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Power-Rail ESD Clamp Circuit With Ultralow
Standby Leakage Current and High Area
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Abstract—An ultralow-leakage power-rail electrostatic dis-
charge (ESD) clamp circuit realized with only thin gate oxide
devices and with silicon-controlled rectifier (SCR) as the main
ESD clamp device has been proposed and verified in a 65-nm
CMOS process. By reducing the voltage difference across the gate
oxide of the devices in the ESD detection circuit, the proposed
power-rail ESD clamp circuit can achieve an ultralow 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 an SCR width of 45 m can achieve 7-kV
human-body-model and 350-V machine-model ESD levels under
the ESD stress event while consuming only a standby leakage
current in the order of nanoamperes at room temperature under
the normal circuit operating condition with 1-V bias.

Index Terms—gate leakage, power-rail electrostatic discharge
(ESD) clamp circuit, silicon-controlled rectifier (SCR).

I. INTRODUCTION

ITH THE continuously scaled-down CMOS technol-

ogy, the thickness of the gate oxide has been scaled
down to only ~2 nm. Such a thin gate oxide in the nanome-
ter CMOS technology would result in the intolerable overall
leakage current of the integrated circuits (ICs) due to the
gate-leakage current [1], [2]. Although the high- K/metal-gate
materials can be used to reduce the gate-leakage current in
the nanoscale CMOS technology [3], [4], the 90-, 65-, and
45-nm 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
with mixed-voltage input/output interfaces [5]. Without the
thick gate oxide devices in the low-voltage process, the process
steps can be reduced, the fabrication yield can be increased,
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Fig. 1. Simulated gate currents of the nMOS capacitors in 65- and 90-nm

CMOS technologies.

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 [6], [7].

The gate current of the MOSFET is directly dependent on
the poly-gate area and the gate oxide thickness, which has
been modeled in the BSIM4 MOSFET model [8]. Based on the
corresponding SPICE parameters provided from the foundry,
the gate current flowing through an nMOS capacitor with /L
of 5 ym/5 pum under 1-V bias is as large as 1.61 A (217 nA) in
a 65-nm (90-nm) CMOS technology. The simulated voltage-
dependent gate-leakage currents of the nMOS capacitors are
shown in Fig. 1, where the gate leakage issue in the 65-nm
CMOS technology is obviously worse than that in the 90-nm
CMOS technology.

Recently, some designs of the low-leakage power-rail elec-
trostatic discharge (ESD) clamp circuit in nanometer CMOS
technologies were revealed [9]-[11]. In [9], 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
[10], the RC-based ESD detection circuit and the feedback con-
trol inverter were used to avoid the direct leakage path through
the MOS capacitor. In [11], the ESD detection circuit consisted
of the RC' timer, the inverters, and the feedback pMOS. The
feedback pMOS could lower the voltage drop across the RC'
timer to reduce the gate-leakage current of the MOS capacitor.
Other high-voltage-tolerant power-rail ESD clamp circuits had
been also reported to solve the gate oxide reliability in the ESD
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Fig. 2. Simulated node voltages of the traditional RC-based power-rail ESD
clamp circuit [16] and the gate current flowing through MOS capacitor Mc
under the normal power-on condition with a rise time of 1 ms in a 65-nm CMOS
process.

protection circuit [12]-[15]. For [12] and [13], the substrate-
triggered circuit, which is composed of the two pMOS devices,
is controlled by the two RC'-based detection circuits. In [14]
and [15], the diode-connected pMOS was used as the voltage
divider to bias the ESD detection circuit. However, those prior
designs [12]-[15] did not consider the gate-leakage current if
such circuits were further implemented in nanometer CMOS
processes.

In this paper, a new power-rail ESD clamp circuit with
ultralow standby leakage current and area efficiency is proposed
and successfully verified in a 65-nm CMOS technology. The
embedded ESD detection circuit realized with only thin gate
oxide devices (1-V devices) can improve the turn-on efficiency
of the ESD clamp device. 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
nanoamperes under the normal circuit operating condition with
1-V bias.

II. ISSUE OF GATE-LEAKAGE CURRENT IN THE
POWER-RAIL ESD CLAMP CIRCUIT

A. 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 pro-
tect the core circuits [16], as shown in the inset of Fig. 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. 2, under the normal power-
on condition with a rise time of 1 ms in a 65-nm 1-V CMOS
process. The dimensions of R, Mc, Mp, Mn, and Mggp are
165.3 k2, 64 pm/2 pm, 184 pm/60 nm, 36 pm/60 nm, and
2000 pm/0.1 pm, respectively. From the simulated results in
Fig. 2, the gate current of Mc is 1.65 A when VDD is raised
up to 1 V. The voltage level on node A is about 0.72 V 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 Mggp operating in
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Fig. 3. Simulated node voltages of the capacitor-less power-rail ESD clamp

circuit [17], the drain current, and the gate current flowing through the clamp
device MEsp under the normal power-on transition.

the subthreshold region will cause more leakage current under
the normal circuit operating condition.

B. Capacitor-Less Design of Power-Rail ESD Clamp Circuit

Based on the concept of capacitor-less design [17], a silicon-
controlled rectifier (SCR) clamp with a dual-base ESD detec-
tion driver was proposed to save the area [18]. The SCR used as
a ESD clamp device can reduce the leakage current. However,
the gate leakage issue of the dual-base ESD detection driver
in the advanced nanoscale CMOS process should be further
considered.

The capacitor-less design of the power-rail ESD clamp cir-
cuit with a large-sized ESD clamp device was proposed to
protect the core circuits [17], as shown in the inset of Fig. 3.
The simulated voltages on the nodes of the capacitor-less design
of the power-rail ESD clamp circuit under the normal power-
on condition with a rise time of 1 ms in a 65-nm 1-V CMOS
process are shown in Fig. 3. The gate and drain currents of
Mrggp are also shown in Fig. 3. The dimensions of Rp, Rn,
Mp, Mn, and Mggp are 20 k2, 40 k€2, 24 pum/60 nm,
12 pm/60 nm, and 2000 pm/0.1 pm, respectively. The p+
junction area of diode Dn is 0.057 xm?. From the simulated
results in Fig. 3, the gate current of Mygp is 1.69 ©A when
VDD is raised up to 1 V. The voltage drop across Rp mainly
induced by the gate current of Mggp is about 55 mV, which
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
Mgsp to VSS. As shown in Fig. 3, the drain current of Mggp is
as large as 11.79 pA and is the major source of the total standby
leakage current.

The measured standby leakage currents of the traditional
RC-based and capacitor-less power-rail ESD clamp circuits
in a 65-nm CMOS process at room temperature are shown in
Fig. 4. The voltage of the VDD power line is from 0 to 1 V with
the voltage step of 20 mV. When VDD is 1 V, the measured
standby leakage currents of the RC'-based and capacitor-less
power-rail ESD clamp circuits at room temperature are 760.42
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Fig. 4. Measured standby leakage currents of the traditional RC-based and
the capacitor-less power-rail ESD clamp circuits.

TABLE 1
LEAKAGE CURRENTS OF THE POWER-RAIL ESD CLAMP CIRCUITS
UNDER DIFFERENT TEMPERATURES AT 1 V IN A 65-nm CMOS PROCESS

Standby Leakage
Current at 1V Normal
Operating Voltage

25°C
50°C
100°C

Traditional RC-Base Power-
Rail ESD Clamp Circuit

Capacitor-Less Design of Power-
Rail ESD Clamp Circuit [17]

760.42pA
12.62mA
85.02mA

12.86pA
1.19mA
71.65mA

and 12.86 uA, respectively. The standby leakage currents of
the traditional RC'-based and capacitor-less power-rail ESD
clamp circuits under different temperatures are also listed in
Table I. Based on the measured results in Fig. 4 and Table I, the
MOS transistor, which is drawn with large device dimension as
the ESD clamp device, is too leaky for the portable products
requiring low power consumption.

III. NEwW PROPOSED POWER-RAIL ESD CLAMP CIRCUIT
A. Circuit Schematic

The new proposed power-rail ESD clamp circuits of the
ultralow standby leakage are shown in Fig. 5(a) and (b), respec-
tively, with p- and n-type triggered SCR devices as the main
ESD clamp devices. In Fig. 5(c), the cross-sectional view of the
proposed area-efficient power-rail ESD clamp circuit with an
embedded ESD-transient detection circuit is shown. The main
concept of layout modification is to sufficiently utilize parasitic
elements in the ESD-transient detection circuit. By following
this main concept, the layout area can be greatly saved due to
not using additional resistors and capacitors. The SCR device
[19] used as the main ESD clamp device can avoid the gate-
leakage current issue due to not having a poly-gate structure
inside the SCR device. However, the SCR device has some
disadvantages, such as the slow turn-on speed and the high trig-
gered voltage. Therefore, the ESD detection circuit is necessary
to improve the turn-on speed of the SCR device under the 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.
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Fig. 5. Proposed ultralow standby leakage power-rail ESD clamp circuits with
the (a) p- and (b) n-type triggered SCR devices, as the ESD clamp devices, and
(c) the embedded ESD-transient detection circuit in the cross-sectional view.

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(a), the pMOS
Mp is used to generate the trigger current into the trigger
node [node C in Fig. 5(a)] of the p-type triggered SCR device
during the ESD stress event. Under the normal circuit operating
condition, 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 real-
ized by 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 with the thin gate oxide
of the 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 transistors Mp and Mn in the ESD
detection circuit. Therefore, the leakage current and the gate
oxide reliability of Mp and Mn can be safely relieved.



YEH AND KER: POWER-RAIL ESD CLAMP CIRCUIT WITH ULTRALOW LEAKAGE CURRENT

Similarly, the complementary type of the proposed ESD
detection circuit is shown in Fig. 5(b) to trigger the n-type
triggered SCR device. In Fig. 5(b), Rp is used to keep node
C at VSS under the normal circuit operating condition. The
additional diode Dt is used to block the connection between
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 the ESD detection circuit, 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.

In Fig. 5(c), the source of Mp (Mn) in the 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 the parasitic
resistance in the n-well and the p-substrate, respectively. The
RC'-based ESD-transient detection mechanism is realized by
the Rwell and the reverse-biased diode Dc, which is imple-
mented by the n-well/p-substrate junction of the surrounding
guard ring. The inserted diodes Dn and Dp in the 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 trigger (hold-
ing) voltage of the SCR device can be reduced in response to
the increased value of Rsub. An additional n+ region connected
to VDD is inserted to form diode Dr to provide a forward-
biased discharging path from VSS to VDD during the ESD
stress event.

B. Operation Under the Normal Power-On Transition

Under the normal circuit operation condition with VDD of
1 V and grounded VSS, the gate voltage of Mp (node A in
Fig. 5) is biased at 1 V through resistor Rn in the new proposed
ESD detection circuit. The gate voltage of Mn (node C) is
simultaneously biased at 0 V 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 diodes Dp and Dn
in the ESD detection circuit, the voltages at nodes B and 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 1 V to further reduce the standby
leakage current.

By using the SPICE parameters provided from foundry
and the design dimensions listed in Table II, the simulated
voltage waveforms and the leakage current of the proposed
ESD detection circuit during the normal power-on transition
are shown in Fig. 6, where VDD is raising from 0 to 1 V
with a rise time of 1 ms. From the simulation results in Fig. 6,
the voltage differences across the gate-to-drain, gate-to-source,
and drain-to-source terminals of all transistors in the proposed
ESD detection circuit are only about 0.5 V. Because Mp (Mn)
with the device dimension of 40 m/0.12 pm is used to trigger
the p-type (n-type) triggered SCR device on during the ESD
stress event and pMOS Mp has smaller gate-leakage current
as compared to that of nMOS Mn in the same 65-nm CMOS
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TABLE II
DESIGN PARAMETERS OF THE PROPOSED POWER-RAIL
ESD CrLaMP CIRCUITS

. P-Type Triggered N-Type Triggered Embedded ESD-Transient
Design Parameters Design Design Detection Circuit Design
Rp (Q) None 1.9k None
Rn (£2) 25k 25k None
Dc (um?) 156.75 156.75 N+ Guardring
Dt (um?) None 24.40 None
Dp (um?) 24.40 114 10 14 18
Dn (um?) 1.14 24.40 10 14 18
Mp (WIL) (um) 40/0.12 47042 25/0.12 |35/0.12 | 45/ 012
Mn (W/L) (um) 8/0.12 40/0.12 25/0.12 |35/0.12 | 45/0.12
Widths of SCR (um)| 30 | 40 [ s0 | 30 [ 40 [ 50 | 25 35 45
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Fig. 6. Simulated voltage waveforms on the nodes and the leakage current of
the ESD detection circuit with the (a) p- and (b) n-type triggered SCR devices
in the 65-nm 1-V CMOS process under the normal power-on transition.

process, the simulated leakage current of the ESD detection
circuit is around 13.9 nA (42.6 nA) for the p-type (n-type)
triggered design, as shown in Fig. 6.

C. Operation Under the ESD Transition

When a positive fast-transient ESD-like voltage is applied to
VDD with grounded VSS, the RC time delay keeps node A at
a relatively low voltage level as compared with that at VDD.
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Fig. 7. Simulated voltages on the nodes and the trigger current of the ESD

detection circuit with the (a) p- and (b) n-type triggered SCR devices in the
65-nm CMOS process under the ESD-like transition.

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
Fig. 5(a) and (c). The turned-on Mp can also elevate the voltage
level at node C to further turn Mn on. When Mn is turned on,
the trigger current can be conducted from the trigger node of
the n-type triggered SCR device in Fig. 5(b) and (c).

To simulate the fast transient edge of the human-body-model
(HBM) ESD event [20] before the breakdown on the internal
devices to be protected, a 5-V voltage pulse with a rise time of
10 ns is applied to VDD. The simulated transient voltage and
the trigger current of the ESD detection circuit during such an
ESD-like transition are illustrated in Fig. 7. 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.

IV. EXPERIMENTAL RESULTS

The new proposed power-rail ESD clamp circuits have been
fabricated in a 65-nm CMOS process. All devices in the
proposed design are 1-V fully silicided devices, including the
SCR device. For p- and n-type triggered designs, the widths
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Fig. 8. Microphotograph of the fabricated power-rail ESD clamp circuits with
the (a) p- and (b) n-type triggered SCR devices, as the ESD clamp devices, and
(c) the embedded ESD-transient detection circuit.

of SCR devices are split with 30, 40, and 50 pum to verify the
corresponding ESD robustness. The device dimension of Mp
(Mn) in the ESD 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 of Mp and
Mn are split with 40, 60, and 80 wum to investigate the turn-
on efficiency of the proposed power-rail ESD clamp circuit.
For the embedded ESD-transient detection circuit design, the
widths of SCR devices are also split with 25, 35, and 45 pm.
The widths of Mp and Mn are varied in response to the width of
SCR device due to the embedded feature of the layout structure.
Therefore, the widths of Mp and Mn would be 25, 35, and
45 pm for a single finger. For simplicity, the dimensions of
Dp and Dn are also varied in response to the width of the
SCR device, as listed in Table II. The reverse-biased diode D¢
is provided by the surrounding n+ guard ring. These power-
rail ESD clamp circuits are fabricated for the measurements of
the transmission-line pulsing (TLP), the ESD test, the dc -V
curve, and the turn-on verification.

The microphotograph of the fabricated power-rail ESD
clamp circuits are shown in Fig. 8(a)—(c) for the p-type trig-
gered design, the n-type triggered design, and the embedded
ESD-transient detection circuit design, respectively.

A. TLP Measurement and ESD Robustness

In order to investigate the protection performance of the
power-rail ESD clamp circuit during the ESD stress events,
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Fig. 9. 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, (a) the p- and n-type triggered SCR designs, and (b) the embedded
ESD-transient detection circuit design.

the TLP generator [21] with a pulsewidth of 100 ns and a
rise time of ~2 ns is used to measure the second breakdown
current (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. 9(a) for the p- and n-type triggered designs and in Fig. 9(b)
for the embedded ESD-transient detection circuit design at
room temperature. The power-rail ESD clamp circuit with
p-type (n-type) triggered SCR widths of 30, 40, and 50 pm can
achieve the It2 values of 2.07, 2.65, and 3.33 A (2.08, 2.65, and
3.32 A), respectively. In Fig. 9, the It2 value of the embedded
ESD-transient detection circuit design is about 1.30 times the
value of p- and n-type triggered designs because the embedded
ESD-transient detection circuit design can provide two SCR
discharging paths. The trigger voltage of the fabricated power-
rail ESD clamp circuit with different Mp (Mn) widths is shown
in Fig. 10. As shown in Fig. 10, 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
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Fig. 10. TLP measured trigger voltage of the p- and n-type triggered design
with different widths of Mp, Mn, and SCR devices.

TABLE III
TLP MEASURED CHARACTERISTICS AND ESD ROBUSTNESS OF THE
FABRICATED POWER-RAIL ESD CLAMP CIRCUITS

P-Type Triggered Design
SCR Width (pm) 30 40 50
Mp Width (um) 40 60 80 40 60 80 40 60 80
vt (V) 349 | 297 | 279 | 3.79 | 3.23 | 295 | 3.95 | 3.38 | 3.15
It2 (A) 2.08 | 208 | 207 | 264 | 264 | 2.65 | 3.30 | 3.35 | 3.33
HBM (kV) 3.5 3.5 3.5 5.0 5.0 5.0 6.5 6.5 6.5
MM (V) 150 150 150 250 250 250 300 300 300
N-Type Triggered Design
Mn Width (um) 40 60 80 40 60 80 40 60 80
vt1 (V) 3.70 | 3.51 | 342 | 3.98 | 3.69 | 3.56 | 4.16 | 3.77 | 3.62
It2 (A) 2.08 | 208 | 2.08 | 264 | 264 | 265 | 3.29 | 3.32 | 3.32
HBM (kV) 3.5 3.5 3.5 5.0 5.0 5.0 6.5 6.5 6.5
MM (V) 150 150 150 250 250 250 300 300 300
Embedded ESD-Transient Detection Circuit Design
SCR Width (pm) 25 35 45
Mp & Mn Width (um) 25 35 45
Vt1 (V) 3.74 2.70 2.51
It2 (A) 2.53 3.43 4.55
HBM (kV) 4 5.5 7
MM (V) 200 300 350

adjusted by the dimension of Mp or Mn to meet different
application requirements. In addition, the holding voltages (Vh)
of the p- and n-type triggered designs are around ~2 V. The Vh
value of the embedded ESD-transient detection circuit design
is around ~1.46 V due to larger Rsub and Rwell in the layout
structure. The ESD clamp circuit with lower Vh has better ESD
protection capability. The fabricated power-rail ESD clamp
circuits with Vh higher than VDD of 1 V are free to latchup
issues for 1-V applications [22], [23].

The HBM and machine-model (MM) [24] ESD levels of the
fabricated power-rail ESD clamp circuit under positive VDD-
to-VSS ESD stress are listed in Table III. The HBM and MM
ESD levels of the proposed power-rail ESD clamp circuits are
also only related to the width of the SCR device. From the
measured results, the HBM ESD levels of the embedded ESD-
transient detection circuit design are about 1.1 times the values
of p- and n-type triggered designs. The other TLP measured
characteristics of the fabricated power-rail ESD clamp circuit
are also listed in Table III.
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Fig. 11. Measured dc I-V curves of the fabricated power-rail ESD clamp 21 08
circuits with SCR devices of different widths. 201 _ 20V TLP Voltage Pulse with_
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ESD CLAMP CIRCUITS UNDER DIFFERENT TEMPERATURES AT 1 V i - _ '.
10k Mn Width = 80pm ! 195
P-Type Triggered Design E 3 : c
S
SCR Width (um) 30 40 50 % 8| | 404 °
Mp Width (um) 40 60 80 40 60 80 40 60 80 8 3 =2
25°C 15.6nA | 194nA | 23.3nA | 16.2nA | 19.5nA | 24.2nA | 164nA | 20.2nA | 24.8nA 3 6 403 $
125°C 0.67pA | 0.78uA | 0.88uA | 0.68pA | 0.80pA | 0.89pA | 0.69pA | 0.81pA | 0.91pA > 3 hd
N-Type Triggered Design 4t 40.2
Mn Width (um) 40 60 80 40 60 80 40 60 80 3
25°C 41.0nA | 59.0nA | 82.5nA | 42.1nA | 60.2nA | 83.9nA | 42.9nA | 63.7nA | 84.3nA 2+ 401
125°C 2.03pA | 2.75pA | 3.34pA | 2.05pA | 2.77pA | 3.35pA | 2.06pA | 2.79pA | 3.36pA L
Embedded ESD-Transient Detection Circuit Design (1% L i i 0.0
SCR Width (um) 25 35 45 -20 0 20 40 60 80 100 120
Mp & Mn Width (um) 25 35 45 Time (ns)
25°C 28.85nA 3846nA 50.58nA
1250C 1.25pA 1.73pA 2.22pA (b)
21 0.7
20 20V TL_P Voltage Pulse with Rise Time gf 2ns on VDD
19 [ Embedded ESD-Transient ! dos
B. Standby Leakage Current Measurement X ! Detection Circuit Design ' ’
) ) ' Solid: SCR Width = 45um !

The leakage current of the fabricated power-rail ESD clamp 8L Hollow: SCR Width = 25um 105
circuits are measured by HP415§ from O to 1 V with the voltage s Current~ 0.361A losa ©
step of 20 mV, as shown in Fig. 11. In Fig. 11, the standby 35 g
leakage currents of the power-rail ESD clamp circuits with g’ o3 g
SCR widths of 30, 40, and 50 pum are similar, because the E S
leakage current in the SCR device is quite small. When the {02
device dimension of Mp (Mn) increases from 40 pm/0.12 pm 04
to 80 um/0.12 pm, the standby leakage current of the power- 1
rail ESD c.lamp circuit with a p-type (n-type) triggered SCR 0 bomone! . : . 0.0
of 50 pm increases from 16.4 to 24.8 nA (42.9 to 84.3 nA) -20 0 20 40 60 80 100 120
at 25 °C under 1-V bias. The standby leakage currents of the Time (ns)

fabricated power-rail ESD clamp circuits at room temperature
are reduced to the order of nanoamperes only, because the gate
oxide leakage is successfully relieved by inserting the diodes
in the ESD detection circuit. The n-type triggered design has
the largest standby leakage current because the nMOS Mn has
larger gate-leakage current as compared to that of the pMOS at
the same device size in the 65-nm 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. 10 and Table III). The
measured results of the standby leakage current at 1-V normal

(0)

Fig. 12. Measured voltage and current waveforms of the fabricated power-
rail ESD clamp circuits with the SCR devices under the TLP transition,
the (a) p- and (b) n-type triggered SCR devices, and (c) the embedded
ESD-transient detection circuit design.

operating voltage under different temperatures are also listed
in Table I'V.

C. 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
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Fig. 13. VF-TLP measured -V curves of the fabricated power-rail ESD
clamp circuits with the n-type triggered SCR device of different widths under
positive VDD-to-VSS ESD stress. The VE-TLP is with a pulsewidth of 10 ns
and a rise time of 200 ps.

time of 2 ns and a pulse height of 20 V is applied to the VDD
power line with the grounded VSS. The TLP voltage pulse will
start the ESD 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
the ESD current. When the TLP voltage pulse height of 20 V is
applied to VDD, the p-type (n-type) triggered SCR can be fully
turned on to be a low impedance path, and the voltage across
the clamp circuit is clamped to only 2.5 V in Fig. 12(a) [2.2 V
in Fig. 12(b)]. However, the power-rail ESD clamp circuit
with the embedded ESD-transient detection circuit can be also
activated to clamp the voltage down to the lower level of 1.84 V
(2.08 V) for the SCR width in 45 pm (25 pum) due to two SCR
discharging paths, as shown in Fig. 12(c).

The 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 the CDM-like fast
transient condition, the very fast (VF) TLP with a pulsewidth of
10 ns and a rise time of 200 ps is used to measure the fabricated
power-rail ESD clamp circuits. The VF-TLP measured /—V
curves of the power-rail ESD clamp circuits with different SCR
widths are shown in Fig. 13 for the n-type triggered SCR, where
the device dimension of Mn is kept at 80 pm/0.12 pm. In
Fig. 13, the power-rail ESD clamp circuit with n-type triggered
SCR widths of 50 pum can achieve the It2 value of 5.73 A
(3.33A) for the VF-TLP (TLP) measurement. It can be observed
that the SCR device with a larger device width has smaller turn-
on resistance to effectively discharge the ESD current.

V. CONCLUSION

A new design of the power-rail ESD clamp circuit to achieve
ultralow standby leakage current and area efficiency has been
proposed and successfully verified in a 65-nm fully silicided
CMOS technology. The new proposed ESD detection circuit
has been realized with only 1-V devices without suffering
the gate leakage issue. According to the measured results, the
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proposed power-rail ESD clamp circuit with the consideration
of the gate-leakage current demonstrates an ultralow standby
leakage current of only 16.4 nA under 1-V bias at 25 °C.
In addition, with the layout design of the embedded ESD-
transient detection circuit, the power-rail ESD clamp circuit
can save over 30% layout area with better ESD discharging
capabilities of 1t2, HBM, and MM ESD levels. Overall, the
proposed power-rail ESD clamp circuit performs an excellent
turn-on efficiency due to low trigger voltage. The proposed
power-rail ESD clamp circuit with ultralow standby leakage
current and high area efficiency is an excellent on-chip ESD
protection solution in advanced nanoscale CMOS technologies
without latchup issues.
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