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Abstract—A novel layout design to effectively reduce the layout
area of the thin-oxide NMOS and PMOS devices in CMOS
output buffers with ESD consideration is proposed. With respect
to the traditional finger-type layout, the large-dimension output
NMOS and PMOS devices are realized by multiple octagonal
cells. Without using extra ESD-optimization process, the output
NMOS and PMOS devices in this octagon-type layout can provide
higher driving/sinking current and better ESD robustness within
smaller layout area. The drain-to-bulk parasitic capacitance at

the output node is also reduced by this octagon-type layout.

Experimental results in a 0.6xm CMOS process have shown that
the output driving (sinking) current of CMOS output buffers in
per unit layout area is increased 47.7% (34.3%) by this octagon-
type layout. The HBM (MM) ESD robustness of this octagon-
type output buffer in per unit layout area is also increased
41.5% (84.6%), as comparing to the traditional finger-type output
buffer. This octagon-type layout design makes a substantial
contribution to the submicron or deep-submicron CMOS IC'’s
in high-density and high-speed applications.

A

I. INTRODUCTION

on the CMOS output buffer. However, submicron CMOS IC’s
in the high-integration applications may have the pin counts
exceeding 200. In such high-pin-count submicron CMOS IC's,
the pad pitch is reduced to around only 10@. The layout
area available for each output (or input) pad with the output
transistors (or ESD protection circuits) including latchup guard
rings is seriously limited. Even if the traditional finger-type
layout style is adopted to draw large-dimension NMOS and
PMOS devices, the total layout area of output or input pads
with output buffers, ESD protection circuits, and latchup guard
rings would still have to be reduced while the submicron
CMOS IC is in the pad-limited condition.

Several articles had been written to overcome the afore-
mentioned problems. In 1989, Baker [9] proposed a waffle
(rectangular) layout style to enhance the ESD hardness of an
NMOS output transistor. In [9], the waffle layout is shown
to offer better ESD protection capability than the finger-type
layout within the same layout area. In 1992, Vemuru [10]
confirmed that the waffle-type layout contributes about 10%

S CMOS technology has been scaled down into thgea reduction to that of the finger-type layout, as well as the
submicron regime, the advanced processes, such as tate-type layout produces a lower gate resistance suitable

ner gate oxide, shorter channel length, shallower source/drgip \vide-band or low-noise applications.

junction, Lightly-Doped Drain (LDD) structure, and silicided Recently, the relations between the layout parameters and
diffusion, greatly degrade electrostatic discharge (ESD) rgye ESD hardness of thin-oxide output NMOS devices in

bustness of submicron CMOS IC's [1], [2]. In order to,pmicron CMOS technologies have been investigated. It
attain acceptable ESD robustness, the protection devices iy peen found that the spacing from the drain contact to
the submicron CMOS ESD protection circuits often havg,q edge of gate oxide is an important layout parameter to

to be designed with larger dimensions than those in the. ESp robustness of thin-oxide devices in the nonsilicided
traditional long-channel CMOS technologies. Besides, in Ordﬁfocess [11]-[13]. A larger spacing from the drain contact

to provide CMOS output buffers with enough driving/sinking, he gate-oxide edge leads to higher ESD reliability. The
capability, the device dimensions (width/length ratios) of oukitaple spacing was found to be abot&;m in submicron

put NMOS and PMOS devices are generally enlarged ¥\ 0g technologies to sustain better ESD protection without
to several hundreds. Moreover, the device dimensions gfificantly increasing the layout area. The spacing from the
CMOS output buffers in the Ipw-voltag_e applicatioVipp = source contact to the edge of gate oxide in the finger-type
3.3 V, 25V, ...) are considerably increased to provide,y .t can be reduced belowm, but that in the waffle-type
sufficient driving/sinking capability. With such large deV'CGfayout is kept the same as the spacing from the drain contact to
dimensions of output transistors, the tapered buffers have begn jate_oxide edge. Under this spacing constraint, the waffle
designed to provide high-speed operations [3]-[8]. The larg&re il occupy more layout area than the traditional finger-
output transistors need more inverter stages inserted in Yj5e qiyje with the sam#/’/L ratio. Therefore, how to reduce
tapered bu_ffer. 1o minimize the propagation delay for highpe layout area without affecting the ESD reliability and the
speed applications. This causes an extra increase of layout fg%ut driving capability has become an important challenge
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the whole NMOS device. One is thetRliffusion connected to
ground (GND) to offer the substrate bias. The other is the N
diffusion connected to VDD as a dummy collector to prevent
CMOS latchup. As shown in Figs. 1 and 2, the spacing for
suitable latchup guard rings is denotedsaswhich is process
dependent and is often specified in the design rules.
However, in the traditional finger-type layout, there is
another important spacing denoted &%™in Fig. 1, which
may degrade the ESD robustness of a CMOS output buffer. To
explain the importance of this spacitg, a schematic cross-
sectional view taken along the line B-Bf Fig. 1 is illustrated
in Fig. 3. In Fig. 3, a parasitic diod®; exists between the
P+ diffusion (connected to GND) in the p-substrate and the
N+ diffusion of the drain. If the spacing§, is too small, the
diode D; will break down to discharge ESD current (due to
_A" the peak-discharging effect on the finger's end of the drain)
before the NMOS drain breaks down when a positive ESD
voltage occurs on the output pad. Because the drain edge in
this side has a peak structure and is shorter than the edge
parallel to the source side, this diodk is vulnerable to ESD
stress if S is too small. Even the spacing from the drain
contact to this edgéD, ) is larger than the spacing in the
finger-type NMOS device, the ESD hot spot may still occur
at this edge due to the peak structure at the end of the finger.
A typical EMMI photograph of ESD damage on the diale
B of a finger-type layout is shown in Fig. 4, where a hot spot
occurs only on the end of a drain finger. As the picture shown
Fig. 1. A schematic top view of the traditional finger-type layout for ann Fig. 4, the spacing form the drain contact to the active area
NMOS device. edge (in the B-Bdirection of Fig. 1) is 5.5:m. The drain

contact to the poly-gate edge (in the A-direction of Fig. 1)
octagonal layout structure, called as the octagon cell. Then;ang um. The spacingSs in Fig. 4 is only 4 m. The ESD

NMOS (or PMOS) of large dimension can be assembled b%&jre in Fig. 4 is due to the Machine-Model (MM) PS-mode
plurality of small-dimension octagon cells. Using this layoutgp sress. The MM ESD stress has a much faster rise time
design, the layout area of a CMOS output buffer with the samghoyt 1.2 nS) on the ESD current waveform than that (about
large device dimensions only requires~@0% of the layout _ 15 \3) of the HBM ESD stress. In the faster ESD transition,
area of the traditional finger-type layout. This new octagomt only the layout-spacing effect but also the peak-discharging
type layout can be used as well to improve ESD robustnésgec of the finger-type layout may cause the unexpected ESD
of input ESD protectlon circuits with the thin-oxide NMOSdamage on the finger's end. This seriously reduces the ESD
or PMOS devices. performance of CMOS output buffers in the finger-type layout.
Thus, in consideration of ESD reliability, this spacifg had
better be greater than the spacing from the drain-contact edge
to the source-contact edge. But with such a large spaging
The traditional finger-type layout for an NMOS deviceghe total layout area of the finger-type device is increased.
is shown in Fig. 1. Its cross-sectional view along the line The spacings! and S being large or not are dependent
A-A’ of Fig. 1 is shown in Fig. 2, which is demonstratedn the process which has the silicided/nonsilicided diffusion
in an N-well/p-substrate CMOS process. In Fig. 1, a larger a floating substrate. In the advanced CMOS process with
dimension NMOS device is separated as four parallel smathe silicided diffusion, a large spacinfjbecomes useless for
dimension NMOS devices. The number of fingers depen&8SD improvement in the finger-type layout due to the very
on the device dimension. The spacing from the drain contdow sheet resistance of the silicided material covered on the
to the poly-gate edge is marked ag,™ while the spacing N+ diffusion. This silicided diffusion seriously reduces the
from the source contact to the poly-gate edge is mark&ED robustness of output transistors [2], [13]. In the silicided
as “S”. For better ESD robustness of the CMOS outpytrocess, the spacingé and S are kept at the minimum
buffer in nonsilicided submicron CMOS technologies withowtalues of the design rules to save layout area [13], and
using extra ESD-optimization process, the value df fs some extra modified processes or designs are used to improve
preferably about 56 pm [11], [12]. Since the value off ESD robustness of /O devices. But, for technologies with
has no important effect on the ESD reliability of the CMO$he floating substrates (such as SOI or the DRAM in the
output buffer, a preferred value &f of about 1m is often p-substrate process with an on-chip negative substrate bias),
used in the finger-type layout to save layout area. Outside e spacings? and S should be symmetrically large if the
source region, there are two latchup guard rings surroundipgpcess is nonsilicided [13].
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Il. CONSIDERATION ON THE
TRADITIONAL FINGER-TYPE LAYOUT
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Fig. 2. A schematic cross-sectional view of NMOS device along the line’ ArRAFig. 1.
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Fig. 3. A schematic cross-sectional view of NMOS device along the line
B-B’ in Fig. 1.

Fig. 5. A schematic cross-sectional view of NMOS device with a modified
N-well drain structure in a CMOS process with silicided diffusion.

where the N- diffusion of the drain region from the drain
contact to the gate-oxide edge is broken by the field-oxide
region. The drain current is conducted from the drain contact
to the channel through the inserted N-well structure. Using
this N-well structure to block the silicided diffusion, the
ESD robustness of output NMOS devices can be significantly
improved without any process modification or extra mask. But,
this inserted N-well structure increases the value of the spacing
d. So, the layout area of an output NMOS in the finger-type
layout with this modified N-well drain structure will be much
increased. Of course, if extra ESD-optimization processes are
added into the process flow to optimize the drain structure for
I/O devices, the spacingis not necessary as large as m.
However, the cost of fabrication and steps of process flow have
to be increased. Generally, the more process steps and masks
lead to a lower yield and longer process throughput time, so
as to increase the cost of the IC products.

From the aforementioned description on ESD protection in
both the nonsilicided and the silicided (by using the N-well
drain structure) processes, the spacihghould be increased
to avoid the degradation of ESD performance in the submicron
or deep-submicron CMOS technologies without using any

Fig. 4. An EMMI microphotograph of ESD damage on a CMOS output e . . .
buffer after a PS-mode ESD stress. Only a hot spot is observed at the dgcess modification. But, the increased spacihgdue to

of a drain finger. ESD consideration, will lead to a significant increase in the
layout area of a CMOS output buffer which has large device
Without modifying the process steps or using any silicideéj—'mensmns'

block mask in the silicided process, a method to improve the
ESD robustness of output buffers with the silicided diffusion
is to adopt a modified N-well drain structure for the NMOS To reduce the total layout area of a CMOS output buffer
device [14], [15]. A schematic cross-sectional view of thwithout degrading its ESD reliability and without using extra
modified drain with the N-well structure is illustrated in Fig. S5process modification, a novel octagon-type layout used to

Ill. OCTAGON-TYPE LAYOUT DESIGN
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p-substrate connected to ground to offer the substrate bias for
the normal CMOS operations. All the layout elements in the

octagon cell, including the contact configurations, should be

drawn as concentric and symmetrical as possible to ensure
uniform current flow in the NMOS device, so as to increase

the ESD robustness of output transistors [18].

For ensuring the most uniform ESD current flow, a circle-
type layout is theoretically the best choice. But, in the present
CAD tools used to generate IC layouts and the masks for IC
fabrication are still unable to make a real circuit-type device.
The octagon layout style is not the only choice to implement
the output transistors. The layout style can be implemented
Fig. 6. A schematic top view of the proposed octagon-type layout for 4n any regular polygon of n sides. Forn oo, the layout is
NMOS device. nearly a real circle type. But a polygonal layout with a larger

n, it becomes more difficult and complex to be drawn in the
realize CMOS output transistors [16] is presented in thisiesent CAD tools. Thus, the octagon style is a more practical
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Section. choice for the present CAD tools of IC layout.
Based on the basic octagon cell of Fig. 6, an NMOS device
A. Layout Structure with larger dimension can be assembled by a plurality of the

A schematic octagon cell to assemble an output NMJ3sic octagon cells. A layout example of a large-dimension
transistor is shown in Fig. 6. Its schematic cross-sectional vieWMOS device assembled by 15 octagon cells is shown in
along the line A-A of Fig. 6 in the N-well/p-substrate CMOS Fig. 8, which is realized by a 0.6m single-poly triple-metal
process is illustrated in Fig. 7. This octagon-type layout can MOS technology with the double latchup guard rings. In
implemented by any CMOS or BiCMOS processes. In Fig. &/9. 8, there are P diffusions (connected to GND) among the
the black octagonal region in the center of an octagon cell@stagon cells to offer the voltage bias for the p-substrate. These
the contact for a metal line connecting to therMiiffusion uniformly-distributed R- islands (diffusions) for substrate bias
(drain) of the NMOS device. A dashed line with an octagongin enhance the uniform turn-on behavior of the multiple
shape enclosing the octagonal drain contact is an N-welgtagon cells during the ESD stress. In Fig. 8, the drain contact
which is made to avoid the ESD-stress-induced contact spikitigeach octagon cell is drawn in an octagonal shape with a
effect. Under a high ESD stress, the metal on the contact niéigmeter of 2um, and the spacingd (S) is 5 (1) um. Since the
be ruptured and melted through the+Ndiffusion into the spacings: of the finger-type layout is absent in this octagon-
p-substrate by the ESD energy. This will cause a short-circtifpe layout, the layout area of the octagon-type devices can
path from the output pad (connected to the contact) to groubé further reduced. Moreover, because there is no parasitic
(the bias of the p-substrate). Thus, an N-well inserted into tHéode D, directly closing to the drain edge and no peak
N diffusion of drain, as the cross-sectional view shown iftructure as that of the drain finger's end, the ESD robustness
Fig. 7, can effectively improve ESD robustness of the thi®f the octagon-type device is not degraded by the unexpected
oxide NMOS device. In the silicided diffusion process, théiode breakdown at the drain finger's end. The total device
modified N-well drain structure of Fig. 5 can be used in thdimension(W/L) of the output NMOS in Fig. 8 is 804/0.8
octagon cell to provide the required ESD reliability. (um/pm), which only occupies a layout areafd x 74 pm?.

In the advanced submicron or deep-submicron CMOS techais layout technique can be alternatively applied to realize
nologies, the contact damage is very rarely observed where the large-dimension PMOS device.
barrier metals (such as titanium-tungsten) are used between
the aluminum metallization and silicon [17]. The use of TiW8 Calculation of Layout Area
_barner metal in the contact has greatly improved .antaCtThe total layout area of an NMOS transistor in the octagon-
integrity, and high eutectic temperature has almost ellmlnath e lavout can be calculated by the following equations:
the contact melting as a failure mode in advanced technolog|¥§ y y g€q '

[13]. Due to the N-well structure under the drain contact and

the use of advanced contact materials, the highest temperatyse . , — { <1 - ﬁ) w+2L+25| - N+ 251}

due to current stress is not located on the contact but on 8

the drain junction. So, the drain contact in the octagon-type 1+v32

layout has a reasonable reliability. The large drain contact in . { < )w +2L+ 25| - M+ 251} 1)
Fig. 6 can be separated as multiple small contacts and placed 8

in an octagonal shape to improve contact reliability in the
conventional CMOS process with only the aluminum contac¥here
The gate made by a poly in the octagon cell is also drawn in L  channel length;
an octagonal ring. The N diffusion of source is also drawn W total channel width of the NMOS device,
in an octagonal shape. The source contacts of the octagonw = %, which is the channel width of a single
cell are arranged in an octagonal pattern around the ring gate. octagon cell;
Outside the NMOS device, there is arRdliffusion in the d  spacing from the drain contact to the poly-gate edge;
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Fig. 7. A schematic cross-sectional view of an octagon-type NMOS device along the lifeiAfAg. 6.

The layout area and the perimeter of the drain diffusion have
an effect on the drain capacitance of the NMOS device. Using
the HSPICE level-28 capacitance parameters [19], the total
drain capacitance can be calculated as

Cprain =C;5-Ap + Cjgare- W (3

whereC'; is the bulk junction capacitance, afgarr is the
gate-edge sidewall bulk junction capacitance.

A similar calculation applied to investigate the total layout
area and the drain capacitance of an NMOS device in the
finger-type layout is described in the Appendix.

C. Comparison to Finger-Type Layout

To verify the area-efficient advantage of the proposed
octagon-type layout, comparisons of the total layout area
between the traditional finger-type layout and the octagon-
type layout are made in Fig. 9 with different spacings
from 3~10 xm. This spacingl for ESD consideration in the
silicided (using N-well structure without silicided-block mask)
or nonsilicided diffusion processes has an impact on the total
layout area of output CMOS buffers. The total layout area
Fig. 8. A layout example of an output NMOS transistor realized by thin Fig. 9 includes the spacing; of 10.3 um (the spacing of
octagon-type layout with 15 octagon cells. double latchup guard rings) in both finger-type and octagon-

type layouts. In the traditional finger-type layout, the spacing
S spacing from the center of source contact to the, is 6 um. The length of each poly finger in the traditional

poly-gate edge; finger-type layout is equal to each other. A quasiminimum
c  diameter of the octagonal drain contact in the octag@ayout area of the finger-type layout, following the Q.6

cell; CMOS design rules as shown in the Appendix, is used as
51 total spacing of double guard rings; a comparison reference. All the channel lengths of NMOS
M number of octagon cells in the column direction ofievices in the finger-type layout or octagon-type layout are

the whole NMOS layout; and 0.8 um. The spacingS (from the source contact to the poly-
N number of octagon cells in the row direction of thgjate edge) in both the finger-type and the octagon-type layouts

whole NMOS layout. is kept the same as am. In Fig. 9(a), as the spacing is

The total number of the octagon cells in a whole NMOS layo@ m, the total layout area of the octagon-type layout is a
is M x N. The total perimeter of the drain-Ndiffusion in little (about 5%) less than that of the finger-type layout. In
the whole NMOS layout is the same #8. The total layout Fig. 9(b), as the spacind is 5 um, the total layout area of

area of the drain N diffusion can be obtained as an octagon-type NMOS device with a larger channel width is
1142 significantly reduced as compared to that of the finger-type

Ap = < ) ~w? M - N. (2) layout. For example, as the NMOS device dimengity/ L)
32 is 800/0.8, the total layout area in the traditional finger-type
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Fig. 9. Comparisons of total layout area between the finger-type layout and octagon-type layout under different pdajngs= 3 ym; (b)d = 5
pum; (c)d = 8 pm; and (d)d = 10 pm.

layout is 10842;m?, but that in the octagon-type layout 100
is only 8676 um?. The total layout area of the NMOS in 05| w— "W —e__d=3um
the octagon-type layout is only 80% of that in the finger-type

layout. This shows the excellent area efficiency of the octagon- or
type layout. In Fig. 9(c), as the spacifgs increased to &m, L
the area ratio of octagon-type layout to finger-type layout is
reduced to about 65%. As the spacihs increased to 1Gm

in Fig. 9(d), this area ratio is reduced to about only 55% if the

device channel width is large. The relations between the device” or '—\\'\'
. . [} 65 d=8um
channel width and the percentage of area ratio (octagon-type & \\\O\Q\V
finger-type) under the different layout parametéi@e shown £ 60r d=10pm
in Fig. 10. It is clearly shown that the octagon-type layout § 551 L = 0.8um

can significantly reduce the total layout area of an output< . . . . . ) .
transistor with a large device dimension, while the spaeing 0 200 400 600 800 1000 1200 1400 1600

is required to be large due to ESD consideration. In Fig. 10, Width (um)

the octagon-type devices have much smaller layout area than . . _

the finger-type devices as the spacihgr the channel width 5,10, The relstons betweer e Geiee chamnel withand e percontage
are increased. This comparison obviously reveals the excellgitimeterst.

advantage of area reduction in this octagon-type layout used

to realize the output transistors with large device dimensions.

Moreover, the drain-to-bulk parasitic capacitance at théces under the different layout parametéfsom 3 to 10m
output node is also reduced by this multiple-cell octagon-tyfeillustrated. The equations used to theoretically calculate the
layout design. In Fig. 11, the drain capacitance as a functiondrin capacitance have been shown in (3) and (A.4) for the
device channel width for the octagon-type and finger-type deetagon-type and the finger-type layouts, respectively. The
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Fig. 11. Comparisons of drain parasitic capacitance between the finger-type layout and octagon-type layout under different/sfacihgs 3 pm;
bB)yd =5 um; (¢)d = 8 pum; and (d)d = 10 pm.
70 spacingd. The relations between the drain capacitance ratio
o -—'—-—-—Hd s L = 0.8um and the spacing are shown in Fig. 13, which illustrates the
- = m . . . . . .
T .o . reduction in the drain capacitance ratio while the spacing
) . . . .
T,,: is increased. Theoretically, there is no thegw term, as
eg o5 the third term shown in (A.4), in the (3). Under the same
gu‘_f d=5um device dimension and the layout spacings, the capacitance
= o —0——0—a—0 ; ;
SF ratio eventually has a smaller value than the area ratio. For
28 ol the typl_cal spacing! of 5 um, the drain c_apamt_ance ratio is
og d=8um 62.6% in the 0.6sm CMOS process. This obviously shows
-%g d=10um that the octago_n-type Ia_yout can S|gn|f|ca_ntly reduce_d (_about
o o—o——o o © o 37.4%) the drain capacitance as comparing to that in finger-
. . . . . type layout. So, this octagon-type layout design provides the

55

0

Fig. 12. The relations between the device channel width and the percent
of drain capacitance ratio (octagon-type to finger-type) under different layou

parametersi.

200 400 600 800 1000 1200 1400 1600

Width (um)

CMOS output buffer with a lower output capacitance. Due to
the lower capacitance, this octagon-type layout is more suitable
for CMOS output buffers in high-speed or high-frequency
lications.

D. Discussion

drain capacitance in the octagon-type layout is only aboutln the processes with the floating substrate, such as the
70~55% of that in the finger-type layout under the spacinDRAM with a p-type substrate, the negative substrate bias is
d of 3~10 um. The ratio (octagon-type layout to finger-typeadded to the whole p-substrate. In this condition, the spacing
layout) of the drain capacitance under different spacihigs S should be as large as the spacihtp provide a better ESD
shown in Fig. 12. The capacitance ratio is almost independealiability in a nonsilicided process. As the spacifigs large,

to the device channel width, but strongly dependent to thiee area efficiency of the octagon-type layout is reduced. The
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Fig. 15. The measuretd-V" curves of the octagon-type output NMOS device
in Fig. 14.

in Fig. 14 are all 804/0.8.{m/;zm). The layout area for PMOS
or NMOS devices is the same &) x 74 ym?, which includes
the double latchup rings. A CMOS output buffer realized by
the traditional finger-type layout is also fabricated in the same
CMOS process with the device dimensiond®f L = 720/0.8

for both PMOS and NMOS devices, which occupies a layout
area of112 x 100 um?. The spacingd in the octagon-type
layout and the finger-type layout is the same agm. The

Fig. 14. A microphotograph of a fabricated CMOS output buffer withspacingS; of latchup double rings in these two layouts is
octagon-type layout on both NMOS and PMOS devices. kept identically

octagon-type layout may have a layout area near to that f Output Driving/Sinking Current

the finger-type layout. But, the spacirt in the finger-type The I-V curves of the octagon-type NMOS device in

layout still has to be large enough to avoid the unexpect b 14 are measured and shown in Fig. 15, where HE

ESD damage on the finger's end. On the contrary, the multiple- . -
. urves are as smooth as those in the finger-type layout. The
cell octagon-type layout has a better symmetrical structure 10 .
: . . oCtagon-type PMOS device also has the sdrE curves as
provide the uniform turn-on behavior under the ESD-stress : . : .
condition at of a finger-type PMOS device without any degradation

on the waveforms of thd—V curves. This verifies that an

Besides, in the DRAM layout, it is almost in the core-

limited condition. The layout area for the 1/0O pads includinéAOSFET in the octagon-type layout can provide the same

the ESD protection circuits or output buffers is not critica evice -7 characteristics as that in the finger-type layout.
P P : he drain current of the NMOS (PMOS) device under the
Therefore, the layout area for the output buffers in the DRAM )
A . o . vpltage bias ofVys = 3 V (-3 V) and Ve = 3 V (-3
chip is not seriously limited. However, in the most standar\g0 . L . .
S is measured with its source grounded. This drain current
CMOS processes for ASIC applications, the octagon—tyflae) used as a parameter to compare the sinking (driving)
layout can provide the excellent area efficiency for the CMO3 P P 9 9

output buffers without using extra ESD-modification procesgapab'"ty of per unit layout area in both finger-type and

i . - . ) ...__octagon-type layouts. The measured drain currents of CMOS
Especially, in the pad-limited and high-pin-count condition : . .
. . - dutput buffers in these two layouts are summarized in Table
the layout area for the 1/0O pads is seriously limited to save o o . .
The current driving/sinking capability of per unit layout

chip size. Under the pad-limited condition, the octagon-typg ., o 214 listed in Table | to verify the area efficiency. The
layout can effectively save the layout area for the chips. . L o . .
maximum output sinking (driving) current in per unit layout

area of the output NMOS (PMOS) device in the octagon-type
layout is 13.12 (6.59u:A/pm?, but that in the finger-type

One set of CMOS output buffers realized in the octagotayout is only 9.77 (4.46u:A/um?. So, the NMOS (PMOS)
type layout has been fabricated and measured in gquf6-device in the octagon-type layout provides an increase of
nonsilicided CMOS process. A microphotograph of the fat34.3% (47.7%) in the output sinking (driving) current of per
ricated CMOS output buffer is shown in Fig. 14, where bothnit layout area, as comparing to the devices realized by
the NMOS and PMOS devices are realized in the octagathe finger-type layout. This practically confirms the excellent
type layout. Corresponding to the layout example of Fig. &rea efficiency of the proposed octagon-type layout design for
the device dimension§i¥/L) of PMOS and NMOS devices output transistors.

IV. EXPERIMENTAL RESULTS
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TABLE |
Finger-type Layout | Octagon-type Layout
WL (um) 720/0.8 804/0.8
Layout Arca (um?) 112x110 110x74
NMOS drain current
Ids (Vds=Vgs—-3V) 120.4 mA 106.8 mA
PMOS drain current
'djlfA\ffs;XgS}'BV) -54.95 mA -53.69 mA Fig. 16. An EMMI microphotograph of ESD damage on a CMOS output
it Lo oAb 0,77 LA 1317 WA buffer in the octagon-type layout after a PS-mode ESD stress. The hot spots
PMOS y[ds o SARLLL =ALLE el are uniformly present on every octagon cell of the NMOS device.
S per
unit Layout Arca -4.66 pA/um’ -6.59 uA/pm’
(800 V) in Table Ill. The CDM ESD test results in Table Il
TABLE I are tested by a socket-type CDM ESD tester, which is the
ZapMaster produced by the KeyTek corp. with a maximum
Finger-type Layout | Octagon-type Layout CDM ESD voltage 02000 V. The CDM ESD pass voltages
in both the octagon-type layout and finger-type layout are all
WL, (um) T20/0.8 804/0.8 greater than 2000 V due to the large device dimensions in the
. layout.
"ﬂy"“t]g;: (um®) 112x110 110-74 As seen in Table II, the CMOS output buffer in the octagon-
ESD pass voltage 6500V 6000V type layout can pass 6000-V HBM ESD, but that in the
MM finger-type layout can pass 6500-V HBM ESD. However, in
L3P pass voliage B0V 0V the MM ESD testing, the CMOS output buffer in the octagon-
ESD pass voltage > 2000 V > 12000V type layout can pass 950-V ESD, but that in the finger-type
Hg“fnlftaiz V;’L‘:‘f;;f 053 Vs 078 Vi layout can only pass 800-V ESD. This is due to theiBlands
1 4 .. m- . .
M pass voliags of = mo connected to VSS (the Nislands connected to VDD) as the
per unit Layout Area 0.065 V/jum’ 0.12 Vipm? p-substrate (N-well) bias among the multiple octagon cells of
an NMOS (PMOS) device in the octagon-type layout. In the
TABLE I finger-type layout, the P diffusion (or N+ diffusion) for the
p-substrate (N-well) bias often surrounds the whole NMOS (or
Finger-type Layout Octagon-type Layout PMOS) device only at the outside, but the internal fingers of

the finger-type device are far from the substrate bias. This may
easily lead to the nonuniform turn-on phenomena among the
multiple fingers of a finger-type device during the fast-transient
ESD stress and therefore causes a low ESD reliability [18].
Especially, the ESD transition in the MM ESD event is much
faster than that of the HBM ESD event. The nonuniform turn-
B. Output ESD Robustness on phenomena among the multiple fingers will more easily
ESD reliability is another important issue for CMOS outpubappen in the MM ESD stress. The ESD current discharging
buffers in submicron or deep-submicron CMOS technoldrom the drain to the source of the octagon-type NMOS and
gies. The ESD test results including the HBM (Human-BodyMOS devices is quite uniform, so its ESD robustness can be
Model), MM (Machine Model), and CDM (Charged-Devicesignificantly improved within a smaller layout area. This is the
Model) ESD events are listed in Table II. There are four modesain reason why the CMOS output buffer in the finger-type
of ESD stresses on a pin with respect to VDD and VSS pitayout with both a larger layout area and a larger drain area
[20]. In general, the CMOS output buffer is more vulnerable tis still weaker than that in the octagon-type layout under the
the PS-mode and ND-mode ESD stresses due to the snapbdtk ESD stresses. An EMMI microphotograph of a CMOS
breakdown of the output NMOS or PMOS devices during ESButput buffer in the octagon-type layout, which is damaged
events. The CMOS output buffer is stronger in the NS-mogdter the PS-mode HBM ESD stress, is shown in Fig. 16.
and PD-mode ESD stresses, because the drain-to-bulk paraditie hot spots are uniformly present on every octagon cell
diodes in the CMOS output buffer are forward biased to bypast the output NMOS device. This is quite different to the
ESD current. The ESD-sustained voltages of the octagon-typat spot on the finger-type layout of Fig. 4. The octagon-
and finger-type CMOS output buffers (in Table I1) in the foutype layout design can effectively improve the uniform turn-on
modes of ESD stresses are listed in Table Ill in details. Tioharacteristics of the output devices during ESD stresses. So,
ESD pass voltage of a pin is defined as the value of the highttet ESD performance of output devices is also improved by
ESD voltage that the pin can sustain without causing aflyis octagon-type layout design, especially in the faster MM
damage in the four modes of ESD stresses. So, the octageB8D transition.
type (finger-type) layout provides an HBM ESD-pass voltage The ESD robustness of per unit layout area is also calculated
of 6000 V (6500 V) and an MM ESD-pass voltage of 950 \and shown in Table Il. The ESD robustness of per unit layout

PS-mode} NS-mode| PD-mode| ND-mode| PS-mode|NS-mode| PD-mode| ND-mode

HBM (V) | 7000 |=>8000 [ >8000 | 6500 | 6000 | >8000 | >8000 | 8000
MM (v) | 800 950 950 850 950 | >1000 | >1000 | 950
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area of a CMOS output buffer in the octagon-type layout is TABLE IV
0.74 (0.12) V/im? in HBM (MM) ESD stress, but that in

he fi | i v 053 (0.065 5 Th h 1. Each finger width for output NMOS and PMOS 50pm = w2 25um

the Inger_type ayOUI, IS only U. ( ’ ) ’ US,- the 2. Output NMOS channel length 0.8um

CMOS output buffer in the octagon-type layout provides an| st PO el T 1 —

. . 3. Output P S channel lengl Sum=>7L20.

increase of 41.5% (84.6%) in the HBM (MM) ESD robustness| " ¢ m -
4. Minimum spacing form the drain contact to poly edge Spm

of per unit layout area, as comparing to the CMOS output
buffer in the finger-type layout. The CDM ESD robustness
in per Unit |ay0Ut area Of a CMOS OUtpUt buﬁter realized by 5. Minimum spacing form the source contact to poly edge Tum
this octagon-type layout can be greater than 0.2@V/. This of output NMOS and PMOS
has verified the excellent area efficiency of the octagon-type
output buffer for ESD protection.

Besides, owing to the high ESD robustness as listed Tre total layout area of an NMOS transistor in the finger-type
Table Il, the octagon-type CMOS output buffer can beconieyout with double guard rings is
an area-efficient input ESD protection circuit, as the gate of W
NMOS (PMOS) device in the CMOS output buffer is shortedAy = [(L+d+ S +¢) - — + 251 |- [w+2(51+S52)] (A.1)
to ground (VDD). w

of output NMOS and PMOS

where
V. CONCLUSION L channel length;

An octagon-type layout design for the thin-oxide NMOS and W total chanr_lel width of the tran5|stpr; ]
PMOS devices in CMOS output buffers has been successfully chan_nel width of eac_h poly-gate finger; )
verified in a 0.6sm CMOS process without using extra d spacing from the drain contact to the poly-gate edge;
ESD-optimization process. The large-dimension output NMOS S spacing fr(?m the center of source contact to the poly-
and PMOS devices are assembled by a plurality of small- gate ‘?dge' )
dimension octagon cells. Each octagon cell has a concentric © the width _Of a square contact, .
and symmetrical layout design including the placement of 5y total spacing of doubl_e ggard fings, an_d
source contacts and substrate contacts. Experimental resultsS 2 spacing from theV-+ dlﬁgsmn of the drain to the’+
have shown that the driving (sinking) current of per unit layout diffusion of the guard rlng. ]
area of the CMOS output buffer is increased 47.7% (34.30he total number of poly-gate fingers in the whole NMOS
by the octagon-type layout, as comparing to the finger-typyoutisW/w = N, whereN must be chosen as an integer for
layout under the same layout spacifigf 5 :m. The octagon- uniform layout struct_ure. The total drain area of the finger-type
type layout also provides the CMOS output buffer with a\MOS can be obtained as
increase of 41.5% (84.6%) in the HBM (MM) ESD robustness Aps=W- (d+ E)' (A.2)
of per unit layout area, as comparing to the finger-type layout. 2
The CDM ESD pass voltage of per unit layout area of thishe total perimeter of the drain regiofV¢- diffusion) in the
octagon-type layout is greater than 0.25:NP. By theoretical whole finger-type NMOS is
calculation, the drain capacitance of an octagon-type output W
NMOS is only 62.6% of that of the finger-type device, while Pp;=W+ —-(2d+0¢). (A.3)
the spacingd is 5 um. The larger spacing leads to more w
area saving and smaller drain capacitance in the octagon-tyf¢ total drain capacitance is calculated as
layout. o . . _

With theoretical calculation and experimental verification,CDf = CoApr+Cocare W+ Cosw(Pos=W) (A4)
the large-dimension CMOS output buffers having higher owivhere C; and C;gaTe have been defined in (3) ard;sw
put driving/sinking capability, stronger ESD robustness, big the sidewall bulk junction capacitance.
smaller layout area, can be practically achieved by this pro-The different width of the poly-gate finger leads to a dif-
posed octagon-type layout design without adding any exfierent total layout area of a finger-type NMOS. The minimum
ESD-optimization process. By applying this layout design tayout area of a finger-type NMOS with a specified channel
both output and input pins of the high-pin-count and padvidth W can be found by
limited CMOS IC, the chip size can be significantly reduced
to save production cost. This proposed octagon-type IayOLﬁAf/aN = —251W/N+2(L+d+5+0)-(S1+52) (A5)
is very suitable for submicron or deep-submicron low-voltaggng
CMOS IC’s in high-density and high-speed applications.

OA%/?N =4S, W/N°>. (A.6)
APPENDIX Because 0f9A%/9°N) > 0, there is a minimum total layout
The total layout area of an NMOS transistor in the fingeBrea whendA /0N = 0. The N to meet this minimum
type layout including double latchup guard rings can be cagondition is
culated by the following equations. The main design (layout) S W
L
N =
\/(51 + 52)

rules for ESD protection without adding ESD-implant mask . A.7
P g P (L+d+S+0) (A7)

in the 0.6am CMOS process are summarized in Table IV.
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N(= W/w) must be chosen as an integer, and the value of
is betweer25~50 pm as specified in the design rules. Puttin

the

a finger-type NMOS transistor can be calculated and used
comparing to the octagon-type layout.

The authors would like to thank K.-F. Wang for his ex-

Ming-Dou Ker (S'92-M'94) was born in Taiwan,
R.O.C., in 1963. He received the B.S. degree from
the Department of Electronics Engineering, and the
M.S. and Ph.D. degrees from the Institute of Elec-
tronics, National Chiao-Tung University, Hsinchu,
Taiwan, in 1986, 1988, and 1993, respectively.
From 1993 to 1994, he was a Postdoctoral Re-
searcher in Integrated Circuits and Systems Labora-
tory, Institute of Electronics, National Chiao-Tung
& University. In 1994, he joined the VLSI Design
Department of Computer and Communication Re-

suitableN into (A.1), the quasiminimum layout area of

ACKNOWLEDGMENT

cellent |ayout experience to realize the idea of Octagon_ty rch Laboratories (CCL), Industrial Technology Research Institute (ITRI),

layout. The authors especially thank the Editor C.-Y. Lu an

his

inchu, as a Circuit Design Engineer. Since then, he has been engaged
. - - . the development of mixed-mode integrated circuits in submicron CMOS
reviewers for their valuable suggestions to revise thishnology. He has been a Consultant hired to solve the ESD reliability

paper. problems for some IC companies in the Science-Based Industrial Park,

(1]

(2]

(3]
(4]
(5]
(6]

(7]

(8]

(9]

[20]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(28]

[19]
[20]

Hsinchu. Now, he is a Research Advisor in the Integrated Circuits and Systems
Laboratory, National Chiao-Tung University. His research interests include
REFERENCES reliability of CMOS integrated circuits, mixed-mode integrated circuits, and
deep-submicron CMOS technologies. He has published more than 30 technical
C. Duvvury and A. Amerasekera, “ESD: A pervasive reliability concerpapers in several refereed journals and international conferences. He also has
for IC technologies,” inProc. IEEE vol. 81, pp. 690-702, May 12 patents, including five U.S. patents on the field of ESD protection circuits.
1993. ) ~ Dr. Ker was awarded the Outstanding Research Award by the Industrial
A. Amerasekera and C. Duvvury, “The impact of technology scalingechnology Research Institute, Taiwan, R.O.C., in 1996.
on ESD robustness and protection circuit design,’Pioc. EOS/ESD
Symp. 1994, vol. EOS-16, pp. 237-245.
N. C. Li, G. L. Haviland, and A. A. Tuszynski, “CMOS tapered buffer,”
IEEE J. Solid-State Circuitsvol. 25, pp. 1005-1008, Apr. 1990.
S. R. Vemuru and A. R. Thorbjornsen, “Variable-taper CMOS buffer,” Chung-Yu Wu (S'75-M'77-SM'96) was born in
IEEE J. Solid-State Circuitsvol. 26, pp. 1265-1269, Sept. 1991. Chiayi, Taiwan, R.O.C., in 1950. He received the
C. Prunty and L. Gal, “Optimum tapered buffelFEE J. Solid-State M.S. and Ph.D. degrees from the Department of
Circuits, vol. 27, pp. 118-119, Jan. 1992. o Electronics Engineering, National Chiao-Tung Uni-
J.-S. Choi and K. Lee, “Design of CMOS tapered buffer for mini- versity, Taiwan, in 1976 and 1980, respectively.
mum power-delay product,/EEE J. Solid-State Circuitsvol. 29, pp. From 1980 to 1984, he was an Associate Pro-
1142-1145, Sept. 1994. i i ) fessor at the National Chiao-Tung University. From
B. S. Cherkauer and E. G. Friedman, “Design of tapered buffers wi 1984 to 1986, he was a Visiting Associate Professor
local interconnect capacitancelEEE J. Solid-State Circuitsvol. 30, in the Deparfment of Electrical Engineering, Port-
pp. 151-155, Feb. 1995. land State University, Portland, OR. Since 1987,
__, “A unified design methodology for CMOS tapered buffers, he has been a Professor at National Chiao-Tung
ILE%ZZ;?”;' \éLuSr:eSn)ésetvcél. E'avr\)lp'lv?gzélls’ J'I?nl._iilg?asr{d M. Teene. * University. He has puplished more tha_n 7Q journal papers and 100 c_onference
Waﬁle Iafloui techniqué st.rengthen-s th’e ESD ha}dness (‘Jf the l\]M pers on several topics, mclgdmg digital integrated circuits, analo_g mtggreued
output transistor,” inProc. EOS/ESD Sympl989, vol. EOS-11, pp Circuits, com_puter-alded de_5|gn, neural networks, ESD'protectlon circuits,
175-181 ' ’ ! ’ » P special s_emlcc_)nduc_tor devices, and process technologies. He also has 17
S. R. Vemuru, “Layout comparison of MOSFET's with large L Patents including eight U.S._ patents. I-_hs current r_ese_arch interests focus
ratios,” Electron. Lett, vol. 28, no. 25, pp. 2327—2329, 1992. on low-voltage low-power mixed-mode integrated circuit design, hardware

S. Daniel and G. Krieger, “Process and design optimization for advancligPlementation of visual and auditory neural systems, and RF integrated

CMOS 1/0 ESD protection devices,” iRroc. EOS/ESD Symp1990, circuit design.
vol. EOS-12 pp_prz%gfz'ig, evices, Hroe ymp4 Dr. Wu was awarded the Outstanding Research Award by the National

A. Amerasekera and C. DuvwurgSD in Silicon Integrated Circuits Science Council in 1989 and 1995, and the Outstanding Engineering Professor
New York: Wiley, 1995. by the Chinese Engineer Association in 1996. From 1991 to 1995, he was
C. Duvvury and A. Amerasekera, “State-of-the-art issues for technologgtated to serve as Director of the Division of Engineering and Applied Science
and circuit design of ESD protection in CMOS 1C'sSemiconductor M the National Science Council. Currently, he is the Centennial Honorary
Sci. Technol.vol. 11, pp. 833-850, 1996. Chair Professor at the National Chiao-Tung University. He is a member of
D. B. Scott, P. W. Bosshart, and J. D. Gallia, “Circuit to improveEta Kappa Nu and Phi Tau Phi.

electrostatic discharge protection,” U.S. Patent 5019 888, 1991.

K. F. Lee, A. Lee, M. L. Marmet, and K. W. Ouyang, “Electro-static

discharge protection circuit with bimodal resistance characteristics,”

U.S. Patent 5270565, 1993. . . . .
M.-D. Ker and T.-S. Wu, “Novel octagonal devices structure for outpt : Tain-Shun Wu was born in Taiwan, R.O.C., in
transistors in deep-submicron low-voltage CMOS technologylEDM 1954. He received the Ph.D. degree from the Insti-
Tech. Dig, 1996, pp. 889-892. tute of Electronics, National Chiao-Tung University,

A. Amerasekera, M. Hannemann, and P. Schofield, “ESD failure mode Hsinchu, Taiwan, in 1990. _

characteristics, mechanisms and process influente&E Trans. Elec- In 1990, he joined the Electronics Research and
tron Devices vol. 39, pp. 430-436, 1992. Service Organization (ERSO), (ITRI), Hsinchu. In

T. L. Polgreen and A. Chatterjee, “Improving the ESD failure threshol 1991, he joined the Computer and Communication
of silicided nMOS output transistors by ensuring uniform current flow, Research Laboratories (CCL), Industrial Technol-
IEEE Trans. Electron Devicesol. 39, pp. 379-388, Feb. 1992. ogy Research Institute (ITRI), Hsinchu, Taiwan.
HSPICE User’s ManualElements and Model#leta-Software, CA, vol. 1(‘ Since then, he has been engaged in the development

2, 1992. of computer, communication, and consumer inte-
M.-D. Ker, C.-Y. Wu, and H.-H. Chang, “Complementary-LVTSCRgrated circuits. Currently, he is the Manager of the VLSI Design Department
ESD protection circuit for submicron CMOS VLSI/ULSIIEEE Trans. of Computer and Communication Research Laboratories (CCL), Industrial
Electron Devicesvol. 43, pp. 588-598, Apr. 1996. Technology Research Institute (ITRI),



