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Abstract—Electrostatic discharge (ESD) protection for mixed-
voltage 1/O interfaces has been one of the major challenges of
system-on-a-chip (SOC) implementation in nanoscale CMOS
processes. Moreover, the gate leakage current across thin gate-
oxide devices has serious degradation on circuit performance
while circuits implementing in nanoscale CMOS processes. The
on-chip ESD protection circuit for mixed-voltage 1/O buffers
should meet the gate-oxide reliability constraints and be designed
with consideration of gate leakage current. This paper presents
the effective ESD protection scheme with circuit solutions to
protect the mixed-voltage I/O buffers in nanoscale CMOS
processes against ESD stresses. The proposed ESD protection
scheme and the specific ESD clamp circuits with low standby
leakage current have been successfully verified in nanoscale
CMOS processes. Effective on-chip ESD protection scheme
should be early planed and started in the beginning phase of chip
design in order to achieve good enough ESD robustness for IC
products.

I. INTRODUCTION

For commercial IC products, to achieve the electrostatic
discharge (ESD) specification is necessary duirng product
qualification. On-chip ESD protection has become a design
challenge for CMOS ICs implemented in nanoscale CMOS
technologies. The thickness of the gate oxide and the device
dimension of transistors have scaled down to improve the
circuit performance; meanwhile, the power supply voltage has
been also decreased to reduce the power consumption and to
meet the gate oxide reliability. On-chip ESD protection should
be developed with more aggressive method to protect such a
thin gate-oxide devices against ESD damage [1]. Recently,
some process optimizations on MOSFETS in nanoscale CMOS
processes have been reported to improve the device-level ESD
robustness [2], [3].

From the perspective of circuit design for whole system
integration, the core circuit designs have been migrated to
lower VDD voltage level such as 1V in a 65-nm CMOS
process while some peripheral components or other ICs in a
microelectronic system are still operated at the higher voltage
levels (1.8V/2.5V). Therefore, the I/O buffers for such mixed-
voltage interfaces may drive or receive high-voltage signals to
communicate with other ICs. Several problems arise when
traditional I/O buffer is used in the mixed-voltage I/O buffers
between these ICs, such as the gate-oxide breakdown [4] and
the undesirable leakage current paths across the parasitic
forward diode in the pull-up PMOS.
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To solve the gate-oxide reliability issue without using the
additional thick gate-oxide process (called dual gate oxide in
some CMOS processes), the stacked-NMOS configuration had
been widely used in the mixed-voltage I/O buffer to reduce the
process complexity and fabrication cost of the chip [5].
However, the stacked NMOS configuration has a lower ESD
level and slower turn-on speed, as compared with the single
NMOS [6]. 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 and the
problem of gate-oxide reliability.

In addition to the requirement of the specific ESD protection
scheme for the mixed-voltage I/O buffers, a more serious
problem in gate leakage issue occurs while thin gate-oxide
devices implemented in nanoscale CMOS processes. Such a
thin gate-oxide of only ~2nm in a 130nm 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 [7]. To reduce the gate leakage current, the high-k
metal gate technology is applied in 45-nm generation and
beyond [8], [9]. Nevertheless, the gate leakage issue still exists
in the 90-nm and 65-nm CMOS technologies which are
currently used in major production without using high-k/metal-
gate structure. The gate current of MOSFET has been modeled
in BSIM4 model [10], and the foundries have also supported
the corresponding SPICE parameters in their nanometer CMOS
processes to circuit designers. Recently, some work has been
reported on how to reduce the gate leakage current for digital
circuits in advanced CMOS processes [11], [12]. In the
traditional power-rail ESD clamp circuit which is used to
protect the core circuits [13], the large-sized ESD clamp device
and the MOS capacitor will suffer serious gate leakage
problem and induce huge whole-chip standby leakage current
while implementing in nanoscale CMOS process [14]. New
designs on the power-rail ESD clamp circuit should be
developed to further reduce such standby leakage current in
nanometer CMOS processes.

In this paper, the ESD protection schemes and high-voltage-
tolerant ESD clamp circuits designed to protect the mixed-
voltage 1/O interfaces against ESD stresses without suffering
the gate-oxide reliability issue are presented [15], [16]. With
consideration of gate-leakage issue, a new high-voltage-
tolerant low-leakage ESD clamp circuit has been designed and
successfully verified in the nanoscale CMOS processes with
only thin gate-oxide devices [17]. High ESD robustness for
mixed-voltage I/O buffers can be achieved with the proposed
circuit solutions.
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II. ESD PROECTION DESIGN FOR MIXED-VOLTAGE I/O
INTERFACES

A. ESD Protection Schemes

The ESD protection schemes with only 1xVDD thin gate-
oxide devices for the mixed-voltage I/O interfaces to drive or
receive 2xVDD high-voltage signals, with power supply
voltage of 2xVDD or VDD are shown in Figs. 1(a) and 1(b),
respectively. From Fig. 1(a), the ESD protection scheme can be
implemented by placing diode from I/O pad to the power pad
of 2xVDD with an efficient 2xVDD-tolerant ESD clamp
circuit between 2xVDD and VSS. However, this protection
scheme can not be applied if the power supply voltage is only
VDD due to the leakage current path across the top-side diode
Dp. The ESD bus (realized by wide metal line in CMOS
process) is applied to solve this problem, as shown in Fig. 1(b).
The ESD bus is not directly connected to an external power
pad, but is initially biased at VDD through the diode D1 after
the chip has been powered on. When the 2xVDD input signals
reach to the I/O pad (Fig. 1(b)), the ESD bus line will be
charged up to 2xVDD through Dp. Therefore, the ESD clamp
circuit between ESD bus and VSS should be also designed to
tolerant 2xVDD supply voltage during normal circuit operating
conditions. Both ESD protection schemes (Fig. 1(a) and Fig.
1(b)) need a 2xVDD-tolerant ESD clamp circuit to protect the
stacked-NMOS in the mixed-voltage I/O buffer. The Rggp is
used to avoid damage on the stacked-NMOS before the ESD
current is discharged through this ESD protection scheme. The
diode D1 connected between the VDD and ESD bus is used to
block the leakage current path from the I/O pad to VDD.

VDD 2xVvDD
PU JSD”
@ 20D =
E vDD / £3
= Resp 29
© gg
z g3
o
g 38
= w
- Stacked- Z
PD NMOS
| | (STNMOS)
VSS ESD Protection Scheme
(@
vDD
]
N-well
Self-Biased
Circuit
Gate
o Tracking — =
5 Clrcuit -s 3
€0 =.=
2 sE| |SG
S Resp 80 L
VDD A S o s E
® KE 3 S
£ as go
] g0 a
€ ~x 0O 7]
£ Stacked- R w
NMOS w
(STNMOS)
PD
VSSs ESD Protection Scheme

Fig. 1. ESD protection schemes for mixed-voltage 1/O interface with 2xVDD-
tolerant ESD clamp circuit, where the power supply is powered by voltage
level of (a) 2xVDD or (b) VDD.

For the ESD protection scheme with ESD bus, under
positive-to-VSS (PS-mode) ESD stress on I/O pad, the ESD
current can be discharged through the diode Dp to the ESD bus
and then through the 2xVDD-tolerant ESD clamp circuit to the
grounded VSS, instead of through stacked NMOS in the I/O
buffer to ground. Under positive-to-VDD (PD-mode) ESD
stress on I/O pad, the ESD current can be discharged through
Dp, ESD bus, and the 2xVDD-tolerant ESD clamp circuit to
VSS power line, and then through the power-rail ESD clamp
circuit between VDD and VSS to the grounded VDD. Under
negative-to-VSS (NS-mode) ESD stress on I/O pad, the
negative ESD current can be discharged through the diode Dn
in forward-biased condition to the grounded VSS. Under
negative-to-VDD (ND-mode) ESD stress on /O pad, the
negative ESD current can be discharged through Dn to the
floating VSS power line, and then through the power-rail ESD
clamp circuit between VDD and VSS to the grounded VDD.
These four modes of ESD stresses on the mixed-voltage 1/0
pad to VDD or VSS have the corresponding well-designed
ESD discharging paths in the ESD protection scheme with
ESD bus.

B.  Design of 2xVDD-tolerant ESD Clamp Circuit

The 2xVDD-tolerant ESD clamp circuit realized with only
1xVDD thin gate-oxide devices is shown in Fig. 2, composed
of the ESD detection circuit and the stacked-NMOS (STNMOS)
as ESD clamp device. The gate of Mnl is biased at VDD
through a resistor to avoid the gate-oxide reliability issue, and
the gate of Mn2 is connected to VSS to ensure the off state of
the STNMOS. Therefore, the STNMOS will be kept off
without gate-oxide reliability during normal circuit operating
conditions. During the normal circuit operating condition, the
ESD detection circuit is kept inactive and does not interfere
with the functions of internal circuits. Nevertheless, it becomes
active to provide the substrate-triggered current to quickly
trigger on the STNMOS under ESD stress condition.

2xVDD
i e
SR2 Mp1
VDD . VDD

2}
I o]
=
Ry g
I | o

(S

M3 ] ! : |
ESD Detection Circuit yYSS

Fig. 2. The 2xVDD-tolerant ESD clamp circuit with only 1xVDD thin gate-
oxide devices.

During normal circuit operating conditions, the gate of Mpl
(node a) is biased at 2xVDD through the resistor R2, and the
gate of Mp2 and Mn3 (node b) are biased at VDD through the
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resistor R1. Therefore, Mpl and Mp2 are kept in off state but
Mn3 is turned on to bias the substrate of STNMOS at VSS.
There is no trigger current generated from the ESD detection
circuit into the STNMOS, so the STNMOS is guaranteed to be
kept off during normal circuit operating conditions. The
source-gate voltage of Mp2 is less than the threshold voltage of
1xVDD PMOS transistor (|Vtp|), so the source voltage of Mp2
(node c) is kept between VDD and VDD+|Vtp|. In this situation,
all 1xVDD devices are free from gate-oxide reliability issue
during normal circuit operating condition with voltage level on
the ESD bus of 2xVDD in the mixed-voltage I/O interfaces.

When ESD transient voltage is applied to 2xVDD with VSS
relatively grounded, the RC delay of R2 and C (Mp3) in the
ESD detection circuit will keep the gate (node a) of Mpl at a
relatively low voltage for a long time. The VDD is initially
floating with an initial voltage level of OV before the ESD
transient voltage is applied across 2xVDD and VSS. Some
ESD transient voltage would be coupled to VDD through the
parasitic capacitance during ESD zapping, but the R1 and the
parasitic capacitance at the gates of Mp2 and Mn3 will hold the
gate of Mp2 at a low voltage level for a long time to keep Mp2
in on state. Therefore, Mpl and Mp2, whose initial gate
voltages are at a low voltage level, can be quickly turned on by
the ESD energy to generate the substrate-triggered current into
the substrate of the STNMOS. After the base-emitter voltage of
the lateral n-p-n BJT in the STNMOS is greater than its cut-in
voltage, the STNMOS will be triggered into its snapback
region to discharge ESD current from 2xVDD to VSS.

C. Experimental Results

The ESD protection scheme with 2xVDD-tolerant ESD
clamp circuit for 1.2/2.5-V mixed-voltage 1/O interfaces has
been successfully verified in a 130nm CMOS process with
only 1.2-V devices. Transmission line pulsing (TLP) generator
[18] is used to verify the secondary breakdown current (It2) of
STNMOS with or without ESD detection circuit. The measured
TLP I-V curves of STNMOS with device dimension (W/L) of
360um/0.2um are shown in Fig. 3. The STNMOS with ESD
detection circuit can be triggered on at a lower voltage level
than that without ESD detection circuit. In addition, the turn-on
uniformity among the multiple fingers of STNMOS can be
improved to enhance its ESD robustness by the substrate-
triggered effect [19], such that the It2 of STNMOS with ESD
detection circuit can be increased from 2A to 2.6A.

The human-body-model (HBM) and machine-model (MM)
ESD levels of STNMOS devices with different device
dimensions are shown in Table I. In these ESD verifications,
the HBM and MM ESD levels are measured by KeyTek
ZapMaster where the failure criterion is defined as the I-V
characteristic curve shifting over 30% from its original curve
after three continuous ESD discharges at every ESD test level.
With the substrate-triggered current generated from the ESD
detection circuit, the turn-on uniformity of STNMOS can be
effectively improved. The HBM (MM) ESD levels of the
STNMOS with the ESD detection circuit in the 2xVDD-
tolerant ESD clamp circuit under channel widths of 240, 360,
and 480pm with a channel length of 0.2um are improved from
3, 4, and 5kV (175, 250, and 275V) to 4, 5, and 6.5kV (225,

300, and 400V), respectively, as compared with the stand-alone
STNMOS. Therefore, the ESD levels of these 1.2/2.5V mixed-
voltage 1/O interfaces can be effectively improved by the ESD
protection scheme with ESD bus and the 2xVDD-tolerant ESD
clamp circuit.
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Fig. 3. The TLP-measured I-V curve of the STNMOS with or without ESD
detection circuit under device dimension (W/L) of 360pm/0.2pum.

TABLE 1
HBM AND MM ESD LEVELS OF STNMOS WITH OR WITHOUT ESD DETECTION
CIRCUIT
HBM ESD Level MM ESD Level
STNMOS (kV) V)
wiL Without | With | Without | With
(um/um) | getection | detection | detection | detection
circuit circuit circuit circuit
240/0.2 3 4 175 225
360/0.2 4 5 250 300
480/0.2 5 6.5 275 400

III. 3xVDD-TOLERARNT ESD PROECTION DESIGN

Recently, the mixed-voltage /O buffer to receive 3xVDD
input signals by using only 1xVDD thin gate-oxide devices
without suffering gate-oxide reliability issue has been proposed
[20]. Nevertheless, the ESD protection design for such a
3xVDD-tolerant mixed-voltage I/O buffer was not considered.
Therefore, how to design an effective ESD protection circuit
with only 1xVDD thin gate-oxide devices without suffering
gate-oxide reliability for mixed-voltage I/O buffer with
3xVDD input tolerance is also a challenge. With the ESD
protection scheme with ESD bus for mixed-voltage I/O buffer,
an efficient 3xVDD-tolerant ESD clamp circuit is needed.

A.  Design of 3xVDD-tolerant ESD Clamp Circuit

The 3xVDD-tolerant ESD clamp circuit with only 1xVDD
thin gate-oxide devices is shown in Fig. 4. The p-type
substrate-triggered silicon-controlled rectifier (SCR) device
with three diodes in series is used as the main ESD clamp
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device [21]. The SCR device, which is composed of cross-
coupled n-p-n and p-n-p BJTs with regenerative feedback loop,
with a low holding voltage can sustain a high ESD level within
a smaller silicon area in CMOS process. However, the main
concerns of the SCR device as the ESD clamp device are the
slow turn-on speed, high trigger voltage, and latchup issue. The
most common method to solve the latchup issue is to connect
with several diodes in series. To avoid the damage of I/O
buffer before ESD clamp device is turned on, the ESD
detection circuit is also used to provide the substrate-triggered
current to quickly trigger on the SCR device.

During normal circuit operating condition, the diode-
connected PMOS (Mp1~Mp3) are used as the voltage divider
to bias the substrate driver (Mnl, Mp4, and Mp5) of the ESD
detection circuit, where a deep N-well is used in Mnl to avoid
the gate-oxide overstress between gate and bulk. The NMOS
(Mn2) is used to keep the voltage level of the trigger node at
VSS, so the ESD clamp device is guaranteed to be kept off. All
devices in the ESD detection circuit with 1xVDD thin gate-
oxide can be free from gate-oxide reliability issue during the
normal circuit operating condition.

When ESD voltage is applied to 3xVDD with VSS
relatively grounded, and VDD floating, the capacitor (Mp6)
will couple some ESD transient voltage to the node 1 to turn on
Mnl and to pull up the node 3. The RC delay from R1 and
Mp7 in the ESD detection circuit will keep the gate of Mp4
(node 4) at a relatively lower voltage level (compared to the
node 3) for a long time. The VDD is initially floating with an
initial voltage level of OV during ESD stress. Some ESD
transient voltage would be coupled to VDD through the
parasitic capacitance during ESD zapping, but the R2 and the
parasitic capacitance at the gates of Mp5 and Mn2 will hold the
gate of Mp5 at a low voltage level for a long time to keep Mp5
in on state. Therefore, Mp4 and Mp5, whose initial gate
voltages are at low voltage level, can be quickly turned on by
ESD energy to generate the substrate-triggered current into the
substrate of SCR. Then, the ESD clamp device can be quickly
triggered on to discharge ESD current from 3xVDD to VSS.

B.  Experimental Results

The ESD protection design with 3xVDD-tolerant ESD
clamp circuit for 1.2/3.3-V mixed-voltage 1/O interfaces has
been successfully verified in a 130nm CMOS process with
only 1.2-V devices. Fig. 5 shows the measured voltage
waveforms under the PS-mode ESD stress and the normal
circuit operating condition with overshooting noise pulse by
applying a 0-to-6V voltage pulse with a rise time of 10ns to I/O
pad. During PS-mode ESD stress (VDD is floating), the
overshooting voltage waveform at I/O pad is clamped by the
Dp and ESD clamp device to ~4V, which is lower than the
breakdown voltage of the stacked NMOS in the mixed-voltage
1/O buffer. Therefore, the 3xVDD-tolerant 1/0 buffer can be
effectively protected by the proposed ESD protection design.
Under normal circuit operating condition (VDD is biased at
1.2V), the voltage waveform at I/O pad is still kept at 6V, so
the ESD clamp device is not triggered on even with an
overshooting noise at I/O pad. From the measured voltage
waveforms in Fig. 5, the excellent turn-on efficiency in ESD-
stress condition and high enough noise immunity in normal
circuit operating condition has been successfully verified in the
ESD protection design.

The TLP-measured secondary breakdown current (It2) and
HBM ESD level of the 3xVDD-tolerant 1/O buffer with and
without the ESD protection circuit under PS-mode ESD stress
are compared in Table II. When the width of SCR device in
ESD clamp device is 45um, the It2 of the I/O buffer with the
ESD protection circuit can be increased from 0.2A to 4A, as
comparing with the I/O buffer without ESD protection. In
addition, the HBM ESD level of the I/O buffer with the ESD
protection scheme can be improved from 500V to 6kV. When
the width of SCR device in ESD clamp device is increased to
90um, the It2 and HBM ESD level of the I/O buffer with the
ESD protection scheme can be further increased larger than 6A
and 8kV, respectively. The ESD protection scheme with
3xVDD-tolerant ESD clamp circuit can significantly improve
the It2 and HBM ESD level of the 3xVDD-tolerant I/O buffer.
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Fig. 5. The measured voltage waveforms at I/O pad by applying a 0-to-6V
overshooting voltage pulse to /O pad under the PS-mode ESD stress (VDD
floating) and the normal circuit operating condition (VDD = 1.2V).
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TABLE II
ESD ROBUSTNESS OF I/O BUFFER WITH OR WITHOUT ESD PROTECTION

3xVDD-Tolerant I/O Buffer itz | HBMESD
Level
1/0 Buffer Wlth!.?ul I?SD Protection 0.2A < 500V
Circuit
1/0 Buffer with ESD Protection Circuit
(SCR Width = 45,m) 4A 6kv

1/0 Buffer with ESD Protection Circuit

(SCR Width = 90um) >6A | >8kV

IV. ESD CLAMP CIRCUIT WITH CONSIDERATION OF GATE
LEAKAGE CURRENT

The gate leakage current cannot be neglected when the gate
oxide thickness is scaled down to 3nm and below. The oxide
thickness and the total gate current across the gate-oxide of N/P
MOSFET with W/L of 1um/1pm under 1-V bias in 90-nm, 65-
nm, and 45-nm CMOS processes are compared in Table III.
The gate current of a MOS capacitor with W/L of Sum/5um
used in ESD detection circuit in a 65-nm CMOS process will
be as high as 2pA. Such a leakage current across the MOS
capacitor could cause the ESD detection circuit abnormal
function and induce a significant leakage current across the
whole ESD protection circuit.

To solve the problem of malfunction in the traditional RC-
based ESD detection circuit [13], the timer level restorer was
ever reported [14]. However, even with the additional timer
level restorer, the gate current of ESD clamp MOSFET and
MOS capacitor still result in a total standby leakage current of

several ten micro-amperes at 125°C in a 130nm CMOS process.

Another design using the PMOS and NMOS feedback
technique to decrease the leakage current of the power-rail
ESD clamp circuit and to improve the trigger ability had also
been reported [22]. However, such feedback network used in
power-rail ESD clamp circuit might suffer transient latchup
failure during the system-level ESD test [23]. To solve the gate
leakage current without suffering transient latchup issue from
feedback network, a new design solution for ESD clamp circuit
has been proposed in the following.

A. Gate Leakage Current in the 2xVDD-Tolerant ESD Clamp
Circuit

Based on BSIM4 model, the STNMOS in Fig. 2 with large
device size as ESD clamp device generates some leakage
current from 2xVDD to VDD via the gate of Mnl.
Furthermore, the sub-threshold leakage current of the
STNMOS in a nanoscale CMOS technology is also large. In
the ESD detection circuit, the MOS capacitor with gate oxide
of large area will induce a large amount of gate current from
node a to VDD during the normal circuit operating condition.
Therefore, the leakage current path exists from 2xVDD
through R1, Mcl, and R to VDD. Such gate current causes a
voltage drop across the resistor R1, and therefore the PMOS
Mpl in the ESD detection circuit can not be completely turned
off. With a non-turned-off PMOS, node d could be charged up
to some voltage level higher than VSS, and that in turn

provides some triggered current into the substrate of STNMOS
under the normal circuit operating condition. The STNMOS
with weak triggered current could further induce extra leakage
current. Both the ESD detection circuit and STNMOS suffer
serious leakage current issue when this ESD clamp circuit is
implemented in a nanoscale CMOS technology. Such a leaky
ESD protection circuit is barely tolerable for low power
requirements.
TABLE III

OXIDE THICKNESS AND GATE CURRENT OF GATE-OXIDE OF N/P MOSFET
UNDER -V BIAS IN DIFFERENT CMOS TECHNOLOGIES

. Oxide Gate Leakage @ 1V Bias
Generation | MOS Type | rpickness (WIL = 1um/1um)
NMOSFET | ~2.3nm ~11nA
90nm
PMOSFET | ~2.5nm ~3nA
NMOSFET ~2.0nm ~140nA
65nm
PMOSFET | ~2.2nm ~80nA
NMOSFET ~1.9nm ~260nA
45nm
PMOSFET | ~2.1nm ~95nA

B.  New Proposed 2xVDD-Tolerant Low-Leakage Power-Rail
ESD Clamp Circuit

The proposed 2xVDD-tolerant low-leakage ESD clamp
circuit is shown in Fig. 6. The 2xVDD-tolerant low-leakage
ESD clamp circuit is composed of ESD detection circuit and p-
type substrate-triggered SCR as ESD clamp device. The SCR
device without poly gate structure has good immunity against
the gate leakage problem. The new ESD detection circuit with
only 1xVDD thin gate-oxide devices is designed with
consideration of the gate current and gate-oxide reliability in
this work. By utilizing the gate current to bias the ESD
detection circuit and optimizing the voltage difference across
the gates of the MOS capacitors, the gate leakage current
through the MOS capacitor during the normal circuit operating
condition can be reduced. The total leakage current, which is
resulted from the MOS capacitor, in the ESD detection circuit
can be minimized. Therefore, the leakage currents through the
ESD clamp device (SCR) and the ESD detection circuit can be
well controlled and minimized by this new proposed design.
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Fig. 6. The 2xVDD-tolerant low-leakage ESD clamp circuit with only 1-V
thin gate-oxide devices.
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In the proposed ESD detection circuit, the PMOS Mpl and
Mp2 are used as substrate driver to generate the substrate-
triggered current into the trigger node of the SCR device during
ESD stress event, but the substrate driver is kept off under the
normal circuit operating condition. The NMOS Mn is used to
keep the trigger node (node d in Fig. 6) at VSS, so the ESD
clamp device (SCR) is guaranteed to be turned off during the
normal circuit operating condition. The RC time constant from
R1, Mcl, Mc2, and the parasitic gate capacitance of Mn is
designed around the order of ~us to distinguish ESD stress
event from the normal power-on condition. The diode-
connected Mp3 and Mp4 are acted as a start-up circuit with
initial gate-to-bulk current from 2xVDD into the ESD
detection circuit, and in turn to conduct some gate current of
Mcl to bias the nodes e and f. After that, the voltage level at
node ¢ will be biased at a specified voltage level to reduce the
voltage difference across the gate of Mcl and to minimize the
gate leakage current through the MOS capacitors. In this bias
condition, all devices with thin gate oxide in the ESD detection
circuit are free from gate-oxide reliability issue under normal
circuit operating condition.

When a positive fast-transient ESD voltage is applied to
2xVDD with VSS grounded and VDD floating (with an initial
voltage level of ~0V), the RC delay keeps the node a at a
relatively low voltage level compared to the fast rising voltage
level at 2xVDD. The Mpl and Mp2, whose initial gate
voltages are kept at relatively low voltage levels compared to
their source voltages, can be quickly turned on to generate the
substrate-triggered current into the trigger node of the SCR
device. Finally, the SCR device can be fully turned on into
holding state to discharge ESD current from 2xVDD to VSS.

With a foundry provided SPICE model in a 1-V 65-nm
CMOS process, the circuit operation of the ESD detection
circuit can be simulated. The Hspice-simulated voltage
waveforms at the nodes of the proposed ESD detection circuit
during and after the normal power-on transition are shown in
Fig. 7. 2xVDD and VDD are powered on to 1.8V and 1V,
respectively, with a simultaneous rise time of 1ms. From the
simulation results, the voltage differences across the gate-to-
drain, gate-to-source, and gate-to-bulk terminals of all devices
in the proposed ESD detection circuit do not exceed the
process limitation (1.1V for 1-V devices in a 65-nm CMOS
process). Therefore, the ESD detection circuit can be ensured
against gate-oxide reliability issue under the normal circuit
operating condition.

Fig. 8 shows the transient simulated voltage and substrate-
triggered current of the ESD detection circuit during the ESD
transition, where a 0-to-5V voltage pulse with a rise time of
10ns is applied to 2xVDD. With a limited voltage height of 5V
in the voltage pulse, the voltage transition on each node in the
ESD detection circuit can be simulated to check the desired
circuit function before device breakdown. From the simulated
results, the source-to-gate voltages of Mp1 and Mp2 are around
1.5V, which is much higher than their threshold voltage, and
the substrate-triggered peak current generated from substrate
driver is higher than 30mA during the ESD transition. With the
proposed ESD detection circuit, the SCR device can be

triggered on by the adequate substrate-triggered current before
device breakdown during the ESD stress event.
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Fig. 7. Hspice-simulated voltage on the nodes of the ESD detection circuit in a

65-nm CMOS process under the normal power-on condition with 2xVDD of
1.8V and VDD of 1V.
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Fig. 8. Hspice-simulated voltages on the nodes of the ESD detection circuit
and the substrate-triggered current which flows into the SCR device under 0-
to-5V ESD-like transition on 2xVDD.

C. Experimental Results

The proposed 2xVDD-tolerant low-leakage ESD clamp
circuit has been fabricated in a 65-nm CMOS process. All
devices used in this design are 1-V fully-silicided devices,
including the p-type substrate-triggered SCR device. The prior
work of 2xVDD-tolerant ESD clamp circuit without
consideration of gate current (shown in Fig. 2) has also been
fabricated in the same 65-nm CMOS process to compare the
standby leakage current and ESD performance.

The measured standby leakage current of the fabricated
2xVDD-tolerant low-leakage ESD clamp circuit at 25°C is
shown in Fig. 9, where the width of the SCR device is 45um.
The standby leakage current is measured by increasing the
voltage of 2xVDD from OV to 1.8V and VDD from 0V to 1V
simultaneously. The standby leakage current of the prior work
(Fig. 2) is measured under the same bias condition, and the
result is also shown in Fig. 9. From the measured results, the
standby leakage current of the 2xVDD-tolerant low-leakage
ESD clamp circuit is only 0.15uA. However, the standby
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leakage current of the ESD detection circuit in the prior work is
as high as 1.18pA. With the STNMOS, the standby leakage
current of the prior work increases up to 5.59uA. The standby
leakage current of both the ESD detection circuit and the ESD
clamp device (SCR) in this work (Fig. 6) are much smaller than
that in the prior work (Fig. 2). The proposed 2xVDD-tolerant
low-leakage ESD clamp circuit can successfully achieve a low
standby leakage current.

The TLP-measured I-V characteristics of low-leakage
2xVDD-tolerant ESD clamp circuit with SCR device of
different widths are shown in Fig. 10. The ESD clamp circuit
with SCR widths of 45um can achieve second breakdown
current (It2) of 4.71A. The HBM ESD levels and MM ESD
levels of the 2xVDD-tolerant low-leakage ESD clamp circuit
are listed in Table IV. The low enough trigger voltage (3~4V)
and high [t2/HBM/MM values can ensure the effective ESD
protection capability.

1E-5 - E

1E-6

Standby Leakage Current (A)

1E-7
Standby Leakage Current @ 25°C
1E-8 —=— (Fig. 6) Low-Leakage ESD clamp circuit g
—e— (Fig. 2) ESD detection circuit only
—&— (Fig. 2) ESD detection circuit with STNMOS
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Fig. 9. The standby leakage current of the proposed low-leakage ESD clamp
circuit (in Fig. 6) and the work of ESD detection circuit with and without
STNMOS (in Fig. 2) at 25°C.
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Fig. 10. The TLP-measured I-V characteristics of the 2xVDD-tolerant low-
leakage ESD clamp circuit with SCR device of different widths under positive
2xVDD-to-VSS ESD stress.

The performance comparison between the prior work (Fig. 2)
and the 2xVDD-tolerant low-leakage ESD clamp circuit (Fig. 6)
is shown in Table V. With consideration of ESD robustness
and standby leakage current, the 2xVDD-tolerant low-leakage
ESD clamp circuit has provided an excellent ESD solution for
mixed-voltage 1/O interfaces in advanced nanoscale CMOS
technologies.

TABLE IV
ESD ROBUSTNESS OF THE 2xVDD-TOLERANT LOW-LEAKAGE ESD CLAMP
CIRCUIT WITH SCR OF DIFFERENT WIDTHS

. HBM ESD MM ESD
SCR Width 1t2 Level Level
30pm 3.15A 4.25kV 225V
45um 4.71A 6.5kV 350V
60um 6.17A > 8kV 450V
TABLE V

COMPARISON BETWEEN THE PROPOSED 2xVDD-TOLERANT LOW-LEAKAGE
ESD CLAMP CIRCUIT AND PRIOR WORK

2xVDD-Tolerant ESD Clamp Circuit
Without consideration of | With consideration of
gate current (Fig. 2) gate current (Fig. 6)
ESD With STNMOS | ESD detection circuit
detection W =320um with SCR
circuitonly | L=0.12um Wscr = 45um
Standby leakage
current at 25°C 1.18pA 5.59uA 0.15pA
Standby leakage
current at 125°C 12.6pA 66.6uA 1.71pA
HBM ESD Level n/a 4kV 6.5kV
MM ESD Level ni/a 250V 350V

D. Design of 1 xVDD Low-Leakage ESD Clamp Circuit

The design concept of low-leakage ESD detection circuit
can be applied to power-rail ESD clamp circuit between VDD
and VSS. The modified low-leakage power-rail ESD clamp
circuit with only 1xVDD thin gate-oxide devices is shown in
Fig. 11. While implementing in a 1-V 65-nm CMOS process,
the node ¢ in Fig. 11 is initially biased at some voltage level
(~0.45V) to turn on Mn and then to keep the trigger node
grounded. The diode-connected Mp2 and Mp3 conduct the gate
current of Mc1 to bias the nodes ¢, d, and e. After that, the
voltage level at the node d will be biased at some voltage level
(~0.7V) to reduce the voltage drop across the gate of Mcl and
to minimize the gate leakage current through the MOS
capacitors (Mcl and Mc2). Without using a feedback network
to reduce the device dimension of MOS capacitor, the low-
leakage power-rail ESD clamp circuit can achieve high enough
ESD robustness in a small layout area with a lower standby
leakage current to efficiently protect the core logics with
1xVDD power supply against ESD stresses in nanoscale
CMOS technologies.
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Fig. 11. The low-leakage power-rail ESD clamp circuit designed for ESD
protection between VDD and VSS.

V. CONCLUSION

The challenges of ESD protection designs for mixed-voltage
1/O buffers and design consideration of gate leakage current in
nanoscale CMOS technologies have been presented. The ESD
protection scheme with ESD bus and high-voltage-tolerant
power-rail ESD clamp circuit is recommended to protect the
mixed-voltage I/O buffers. The high-voltage-tolerant power-
rail ESD clamp circuit needs to meet the gate-oxide reliability
constraints without suffering the undesired standby leakage
current during the normal circuit operating condition. To solve
the gate leakage current issue, the design of 2xVDD-tolerant
power-rail ESD clamp circuit with lower standby leakage
current, no gate-oxide reliability issue, and high robust ESD
level has been successfully verified in a 65-nm CMOS process.
The proposed 2xVDD-tolerant low-leakage ESD clamp circuit
is an excellent circuit solution for on-chip ESD protection
design for mixed-voltage I/O buffers in the nanoscale CMOS
technologies.

REFERENCES

[17 G. Notermans et. al., “Gate oxide protection and ggNMOSTs in
65 nm,” in Proc. EOS/ESD Symp., 2008, pp. 6-13.

[2] D. Alvarez et. al., “Design optimization of gate-silicided ESD
NMOSFETs in a 45nm bulk CMOS technology,” in Proc.
EOS/ESD Symp., 2007, pp. 28-36.

[3] K. Chatty et. al., “Process and design optimization of a
protection scheme based on NMOSFETs with ESD implant in
65nm and 45nm CMOS technologies,” in Proc. EOS/ESD Symp.,
2007, pp. 385-394.

[4] T. Furukawa et. al., “Accelerated gate-oxide breakdown in
mixed-voltage 1/O circuits,” in Proc. IEEE Int. Reliability
Physics Symp., 1997, pp. 169-173.

[5] G. Singh and R. Salem, “High-voltage-tolerant I/O buffers with
low-voltage CMOS process,” IEEE J. Solid-State Circuits, vol.
34, pp. 15121525, Jul. 1999.

[6] W. R. Anderson and D. B. Krakauer, “ESD protection for
mixed-voltage 1/0 using NMOS transistors stacked in a cascode
configuration,” in Proc. EOS/ESD Symp., 1998, pp. 54-62.

[7]1 L. K. Han et. al., “A modular 0.13um bulk CMOS technology
for high performance and low power applications,” in Proc.
Symp. VLSI Technol. Dig. Tech. Papers, 2000, pp. 12-13.

[8] Z. Krivokapic et. al., “Nickel silicide metal gate FDSOI devices
with improved gate oxide leakage,” in JEDM Tech. Dig., 2002,
pp. 271-274.

[9] C-H. Jan et al, “A 45nm low power system-on-chip
technology with dual gate (logic and 1/O) high-k/metal gate
strained silicon transistors,” in /EDM Tech. Dig., 2008, pp. 637—
640.

[10] BSIM  Model, Berkeley Short-Channel IGFET Model.
http://www-device.eecs.berkeley.edu/~bsim3/bsim4.html.

[11] K. Sathyaki and P. Paily, “Leakage reduction by modified
stacking and optimum ISO input loading in CMOS devices,” in
Proc. IEEE Int. Conf. on Advanced Computing and
Communications, 2007, pp. 220-225.

[12] M. Agarwal, P. Elakkumanan, and R. Sridhar, “Leakage
reduction for domino circuits in sub-65-nm technologies,” in
Proc. IEEE Int. SOC Conf., 2006, pp. 164-167.

[13] M.-D. Ker, “Whole-chip ESD protection design with efficient
VDD-to-VSS ESD clamp circuit for submicron CMOS VLSI,”
IEEE Tran. Electron Devices, vol. 46, no. 1, pp. 173—183, Jan.
1999.

[14] S. S. Poon and T. Maloney, “New considerations for MOSFET
power clamps,” in Proc. EOS/ESD Symp., 2002, pp. 1-5.

[15] M.-D. Ker and W.-J. Chang, “ESD protection design with on-
chip ESD bus and high-voltage-tolerant ESD clamp circuit for
mixed-voltage 10 buffers,” IEEE Trans. Electron Devices, vol.
55, no. 6, pp. 1409-1416, Jun. 2008.

[16] M.-D. Ker and C.-T. Wang, “ESD protection design by using
only 1xVDD low-voltage devices for mixed-voltage I/O buffers
with 3xVDD input tolerance,” in Proc. IEEE Asian Solid-State
Circuits Conf., 2006, pp. 287-290.

[17] C.-T. Wang and M.-D. Ker, “Design of power-rail ESD clamp
circuit with ultra-low standby leakage current in nanoscale
CMOS technology,” IEEE Journal of Solid-State Circuits, vol.
44, no. 3, pp. 956-964, Mar. 2009.

[18] R.A. Ashton, “Transmission line pulse measurements: a tool for
developing ESD robust integrated circuits,” in Proc. IEEE Int.
Conf. on Microelectronics Test Structures, 2004, pp. 1-6.

[19] T.-Y. Chen and M.-D. Ker, “Investigation of the gate-driven
effect and substrate-triggered effect on ESD robustness of
CMOS devices,” IEEE Trans. Device and Materials Reliability,
vol. 1, no. 4, pp. 190-203, Dec. 2001.

[20] M.-D. Ker and S.-L. Chen, “Mixed-voltage 1/O buffer with
dynamic gate-bias circuit to achieve 3xVDD input tolerance by
using 1xVDD devices and single VDD supply,” in [EEE Int.
Solid-State Circuist Conf. Dig. Tech. Papers, 2005, pp. 524-525.

[21] M.-D. Ker and K.-C. Hsu, “Latchup-free ESD protection design
with complementary substrate-triggered SCR devices,” IEEE J.
Solid-State Circuits, vol. 38, no. 8, pp. 1380-1392, Aug. 2003.

[22] J. Smith, R. Cline, and G. Boselli, “A low leakage low cost
PMOS-based power supply clamp with active feedback for ESD
protection in 65-nm CMOS technologies,” in Proc. EOS/ESD
Symp., 2005, pp. 298-306.

[23] M.-D. Ker and C.-C. Yen, “Investigation and design of on-chip
power-rail ESD clamp circuits without suffering latchup-like
failure during system-level ESD test,” IEEE Journal of Solid-
State Circuits, vol. 43, no. 11, pp. 2533-2545, Nov. 2008.

23-2-8 696




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 36
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 36
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 36
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (Use these settings with Distiller 7.0 or equivalent to create PDF documents suitable for IEEE Xplore. Created 29 November 2005. ****Preliminary version. NOT FOR GENERAL RELEASE***)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


