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ABSTRACT

A novel design concept to turn on the SCR device by
applying the substrate-triggered method is first proposed in
the literature for effective on-chip ESD protection design.
To avoid the transient-induced latch-up issue, the substrate-
triggered SCR devices are stacked in the ESD protection
circuits. The turn-on efficiency of SCR can be greatly
improved by applying the substrate-triggered method. The
on-chip ESD protection circuits designed with the
substrate-triggered SCR devices for input pad, output pad,
and power pad have been successfully verified in a 0.25-um
CMOS process. The substrate-triggered SCR device with a
smaller layout area of only 40pmx20um can sustain the
HBM ESD stress of higher than 7kV.

1. INTRODUCTION

To provide effective electrostatic discharge (ESD)
protection for CMOS IC’s, the on-chip ESD protection
circuits have to be added around the input, output, and
power pads of the CMOS IC’s. The lateral Silicon
Controlled Rectifier (SCR) device was therefore used in the
input (or output) ESD protection circuits to effectively
protect the CMOS IC against ESD damage [1]. Due to the
low holding voltage (Vhold, about ~1V in general CMOS
processes) of SCR device, the power dissipation (Power =
IgspxVhold) located on the SCR device during the ESD
stress is less than that located on the other ESD protection
devices (such as the diode, MOS, BT, or field-oxide device)
in CMOS technology. Therefore, the SCR device can
sustain a much higher ESD level within smaller layout area
in the CMOS IC’s. But, the SCR devices often have a higher
trigger voltage (~20V) in the sub-quarter-micron CMOS
technology, which is generally greater than the gate-oxide
breakdown voltage of the input stages. Therefore, the SCR
devices need the additional secondary protection circuit to
perform the overall ESD protection function [1]. To provide
more effective on-chip ESD protection, the modified lateral
SCR (MLSCR) [2] and the low-voltage-trigger SCR
(LVTSCR) [3]-[4] had been invented to reduce the trigger
voltage of the SCR devices. Moreover, some advanced
circuit techniques [5]-[7] had been also reported to improve
ESD level of the ESD protection devices.

In this paper, the on-chip ESD protection circuits
designed with the novel substrate-triggered SCR (STSCR)
devices for input pad, output pad, and power rails are
proposed and verified in a 0.25-um CMOS process. Such
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STSCR devices are designed to be kept off during the
normal circuit operating condition, and to be quickly
triggered on during the ESD-zapping condition.

2. CHARACTERISTICS OF
SUBSTRATE-TRIGGERED SCR (STSCR) DEVICE

The device structure of the traditional lateral SCR device
is shown in Fig.1, where the anode (P+ diffusion) of SCR is
connected to a pad and the cathode (N+ diffusion) is
grounded in a P-substrate CMOS process. The trigger
voltage of such a lateral SCR device is depended on the
breakdown voltage of the N-well to P-substrate junction,
which is about ~20V in a 0.25-um CMOS process. The
proposed STSCR device structure is shown in Fig.2, where
the SCR current paths are indicated by the dashed lines. As
comparing to the traditional lateral SCR device structure, an
extra P+ diffusion is inserted into the STSCR device
structure as the trigger node. The inserted P+ diffusion is
connected out as the trigger node of the STSCR device.
When a trigger current is applied into the trigger node, the
STSCR will be triggered on into its latch state. The
additional N-well regions under the cathode (N+ diffusion)
of the STSCR device is used to further enhance the turn-on
speed of the STSCR for effective ESD protection purpose.
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Fig.1 Device structure of the traditional lateral SCR device.
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Fig.2 Device structure of the proposed STSCR device.




Such a STSCR device has been drawn in layout and
fabricated in a 0.25-um CMOS process. The experimental
setup to measure the I-V characteristics of the STSCR
device is illustrated in Fig.3(a), and the measured results are
shown in Fig.3(b). The trigger current that applied into the
trigger node has a step of 1mA in Fig.3(b). When the
STSCR device has no substrate-triggered current (Ibias=0),
the STSCR is turned on by its N-well to P-substrate junction
breakdown. In Fig.3(b), the switching voltage of the
fabricated STSCR device is as high as 22V, when the
substrate-triggered current is zero. But, the switching
voltage of the fabricated STSCR device is reduced to only
9V, when the substrate-triggered current is SmA. Moreover,
the switching voltage of the fabricated STSCR device is
reduced to only 1.85V, which almost equals to the holding
voltage (~1.35V) of the STSCR, when the substrate-
triggered current is increased to 8mA. So, the STSCR can
be triggered on by applying the trigger current into this
trigger node. The dependence of the switching voltage of
the STSCR device on the substrate-triggered current is
shown in Fig. 4. The higher the substrate-triggered current
leads to a much lower switching voltage in the STSCR
device.
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Fig.3 (a) The experimental setup used to measure the I-V curves
of the STSCR device, and (b) the measured I-V curves of the
STSCR device.

With a lower switching voltage in the STSCR device, the
turn-on speed of STSCR device can be further improved to
quickly discharge the ESD current. This is a very excellent
feature of this STSCR device for using in the on-chip ESD
protection circuits. However, another issue of using the SCR

device as the ESD protection device is the transient-induced
latch-up concern [8], when the IC is under normal circuit
operation. Therefore, the total holding voltage of the ESD
protection circuit with the SCR devices must be designed
greater than the maximum voltage level of VDD in the
normal circuit operating condition to avoid the latch-up
issue. This can be achieved by stacking the STSCR devices
in the ESD protection circuits. Fig. 5 shows the dependence
of the total holding voltage on the temperatures of the
STSCR devices with different number of stacked STSCR
devices. The total holding voltage will become smaller
when the operating temperature is increased, because the
current gain (B) of the parasitic bipolar transistor in the SCR
device is increased with the increase of operating
temperature. But, the total holding voltage can be still raised
up by increasing the number of the stacked STSCR devices.
Such stacked STSCR devices can be simultaneously
triggered on, when the trigger currents are simultaneously
applied into the trigger nodes of the STSCR devices.
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Fig.4 Dependence of the switching voltage of the STSCR on the
substrate-triggered current in the STSCR device.
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Fig.5 The temperature dependence on the total holding voltage

of the stacked STSCR devices with different stacked number.
3. ON-CHIP ESD PROTECTION DESIGN

3.1 ESD Protection Design for the Input/Output Pads
The ESD protection circuits for input and output pads,

realized with the stacked STSCR devices, are shown in Figs.
6(a) and 6(b). All the p-trigger nodes of the stacked STSCR
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devices are connected to the output of the ESD-detection
circuit, which is formed with a resistor and an inverter.
The input of the inverter is connected to VDD through the
resistor R. The resistor R is better realized by using the
diffusion resistance for the concern of antenna effect [9]. A
capacitor C is placed between the input of the inverter and
VSS. This capacitor can be formed by the parasitic
capacitance at the input node of the inverter. In the normal
circuit operating condition with VDD and VSS power
supplies, the input of the inverter is kept at VDD. Therefore,
the output of the inverter is biased at VSS due to the turn-on
of NMOS in the inverter. The p-trigger nodes of the stacked
STSCR devices are biased at VSS by the output of the
inverter, so the stacked STSCR devices are guaranteed to be
kept off in the normal circuit operating condition.

When the positive-to-VSS ESD stress zapping on the
pad, the input of the inverter is initially kept at zero, and the
inverter is biased by the ESD energy on the pad. The RC in
the ESD-detection circuit is designed to keep the input of
inverter with a relative low voltage level during the ESD
stress condition. Thus, the output of the inverter is charged
up to high by the ESD energy to generate the trigger current
into the p-trigger nodes of the stacked STSCR devices.
Therefore, the STSCR devices are turned on by the trigger
current generated from the inverter output, and the ESD
current is discharged from the pad to VSS through the
stacked STSCR devices.
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Fig.6 The ESD protection circuits for the (a) input pad, and (b)
output pad, by using the proposed STSCR devices in stacked
configuration.

3.2 ESD Protection Design for the Power Rail

The STSCR device can be also applied to design the
power-rail ESD clamp circuits. The VDD-to-VSS ESD
clamp circuit realized with the stacked STSCR devices is
shown in Fig.7. The number of the stacked STSCR devices
between the VDD and VSS power rails is dependent on the
maximum voltage level between the VDD and VSS in the
normal circuit operating condition to avoid the latch-up
issue. The function of the ESD-detection circuit is similar to
the ESD-detection circuit used in the I/O pads, but the RC is
designed with a time constant of about ~1us to distinguish
the VDD power-on event (with a rise time of ~ms) or
ESD-stress events (with a rise time of ~ns). During normal
VDD power-on transition (from low to high), the input of

the inverter in Fig.7 can follow up in time with the
power-on VDD signal, so the output of the inverter is kept
at zero. Hence, the stacked STSCR devices are kept off and
don’t interfere the functions of internal circuits.

When a positive ESD voltage is applied to the VDD pin
with the VSS pin relatively grounded, the RC delay will
keep the input of the inverter at a low voltage level for a
long time, therefore the output of the inverter will become
high to trigger the stacked STSCR devices. While the
stacked STSCR devices are triggered on, the ESD current is
discharged from VDD to VSS through the stacked STSCR
devices. By suitable design on the ESD-detection circuit, the
stacked STSCR devices can be quickly triggered on to
discharge the ESD current.
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Fig.7 The VDD-to-VSS ESD clamp circuit realized with the
stacked STSCR devices.

4. EXPERIMENTAL RESULTS

The proposed ESD protection circuits have been
designed with different number of stacked STSCR devices
and fabricated in a 0.25-um CMOS process. The human-
body-model (HBM) and machine-model (MM) ESD
stresses are applied to the ESD protection circuit to verify
the ESD robustness of the design shown in Fig.7. The ESD
test results are compared in Fig.8. Because the total holding
voltage of the stacked configuration between the VDD and
VSS power rails is increased with the number of the stacked
STSCR devices, the HBM and MM ESD levels of the ESD
protection circuit is decreased with the increase on the
number of the stacked STSCR devices. However, it is still
high enough for ESD protection. If the ESD protection
circuit is realized with 3 stacked STSCR devices for 3-V IC
applications, the HBM (MM) ESD robustness is as high as
7.5kV (725V), where each STSCR device is realized with a
layout area of only 40umx20pum in the 0.25-pm CMOS
process. This has verified the excellent area-efficiency of
the ESD protection circuits realized with the proposed
stacked STSCR devices.

In order to investigate the turn-on efficiency of the ESD
protection circuit realized with the stacked STSCR devices,
a voltage pulse with a pulse width of 400ns and a rise time
of 10ns is applied to the VDD of Fig.7. First, one
stand-alone STSCR device without ESD-detection circuit is
tested. The STSCR cannot be triggered on until the pulse
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height of the applied voltage pulse is increased up to 20V.
After the triggering on, the voltage level on the VDD line is
clamped to ~2.4V. The voltage waveform on the VDD line,
clamped by the stand-alone STSCR device without ESD-
detection circuit, is measured and shown in Fig.9. Because
of the internal output resistance of the pulse generator and
the turn-on resistance of the STSCR device, the clamped
voltage (~2.4V) is greater than the holding voltage (~1.35V)
of a STSCR device measured in Fig.3.
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Fig.9 The measured voltage waveform on the VDD line,
clamped by the stand-alone STSCR device without ESD-detection
circuit, when a 0-to-20V voltage pulse is applied to the VDD line
with the VSS grounded.
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On the contrary, even if the ESD protection circuit
designed with multiple stacked STSCR devices, the voltage
pulse with a smaller pulse height can trigger on the ESD
protection circuit if there is the ESD-detection circuit. In
Fig.10, a 0-to-5V voltage pulse waveform applied on the
VDD line is clamped to 1.6V (3.2V) by the ESD protection
circuit with one (two) stacked STSCR devices and the ESD-
detection circuit. A 0-to-8V voltage pulse, applied to the
ESD protection circuit with three stacked STSCR devices
and ESD-detection circuit, is clamped to ~4.7V in Fig.10.
When the voltage pulse is applied to the VDD pin, the
voltage pulse is quickly clamped to a low voltage level
within several ns. This has successfully verified the turn-on
speed of the proposed STSCR devices to fast discharge the
ESD transient current of ESD events. The clamped voltage
level of the ESD protection circuit can be linearly adjusted
by changing the number of stacked STSCR devices for
practical applications in CMOS IC products with different
VDD voltage levels.

5. CONCLUSION

ESD protection circuits, designed with the substrate-
triggered SCR devices in stacked configuration, have been
successfully verified in a 0.25-pm CMOS process. The ESD
protection circuits with the stacked STSCR devices and
ESD-detection circuit have the advantages of low switching
voltage, low holding voltage, fast turn-on speed, occupied
smaller layout area, and a much higher ESD robustness,
which are very useful in CMOS IC products fabricated in
sub-quarter-micron CMOS processes.
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