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Abstract—With the consideration of low standby leakage in 
nanoscale CMOS processes, a new 2×VDD-tolerant ESD clamp 
circuit was presented in this paper. The new ESD clamp circuit 
had a high-voltage-tolerant ESD detection circuit to improve the 
turn-on efficiency of the silicon-controlled-rectifier-based (SCR-
based) ESD device. This design had been successfully verified in 
a 65-nm CMOS process. The leakage current of this ESD clamp 
circuit under normal circuit operating condition was only ~200 
nA. Besides, this ESD clamp circuit can achieve 4.8-kV HBM 
ESD robustness. Therefore, this design was very suitable for 
mixed-voltage I/O interfaces in nanoscale CMOS processes. 

I. INTRODUCTION 

In advanced CMOS technologies, the thickness of gate 
oxide has been scaled down to improve circuit performance 
with the decreased power supply voltage for low-power 
applications. However, for the system-on-a-chip (SoC) 
applications, the I/O buffers with low-voltage devices will 
drive or receive high-voltage signals to communicate with 
other ICs in the microelectronic systems or subsystems. 
Therefore, the I/O buffers must be designed with the 
consideration of high-voltage tolerance to prevent overstress 
voltage on the thinner gate oxide of the devices in I/O buffers. 
To avoid this gate-oxide-reliability issue without using 
additional thick-gate-oxide devices, the stacked NMOS 
configuration has been widely used in the mixed-voltage I/O 
buffers [1], [2]. Without the thick-gate-oxide devices in low-
voltage processes, the process steps can be reduced, the 
fabrication yield can be increased, and the chip cost can be 
lowered. However, the stacked NMOS configuration usually 
has a lower electrostatic discharge (ESD) level and slow turn-
on speed of the parasitic lateral n-p-n device, as compared 
with the single NMOS [3], [4]. Therefore, additional ESD 
protection design must be provided to protect the stacked 
NMOS in the mixed-voltage I/O buffer without additional 
leakage current path. 

The ESD protection scheme with ESD bus and high-
voltage-tolerant ESD clamp circuit for a SoC with mixed-
voltage I/O interfaces has been presented [5], as shown in Fig. 
1. This ESD protection scheme is realized with ESD diodes 
(DP, DN, and D1), ESD bus, 1×VDD ESD clamp circuit, and 
2×VDD-torelant ESD clamp circuit. Each ESD stress at the 
mixed-voltage I/O pad, ESD bus, VDD, or VSS line has the 
corresponding well-designed ESD discharging path in this 
scheme. Besides, some ESD protection designs with high-
voltage tolerance have also been studied [6]-[8]. 

In nanoscale CMOS technologies, the leakage current 
must be considered during the circuit design [9]. With the 
consideration of low standby leakage, a new 2×VDD-tolerant 
power-rail ESD clamp circuit by using only thin-oxide devices 
is proposed in this work. The new proposed ESD clamp circuit 
has an efficient ESD detection circuit to improve the turn-on 
efficiency of the silicon-controlled-rectifier-based (SCR-based) 
ESD clamp device. Such ESD detection circuit with only thin 
gate-oxide devices can be used to tolerate 2×VDD supply 
voltage, and the standby leakage current under normal circuit 
operating condition can be significantly reduced. The 
proposed design has been successfully verified in a 1-V 65-nm 
CMOS process. 

 

Figure 1.  ESD protection scheme with on-chip ESD bus for high-voltage-
tolerant mixed-voltage I/O buffer. 
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II. ESD CLAMP CIRCUIT DESIGN 

A. Circuit Operations 

The proposed 2×VDD-tolerant ESD detection circuit is 
composed of two low-leakage ESD detection circuits to divide 
2×VDD voltage into 1×VDD voltage by their self, as shown in 
Fig. 2(a). With this symmetry between these low-leakage ESD 
detection circuits, each low-leakage ESD detection circuit 
sustains only 1×VDD voltage. Besides, the initial-on PMOS 
devices (Mt1 and Mt2) [10] existed in each low-leakage ESD 
detection circuit to effectively trigger the ESD clamp device 
under ESD stress conditions. Fig. 2(b) shows the 
implementation of 2×VDD-tolerant ESD clamp circuit. The 
main ESD current discharging path consists of the double-
triggered SCR (DTSCR) with a diode in series 
(DTSCR+diode), which has high enough holding voltage to 
prevent from latchup issues. Moreover, the SCR device 
without poly gate layer has good immunity against the gate-
leakage and gate-oxide overstress problems. The SCR device, 
which is composed of cross-coupled p-n-p and n-p-n BJTs 
with regenerative feedback loop, and a forward biased diode 
can sustain high ESD level within a small silicon area in 
CMOS process. To improve the turn-on speed of SCR device, 
the trigger currents are absorbed from the base terminal of p-
n-p BJT, and injected to the base terminal of n-p-n BJT. 

Under the normal power-on condition with 2-V 2×VDD 
and grounded VSS, node B of the circuit in Fig. 2(b) sustains 
only 1-V. In other words, all low-voltage devices sustain only 
1-V voltage, which prevents from gate-oxide overstress issue. 
The gate voltage of Mt1 (Mt2) is biased at logic high through 
the turned-on Mp1_3 (Mp2_3), and the Mt1 (Mt2) can be kept 
off and no trigger current is generated from the ESD detection 
circuit to the DTSCR device. Besides, the gate voltage of 
Mp1_4 (Mp2_4) is also biased at logic high to turn-off Mp1_4 
(Mp2_4), so the voltage across the gate oxide of Mc1 (Mc2) 
and the gate-leakage current through the MOS capacitor under 
the normal circuit operating condition can be further reduced. 

Once the Mt1 (Mt2) in ESD detection circuit is 
accidentally turned-on under normal circuit operating 
condition, the node C (node A) can still be charged to logic 
high to turn-off Mn1_3 (Mn2_3). The gate voltage of Mt1 
(Mt2) can be restored to logic high to turn-off Mt1 (Mt2). 
Therefore, this design can prevent from latchup event. 

When a positive fast-transient ESD voltage is applied to 
2×VDD line with VSS grounded, the trigger currents will pass 
through the initial-on PMOS devices (Mt1 and Mt2) to trigger 
the DTSCR device. The trigger currents will also pump the 
node B voltage to half of the voltage of 2×VDD line. In the 
mean time, the gate voltage of Mp1_4 (Mp2_4) is still floating, 
so the gate voltage of Mn1_3 (Mn2_3) can be charged through 
Mp1_4 (Mp2_4) to logic high to turn on Mn1_3 (Mn2_3). The 
RC delay of R1 and Mc1 (R2 and Mc2) keeps the gate voltage 
of Mp1_1 (Mp2_1) at logic low, and the gate voltage of 
Mn1_2 (Mn2_2) is at logic high. Therefore, the gate voltage 
of Mt1 (Mt2) can be kept at logic low through the turned-on 
Mn1_2 and Mn1_3 (Mn2_2 and Mn2_3) to continuously turn-
on the Mt1 (Mt2) and generate the trigger currents. Finally, 
the DTSCR device can be fully turned-on into holding state to 
discharge ESD current from 2×VDD line to VSS. 

 

(a) 

 

(b) 

Figure 2.  (a) Design and (b) implementation of new 2×VDD-tolerant ESD 
clamp circuit. 

B. Simulation Results 

Fig. 3 shows the Hspice-simulated results of the proposed 
ESD clamp circuit under normal circuit operating conditions. 
The node B voltage is exactly at 1 V, even if the temperature 
varies from 25°C to 100°C. The node A voltage is only ~1.25 
V, and the node C voltage is only ~0.25 V. In other word, the 
voltage across Mc1 (Mc2) is only ~0.25 V, which is much 
lower than that in the traditional RC-based ESD detection 
circuits. Therefore, the gate-leakage currents through the Mc1 
and Mc2 can be significantly reduced, and the total leakage 
currents can be reduced. 
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Fig. 4 shows the simulated transient responses of the ESD 
detection circuit. With the voltage disturbance on 2×VDD line, 
the ESD detection circuit is accidentally turned-on under 
normal circuit operating condition. However, the MOS 
capacitors can be restored to logic high to turn off the trigger 
currents. Therefore, this design can prevent from latchup 
events. 

Under ESD stress conditions, the trigger ability of the 
proposed ESD detection circuit is also simulated and 
summarized in Fig. 5. As the ESD-like pulses with 10-ns rise 
time and various voltages are applied to 2×VDD line to 
simulate the fast transient voltage of human-body-model 
(HBM) ESD events, the trigger currents can be successfully 
generated. The DTSCR device will be triggered-on through 
the trigger circuit rather than through the junction breakdown. 

The ESD clamp devices with and without the proposed 
ESD detection circuit have been fabricated in a 1-V 65-nm 
CMOS process. The sizes of ESD clamp devices are selected 
to be 50 μm. Besides, the trigger PMOS (Mt1 and Mt2) of 
ESD detection circuit are designed to be 25 μm and 50 μm. 

 

Figure 3.  Hspice-simulated results of 2×VDD-tolerant ESD clamp circuit 
under normal power-on conditions within 25 °C and 100 °C. 

 

Figure 4.  Hspice-simulated transient responses of 2×VDD-tolerant ESD 
clamp circuit. 

 

Figure 5.  Hspice-simulated results of 2×VDD-tolerant ESD detection 
circuit under ESD-like pulse zapping. 

III. EXPERIMENTAL RESULTS 

A. Transmission Line Pulsing (TLP) Measurement 

The I-V characteristics of the circuits are measured by 
using TLP generator with 100-ns pulse width and 10-ns rise 
time. Fig. 6 shows the TLP-measured I-V curves of the 
fabricated ESD clamp circuits. The trigger voltage (Vt1) of the 
standalone DTSCR+diode ESD device is 11.8 V. With 25-μm 
and 50-μm trigger PMOS, the trigger voltage of ESD clamp 
circuits can be reduced to 7.3 V and 6.5 V, respectively. The 
secondary breakdown current (It2) of all ESD clamp circuits 
are ~2.9 A. These data are summarized in Table I. 

B. ESD Robustness 

The human-body-model (HBM) ESD robustness of the 
fabricated ESD clamp circuits are evaluated by the ESD 
simulator. All ESD clamp circuits can achieve 4.8-kV HBM 
ESD robustness. These data are also summarized in Table I. 

C. DC Measurement 

The standby leakage current of the standalone 
DTSCR+diode ESD device under 2-V bias is only 5 nA at 
room temperature. Even if the proposed ESD detection circuit 
is applied to the DTSCR+diode ESD device, the standby 
leakage current under 2-V bias is ~200 nA at room 
temperature. Therefore, the new ESD clamp circuit of this 
work can provide the excellent ESD robustness with low 
standby leakage current by using only low-voltage devices. 

TABLE I.  COMPARISON AMONG ESD CLAMP CIRCUITS 

ESD 
Device

ESD 
Detection 

Circuit 

TLP 
Vt1 
(V) 

TLP  
It2 

(A) 

HBM 
ESD 
(kV) 

DC 
ILeak 
(nA) 

None 11.8 2.9 4.8 5 

With 25-µm 
Trigger PMOS

7.3 2.8 4.8 170 
DTSCR
+Diode

With 50-µm 
Trigger PMOS

6.5 2.9 4.8 293 
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(b) 

 

(c) 

Figure 6.  TLP I-V curves of DTSCR+diode (a) without trigger PMOS, (b) 
with 25-µm trigger PMOS, and (c) with 50-µm trigger PMOS. 

IV. CONCLUSION 

The new 2×VDD-tolerant ESD clamp circuit by using only 
low-voltage devices with low standby leakage current and 
high ESD robustness for SoC applications with mixed-voltage 
I/O interfaces has been successfully designed and verified in a 
65-nm CMOS process. The 2×VDD-tolerant ESD clamp 
circuit can operate without gate-oxide reliability issue, and the 
leakage current is only ~200 nA under normal circuit 
operating condition. The test patterns can achieve 4.8-kV 
HBM ESD robustness. In addition, the new ESD detection 
circuit shows significant help on increasing the turn-on speed 
of ESD device. With trigger currents generated from the ESD 
detection circuit, the trigger voltage of the SCR-based ESD 
device can be reduced, as compared with that of the stand-
alone SCR device. Therefore, the new ESD clamp circuit by 
using only low-voltage devices with very low standby leakage 
current and high ESD robustness is the useful circuit solution 
for on-chip ESD protection design with mixed-voltage I/O 
interfaces in SoC applications. 
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