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Abstract

Capacitor-couple technique used to early turn on
CMOS on-chip ESD protection circuit and to ensure
uniform ESD current distribution is proposed. A timing-
original design model is also derived to calculate
capacitor-couple efficiency for the ESD protection circuit.
Using this capacitor-couple technique, ESD reliability of
thinner gate oxide in deep-submicron low-voltage CMOS
IC’s can be effectively improved.

I. Introduction

Electrostatic  discharge (ESD) has become a
challenging issue on reliability of IC products in deep
submicron process. The advanced processes of deep
submicron CMOS technologies much degrade ESD
reliability of CMOS IC’s [1]-[2]. Moreover, in low-
voltage applications, thickness of gate oxide is scaled
down to be thinner and thinner. For example, the gate-
oxide thickness in a 0.5-pm 5-V CMOS technology is
1404, but it is reduced to only 90A in a 0.5-um 3-V
CMOS technology. This much thinner gate oxide is more
sensitive to ESD stress.

In traditional ESD protection circuit for input pad, as
shown in Fig.l, gate-grounded NMOS device is often
used as a protection element to limit overstress voltage
across the gate oxide of input devices by its drain
snapback breakdown. But, the voltage margin between
gate-oxide breakdown and drain snapback breakdown is
also much reduced in deep-submicron low-voltage
CMOS technology. Therefore, the thinner gate-oxide
may be ruptured by ESD voltage before drain of
protection NMOS into snapback breakdown. Recently,
an extra mask of “ESD implant” is added into process
flow to make a heavy-doped structure for input/output
devices [3]-[4]. With extra ESD-implant process, drain
breakdown voltage may be reduced to protect such
thinner gate oxide. But, the cost of chip fabrication is
also increased.

Since ESD voltage on a pad may have positive or
negative polarities to both VDD and VSS(ground), there
are four ESD-stress cases at each input or output pins as
shown in Fig.2 [5]. These four modes of ESD stress can
cause damage on both NMOS and PMOS devices in
input stage or output buffer of CMOS IC’s. In Fig.l,
traditional ESD protection circuit is only arranged from
the pad to VSS(GND). There is no ESD protection
element arranged between the pad and VDD. Under ND-
mode or PD-mode ESD stress, internal circuits are
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dangerous to ESD damage [6]-[7].

In this paper, a complementary capacitor-couple ESD
protection circuit is proposed to effectively protect the
thinner gate oxide and to avoid unexpected ESD damage
on internal circuits of deep-submicron low-voltage
CMOS IC’s without extra ESD-implant process.

VDD

Primary
ESD-Protection

‘

Element /
Thinner vSS

Gate Oxide
Fig.1 A traditional input ESD protection circuit with gate-
grounded NMOS to clamp ESD voltage across the gate oxide of
input stage.
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Fig.2 The four modes of ESD stress on an input
(or output) pin of CMOS IC.

II. Capacitor-Couple ESD Protection Circuit

The ESD protection using complementary capacitor-
couple technique is shown in Fig.3, where the capacitor-
couple technique is realized by using additional Cn and
Cp capacitors arranged from input pad to the gates of
NMOS and PMOS devices in the ESD protection circuit,
respectively. To achieve capacitor-couple effect without
increasing total layout area to the pad, a schematic
cross-sectional view of ESD protection circuit with the
capacitors is shown in Fig.4, where Cn and Cp are
realized by inserting poly layers right under the metal
pad. Rn and Rp can be also realized by poly lines.
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Fig.3 The capacitor-couple ESD protection circuit.
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Fig.4 Schematic cross-sectional view of the capacitor-couple
ESD protection circuit.

As NS-mode (PD-mode) ESD stress occurs on the
input pad, diode Dnl (Dpl) is forward biased to bypass
ESD current. The negative (positive) ESD voltage on the
input pad will be clamed to about -0.6V (+0.6V), so the
internal circuits can be protected against ESD damage.
Diode under forward-biased condition can sustain high
ESD stress.

Under PS- ND-) mode ESD stress, positive (negative)
ESD transient voltage will be coupled to the gate of
NMOS (PMOS) through capacitor Cn (Cp). The coupled
positive (negative) voltage on the gate of NMOS (PMOS)
is sustained longer in time by resistor Rn (Rp) to
effectively turn on ESD-protection NMOS (PMOS). ESD
current is bypassed through the early turned-on NMOS
(PMOS), so the thinner gate oxide can be protected.

The four modes of ESD stress on the input pad are
one-by-one protected by the capacitor-couple Mnl, diode
Dnl, diode Dpl, and capacitor-couple Mpl, respectively.
Thus, the internal circuit which is connected to this input
pad can be fully protected against ESD damage in deep-
submicron low-voltage CMOS IC’s. The magnitude and
holding time of ESD-transient voltage coupled to the
gate of Mnl (Mp1) can be adjusted by Cn and Rn (Cp
and Rp) to make ESD-protection device active only in
ESD-stress conditions but inactive in normal operating
conditions of CMOS IC’s.

III. Design of Capacitor-Couple Efficiency

A timing-original design modcl has been developed
to find the suitable value for Cn (Cp) and Rn (Rp). The
coupled gate voltage Vgs(t) on the gate of NMOS due to
triggering of 10-V ramp voltage with rise time of 10ns
on the input pad is calculated by the developed design
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model, and the result is shown in Fig.5. As Vgs is higher
than Vin (threshold voltage of NMOS), NMOS is turned
on to bypass ESD current. The coupled gate voltage
Vgs(t) is discharged through Rn, so the protection
NMOS will become off again if Vgs drops below Vin.
The fon in Fig5 is the turn-on time of NMOS. By
adjusting Cn and Rn, fon becomes tunable for different
applications.

The dependence of Cn and Rn on the turn-on time
from 50 to 200 ns of protection NMOS under PS-mode
stress condition with 10-V ramp input voltage is shown
in Fig.6, in which model-calculation results agrees very
well to HSPICE-simulation results. The undesired design
region in Fig.6 means that Cn or Rn are over-designed in
capacitor-couple ESD protection circuit. This causes
voltage degradation on normal input signal, because
voltage coupled to the gate of protection NMOS is above
its threshold voltage. So, Rn and Cn in this undesired
region should be avoided. In the adequate design region
of Fig.6, protection NMOS is not triggered on by the
normal input signal, but it can be triggered on by the 10-
V 10-ns ramp voltage.
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Fig.5 The coupled voltage waveform of Vgs(t) under the
triggering of a 10-V ramp voltage with rise time of 10ns, which
is calculated by the derived design model.
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Fig.6 Overall relation between Cn and Rn under different
NMOS turn-on time with both model-calculated and HSPICE-
simulated results.



Another issue on capacitor-couple technique is the
rise time of 10-V ramp voltage, which is used to simulate
the ESD-transient voltage before gate oxide of input
stage is ruptured. Rise time #r has been considered in the
design model. The sensitivity of rise-time effect on the
design of Cn and Rn is analyzed in Fig.7, where the
NMOS turn-on time is kept as a constant of 100 ns to
find the dependence of different rise time from 1 to 10 ns.
In Fig.7, it is shown that the variation between different
curves due to different rise time of 10-V input ramp
voltage is below 5%. With suitable design on Rn and Cn,
this capacitor-couple ESD protection circuit can perform
effective ESD protection.

The dependence of PMOS turn-on time on Cp and Rp
is also calculated by the design model and compared with
HSPICE-simulated results. The adequate design region
and undesired design region about Rp and Cp for
protection PMOS to accurately operate in CMOS IC’s is
shown in Fig.8.

With wide-range verification and consideration on
different turn-on time of protection NMOS/PMOS,
device dimension of protection NMOS/PMOS, and
different rise time of ESD-transient voltage before gate-
oxide breakdown, suitable design of capacitor-couple
ESD protection circuit can be easily obtained by this
design model instead of iterative trial-and-error HSP/CE

" simulation.
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Fig.7 The relation of Cn and Rn to keep NMOS tum-on time of
100 ns under different rise time of the 10-V ramp voltage.
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IV. Experimental Results

A microphotograph of the fabricated capacitor-couple
ESD protection circuit is shown in Fig.9, which is
fabricated by a 0.5-um 3-V CMOS technology. The
HBM (human-body-mode) and MM (machine-mode)
ESD testing results with failure criterion of 1-pA current
leakage under 5-V bias are shown in Figs.10 and 11,
respectively. It is found that ESD pass voltage is almost
linearly increased as channel width is increased either in
HBM or MM ESD testing.

Fig.9 A microphotograph of fabricated capacitor-couple
ESD protection circuit.
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Fig.10 HBM ESD testing results of capacitor-couple ESD
protection circuit with different device dimension.
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Fig.11 MM ESD testing results of capacitor-couple ESD

protection circuit with different device dimension.

To monitor capacitor-couple efficiency, an NMOS
(PMOS) device with W/L=20/1.0 (um) is also designed
with its gate connected to the gate of ESD-protection
NMOS (PMOS). The setup to measure capacitor-couple
efficiency under PS-mode and ND-mode ESD-stress
conditions is shown in Figs.12 and 13, respectively. In
Fig.12, a positive pulse-type voltage waveform with rise
time of 5ns generated by pulse generator Hp81164 is
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used to simulate PS-mode ESD-transient voltage and
applied to the input pad. An oscilloscope is used to
monitor voltage waveform in time domain to investigate
capacitor-couple effect. The gate voltage of Mnl will
arise from zero if a sharp-rising ESD-like positive
voltage pulse is applied to the input pad. The voltage
coupled to the gate of Mnl can be monitored by Mn2
device due to their gates are connected together. This
coupled gate voltage will turn Mn2 on and cause current
flowing through the external resistor Rext. Thus, the
voltage at node "x" will be pulled down from 3V
synchronously when the input voltage pulse is applied.
Similar measuring principle is also applied in Fig.13 to
verify capacitor-couple efficiency under ND-mode ESD-
stress condition.
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Fig.12 Experimental setup to measure capacitor-couple
efficiency in PS-mode ESD-stress condition.
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Fig.13—Experimental setup to measure capacitor-couple
efficiency in ND-mode ESD-stress condition.

Typical measured voltage waveforms of capacitor-
couple efficiency, which is coupled through Cn (Cp) to
the gate of NMOS (PMOS) as a positive (negative)
pulse-type trigger voltage is applied to the input pad, are
shown in Figs.14 and 15, respectively.

Fig.14 Typical measured voltage waveforms in Fig.12.
(X axis: 500ns/div.; CH1: 5V/div.; CHL2: 0.5V/div.).
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(X axis: 500ns/div.; CH3: 5V/div.; CH4: 0.2V/div.).

From above measured results, the coupling effect of
Cn (Cp) and voltage holding capability of Rn (Rp) have
been verified. For applications in different deep-
submicron low-voltage CMOS technologies, Cn (Cp) and
Rn (Rp) can be designed to meet practical requirement
by the developed design model.

V. Conclusion

A capacitor-couple ESD protection circuit has been
successful designed, fabricated, and verified in 2 0.5-um
3-V CMOS technology. With poly layer inserting under
metal pad to realize the coupling capacitance and poly
lines extending around the pad to realize the sustaining
resistance, a small layout area of capacitor-couple ESD
protection circuit has been shown. A timing-original
design model has been also derived to calculate
capacitor-couple efficiency without trial-and-error
HSPICE simulation. Not only to ensure uniform ESD
current flow among the multiple fingers of ESD-
protection NMOS/PMOS but also to earlier turn on
ESD-protection NMOS/PMOS to bypass ESD current,
experimental results have verified that it can offer more
effective ESD protection for thinner gate oxide.

Thus, this proposed capacitor-couple ESD protection
circuit can effectively improve ESD reliability of IC
products in deep-submicrorn low-voltage CMOS
technologies

References

{11 C. Duvwury and A Amerasckera, "ESD: A pervasive reliability
concemn for IC technologies," Proc. of JEEE, vol.81, no.5, pp.690-
702, May 1993.

[2] A. Amerasekera and C. Duwvury, "The impact of technology
scaling on ESD robustness and protection circuit design,” 1994
EOS/ESD Symp. Proc., EOS-16, pp. 237-245.

[3] S. Daniel and G. Krieger, “Process and design optimization for
advanced CMOS 1/O ESD protection devices,” 1990 EOS/ESD
Symp. Proc., EOS-12, pp. 206-213.

[4] C. Diaz, T. Kopley, and P. Marcoux, “Building-in ESD/EOS
reliability for sub-halfmicron CMOS processes,” Proc. of IRPS,
1995, pp.276-283.

[5] M.D. Ker, C-Y. Wu, and H.-H. Chang, “Complementary-
LVTSCR ESD protection circuit for submicron CMOS
VLSVULSL,” IEEE Trans. on Electron Devices, 1996, in press.

[6] C. Duvvury, R. N. Rounuee, and O. Adams, “Intemnal chip ESD
phenomena beyond the protection circuit," JEEE Trans. on
Electron Devices, vol. 35, no. 12, pp. 2133-2139, Dec., 1988.

{71 C. C. Johnson, T. J. Maloney, and S. Qawami, "Two unusual

HBM ESD failure mechanisms on a mature CMOS process,” 1993
EQS/ESD Symp. Proc., EOS-15, pp. 225-231. .



