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Abstract—Conventional ESD guidelines dictate a large pro-
tection device close to the pad. The resulting capacitive load
causes a severe impedance mismatch and bandwidth degradation.
A distributed ESD protection scheme is proposed to enable a
low-loss impedance-matched transition from the package to
the chip. A simple resistive model adequately predicts the ESD
behavior under stress according to the charged device and human
body models. The large area of the distributed ESD scheme would
limit its application to designs such as distributed amplifiers, rf
transceivers, A/D converters, and serial links with only a few
dedicated high-speed interfaces. The distributed ESD protection
is compatible with high-speed layout guidelines, requiring only
low-loss transmission lines in addition to a conventional ESD
device.

Index Terms—Distributed amplifiers, electrostatic discharges,
impedance matching, transceivers.

I. INTRODUCTION

T HE CONTINUOUS scaling of integrated circuits has
enabled a rapid increase in operating frequencies. But

the electrostatic discharge (ESD) requirements to protect
the circuits during packaging and handling have not scaled
accordingly. The capacitance associated with the ESD pro-
tection is therefore progressively becoming a bottleneck. The
parasitic I/O capacitance which is often dominated by ESD
in a state-of-the-art CMOS technology is typically in the
range 2 to 8 pF. At high frequencies, the reactance associated
with this large capacitance becomes comparable to the 50-
characteristic impedance of the package and board interfaces.
This causes significant reflections and severely limits the
chip-to-chip signal bandwidth. There is therefore only limited
or no ESD protection in multi-GHz designs [1]–[4]. How-
ever, yield loss due to ESD failures is expected to become
increasingly important as high-volume designs enter the GHz
regime [5]. In this work, a distributed ESD protection scheme
is described. It can achieve high bandwidth with minimal
compromise in ESD performance [4].
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Fig. 1. Simplified distributed ESD electrical models. To avoid the impedance
discontinuity due to a large lumped capacitance at the pad, the four segments
of the ESD protection device are separated by high characteristic impedance
lines (Z ). The device capacitance is thereby effectively absorbed in this
artificial transmission line, providing a continuous transmission line with the
same characteristic impedance (Z ) from the board to the receiver. (a) During
ESD stress the dynamic resistance snap-back characteristics of the grounded
gate is modeled asR to Vdd andR to ground, and during normal
operation, (b) the parasitic capacitance of the ESD protection is modeled as
C to ac ground. The frequency-dependent loss components associated with
the transmission line, the finite output conductance of the turned-off protection
device and theN -well resistor are omitted in the schematic.

II. DISTRIBUTED ESD DESIGN

The distributed ESD structure is illustrated in Fig. 1(a). The
four CMOS grounded gate protection devices are separated by
line segments ( ). The dynamic device resistance during
the ESD event is modeled with and . A simplified
model of the ESD structure for high-speed operation is shown
in Fig. 1(b). The ESD protection devices are off during normal
operation. By providing sufficient on-chip decoupling capaci-
tance between Vdd and Ground, the protection devices can be
modeled as parasitic capacitors ( ) to ac ground. A more
detailed model should incorporate the voltage-dependent device
capacitance, the frequency-dependent loss components associ-
ated with the transmission line, the finite output conductance
of the turned-off protection device, and the-well resistance.
The design optimization will be similar to that used in our ap-
proach: by using high- line segments, the effective charac-
teristic impedance including the additional device capacitance
can be designed to match external components [ in
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Fig. 1(b)], yielding excellent broadband performance [2]–[4].
The idea of distributed ESD protection is controversial since the
protection device is typically placed as close to the I/O pad as
possible. In fact, even slight non-uniformities in the via place-
ment can severely limit the ESD protection effectiveness [6].
The distributed device would seem to exaggerate this nonunifor-
mity. However, if low-resistive lines that are common in high-
frequency designs are used [2]–[4], [7], the voltage drop due to
metal line ohmic heating during the ESD event could be min-
imal [8], [9]. A small resistor in series with the ESD devices
could further improve the snap-back triggering uniformity [10].

III. EXPERIMENT

In order to investigate both the high-frequency and ESD
aspects of a distributed ESD protection scheme, an advanced
process would be preferred. The high frequency behavior of
distributed amplification has been studied elsewhere [2]–[4].
This paper will focus on the ESD aspect of the distributed pro-
tection scheme. A testchip was implemented in a triple metal
(AlCu) 0.5- m CMOS technology. Line widths in the range
10 to 20 m are typical for low-loss transmission lines on Si
substrate [2], [7]. To emulate the top level metal of an advanced
process with thick and low resistivity material such as Cu,
wider lines were used. Conventional CMOS output buffers with
210- m wide n-FETs and 420-m wide p-FETs were designed
to drive a 50- external impedance in normal operation and act
as protection devices during the ESD event. The output buffer
was partitioned into four equal segments separated by 36-m
wide, 1- m thick Al metal lines with total lengths in the range
of 0.35–1.4 mm. Reference lumped ESD protection devices
with full ( m, m), half, and quarter
the device widths were also implemented. Common Vdd and
Ground lines with ESD clamps were employed [11]. The chips
were packaged in ceramic dual-in-line and leadless chip carrier
packages. They were stressed according to the charged device
model (CDM, Oryx 9000 [12]) and the human body model
(HBM, IMCS 2400C [13]).

IV. RESULTS AND DISCUSSIONS

The CDM stress results for a leakage threshold of 1A at 3 V
are shown in Fig. 2(a) accompanied with a die micrograph of a
lumped reference and a distributed ESD device. The reference
devices exhibit the expected performance: the full-width device
fails at the highest voltage (900 V) and the quarter-width device
fails at the lowest voltage (300 V). Only a minor degradation
is observed for the distributed ESD protection. Devices with
line lengths up to 0.7 mm fail above 800 V while the 1.4-mm
long device fails at 650 V. Since the smallest reference (

m, m) is similar to one of the four segments of
the distributed buffers, it is clear that several segments conduct
current during the ESD event. Although this minimal reduction
in withstand threshold seems to contradict previous data [6], it is
consistent with observations of uniform triggering for short ESD
pulses [14]. For comparison, CDM stress was also applied to an
amplifier with a unity gain of 23 GHz [2]. In order to enable the
high operating frequency, no ESD protection was incorporated,
and a withstand threshold of only 200 V was observed. The
HBM stress results are shown in Fig. 2(b). There is negligible

(a)

(b)

Fig. 2. Experimental withstand threshold versus total line length. (a) CDM.
Withstand threshold after negative and positive CDM discharge stress. The
reference devices are located around the pad as shown in the die micrograph
insert. The lumped reference devices (total line length= 0) have the expected
withstand thresholds. The distributed ESD yields a minimal degradation
compared to the reference device indicating that several segments conduct
current during the ESD event. The 5%higher withstand threshold of the
0.35-mm distributed ESD compared to the reference is unexpected. It appears
to be due to finite Vdd/Gnd layout variations in the power grid resulting in
a slightly lower resistance Vdd/Gnd return for the 0.35-mm distributed ESD
than for the lumped reference. (b) HBM. Positive stress to ground (+, Gnd)
results in negligible performance degradation (12 kV or above—instrument
limit) for the distributed ESD devices. Negative stress to Vdd (�, Vdd) results
in a more significant line length dependence but still a better performance than
the reference device with half the width (only two of the four segments). The
0.7-mm distributed ESD with half the line width and the 1.4-mm distributed
ESD have the same metal resistance and also the same withstand thresholds
suggesting a simple resistive correlation.

performance degradation versus line length for positive stress
to Ground. The withstand threshold is 12 kV for line lengths
as long as 1.4 mm. For a 210-m n-FET, this threshold may
appear too high ( mA/ m). The failure is observed
to be near the drain of the p-FET transistor, indicating that the
current flows in both the n-FET and the drain-to-well diode of
the p-FET, thereby reducing the stress on the n-FET. A resistor
is not included in series with the p-FET transistor, hence the
effective dynamic resistance ( ) is lower for negative stress to
Vdd. This results in a reduction of the withstand threshold from
12–8 kV for a total line length of 0.35 mm. Nevertheless, the
withstand threshold is higher than the 5 kV of the quarter-width
reference device ( m, m), indicating
that more than one segment conducts current.
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Fig. 3. Simplified analytical dc conductance model relative to the reference
(R = 0, G = 4=R ) based on extracted dynamic ESD device resistance
(R = 25
 to Vdd and 50
 to Gnd) plotted versus line length for the
36-�m wide top-level metal line (R = 1:4
/mm). Insert illustrates simple
conductance model with metal line components (R ) and ESD protection
device dynamic on-resistors (R ).

The ESD pulse rise time is between 0.1 ns and 10 ns [15].
The time-of-flight of an on-chip transmission line is more
than an order of magnitude smaller (about 10 ps/mm [2]). The
distributed ESD protection therefore appears as a lumped load
at the dominant frequencies of the ESD pulse. A dc resistive
network that neglects the on-chip transmission line delay is
appropriate to model the ESD performance as a function of
line length. This simplification is supported by the fact that
a 0.7-mm distributed ESD device with half the metal width
(18 m) has the same series metal resistance as a 1.4-mm
distributed ESD device. The time-of flight differs by almost

, yet a similar withstand threshold is observed [7 kV,
Fig. 2(b)]. The line impedance is modeled as ,
and the dynamic resistance for each device segment,, is
extracted from current–voltage (– ) characterization. The
relative conductance of the resistive ladder (insert of Fig. 3)
is plotted versus line length in Fig. 3. For line lengths up to
0.7 mm the conductance is reduced to 80% and 90% relative
to for and 50 , respectively. This
reduction in conductance is consistent with the degradation in
withstand threshold observed for the CDM data in Fig. 2(a)
as well as for the HBM data with positive stress to ground
in Fig. 2(b). Notice that the simple model does not include
any temperature-related resistive increase in the metal line.
Typically, up to two times increase in resistance is observed at
the onset of metal melting during ESD stress [9]. However, in
our design a large metal cross-sectional area is used (36m )
which is more than three times what is usually recommended
[9], [16]. This reduces the temperature increase during ESD
stress and the transmission line loss in normal operation.

The simple model underestimates the degradation for nega-
tive HBM stress to Vdd as shown in Fig. 2(b). This is believed
to be due to the different stress levels for the two ESD models.
The reference device has a high tolerance to HBM stress (12 kV)
but only a moderate tolerance to CDM stress (0.9 kV) due to
the relatively long -well (3.6 m) in series with the n-FET.
It protects the n-FET during the HBM stress, but also limits the
effectiveness of the n-FET to snap back and provide a low-resis-
tance current path to ground during the CDM stress. The metal

heating and the corresponding increase in metal resistance will
therefore be larger during the HBM stress tests. This adversely
affects the distributed ESD structure since the increase in metal
resistance will occur close to the pad. In addition, the parallel
conduction in the p-FET and the diode of the n-FET results in an
effective lowering of the dynamic resistance which is more se-
vere at high current levels. Hence, at extreme stress conditions,
the conductance model needs to account for the current-depen-
dent and temperature-dependent resistances [16].

V. CONCLUSION

A distributed ESD protection scheme that provides sufficient
safeguard against ESD damage and simultaneously enables a
low-loss, impedance-matched transition from the package to the
chip was demonstrated. A simple dc model explains the ESD
performance to be related to the ratio of the dynamic on-resis-
tance of the protection device and the series resistance of the
line segments in the distributed structure.

ACKNOWLEDGMENT

The authors would like to thank R. J. Murphy of Firenza
LLC and A. L. S. Loke of Hewlett-Packard Laboratories for
useful discussions, M. Coiner of AMD for LCC packaging, T.
Cantarero of Intel and S. Johnson of AMD for providing access
to ESD test setup, and R. Livengood, T. Rhini, P. Truske and
S. Seidel of Intel for their assistance in focused ion beam and
thermal mapping experiments.

REFERENCES

[1] K. Bock, “ESD issues in compound semiconductor high-frequency de-
vices and circuits,” inProc. EOS/ESD Symp., 1997, pp. 1–12.

[2] B. Klevelandet al., “Monolithic CMOS distributed amplifier and oscil-
lator,” in ISSCC 1999, pp. 70–71.

[3] E. W. Strid and K. R. Gleason, “A DC-12 GHz monolithic GaAs
FET distributed amplifier,”IEEE Trans. Microwave Theory Tech., vol.
MTT-30, pp. 969–975, July 1982.

[4] B. Kleveland and T. H. Lee, “Distributed ESD protection device for high
speed integrated circuits,” U. S. Patent 5,969,929.

[5] P. Green, “A 1 GHz IA-32 microprocessor implemented on 0.18�m
technology with aluminum interconnect,” inISSCC 2000.

[6] D. Krakauer and K. Mistry, “ESD protection in a 3.3 V sub-micron sili-
cided CMOS technology,” inProc. EOS/ESD Symp., 1992, pp. 250–257.

[7] B. Kleveland, T. H. Lee, and S. S. Wong, “50-GHz interconnect design
in standard silicon technology,”IEEE Trans. Microwave Theory Tech.,
vol. 3, pp. 1913–1916, 1998.

[8] S. H. Voldman, “ESD Robustness and scaling implications of aluminum
and copper interconnects in advanced semiconductor technology,” in
Proc. EOS/ESD Symp. 1997, pp. 316–329.

[9] T. J. Maloney, “Integrated circuit metal in the charged device model,” in
Proc. EOS/ESD Symp., 1992, pp. 129–134.

[10] G. Notermans, “N-well resistors for uniform triggering of ESD protec-
tion elements,” inEOS/ESD Symp., 1997, pp. 221–229.

[11] S. Dabral and T. J. Maloney,Basic ESD and I/O Design. New York:
Wiley, 1998.

[12] Field-induced CDM test method for ESD withstand thresholds of micro-
electronic components, JEDEC Std. No. 22-C101, May 1995.

[13] ESD sensitivity testing HBM, JEDEC Std. No. 22-A114-A, Oct. 1997.
[14] W. Stadleret al., “Does ESD-failure current obtained by TLP correlate

to HBM tests?,” inProc. EOS/ESD Symp., 1997, pp. 366–372.
[15] H. A. Gieser, P. Egger, J. C. Reiner, and M. R. Herrmann, “A CDM-only

reproducible field degradation and its reliability aspect,”Qual. Reliab.
Eng. Int., vol. 10, pp. 341–350, 1994.

[16] K. Banerjee, A. Amerasekera, N. Cheung, and C. Hu, “High-current
failure model for VLSI interconnects under short-pulse stress condi-
tions,” IEEE Electron Device Lett., vol. 18, pp. 405–407, 1997.


