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Abstract:  In IC designs which incorporate multiple power  to conduct current. As a result, the peak sustainable voltage
supply voltages, the interfacing of signals between blocks with across the device, which sets the upper boundpn also
dlfferent pOV.\/el' supplies Can be achieved through 1/0O buffer decreases. As power Supp'y V0|tages scale, it is quite
circuits, which demand high-performance as well as ESD psssiple that chips with differing power supply voltages will
protection for the inputs and outputs. High performance buffers o\ a4 together, in order to minimize cost or other
are a}lso des!rable for intra-chip |nterfa<_:|ng for technologies that parameters. However, the chip with the higtgp could
require multiple supply voltages. This work presents a set of . L
buffers suitable for use in multiple power supply systems. The pOte_nt'a"y caus_e damage to th_e chip with th_e IdWﬁj due
intra-chip buffers presented are low-area, high-speed buffers [0 Nigh gate oxide stresses while the two chips interface. As
able to convert between the voltage levels of differing power @ result, the inter-chip buffering must be able to prevent the
supplies. The inter-chip buffers presented are high-speed buffers devices on the lower chip from oxide breakdown, as well as
which can withstand voltages on bus lines of up to twice the chip utilize the signals from the other chips.
power supply, with exceptionally good performance when
compared with comparable work in literature. However, the Moreover, the requirements for power-efficient and energy-
investigation of ESD protection was less successful. A method of efficient computing are driving power supply voltages down,

designing ESD protection for these multiple voltage systems is even in situations when such an increase is not mandated by
described; however, this is a relatively standard method of ESD technology limitations. Since

protection. Overall, however, a significantly faster buffer design

is developed for use in multiple power supply systems.
P Pep PPYSY P = Vpplsups (2)

I. Introduction and Background wherelgypis the current drawn from the supply, an obvious
method of reducing the power consumption is to reduce
Aggressive scaling of IC devices, driven by the desire fory. It is well known, however, that reducing the supply
higher circuit density and faster speed, has increased tiwtage without scaling the device increases the propagation
functional complexity of VLSI circuits. This has in turndelay, to first order, while reducing the power supply voltage
reduced the minimum feature sizes of transistors, requiringag the device as scaled can maintain a constant delay[1]. As
lowering of the power supply voltage in order to maintain sate result, certain blocks may no longer be able to function at
and reliable device operations. Moreover, power consumptifwer voltages. One solution to this problem is to support
constraints have driven voltages down as well. differentVpp's for different blocks on the same chip, i.e.,
use a higher supply voltage for a high-speed block, but use a
One of the key dimensions that is being scaled in higibwer supply voltage for a slower block, which reduces
performance technologies is the oxide thickngss A power consumption. While oxide breakdown is not a
device’s drive capability is inversely proportional to its oxid%mmem when interfacing blocks on the same chip (all the
thickness; however, dgy is decreased, the maximum voltagespply voltages used on chip should be within the normal
that can be sustained across that oxide is decreased as wg, ge of allowable voltages), communication between the

The electric field across the oxidgyy, is given by two blocks becomes important. As a result, intra-chip
buffering is required to convert signals running between the
E. = Vox 1 blocks into ones understandable by both.
ox = T 1)

Another significant effect that must by considered is the
As the oxide thickness decreases, the peak voltage acrossrésgonse of the buffer circuit to an ESD event. Electrostatic
oxide decreases, &pyx must always remain less than adischarge (ESD) is a pervasive reliability concern in VLSI
critical electric field at which the oxide breaks down and star@¥cuits [5]. It is a short duration (< 200 ns) high current (> 1



A) event that causes irreparable damage to all categories of IC II. Buffer Circuit Design

devices. The most common manifestation is the human body ) ) ) ] )
model (HBM) ESD event, where a charge of aboup@&an In this sectlon, both the intra-chip as well as |nter-ch|p
be induced on a body capacitance of 100 pF, leading kyffers will be presented, and each will be detailed as to its
electrostatic potentials of 4 KV or greater. The equivaleffode of operation.

circuit for the HBM is given in Fig. 1.

A. Intra-chip Buffer Design
FIGURE 1The Human Body Model of an ESD Event P g

In the case of multiple power supply voltages driving
different blocks on the same chip, a buffer must be designed

L & e that can convert signals between the two blocks. An
. it . important point to note here is that since both blocks will
High Device . .
\oltage Q) e Under normally be tied to the same electrical ground, the only
Supply nkirm s bar T‘“” PF Test difference between the signal levels will be for the voltage
representing a ‘1’, o¥y. Once this point is seen, the

conversion buffers are very simple and straightforward.

F8r the intra-chip buffer design, it is not necessary to limit

As shown in this figure, the 100 pF capacitor can be charg £ voltage drop across the gate-oxide: all of the power

by a high voltage power supply through the switch and the o2
o>r/1 congt]act to g dgvice car?%?/schargge through the 05 Ksupply voltages useq on chip will be less than the voltage
equivalent resistor for the human body. This will cause a peg eded to cause oxide breakdewn. As a result, the only
current equal to the ratio of the peak voltage to the 125 KISSUe IS that of the level conversion, of which there are two
resistor to flow through the device in a very short time. T |fferen:jctﬁses. r(].l)h(;?’nvernm fretrr? albloc¥l/< with ?jhégher
device impedance is negligible under ESD. The short duratiofP (art1. ?S a Igbl H)k o.?r:\e V;” ; OWS pD: an .”(] )

(~ 110 ns) high current (~ 1.3 A) pulse can cause insula %?nr\]/er\llng rc_>rr;]1 at ock with a low tEt)rtl) 0 one with a th
breakdown and thermal damage of Si and interconne Yhervpp. th eh.wr?a’fcasee”are not etr?atr?he’ I?’SMI(QS €
including contacts and vias [3,11,12]. Thus ESD protectiof, o' cas€, the nighdipp Wil guarantee that the

N . . . . vice in an inverter will be turned off (as it will ensure that
circuitry must be investigated and incorporated into any robu d . o
/O buffer design. the Vgys of the PMOS is greater than 0, keeping it off) and

ensuring proper inverter behavior. However, in the latter
Previous work which addresses this buffering issue is limit&@s€, the lowe¥pp can keep the PMOS device of an
[4,6,8], and has significant problems. All are slow, withinverter on even when the input is supposed to be high,
propagation delays in the 2.75 ns [4] to 5 ns [8] rangEP_otentlally causing an unknown value at the output of this
Moreover, [4] requires depletion mode devices, making [verter.

unsuitable for many standard processes.
FIGURE 2.High-Low Intra-Chip Conversion Buffer

In this work, a new buffer design is presented that deals with

the problems mentioned earlier, as well as an ESD structure VbpH Vool

that is suitable for such a purpose. The next section deals with : |

the design of the buffer circuitry, first presenting the intra-chip

buffer design, and then explaining the new inter-chip buffer —O —O
:I—OUT

page 7, the details of ESD structures are discussed, including

the reasons for difficulty in implementing ESD as well as the

final structure that was decided upon. Finally, Section will

conclude this paper. For those with interest, Appendix A is —l%

included at the end of this paper in order to discuss the

design. In the following section, results are presented along IN
with comparisons to comparable work. In section IV, on
limitations of the inter-chip buffer design presented.

Case (1) will be examined first. The circuit shown in Fig. 2
converts quickly from voltage levels in the hightyp block

to those in the loweYpp block. If the input is a ‘0’, the
intermediate node is inverted to the ‘1’ leveMgfp, which

is then inverted to a ‘0’ again by the second inverter (since



Vppn IS larger tharVpp, the PMOS device in the secondB. Inter-Chip Buffer Design

inverter is shut off, and thus OUT is sunk to ‘0’ by the NMOS

device. In the case of the input being a ‘1’, the intermediafde real interesting circuit design occurs in this circuit. The
node is at logic level ‘0’, which is common, and the output sifdf€vious section detailed buffer circuits that are relati.vely
at the level ‘1’ of the loweWpp block Vpp, . Sizing is not Well known. They are fast, and need only be as big as
really an issue here, as these are standard inverters, withggded to drive their particular load capacitances. However,
devices being on at the same time and creating conflicts adf'ahe inter-chip buffer design case, there are some very

certain node. important limitations. First, these buffers must be able to
drive large capacitive loads, as they are driving off-chip
FIGURE 3Low-High Intra-Chip Conversion Buffer signals, which means driving I/O pads, parasitic board
capacitances, and capacitances on other chips. Second, as
VboL VbpH stated in Section |, the voltage across any oxide at any time

should not be greater than the supply voltage, which ensures
oxide reliability; most process design engineers will not
guarantee oxide reliability for oxide voltages greater than
the chipVpp. If a low voltage chip is tied to a bus which

ouT ouT . o
Vool connects several chips, some with higher supply voltages,
then the 1/0O buffer must be designed such that there is no
IN | | chance of a problem with the oxide.
I _
| There has been very little work in this area, surprisingly.

é The work that has been done is relatively complex, and in
that complexity, causes problems which can slow the circuit

- . . .. .down. Fig. 4 shows a standard 1/O buffer configuration, for
In Case (2), the circuit from Fig. 2 cannot be used, since if tlﬂ? d 9

f t ith a singl ly. The buff
input was the high voltage of the block with the Mpp, it is © case o a Sysiem With a sing'e power sUpply © butter

. _ _is designed to be driven only when the output enable signal
possible for both the NMOS and PMOS devices of the firdlg i aoserted. Clearly, this needs to be modified if the pad
inverter to be on simultaneously if

voltage can go above the chigp when the output part of

the buffer is disabled. First, the voltage across the oxide of
! ) the NMOS at the drain end will be above the i, and
thus problematic. Second, if the pad voltage rises above

causing static power dissipation, as well as creating lo IQD+|th|’ then the PMOS device turns on, and the PMOS

uncertainties at the intermediate node. Another techniag ;o' con g cts back into the supply. Finally, the drain-bulk
must be used to ensure proper conversion. Fig. 3 shows a

different buffer, which uses the positive feedback of the crogd. junction of the PMOS device can get turned on if the pad

coupled PMOS devices to force the outputs to go the supﬁ\jgltage rises abovepp*Vgiode WhereVioge s the turn-on

and ground rails, and create adequate conversion. The ke)l}age of the diode. All these concerns must be addressed.

issue in the design of this circuit, is that the devices must B¢ methods used in the literature to date [4,6,8], are
sized large enough so that the side that ¥ggs as its input 5 4equate and solve all of the above problems; however, the

will start to make the transition, i.e. the NMOS device on thfethods used tend not to utilize the advantages particular to
side must be sized large enough that its drain starts to go Iy output circuit, and as such, suffer performance

Once that node starts to go low, the positive feedback willopjems. These works tend to put extra circuitry both

force the circuit to its final static state. This is also a very fagktore and after the final inverter shown in Fig. 4. However
circuit, as the positive feedback enhances the speed of {}jg; tends to slow down the arrival of the signal to the input

circuit. of the final inverter, which is added to the extra delay of the

In fact, this circuit can be used for both the high-low as well gwcumy betwgen Fhe pad and the basellnv.erter: What
ould be realized is that the final inverter in Fig. 4 is large

low-high conversions; however, one may want to consider the . s
o N . .enough to drive a very large capacitive load (on the order of
circuit presented in Fig. 2 for the high-low case, as i

consumes less power (two inverters rather than three) 0 pF); adding a few picofarads of capacitance at the output
P ' node is really inconsequential, and shouldn’t significantly

degrade the propagation delay through this structure.
Therefore, the emphasis should be on trying to put as much
of the extra circuitry as possible after thg-M,, inverter.

VoL < Vopu —|Vie




FIGURE 4standard I/0 Buffer Configuration forward procedure; the output signal is inverted by the
inverter 11, which drives the PMOS pull-up, and ensures that

the pull-up works when it is supposed to. The inverter is
_ enabled using extra devices which turn the inverter on only
OF : | \ when the output is to be enabled. Thus the output buffer

performs well as an output buffer; there is little circuitry in

Pad the signal path that could slow it down, unlike previously

reported versions.

2
j>_| M When the output portion of the buffer is disabled, it is
DouT 1 possible for other chips to grab the bus and assert signals

which are larger than the chifpp. The pass transistor
)N Mpy is the crucial protection device, as it limits the voltage

- °<} that the driver inverter sees td&/adrop below the chifypp,

which poses no threat to gate oxides. The pass transistor

- . . . itself is immune from problems relating to oxide
A new circuit which solves the problems listed above is Sho%nreakdown since its gate is biased at the Whjg, and can

in Fig. 5. The first point to note is that all of the new circuitr . . : . .
is placedafterthe driving inverter, which means that all of thalgIIOW Its drain to go as high as twice the Chitgp without

. . . roblem. Thus the devices that make up the main signal
excess capacitance (due to the extra devices incorporated 5% _ My, M, and Mpy, are all safe from any oxide
the design) will be driven by a very large size invertej-(M breakdowr,1 effzects N

M>), which is already driving a much larger capacitance,

minimizing extra delays in driving the output. Moregecayse the pass transistor limits the voltage at the output of
importantly, the added circuitry should not cause anyyerter made up of MM, there is no need to protect the
significant modifications in the design of the previous stagegeyice M, from reverse conduction. However, the problem
The previous stages see exactly the same buffer as in fag simply been moved to the pull-up transistiM. If
standard situation; the buffer chain driving the final buffefhe nad voltage goes aboVgp, it can start to turn on
need not be resized. MpyLL. A solution that was presented in [8] is a very
- _ simple and effective one. The transistopMs added to
FIGURE 5New 1/0 Buffer with High Voltage Protection raise the voltage of the gate ofl, as the pad voltage

increases. M, will ensure that the gate ofgy}, | remains a
LUl
O
M,
| My
P

‘0’, there is no way for the gate to discharge, and so there is
the potential for a voltage larger than the cHjj across

that gate oxide (the gate-drain of pM (). Thus Msyis
added, which senses when the output returns to its low state,
and returns the gate of gyJ, | to the chipvpp.

One other problem mentioned earlier was that of forward
Pad biasing the drain-bulk junctions of PMOS devices whose

drains rose above the chifyp. This is simply solved by

. bringing the highest VDD in the system on chip, and using
These PMOS that voltage to bias the N-well that those select PMOS
devices sitinan  geyices are built in. The devices in that well are denoted

[Vipl drop below the pad voltage, keeping transistayM
Dout i |

off. However, once the pad voltage returns to a logic level of
IE/QE

- Rl]—é/vgiléﬂggtt\C}DD with asterisks in Fig. 5.
DIINEN in the system
! °<} y Finally, the input buffer portion of the circuit also works

. ] quite simply. The chip side of the pass transistor is sensed
Secondly, the only device between the inverter and the padisq inverted (if the input enable signal is active), and a

the NMOS pass transistordy. The PMOS pull-up device is p\1os pull-up device is used to raise the voltage to its full
needed to offset thé,, signal loss through the pass transistofaye| in the case of a logic ‘1’. Not shown (for clarity’s

for an output high; however, the signal will rise to a significargake) is another PMOS device that will charge the node
percentage of its final value before the PMOS device is really

needed. The PMOS pull-up is operated through a feed-

4



labeled Gy to Vpp when the input enable signal is inactive,The operation of the low-to-high level conversion buffer is
so the PMOS pull-up remains off. shown in Fig. 7. The graph shows conversions from 1.8 V
to both 5V and 3.3 V. Again, the transitions are very fast.
The above circuit is a simple but effective way of bufferinghe data for the speed of the intra-chip buffers is given in
signals that need to be driven to the output, while at the samgble 1. The buffers all have delays of less than a

time preventing the devices from suffering from any potentiglanosecond, making them very attractive for this conversion
oxide breakdown events that might happen. The next sectigfpcess.

will show the results from simulation, as well as comparisons

to the previous work mentioned earlier. FIGURE 7Low-High Conversion Buffer Simulation
Results

I1l. Buffer Design Results 5.0

In this section, results from simulations of the buffer circuits

will be shown, and these results will be compared with
published data (as limited as it is). First the intra-chip buffer ,
simulations will be examined, after which the simulations of ™~

the inter-chip buffer will be presented. -

J.].J.J.l.l.l.L.L.I..I_.I_.I. -

e

FIGURE 6High-Low Conversion Buffer Simulation Results
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Table 1.Intra-Chip Buffer Performance

Vbp1->Vpp2 tpLy (ns) tpy (ns)
1.8V -> 5V 0.825 0.984
2.5V > 5V 0.498 0.494
3.3V ->5V 0.353 0.337
1.8V > 3.3V 0.635 0.691
= 5V -> 1.8V 0.330 0.124
: 5V > 2.5V 0.238 0.135
= 5V->3.3 0.195 0.146
- 3.3V ->1.8V 0.331 0.194

The results of the inter-chip buffer are equally encouraging,
especially when compared with the previous published
results. The inter-chip buffer was laid out in a MOSIS 0.5
um (Le#s) process. The layout was not completely
optimized; it is quite likely that a competent layout tech
could reduce the area significantly, but the layout indicated a
25% to 50% area penalty to implement the buffer. The
The high-to-low level conversion buffer simulation results argyout is shown in Fig. 17, at the end of this paper. Fig. 8
shown in Fig. 6, which shows a very quick conversion frorshows the output as it operates in the output buffer mode
the higher level to the lower level. The final stage was load€OE is enabling the output buffer). The data signg|,Pis
down with a capacitor approximately five times greater thame first signal to rise and fall, and the following signal is the
its own capacitive input. Still, the conversion is very quick eutput at the pad. The three different plots represent chip
in fact, the low to high transition is almost instantaneougower supplies of 3.3V, 2.5 V, and 1.8 V, respectively. As
This is most likely due to the heavy overdrive on the gate @hn be seen, the signals follow without much delay. As the
the second NMOS, which is driven with a 5 V signal. The lowhip VDD goes lower, the delay starts to increase, as would
to high delay is slightly longer, but still quite fast. Fig. Ge expected; however, if the process were to scale with the
shows the high-to-low transition of the inp¥ppy) and the  supply, this decrease in performance would not be noticed,
output {/pp,) on the left and the low-to high transitions oras the increased drive capability of the devices would
the right.

L




compensate for the lower supply voltage. Even accepting the
fact that these delays are not optimum as the VDD decreases,
the performance of the buffer still is significantly better than

Table 2.Inter-Chip Buffer Performance

that shown in [4,8], as the results in Table 2 show. The resyits
were obtained with the buffer driving a 20 picofarad load, Chip tPLH tpHL tpLH tpnL
which seemed to be a common metric in the literature (one of Voo | (ns), 20pF | (ns), 20pF | (ns), 30pF | (ns), 30pF
the papers used as a comparison used 22 pF, one used 20[pFjgy 124 1.08 147 124
2.5V 0.71 0.71 0.856 0.819
FIGURE 8Results of Inter-Chip Buffer Output Simulation 3.3V 0.524 0.578 0.631 0.668
Pelgrom 3.6ns 4.1ns N/A N/A
[8], 3.3V
...... il.f Toshiba 3ns 2.5ns N/A N/A
[4], 3.3V

FIGURE 9Results of Applying High Voltage signal at I/O
pad (Chip Vpp=1.8V, Off Chip Signal = 3.3V)
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The buffers were optimized for 1.8V (the driver devices M1 -1 s
and M2 were sized at 5QM.6u and 100Q/0.6u, which was B
suggested to be a relatively standard size pad driver for 1.8V) :
At 2.5V and 3.3V, the speed-up over the delays from the two -0 = bri i dre i el e b i T3,
references is significant; it must be noted, however, that the

drivers would likely be down-sized as the power supphf,a¢ swung between ground and the higher off-chip voltage.
voltage is increased, in order to save on area and power. Sfifljje the pad voltage runs between 0 and 3.3V for the case
the increase in speed is definitely very large. Moreover,. SiNgfown, the voltage across any portion of the oxide of any of
the design of the ESD was not as successful as hoped, it cQyld geyices that might see a high voltage is limited to 1.8V,
not really be incorporated into the design as desired. A;&ich is the chip VDD. As stated in Section II, the pass
result, the propagation delay simulations were redone Wm}_r%nsistor limits the voltage across the oxides gfavid M,

higher load capacitance value of 30 pF (instead of 20 pF) 1@ \,e| as it's own, and the devicesMind M, prevent the
order to account for the ESD diodes. Still it can be seen ﬂ?@%erse conduction of My, .

the circuit provides extremely good performance, even at the
low supply voltage of 1.8 V. Finally, the results of simulating the input buffer portion of

: : ) ) ) the I/O buffer are shown. Again, as this is a relatively
While the increase in speed is large, the issue of protectighyje pyffer, it offers very good performance and very little

must still be simulated as well. This was done by disablir}gﬂay. The results are shown in Fig. 10, which shows very
the output function of the buffer, and applying a voltage signghqq performance for the conversion of a 3.3V input signal

1.0 1.50-
SRS S O O NSO 1T
500.0H EDU'DHE—
ol - i b. -7 Gate-Drain Voltage of M |
ED_ON BEe _BON EE.ON - : : :
e e




to a 1.8 V signal at [§ with no oxide failure problems, since network for buffers interfacing between multiple chips
the input to the input buffer is held at a threshold voltageresents other constraints that needs to be addressed as well.
below the chipVpp. The input side of the buffer has

propagation delays of 0.35 ns fgy and 0.87 ns fopy, . FIGURE 110xide breakdown voltage, BVoy, and the
junction avalanche voltage, V,,, as a function of

FIGURE 10simulation of Input Path of 1/O Buffer oxide thickness for 200 ns stress pulses.
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The buffers designed for this work have been described, and 5L ]
the results that have been derived meet the design guidelines
very well. They are fast, and easily match and better the
performance of previously published work. o : . . . J
[ 20 40 60 80 100

OXIDE THICKNESS (A)

IV. ESD Protection Issues
i i . ) We examined three common ESD design options. These
Scaling of VLSIC devices have reduced the dimensions of @Iésigns are summarized in Fig. 12. The thick field NMOS
structures used in the ICs and this has increased thilgign is clearly not suitable for deep sub micron processes,
susceptibility to ESD damage [13]. Hence ESD protectiofnq the thin field oxide NMOS presents oxide breakdown

issues are becomipg increasingly importar_lt for deep SBpoblems while interfacing between blocks with high power
micron technologies. The gate oxide thicknesses aLBpply voltages.

approaching the tunneling regime of around 35 angstroms.

From an ESD perspective, the important issue is whether tﬁ?GURE 12Common ESD protection device options.
oxide breakdown is reached before the protection devices are

able to turn on and protect them [10]. Hence, the avalanche

breakdown voltage ), and the oxide breakdown voltage Vo
BVox are the important parameters to monitor. A more Diodes -
relevant parameter is the margin betwegpavid B\y given

by (Vay - BVoy) = AVyig. As this margin gets smaller

protection of devices will become more difficult. Fig. 11

shows the dependence of\Mand B\py on the gate oxide _
thickness between 40 angstroms and 85 angstroms [13]. It can Field Oxlde NMOS -
be observed that as the oxide thickness approaches 40

angstromsAVyq approaches zero, indicating that this will

become a critical issue for sub 0{&% technologies. o
Thin Oxide NMOS - —

A. ESD Design Options

Although good protection designs have been common frompg, s the protection scheme with the diodes is used in the
um down to 1.2um technologies, device scaling towards deeperfacing 1/0 buffer circuit. Fig. 13 shows a schematic of
sub micron regime are causing concerns about maintaining g proposed ESD protection scheme. The forward biased
protection levels for reliability. The important reliability 4iodes connected to VDD simply serves to shunt the ESD
concerns are associated with thinning of gate oxides, scalifgrrent during a discharge condition. The reverse biased
of metal interconnect lines including contacts and vias and th&, e is provided for the negative pulse. An important
various process impacts. In addition, the ESD protectiqfynsideration in the ESD protection circuit for 1/0 buffers

interfacing between different multiple supply voltages is the



fact that the ESD circuit should not be allowed to clamp th&e have also considered the optimization of the 1/O buffer
voltage at the node N shown in the Fig. 13, below the voltageerconnects under short duration high current pulsed stress
at the pad. To overcome this problem the diode chain ¢enditions using an interconnect heating model proposed in
proposed. In the reverse direction a single diode is sufficieft,5]. Fig. 16 presents a plot of the maximum allowable
since the reverse breakdown voltage is usually much higherdafrent |;; vs. minimum required line width under ESD

5V). type stress conditions. When designing the ESD protection,
these guidelines must be adhered to in order to minimize
FIGURE 13proposed ESD Protection Scheme metal and contact damage.
\Y
DD FIGURE 15.-v Characteristic for N-Contact Resistor
under Pulsed Stress
12
To Internal Circuitry 11
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o 03T
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We have also investigated the option of connecting a low o , , ,
resistance (~ 1 Ohm) between the pad and the node N. o 10 20 0 a0
Introducing this resistor would doubly ensure that the ESD Voltage [¥]

discharge path will not activate under normal voltage swings
at the pad at the slight cost of increased power dissipatiqfntqrynately, time constraints as well as the lack of a

Various resistor design options were examined. These desiggad”y available, good diode model prevented the ESD
included a simple n-well resistor, silicide block resistors an&rcuit mention,ed above from being implemented.

silicide cladded n-contact resistors. A transmission ”nﬁowever since the theory has been thoroughly examined
technique [14] was used to generate constant current pulseg.to .-t should be straightforward to implement.
stress the various resistor structures. The silicided n-contact

structure was found to be more suitable for the purpose IQiGURE 16Design guidelines for ESD buffer
providing a small resistance between the 1/0 pad and node N. interconnects.

Fig. 14 shows a schematic of the n-contact resistor structure

with L/W = 5/5 and a sheet resistance of 20hms/Sq. Th

corresponding I-V curves for a 200 ns and a 500 ns pulse i .

shown in Fig. 15. An interesting point to note in Fig. 15 is that

the impact ionization effect in the semiconductor is more s T 100ns
severe for the shorter pulse width. This results from the TiN/AICu/TIN
decreasing heat diffusion time into the semiconductor unde + T Z00ns

shorter stressing pulses. The heating effect thus increases w System

shorter pulse width. T

Ic:rll [A]
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V. Conclusions [9]. C. Duvurry and A. Amerasekera, "ESD Issues
) ] ] ] for Advanced CMOS Technologies," Microelectronics
In this work, buffer design for systems with multiple POWEReliability, Vol. 36, No. 7, pp. 907-924, 1996.
supply voltages has been examined. High performance
buffers for single-chip designs with multiple power supply [10]. C. Duvvury and A. Amerasekara, "State-of-
voltages, in which the gate oxide reliability is not an issugpe-Art I1ssues for Technology and Circuit Design of
were presented. In addition, an inter-chip I/O buffer wassp protection in CMOS IC’s,” Topical Review

may exceed that chips power supply voltage, whilg33.g50, 1996.

maintaining worst case delays of 1.24 ns into a 20 pF load.
This advance is significantly faster than previous published [11]. S. Ramaswamy, C. Duvvury, and S. Kang,
works. Finally, the issue of ESD protection was examineteOS/ESD Reliability of Deep Sub-Micron NMOS

and a protection circuit was designed which incorporated dgt@otection Devices,” Proc. IRPS 1995, pp. 284-291.
on N-contact resistors as well as interconnect sizing. The

ESD circuit proposed allows the bus voltage to range above [12]. K. Banerjee, et. al., “Characterization of
the chip’s low VDD, while still clamping the voltage at aContact and Via Failure Under Short-Duration, High-
certain value in the case of an ESD event. Current Pulsed Stress,” Proc. IRPS 1997, 216-220.

[13]. A. Amerasekera, C. Duvvury, “The Impact of
Technology Scaling on ESD Robustness and
Protection Circuit Design,” Proc. EOS/ESD Symp.,
1994, pp.237-245.
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Second, the minimum supply voltage that this buffer can Fd GURE 17Layout of Output Buffer

used for is limited to twice the NMOS threshold voltage,
again because of the pass transistors. The input side of the I/
inter-chip buffer cannot function below th2itV, limit. Like
CPL [1], low threshold voltage [or zero threshold voltage]
devices could be used for passing the signal; however, that n
longer makes the function as a protective buffer. Witlno
drop, the entire pad voltage would be passed through to all th
devices on the low voltage chip. Since that is not a solution
the limit on the minimum supply voltage must be adhered to.

Third, the inter-chip buffer does not convert its output logic
level to a higher level; as such, the chips with highss's

that it interfaces with must be able to resolve the lower value
If the higheVpp chips are also being designed, then the intra-
chip conversion buffers presented here could be used to do tt
conversion. However, if the lovpp chip is meant to be used
with an off-the-shelf component running at a higWigp, the
performance of the interface must be thoroughly tested tc
ensure that the high®hp chip does not misread bits.

Finally, the extra circuitry in the buffer is large, as shown in
Fig. 17, and can add about 25% to 50% to the size of the
output buffer. This output buffer was laid out in a MOSIS HP
0.5um process, and a very unoptimized layout indicated
about a 50% increase in size. While this area penalty can kt
accommodated for a few pins, that sort of area penalty at eac
and every pin can be too much to afford.
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