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Toward Giga-Scale Silicon
Integrated Circuits

Silicon integrated circuits now permeate ourdaily lives, inways thatseem
surprising. Today, a "notepad" computer is small enough to be used on an
airplane to perform tasks that, a few years ago, would have required a
machine heavier than the combined weights ofall the passengers on board.
In reality, however, silicon technology hasfollowed unremitting and pre­
dictable trends since its inception over 30 years ago. Here, we outline these
trends, assess theirimplications, and examine theirpotential limits. Beyond
the question oflimits, however, lies the important role thatsilicon technol­
ogy can play inaggressive companies like AT&T. Inanessential sense, sili­
con is the embodiment ofintellectual property. Appropriate, concurrent
engineering-based useofthis technology enables vertically integrated com­
panies toerectbarriers against rapid duplication, which will extend the ini­
tial, highly profitable stages ofthe product cycle. As such, silicon technol­
ogy can be a formidable weapon in rapidly evolving competitive markets.
Introduction

ENIAC - formally dedicated in 1946,
andgenerally regarded as the first electronic
digital computer - wasbuilt to calculate
firing tablesforartillery shells. Its three-ton
bulkincluded 18,800 vacuum tubes,andcal­
culated a ballistic trajectory fasterthan a shell
could reachits target. Today, calculation of
trajectories is just one ofthe functions per­
formed by the Hobbit'M microprocessor in
AT&T's hand-held personal communicator.
The trajectories calculated bythe Hobbit
microprocessor are the motions ofa pen,
as the user writes on a "notepad." These
motions are "recognized" bythe Hobbit
microprocessor as characters, and stored,
usingabout30,000 timesmorecomputing
power than the ENIAC could deliver. Hand­
written characterrecognition lightens our
burden,because mostpeople find writing
moreconvenient than typing. 1 And it literally
lightens our burden,by packing enormous
computing power intoa 2.2-lb. "notepad." In
many ways, silicon integrated circuit technol­
ogyand software have combined to bringpre­
viously unimaginable computing power into
our lives. This continuing revolution promises

to mass-produce products and services now
encountered only inscience fiction movies
and comic books. (See Panel 1fordefinitions
ofabbreviations, acronyms, and terms.)

The dramatic improvements in silicon
technology have been sustained forover30
years. Within a decade, circuits with a billion
elements or more (known asgiga-scale integra­
tion) will be available in the marketplace. To
the customer, these improvements in silicon
technology offer affordable solutions, rather
than solutions that require computing power
available only at great cost,or notavailable at
all. All this has been made possible by rapid
increases in the numberofcircuit elements
per chip; equally rapid reductions in the price
per element; and less rapid, but important,
improvements in speedand power. To the
technologist, these advances have stemmed
from head-long reductions in the defect den­
sityand minimum feature size (i.e., the small­
est component on a chip, usually a transistor
gate),and less rapid, but significant, increases
in device complexity anddie size.

To the manufacturer, these develop­
mentshavebeen accompanied notonly by
continual growth in marketsize, but also by
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incost, andimportant, but less dramatic, improvements
in performance and power consumption. In30years, as
Figure 1 shows, the numberoftransistors perchiphas
increased onemillion times, andthe price per transistor
has dropped 100,000 times. Concurrently, power con­
sumption has been reduced 100,OOMold, andtransistor
speedhas been increased.

FIgure 1. (a) Number of bits stored on a DRAM silicon chip
per year. The dotted line shows extrapolation of present
trends. (b) Price per bit, plotted versus cumulative experi­
ence, as measured by total number of bits manufactured.

Panel 1. Abbreviations, Acronyms, and Terms

chip- a silicon integrated circuit afterpackaging
CMOS - complementary metal-oxide-semiconductor
die- a silicon integrated circuit before packaging
DRAM - dynamic random accessmemory
ENIAC - electronic numerical integrator andcom-

puter
Gbit/s - gigabit(s) per second
GHz - gigahertz
gm-gram
MIPS - millions ofinstructions per second
MOS - metal-oxide semiconductor
MOSFET - metal-oxide semiconductor field-effect

transistor
mph- mile(s) per hour
mV- millivolt
mW - milliwatt
NiCd - nickel cadmium
Sim - siemen(s) per meter
VSEIP - verbal sum-excited linearprediction

Trends and Their Potential Umlts
Since their introduction to the marketplace, sili­

con integrated circuits have broughtaboutexponential
increases in transistor density, equally rapid reductions

breathtaking escalations in the costofmanufacturing.
Thesefactors have precipitated the formation ofconsor­
tiato share costs,and have fueled the searchforalterna­
tive manufacturing paradigms. Atthe sametime, aggres­
sive, vertically integrated companies have usedaccessto
technology to erectbarriersagainst duplication in rapidly
evolving, competitive markets, therebyextending the ini­
tial, highly profitable phaseofthe product cycle.

In this paper, weexamine sometrends in silicon
technology, outline its potential limits, andexamine
emerging products andservices that may affect these
trends. Weconclude with a briefdiscussion ofthe way sili­
con technology canbringsignificant competitive advan­
tage tovertically integrated companies. Weillustrate gen­
eral concepts bygiving specific examples, rather than pro­
viding a detailed survey ofa complex field.
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Figure 2. (a) A high-resolution transmission
electron micrograph of a cro&&-S8Ctlon of an
IH:hannel MOS transistor. The Inset shows a
lattice Image of the channel region of this
device. Each white blob In the silicon substrate
represents a pair of atom columns. The channel
Is less than 400 atoms long. (b) Plot of Intrinsic
device speed (or cut-off frequency 'T) versus
gate length or emitter width for silicon
n-MOSFETs, p-MOSFETs, and silicon-based
bipolar transistors. The line represents a simple
estimate of the Intrinsic n-MOSFET speed, based
on fundamental considerations. The agreement
between experimental points and this estimate
provides confldence that the expected Intrinsic
speed can be approached In practlce. 3 ,4 ,17 - 22
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To place these developments in a morefamiliar
context, wecan equatethe physical characteristics and
priceofa car with those ofa computer, wecanliken the
capacity ofa car to the memory ofa computer, andthe
speed ofa car to the numberofinstructions a computer
can carryout in a second. Ifweextendthis analogy,
improvements in the automotive industry equivalent to
those incomputers since1946 would have resulted in a
present-day car that weighs 2 ounces, costs $40, has
50,000 cubic feetofluggage space, and uses only onegal­
lonofgasoline per 1,740,000 miles to travel at 1,350,000
milesper hour.

Because ofthese spectacular advances, it is not
surprising that every generation ofscientists andengi-
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neers is fascinated with identifying the factors that may
slow down and,ultimately, stopthe "silicon rush." How­
ever, such exercises define the boundary ofcontempo­
raryknowledge as muchas theypredict the eventual lim­
its ofsilicon technology. Here,weoutline the factors that
set fundamental limits on silicon technology, acknowl­
edgingthat practical considerations may prevent us from
reaching these fundamental limits.

Shrinking the Transistor
Because complementary metal-oxide-semi­

conductor (CMOS) devices andcircuits consume little
power, theyare the mostlikely candidates formain­
stream, ultra-dense circuits, inwhich power consumption
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andremoval ofdissipated heat are major concerns. At
present, the scientific community thinks that it will be
possible to design and manufacture verysmall metal­
oxide semiconductor (MOS) transistors, with channel
lengthsapproaching 0.075 /lm. 2 Morerecentexperimen­
talresults, illustrated in Figure 2,havedemonstrated
deepsubmicron n- and p-MOS field-effect transistors
(MOSFETs), which display excellent de andac character-

isticsat room ternperature.t' Suchdevices are so small
that their lengthscanbe directly measured bycounting
atomic spacings.

Experimental resultsofthe type shown in Fig-
ure 2 are valuable formany reasons, three ofwhich we
will discussin this paper. First, theyestablish the perfor­
mance domain forfuture generations ofsilicon devices
andcircuits. Forexample, the recentdemonstration ofan
intrinsic speed (cut-off frequency.j'-) ofmorethan 100
gigahertz (GHz) fora silicon n-MOSFET strongly suggests
that extrapolations ofspeedbasedon simple arguments
will remain valid forseveral future generations ofsilicon
devices (seeFigure 2b).Second, the experience gained in
manufacturing these devices allows us to assess the
extentto which processes basedon currenttechnology
canbe used to manufacture devices with minimum feature
sizesas small as 0.1 urn. This significant finding identifies
areas inwhich radically newtechnologies may, or may
not, be needed. Finally, such resultsallow us to conclude
that deepsubmicron silicon devices will operate well at
room temperature, obviating the need (suggested in ear­
lierwork-) to design themfora temperature-controlled
enclosure. This is particularly important, since the design
ofmany future systems will be shapedbyweight and
portability requirements, and because battery-powered,
temperature-controlled enclosures would be veryheavy.

Various fundamental considerations, however,
set upperbounds on the density (perunitarea) of

Rgure 3. (a) Process capability Indices (CpI<) are used to
quantify the deviations In the outcome of a statistical pro­
cess from the design value. A statistical distribution Is
characterized In terms of Its width (J and Its mean m. The
Cpi< parameter Is a measure of the width of the distribution,
and the deviation of Its mean m, from the design value 11.
Cpi< values below 1.3 are considered unacceptable for most
purposes. (b) Number of dopant atoms In the channel region
of a silicon MOSFET versus channel length. (c) Effect of sta­
tistical variations In channel doping on the Cpi< parameter
for threshold voltage of deep submlcron silicon MOSFETs.
These statistical variations are a fundamental property of
how dopant atoms are Introduced Into the device. At small
channel lengths, they cause significant variations In the
threshold at which a device switches. Cpi< values of less
than 1.3, reached at channel lengths of about 0.03 11m, are
thought to Indicate an unacceptable level of variation from
device to device.1
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FIgure 4. Limits on circuit speed, as transistors and wires
shrink. The limit owing to electromlgratlon In aluminum Is
assumed to be a current density of 2x105 AIcm 2 • The use
of more robust metals would Increase current densities and,
therefore, speeds.
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conventional methods. In many circuits, only a small frac­
tionofdevices operateat anygiven time, so the limits set
by power removal are not reached. However, the perfor­
mance ofsomecircuits, such as pipeline processors, can,
in principle, be limited bythe heat dissipation tolerances
ofpresentpackaging technology.

To summarize, individual MOSFETs maybe man­
ufactured with channel lengthsbelow 0.1 urn, Integrating
such devices intodensecircuits becomes increasingly
difficult, however, as the channel lengthapproaches
0.075 urn,

Shrinking the WIres
An integrated circuit consists oftransistors con­

nectedbywireson the samechip. In addition to minia­
turizing transistors, the manufacture ofdensecircuits
requiresshrinking the cross-section ofthe interconnect­
ingwires. This trend placesstringentdemands on chip
wiring. Atypical wirein an integrated circuit mustwith­
standa current density ofup to 200,000 amperes per cen­
timetersquared (AIem2), nearly 200 timesgreater than
the maximum currentdensity ofhousehold wiring. The
passage oflargecurrents throughmetal cancause

devices that may be integrated intocircuits. Acomputer
model may tellus the limit for idealized, that is,perfect,
transistors, but anyrealprocessused to manufacture
devices produces results that varystatistically from
device to device. Asmall probability existsthat a few
devices will differ significantly from the intended design.
Inverydense circuits, with transistorcountsapproach­
ingone billion, this cancauseenoughdevice failures to
limit chipyield. Expressing the statistical variations in
terms ofdimensionless Cpk parameters, fora particular
distribution ofdevices, givesthe width ofthe distribution
and the deviation ofits meanfrom the design value (see
Figure 3a).Values ofCpk parameters that fall below 1.3
should reduceyield significantly. Forgiga-scale circuits,
whose manufacture is likely to include as many as 850
steps,a Cpk of1.3 foreach step implies a yield lossof
about8 percentfrom processvariations alone. Defects in
the wafer may further reducethe yield.

Many processesused in silicon technology are
fundamentally random in nature, subject to statistical
fluctuations that place fundamental upperboundson cir­
cuityield. Forexample, careful control ofthe numberof
dopants ineach silicon device ensures satisfactory circuit
performance. Although channel doping concentrations
are high in ultra-small MOSFETs, the numberofdopant
atomsin the channel region ofa device canbe verysmall
(see Figures3b and3c).Whenthese dopants are intro­
ducedby processessuch as implantation or diffusion, the
numberofatomsincorporated intoeachdevice is subject
to statistical fluctuations, which become significant for
small numbersofdopants. In Figure 3c,the fluctuations
became largeenoughto reducethe Cpk value forthe
MOSFET thresholdvoltage to less than 1.3, at channel
lengthsapproaching 0.03 urn. Sucheffects conspire to
limit the circuit yield - and, therefore, the maximum
device density - to perhapsa few billion transistors per
centimeter squared.

Even incircuits less dense than these upper
bounds, morepractical considerations, such as the need
to dispose ofheat generated in these circuits, limit the
device density per unitarea.Byreducing the device size,
weencounterexcessive unwanted currentsemanating
from partly openswitches (subthreshold device leak­
age). Power dissipates substantially below channel
lengthsofabout0.1 urn, evenwith devices ina quiescent
state.Also, verydense circuits generateamounts ofheat
that become increasingly difficult to remove using
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atomic motion, known as electromigration. If this effect
is notcarefully controlled, a wirecan develop physical
voids and break.Because oftheir low resistivities and
the ease with which theycanbe patterned intowires,
aluminum and its alloys have been the materials of
choice in silicon technology. However, aluminum can
degraderapidly in the presenceofelectromigration,

particularly because it is placed undertensile stress as it
is formed into on-ehip wiring. Electromigration, which
depends strongly on the currentdensity that travels
throughthe wire, places stringentlimits on the current
that canchargeup straycapacitances and switch other
transistors. Circuit speed is limited in proportion to
miniaturization (seeFigure 4),because the cross-section
ofthe interconnecting wire decreasesmorerapidly than
the currenta miniaturized transistorcan deliver.

Although several metals are moreimmune than
aluminum to the effects ofelectromigration, andto a
related effect known as stress voiding, their resistivities
exceedthose ofaluminum and its alloys. Can present
electromigration limits be circumvented byreplacing alu­
minum with morerobust, but also moreresistive, met­
als? It is generally thought that increased resistance
degradescircuit speed. Determining the effect ofinter­
connect resistance on circuit speedis difficult, because
circuits are highly complex andvaried incharacter. How­
ever, the essenceofmany future circuits canbe distilled
into a simple model. This partitions the problem into two
components - onegenericto many circuits, andone
circuit-specific. The genericcomponent contains only a
handful ofphysical constants, andthe specific compo­
nentvaries weakly with circuit-specific parameters. In
these conditions, it becomes possible to studyaspects of
circuit performance without allowing circuit-specific fea­
tures to strongly affect the conclusions.

Suchmodels suggest that morerobustmetals

Figure 5. (a) The cost of Interconnection versus distance
between connected nodes.8 Cost Is dramatically reduced
when the connection Is between nodes on the same chip.
(b) Plot of the cost per centimeter squared of a chip (a
finished, packaged silicon die) and Its constituent elements
versus die area, at defect densities typical for 1992. The
optimum die size Is 1.3 cm 2 • The cost Increases rapidly as
the die size departs from the optimum value. Reducing pack­
aging costs by bringing more Interconnects on chip would
lower the cost, until a severe yield penalty Is exacted by
defects. (c) Same plot for the year 2010, using a projected
defect density. The optimum die size Is now 13 cm 2 • The
wide plateau In cost Indicates Insensitivity to die area for a
broad range of sizes. Under these conditions, the economic
advantage of bringing more Interconnects on chip Is essen­
tially exhausted, and the optimum die size Is more a matter
of convenience.
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can tolerate higher speeds in miniaturized circuits,
despite their somewhat higher resistance. The speedof
a giga-scale circuit is limited bythe timeneededto
chargeup the parasitic capacitances with the current
available ina clock cycle. This limits the maximum
capacitance - and, thereby, the wirelengthbetween
nodes- to such smallvalues that the wireresistance
doesnot significantly affect the circuit speed.v" Under
these conditions, it mightbe possible to replace the
low-resistance, thoughdelicate, aluminum alloys with
robustmaterials that are more immune to electromigra­
tion and stress voiding.

These qualitative arguments ignoreimportant
effects, such as crosstalk. Theyare insufficient, alone, to
justify the significant changesin technology neededto
replace aluminum ingiga-scale circuits. Asimple, gen­
eric model could be used,however, as a guideto make
the complex choices weface as wedevelop and manufac­
ture ultra-dense integrated circuits in silicon. Miniaturiz­
ingon-ehip wiring presentschallenges at leastas formid­
ableas those involved in making transistors smaller.

Growing the Die
Aspointed out byJohn Mayo,8 a major driving

force toward higher levels ofintegration stemsfrom the
muchlower costofinterconnecting two nodeson the
samechip (seeFigureSa). Wemight, therefore, imagine
continuing the push to levels ofintegration higher than
device miniaturization allows, usinglargerdieareas for
eachsilicon chip. On the other hand, there is an eco­
nomic limit to enlarging the die size, likely to be reached
aboutthe sametimeas the expected limits on shrinking
integrated circuits.

Whena die contains a defect, it mustbe
scrapped. (Sometimes, it is feasible to locate the defects
and repairthe circuit, but the cost ofthis exercise often
exceedsthe value ofthe die. In somememory dice,
defective sections canbe replaced automatically with
sparecircuitry. In the following, the samearguments
apply, provided the phrase"defect density" is used
instead of"residual defect density after repair.") For
each particular defect density, the probability that a die
contains defects growswith the die area.The number
ofusable dicedecreaseswith diearea, resulting in a sub­
stantial yield penalty. Atthe sametime, a largerdiehas a
greater numberofelements on chip, thus reducing the
packaging cost.Asnotedby Murphy? and Noyce," 'The
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optimum diearea is the best compromise between high
scrapping costsandhigh off-ehip interconnection cost."
Trends in defect density, yield, and dieareaare impor­
tant,andhavebeenwidely studied, forexample, by
Meindl,'! Osburn et al.,12 and Bertram. 13

In the past,the prospects oflargesavings pro­
ducedby on-ehip interconnects have fueled the develop:
mentofequipment and techniques that processlarge
wafers with low-defect densities. This development has
resulted in the simultaneous manufacture ofa largenum­
ber ofdice with highyield. Using simple arguments, we
show that,as the die sizeis enlarged, this trendasymp­
totically approaches saturation.

The cost ofone squarecentimeter ofa silicon
chipwith areaA, assembled intoa system, canbe
assessedas:
- k1- Costofprocessing (approximately constant with

time)
- k1DoA - Costofwaste (defects with density Do

destroy chipwith areaA)
- k2A- v, - Costof"packaging" ("Rent's rule").

This model assumesthat the system canbe
divided intosmall blocks, connected ina hierarchy, with
the numberofinterblock connections given bythe semi­
empirical rulesuggestedby Rent. 14 This "rule" implies
that a diecontaining an nxn arrayofcircuit blocks may
be connected to other arraysusing4n off-ehip intercon­
nectsat its periphery, each with "packaging" costk2• In
the sense used here, "packaging" includes the costof
providing off-ehip communication (packaging, printed
wireboard, soldering, power supply, andcooling).

The exactfunctional form ofthe packaging
costelementdependson the circuit type and packaging
approach used.The packaging costper centimeter
squaredofsilicon decreaseswith increasing diesizeA.
Because ofthe hierarchical way that communication is
established between different points in the circuit, when
a largearrayofelements is integrated onto a chip, it
communicates with the "outside world" througha small
numberofpins. Weare familiar with this concept in the
world ofcommunication: The numberoftelephones in
New Jerseyand Florida is muchlargerthan the number
oflinesconnecting them. The costofconnecting two
telephones is small, becausethey share the sameline
with many other nodes. In the sameway, when many
elements are integrated ontoa chip, the costofintercon­
necting themwith the outside world (i.e., packaging)



memories of4gigabits per second (Gbits/s), static ran­
domaccessmemories of 1Gbit/s, andcorrespondingly
complex logic circuits will be manufactured before these
limits are reached.

New Market·Driven Trends
The evolutionary trends outlined above promise

cheap, powerful processing, combined with enormous
information storage capacity. While high-end applica­
tionswill continue to harness this raw power forpurely
computational purposes, the mainstream is likely to use
computational power to provide user-friendly features,
suchas graphical user interfaces.

Atpresent, weaccesscomputers primarily
throughthe keyboard. Mostofus, who operate in the
twilight zonebetween the "hunt-and-peck" typist and the
"skilled" professional, find this a painful mode ofinterac­
tion. 16 Wetype at an average rate of30to 50words per
minute, but speakabout 150 words per minute. And
while our reading speed averages about360 words per
minute, it requiresour full attention. In contrast, wecan
listen to (and, perhaps, evencomprehend) as many as
250 words per minute as wedrive a car. It is likely that
future computers will use partoftheir power to interact
with us on our terms, rather than theirs,as wecan
already glimpse in the first computers with limited
speechrecognition and hand-written input capabilities.

Wehave so faroutlined the drive toward integra­
tion and higher speed. However, recentdevelopments
suggestthat the marketis looking pastdensity and
speed toward portable, wireless products. Portability dic­
tates low power consumption, evenat the expense of
someperformance degradation. Forexample, a day's use
(equivalent to three hours ofcontinuous operation) on a
fully charged, 2Q.gram (gm), AA-size nickel cadmium
(NiCd) battery requiresa systemwhose power consump­
tion is less than 400 milliwatts (mW), which is about 20
timeslower than the power consumption ofa typical
flashlight.

The power consumption ofCMOS circuits scales
approximately as fCV2, wheref is the clock frequency, C
is the capacitance (primarily determined bycircuit lay­
out),and Vis the supply voltage. Because the power con­
sumption is mostaffected byvoltage, marketdemands
for low power place a strongdownward pressureon the
power supply voltage. These demands have already
resulted in significant departures from the statusquoin
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becomes a small fraction ofthe total cost ofthe chip.
Figure 5b illustrates this concept, plotting the

cost per squarecentimeter ofthree constituent elements
ofa silicon chipagainst its die size. These plots substanti­
ate the earlierstatementthat the optimum die sizeis
determined by balancing scrappingcosts (determined by
the defect density Do) and packaging costs. In Figure 5c,
which plots the sameelements extrapolated to the year
2010, wesee that, for largedie sizes, packaging accounts
for only a small fraction ofthe total cost. In these condi­
tions, putting more interconnects on-ehip15 would pro­
ducelittle economic benefit. The flat plateau in the cost
ofa chipversus its die size (seeFigure 5c) suggests that
the economic drive toward higher levels ofintegration
has been exhausted. Under these conditions, a rangeof
diesizeswill havesimilar costs,making the die sizea
matterofconvenience rather than economics.

Suchconsiderations leadus to expectvarious
technological and economic limits, to be approached
simultaneously forchipsapproximately 3 em per side,
containing overa billion elements, with minimum feature
sizesas small as 0.1 urn. Dynamic random access

Figure 6. Power consumption of AT&T DSP-16 digital signal
processor versus millions of (Integer) Instructions per
second (MIPS). The right vertical axis shows the number of
hours of operation on a 2G-gm (AA size) NICd battery.
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power supply reduction, which were to stickwith 12V, or
later, with 5V, until device and material limitations made
operation impossible without breakdown. In contrast, to
reducepower consumption, power supply voltage has
been reducedmorequickly thanwarranted bysuch con­
siderations alone.

The beneficial effects ofthis trend are illustrated
in Figure 6,which shows the reduction in power con­
sumption forthe AT&T DSP-16 family ofproducts. Migra­
tion from a 5V to a 3V power supply results insubstantial
power savings, and,moresignificantly, makesit possible
to use standardalgorithms on portable products.

Conclusion
Reductions in power consumption requiremea­

sures that encompass systemand chiparchitecture, cir­
cuitdesign, and technology. The rapid design and imple­
mentation ofsuch measuresbyconcurrentengineering
canprovide a significant competitive advantage to com­
panies with applications knowledge. Access to andcon­
troloftechnology can alsobe a powerful barrieragainst
competition. In 1992, Japanexported only 3 percentof
the low-power components it manufactured, with the lat­
est products not slated forexportat all. In an essential
sense, silicon is the embodiment ofintellectual property,
whose full potential can be achieved only in the products
it makespossible. In this form, it is a weapon to be reck­
onedwith in today's competitive market.
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