the tier will not be used anymore when the 3D IC is completely stacked. 

As a result, the requirements of ESD protection design for pre-bonding pad in 3D IC are small 

layout area and high enough ESD robustness. 
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Table 7.1 
Comparison on Circuit Characteristics in 65nm LP 1.2V CMOS Process 

 
 

Table 7.2 
Comparison on Circuit Characteristics in 65nm GP 1V CMOS Process 
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