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Abstract - A new power-rail ESD clamp circuit designed with equivalent capacitance-coupling detection 
mechanism and high efficiency of layout area has been proposed and verified in a 65nm 1.2V CMOS process. 
The proposed design has better immunity against mis-trigger or transient-induced latch-on event. The layout 
area and the standby leakage current of the proposed design are much superior to that of traditional RC-based 
power-rail ESD clamp circuit by both reducing ~46%.  

I. Introduction 
In advanced nanoscale CMOS process, electrostatic 
discharge (ESD) protection has become the major 
concern of reliability for integrated circuits (ICs). The 
nanoscale device with thinner gate oxide and 
shallower diffusion junction depth seriously degrades 
the ESD robustness of ICs and raises the difficulty of 
ESD protection design for ICs implemented in 
nanoscale CMOS technology [1]. Therefore, an 
efficient ESD protection element is highly required by 
IC industry. For whole-chip ESD protection purpose, 
the power-rail ESD clamp circuit is a vital basis to 
provide the internal circuits with efficient discharging 
path under various ESD stress conditions, as shown in 
Fig. 1 [2]. 

 
Figure 1:  Typical on-chip ESD protection design with power-rail 

ESD clamp circuit under different ESD stress conditions. 

The ESD clamp device drawn in the layout style of 
big field-effect transistor (BigFET) had revealed 
excellent ESD protection performance in advanced 
nanoscale CMOS ICs [2]-[4]. For the ESD-transient 

detection circuit, there are two design skills, the RC-
delay [2] and the capacitance-coupling designs [3], 
[4], to effectively trigger the BigFET transistor under 
ESD stress condition. The traditional RC-based 
power-rail ESD clamp circuit is shown in Fig. 2 [2]. 
The RC time constant is generally designed large 
enough about several hundreds nanosecond to keep 
the ESD clamp device at “ON” state under ESD stress 
condition. However, the extended RC time constant of 
the ESD-transient detection circuit suffers not only the 
larger layout area but also the mis-trigger of the ESD 
clamp circuit under fast power-on or “hot-plug” 
applications [5]. 

 
Figure 2:  Traditional RC-based power-rail ESD clamp circuit [2]. 
A power-rail ESD clamp circuit with a capacitance-
coupling mechanism has been shown in Fig. 3 [3]. 
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 
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will be synchronously elevated toward a positive 
voltage potential by capacitance coupling of the 
smaller capacitor. Then, the gate terminal of MESD will 
be promptly charged toward the positive voltage 
potential. Under normal circuit operation condition, 
the potential of node A will actually be kept at VSS 
through the high resistance path of the cascode nMOS 
transistors. Therefore, MESD will be turned off under 
normal circuit operation condition. Hence, MESD will 
be properly commanded at the “ON” or “OFF” state. 

 
Figure 3:  Power-rail ESD clamp circuit with smaller capacitance 

in ESD-transient detection circuit [3]. 

The capacitor-less design of power-rail ESD clamp 
circuit has been proposed, as shown in Fig. 4 [4]. The 
large parasitic capacitances (Cgd, Cgs, and Cgb) of 
MESD and resistor Rp can be used to form capacitance-
coupling mechanism. Under ESD stress condition, the 
voltage of node B will be quickly raised up to the 
voltage level at VDD power line to turn on MESD. 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 [6]. Under normal circuit operation 
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. 

 
Figure 4:  Capacitor-less design of power-rail ESD clamp circuit 

with diode string in the ESD-transient detection circuit [4]. 

In this paper, an high area-efficient ESD-transient 
detection circuit, which is combined with the parasitic 
diode of the ESD clamp device 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 has 
features of low leakage current, high immunity 
against mis-trigger, and high efficiency of layout area. 

II. Proposed ESD Clamp Circuit 
A. Circuit Schematic 

The circuit schematic and cross-sectional view of the 
proposed power-rail ESD clamp circuit with MESD 
drawn in BigFET layout style are shown in Fig. 5(a) 
and (b), respectively. In Fig. 5(a), the body of  MESD is 
not directly connected to VSS but to the diode-
connected nMOS transistor Mnd and the input node of 
the 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. 5(b). 
The output node of the controlling circuit is connected 
to the gate of MESD to command MESD at “ON” or 
“OFF” state. 

 
(a) 

 
(b) 

Figure 5:  The (a) circuit schematic and the (b) cross-sectional 
view of the proposed power-rail ESD clamp circuit. 

As shown in Fig. 5(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. 

B. Operation under ESD Stress 
When a positive fast-transient ESD-like voltage is 
applied to VDD with VSS grounded, 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. The simulated voltage waveforms of 
the proposed power-rail ESD clamp circuit during 
such an ESD-like transition are illustrated in Fig. 6 
with the device sizes listed in Table 1 (adopting MESD 
width of 2000µm). The size of Mnd is designed with 
12µm and 60µm of width to investigate the trigger 
voltage of capacitance-coupling mechanism. 

 
Figure 6:  Simulated voltage waveforms of the proposed power-

rail ESD clamp circuit under the ESD-like transition. 
Table 1:  Device Sizes of the Power-Rail ESD Clamp Circuits 

 
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 higher 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. 

III. Experimental Results 
The test chips of power-rail ESD clamp circuits with 
the traditional RC-based, smaller capacitance, 
capacitor-less, and proposed high area-efficient ESD-
transient detection circuits have been fabricated in a 
65nm 1.2V CMOS process, as shown in Figs. 7(a) to 
(d). The dimension of MESD in all circuits verified in 
the silicon test chip is kept 2000µm/100nm. 
Compared with the traditional RC-based power-rail 
ESD clamp circuit, the layout area of the proposed 
power-rail ESD clamp circuit is reduced by ~46%, 
and the layout area of the high area-efficient ESD-
transient detection circuit is reduced by ~82%. These 
circuits are prepared for leakage measurement, ESD 
robustness and transmission line pulsing (TLP) 
measurement, and turn-on verification.  

    
(a)                                                    (b) 

     
(c)                                                  (d) 

Figure 7:  Chip microphotograph of the (a) traditional RC-based, 
(b) smaller capacitance, (c) capacitor-less, and (d) proposed high 

area-efficient power-rail ESD clamp circuits. 

A. Leakage Current Measurement 
The leakage currents of the power-rail ESD clamp 
circuits are measured by HP4155 at 25oC. In Fig. 8(a), 
the leakage currents of the traditional RC-based and 
the smaller capacitance designs are 88.66nA and 



85.22nA, respectively. At the same MESD width of 
2000µm, the leakage current of the capacitor-less 
design is reduced to 42.39nA. In Fig. 8(b), the 
proposed power-rail ESD clamp circuits have the 
leakage currents of the range from 30nA to 48nA. 
Because the sizes of devices in the new proposed 
design are smaller than that in the prior designs, the 
leakage current can be greatly reduced by ~46% 
compared with the traditional RC-based one. The 
leakage currents of the power-rail ESD clamp circuits 
at higher temperatures are also listed in Table 2. It can 
be observed that the leakage current of the proposed 
design is much better than those of the prior art 
designs. 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. 

 
(a) 

 
(b) 

Figure 8:  The measured standby leakage currents of the (a) prior 
arts and the (b) proposed power-rail ESD clamp circuits. 

B. TLP Measurement 
The transmission line pulsing (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 
[7]. The measured TLP I-V curves of the prior arts are 
shown in Fig. 9. The It2 of the traditional RC-based, 

the smaller capacitance, and the capacitor-less designs 
with MESD width of 2000µm are both 5.34A. 
Table 2:  Leakage Currents of the Power-Rail ESD Clamp Circuits 

 

 
Figure 9:  Measured TLP I-V curves of the prior arts. 

As shown in Fig. 10(a), the It2 of the proposed power-
rail ESD clamp circuit can achieve the same level of 
5.39A. To observe the beginning of conduction in Fig. 
10(a), the zoom-in illustration of TLP I-V curves is 
shown in Fig. 10(b). 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. In addition, the DC I-V curves of the proposed 
designs are measured (using TEK370 curve tracer) by 
applying a voltage sweep on the VDD power line to 
verify the holding voltage of the proposed power-rail 
ESD clamp circuit. In Fig 10(c), all circuits have the 
same holding voltage of about 2.11V. Overall, all the 
measured holding voltages are higher than normal 
circuit operating voltage VDD of 1.2V no matter what 
kind of measurement is taken. Therefore, the proposed 
power-rail ESD clamp circuits are free to latch-on 
issue for safely applying in 1.2V applications [8]. 
The measured HBM and machine-model (MM) [9] 
ESD levels under positive and negative VDD-to-VSS 
ESD stresses are listed in Table 3. The measured 
HBM (MM) ESD level of MESD with the width of 
2000µm is over ±8kV (+650V and -750V). Overall, 



the measured HBM and MM ESD levels of the 
proposed power-rail ESD clamp circuits are well 
proportional to the width of MESD. 

 
(a) 

 
(b) 

 
(c) 

Figure 10:  Measured I-V curves of the proposed power-rail ESD 
clamp circuits under (a) the TLP measurement, (b) the zoom-in 
illustration of TLP I-V curves, and (c) the DC I-V measurement 

by curve tracer. 

Table 3:  ESD Robustness of the Power-Rail ESD Clamp Circuits 

 
Fig.11 shows the comparison of the measured TLP I-
V curves, including the curve of GGNMOS structure. 
The Vt1 of GGNMOS is about 3.81V, which is higher 
than that of proposed design with capacitance-
coupling mechanism. Besides, the holding voltage of 
GGNMOS is about 3.17V. Therefore, the capacitance-
coupling mechanism of the proposed ESD-transient 
detection circuit can be successfully activated to turn 
on the ESD clamp device. In Fig. 11, The ESD current 
can be discharged by the inversion channel layer of 
ESD clamp device before ~4V. When the voltage is 
increased over 4V, the parasitic bipolar discharging 
path is also activated and it would gradually become 
the primary discharging path for ESD current. 

 
Figure 11:  Measured TLP I-V curves of different clamp designs. 

C. Turn-On Verification 
The proposed power-rail ESD clamp circuit has 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. 12. The 
measured voltage on VDD power line still can rise up 
to 1.2V without any deviation, and the measured 
current is smooth at the level near zero. Therefore, the 
proposed power-rail ESD clamp circuit can be free 
from the mis-trigger issues. 



 

 
Figure 12:  The measured transient voltage and current waveforms 

of the proposed design under the fast power-on transition. 
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. 13(a), the transient 
voltage pulse can activate the ESD-transient detection 
circuit to command MESD at “ON” state. The applied 
4V voltage pulse is clamped down to a lower voltage 
level of ~2.6V by the proposed power-rail ESD clamp 
circuit with discharging current of ~28mA. 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 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. 13(b). The applied 4V voltage pulse 
can be quickly clamped down to a lower voltage level 
of ~2.28V by the proposed power-rail ESD clamp 
circuit with the discharging current of ~32mA. When 
the TLP voltage pulse height is increased, the 
proposed power-rail ESD clamp circuit can discharge 
more current. The turned-on MESD can provide a low 
impedance path from VDD to VSS to discharge ESD 
current and clamp down the voltage level. Overall, the 
proposed high area-efficient ESD-transient detection 
circuit can be successfully activated by the voltage 
pulse with fast-transient edge to turn on the MESD. 

IV. Conclusion 
The proposed ESD-transient detection circuit with 
equivalent capacitance-coupling mechanism, which 
adopts the diode-connected nMOS as a large resistor 
and the parasitic diodes as capacitors, 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. 
Moreover, the proposed ESD-transient detection 
circuit saves the layout area by ~82% compared with 
the traditional RC-based one. The 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. 

 
(a) 

 
(b) 

Figure 13:  Measured voltage and current waveforms of the 
proposed power-rail ESD clamp circuit under (a) transient noise 

and (b) TLP transition conditions. 
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