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Abstract—Conventional ESD guidelines dictate a large pro- Vdd Vdd Vdd
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 Pad
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_dis@ributec_i amplifiers, rf (a) ESD discharge model. Gnd Gnd Gnd
transceivers, A/D converters, and serial links with only a few
dedicated high-speed interfaces. The distributed ESD protection Zn
is compatible with high-speed layout guidelines, requiring only T
low-loss transmission lines in addition to a conventional ESD
device.

Index Terms—Distributed amplifiers, electrostatic discharges, P Liine
impedance matching, transceivers. N = Ciine + Cesp I I

(b) Simplified high-speed I/O model.

Pad

|I. INTRODUCTION

. . . . Fig. 1. Simplified distributed ESD electrical models. To avoid the impedance
HE CONTINU_OU_S scallng of mtegrated C|rCU|t_5 ha%ﬁscontinuity due to a large lumped capacitance at the pad, the four segments
enabled a rapid increase in operating frequencies. Biiithe ESD protection device are separated by high characteristic impedance

the electrostatic discharge (ESD) requirements to protéiBFS (“Z.:ne). The device capacitance is thereby effectively absorbed in this
riificial transmission line, providing a continuous transmission line with the

L . . . a
the CIrF:UItS dur'ng pack.aglng and hgndllng'have not Sca|§ e characteristic impedancgJ from the board to the receiver. (a) During
accordingly. The capacitance associated with the ESD pESD stress the dynamic resistance snap-back characteristics of the grounded

tection is therefore progressively becoming a bottleneck. TE@&e is modeled a&p - to Vdd andRpy to ground, and during normal
eration, (b) the parasitic capacitance of the ESD protection is modeled as

_paraSitiC /0 capacitance which is often Fiomin_ated b_y ES rsp to ac ground. The frequency-dependent loss components associated with
in a state-of-the-art CMOS technology is typically in thehe transmission line, the finite output conductance of the turned-off protection

range 2 to 8 pF. At high frequencies, the reactance associai@dce and theV-well resistor are omitted in the schematic.

with this large capacitance becomes comparable to th& 50-

characteristic impedance of the package and board interfaces. Il. DISTRIBUTED ESD DESIGN

This causes significant reflections and severely limits the

chip-to-chip signal bandwidth. There is therefore only limited T gistributed ESD structure is illustrated in Fig. 1(a). The

or no ESD protection in multi-GHz designs [1]-{4]. How-tq,r cMOS grounded gate protection devices are separated by

ever, yield loss due to ESD failures is expected to becOmge segments4;;,..). The dynamic device resistance during

mcr_easmgly mp_ortant as hl_gh—_volume designs en_ter the GH#e ESD event is modeled Withpx and Rpp. A simplified

regime [5]. In this work, a distributed ESD protection schemg,qe| of the ESD structure for high-speed operation is shown

is described. It can achieve high bandwidth with minima}, gig 1(b). The ESD protection devices are off during normal

compromise in ESD performance [4]. operation. By providing sufficient on-chip decoupling capaci-
tance between Vdd and Ground, the protection devices can be
modeled as parasitic capacitoSgsp) to ac ground. A more
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Fig. 1(b)], yielding excellent broadband performance [2]-[4]. 19
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-

~
0.8 | Wp =420 pm
T Wy=210um

Wp =210 um
06 I wy=105um |

| |
mity. However, if low-resistive lines that are common in high- Wo = 105 um ¢
: 0.4 | Vp=105um
frequency designs are used [2]-[4], [7], the voltage drop due to gN =53um
A

ESD Withstand Threshold (kV)

metal line ohmic heating during the ESD event could be min-
imal [8], [9]. A small resistor in series with the ESD devices 02
could further improve the snap-back triggering uniformity [10].

0.0 : 2
0.0 0.5 1.0 1.5

lll. EXPERIMENT Total Line Length (mm)

In order to investigate both the high-frequency and ESD @
aspects of a distributed ESD protection scheme, an advanced 15
process would be preferred. The high frequency behavior of

distributed amplification has been studied elsewhere [2]-[4]. oS8 o g
This paper will focus on the ESD aspect of the distributed pro- >%p=ggum
10 N= Km

tection scheme. A testchip was implemented in a triple metal (Wine = 36 um)

(AICu) 0.5um CMOS technology. Line widths in the range

10 to 20 um are typical for low-loss transmission lines on Si "\W 210

P = um 7
substrate [2], [7]. To emulate the top level metal of an advanced Wy=105pum . 13;m\ , 7
process with thick and low resistivity material such as Cu, Sk Same series

ESD Withstand Threshold (kV)

wider lines were used. Conventional CMOS output buffers with it radad
210+:m wide n-FETs and 42@:m wide p-FETs were designed
to drive a 50%2 external impedance in normal operation and act

as protection devices during the ESD event. The output buffer %20 05 . 10 15
was partitioned into four equal segments separated byrB6- Total Line Length (mm)
wide, 11:m thick Al metal lines with total lengths in the range (b)

Of_ 0.35-1.4 mm. Reference lumped ESD protection devicgg , gxperimental withstand threshold versus total line length. (a) CDM.
with full (Wx = 210 um, Wp = 420 m), half, and quarter withstand threshold after negative and positive CDM discharge stress. The
the device widths were also implemented. Common Vdd arrierence devices are located around the pad as shown in the die micrograph

. . . Insert. The lumped reference devices (total line lerngth) have the expected
Ground lines with ESD clamps were employed [11]' The chi thstand thresholds. The distributed ESD vyields a minimal degradation

were packaged in ceramic dual-in-line and leadless chip cargpared to the reference device indicating that several segments conduct
packages. They were stressed according to the charged dewipent during the ESD event. The 5bgher withstand threshold of the

.35-mm distributed ESD compared to the reference is unexpected. It appears
model (CDM' Oryx 9000 [12]) and the human bOdy mod 0 be due to finite Vdd/Gnd layout variations in the power grid resulting in

(HBM, IMCS 2400C [13]). a slightly lower resistance Vdd/Gnd return for the 0.35-mm distributed ESD
than for the lumped reference. (b) HBM. Positive stress to grognd3nd)
results in negligible performance degradation (12 kV or above—instrument

IV. RESULTS AND DISCUSSIONS limit) for the distributed ESD devices. Negative stress to Ved Ydd) results

in a more significant line length dependence but still a better performance than
The CDM stress results for a leakage threshold @htat 3 V the reference device with half the width (only two of the four segments). The

are shown in Fig. 2(a) accompanied with a die micrograph obg-mm distributed ESD with half the line width and the 1.4-mm distributed
lumped reference and a distributed ESD device. The refereri® have the same metal resistance and also the same withstand thresholds

devices exhibit the expected performance: the full-width deviggdgesting a simple resistive correlation.

fails at the highest voltage (900 V) and the quarter-width device

fails at the lowest voltage (300 V). Only a minor degradatioperformance degradation versus line length for positive stress
is observed for the distributed ESD protection. Devices witio Ground. The withstand threshold is 12 kV for line lengths
line lengths up to 0.7 mm fail above 800 V while the 1.4-mmas long as 1.4 mm. For a 210w n-FET, this threshold may
long device fails at 650 V. Since the smallest refererte (= appear too highffz > 30 mA/um). The failure is observed

53 pm, Wp = 105 um) is similar to one of the four segments ofto be near the drain of the p-FET transistor, indicating that the
the distributed buffers, it is clear that several segments condaatrent flows in both the n-FET and the drain-to-well diode of
current during the ESD event. Although this minimal reductiothe p-FET, thereby reducing the stress on the n-FET. A resistor
in withstand threshold seems to contradict previous data [6], iissnot included in series with the p-FET transistor, hence the
consistent with observations of uniform triggering for short ESBffective dynamic resistanc&() is lower for negative stress to
pulses [14]. For comparison, CDM stress was also applied to¥dd. This results in a reduction of the withstand threshold from
amplifier with a unity gain of 23 GHz [2]. In order to enable thel2—8 kV for a total line length of 0.35 mm. Nevertheless, the
high operating frequency, no ESD protection was incorporatedithstand threshold is higher than the 5 kV of the quarter-width
and a withstand threshold of only 200 V was observed. Theference deviceWn = 53 um, Wp = 105 m), indicating
HBM stress results are shown in Fig. 2(b). There is negligibthat more than one segment conducts current.
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: ' heating and the corresponding increase in metal resistance will
To Gnd: Ap = 50 Q therefore be larger during the HBM stress tests. This adversely
1 affects the distributed ESD structure since the increase in metal

0.8 +
B resistance will occur close to the pad. In addition, the parallel
% os L To Vdd: Rp =25 Q | conduction inthe p-FET and the diode of the n-FET results in an
g effective lowering of the dynamic resistance which is more se-
° Rijpe = 1.4 Q/mm . .-
N vere at high current levels. Hence, at extreme stress conditions,
201 &, A Fine Rine Rline the conductance model needs to account for the current-depen-
§ : dent and temperature-dependent resistances [16].

02 i

V. CONCLUSION

0.0, - : : A distributed ESD protection scheme that provides sufficient
Line Length (mm) safeguard against ESD damage and simultaneously enables a
low-loss, impedance-matched transition from the package to the

Fig. 3. Simplified analytical dc conductance model relative to the referencg.: ; ;
(Riine = 0, G = 4/Rp) based on extracted dynamic ESD device resistangg“p was demonstrated. A 5|mple dc model explalns the ESD

(Rp = 259 to Vdd and 501 to Gnd) plotted versus line length for the P€rformance to be related to the ratio of the dynamic on-resis-

36-«m wide top-level metal lineR.;.. = 1.4 2/mm). Insertillustrates simple tance of the protection device and the series resistance of the

conductance model with metal line componerfs.(,.) and ESD protection line seaments in the distributed structure
device dynamic on-resistor&( ). 9 ’
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