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ESD

 Short for ElectroStatic Discharge, 

ESD is one of the few things an 

individual can do to damage or 

destroy his or her computer or 

hardware components. ESD can 

occur without the user feeling a 

shock.



Traditional ESD Clamp Circuit



Fundamental Device Problems

 With the decrease of the power supply voltage for low 

power applications, the thickness of the gate oxide has 

been also scaled down in the nanometer CMOS 

technologies. However, such a thin gate oxide of only 2 

nm in advanced CMOS technology has been reported 

to result in a substantial fraction of the overall leakage 

current in the chip due to its gate leakage current.



Fundamental Device Problems

 Based on BSIM4 gate current model, the MOS capacitor with a 

large-sized gate oxide will induce a large amount of gate current 

from node a to VSS under the normal circuit operating condition. 

Such gate current causes a voltage drop across the resistor R, 

and therefore the PMOS Mp in the ESD detection circuit cannot be 

completely turned off. With a non-turned-off PMOS, node b is 

charged up to some voltage level higher than VSS, and that in turn 

causes the main ESD clamping MOSFET operating in sub-

threshold region under the normal circuit operating condition. The 

ESD clamping MOSFET drawn with large device dimension in 

sub-threshold region further generates a large amount of standby 

leakage current.



Traditional ESD Clamp Circuit 
Simulation in 65-nm CMOS Process

 Hspice-simulated 

voltages on the 

nodes of the ESD 

detection circuit and 

the gate current of 

the MOS capacitor 

Mc under the normal 

power-on condition 

with a rise time of 1 

ms in a 65-nm 

CMOS process.



Modified ESD Clamp with Gate 
Current Consideration



Leakage Still A Problem

 From HSPICE simulation result based on BSIM4 model, under the 

normal operating condition with VDD of 1 V, the standby leakage 

current in the ESD detection circuit of Fig. 1(b) is around 1.5 A at 

25 C in a 65-nm CMOS process, where the dimensions of devices 

are chosen appropriately and listed in Table II. The simulation 

result excludes the leaky large-sized ESD clamping MOSFET . 

Even if the timer level restorer can solve the malfunction problem 

in the ESD detection circuit, the standby leakage current of such 

modified power-rail ESD clamp circuit is still too large for portable 

application with low-power requirements.



New Proposed Ultra-Low-Leakage 
Power-Rail ESD Clamp Circuit

 The ESD detection 

circuit is designed 

with consideration

of the gate current. 

Utilizing the gate 

current to bias the 

ESD detection circuit 

and to reduce the 

voltage difference 

across the gates of 

the MOS capacitors



Operation Under Normal Circuit 
Operating Condition

 Under the normal power-on condition with VDD of 1 V 

and grounded VSS, the gate voltage of Mp1 is biased 

at around 1 V through the resistor R with a low gate 

current of MOS capacitor Mc1 in the new proposed 

ESD detection circuit, so that Mp1 can be kept off and 

no trigger current is generated from the ESD detection 

circuit to the SCR device. In addition, node c in Fig. 3 is 

biased at some voltage level ( 0.45 V) to turn on Mn 

which in turn keeps the trigger node of SCR grounded. 



Operation Under Normal Circuit 
Operating Condition

 the Hspice-simulated 

voltage waveforms on 

the nodes of ESD 

detection circuit and the 

gate current through the 

MOS capacitor Mc1 

under the normal 

power-on condition with 

a rise time of 1 ms and 

VDD of 1 V (VSS of 0 

V). The gate current of 

Mc1 is only around 23 

nA and the voltage level 

at node a is almost kept 

at 1 V, so that Mp1 is 

kept in off state.



Operation Under ESD Transient 
Event

 When a positive fast-transient ESD voltage is applied 

to VDD with VSS grounded, the RC delay in the ESD 

detection circuit keeps the gate of Mp1 at a relatively 

low voltage level compared to the fast rising voltage 

level at VDD. The Mp1 can be quickly turned on by the 

ESD energy to generate the substrate-triggered current 

into the trigger node (node b) of the SCR device. 

Finally, the SCR device can be fully turned on into 

holding state to discharge ESD current from VDD to 

VSS. 



Operation Under ESD Transient 
Event

 The simulated 

voltage and 

substrate-triggered 

current of the new 

proposed ESD 

detection circuit 

under the ESD 

transition, where a 0-

to-5 V voltage pulse 

with a rise time of10 

ns is applied to VDD 

to simulate the fast 

transient voltage



Experimental Results – Turn-on 
Verification

 The turn-on behavior of 

SCR devices is an 

important index for ESD 

protection. To verify the 

turn-on efficiency of the 

proposed ultra-low-

leakage ESD clamp circuit, 

a square-type voltage 

pulse with a rise time of 10 

ns and a pulse height of 5 

V is used to simulate the 

rising edge of a positive-to-

VSS HBM ESD pulse



Experimental Results – Standby 
Leakage and Design Flexibility

 The standby leakage 

current under 1-V bias of 

the whole ESD clamp 

circuit with SCR of 45 m is 

only 96 nA at 25 C. The 

standby leakage current of 

the proposed ESD clamp 

circuit is dominated by 

Mp1 in the ESD detection 

circuit while the leakage 

current contributed by the 

MOS capacitor is only 23 

nA from simulation result



Experimental Results – Standby 
Leakage and Design Flexibility

 While the device dimension of Mp1 

increases from 80 m/0.12 m to 100 

m/0.12 m, the standby leakage 

current of the whole power-rail 

ESD clamp circuit increases from 

96 nA to 115 nA at 25 C (1.02 A to 

1.28 A at 125 C) under 1-V bias. 

However, the corresponding 

trigger voltage of the SCR of 45 m 

can be reduced from 3.7 V to 3.1 V 

when the dimension of Mp1 is 

increased, the standby leakage 

current of the whole ESD clamp 

circuit and the turn-on speed of the 

SCR device can be adjusted to 

meet different application 

requirements



Comparison of Different ESD 
Clamp Circuit Topology



Conclusion

A power-rail ESD clamp circuit with ultra-low standby

leakage current and high robust ESD performance has been

successfully verified in a 65-nm CMOS process. The proposed

ESD detection circuit designed with consideration of

gate leakage current has been verified with a standby leakage

current of only 96 nA under 1-V bias at 25 C. Compared with

the traditional power-rail ESD clamp circuit, the new proposed

power-rail ESD clamp circuit achieves high ESD robustness in

a small layout area with an ultra-low standby leakage current

and is an excellent circuit solution for on-chip ESD protection

design in nanometer CMOS technologies.
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Questions??


