


MOORE'S LAW: 

A simple observation, made over 30 years ago, on the growth in the 
number of devices per silicon die has become the central driving force 
of one of the most dynamic of the world's industries 

n 1965 Gordon E. Moore, then R&D director at 
Fairchild Semiconductor and these days chair- 
man emeritus of Intel Corp., Santa Clara, Calif., 

quantified the astounding growth of the new tech- 
nology of semiconductors in a still more astounding 
formula. Manufacturers, he said, had been doubling 
the density of components per integrated circuit at 
rewlar intervals, and they would continue to do so 
as far as the eye could see. 

This observation has since been dubbed "Moore's 
Law" and is now enormously influential. Some have 
even termed it a self-fulfilling prophecy. Because of 
the accuracy with which Moore's Law has predicted 
past growth in IC complexity, it is viewed as a reli- 
able method of calculating future trends as well, set- 
ting the pace of innovation, and defining the rules 
and the very nature of competition. And since the 
semiconductor portion of electronic consumer 
products keeps growing by leaps and bounds, the 
Law has aroused in users and consumers an expecta- 
tion of a continuous stream of faster, better, and 
cheaper high-technology products. Even the policy 
implications of Moore's Law are significant: it is 
used as the baseline assumption in the industry's 
strategic road map for the next decade and a half. 

Projecting the capabilities of semiconductors and 
successor technologies out to 2050 leaves Moore's 
numbers still looking possible [see "Beyond Moore's 
Law," p. 561. As for applications, the demand for 
smart cards, smart watches, smart fuel injectors, and 
smart toasters is insatiable, not to mention the con- 
tinuing worldwide appetite for personal computers, 
which take a good 60 percent of the semiconductor 
industry's output [Fig. 11. 

Besides its surprising longevity as a forecaster of 
hardware capabilities, the Law has set the pace for the 
PC-software industry and, some say, is now a techno- 
mantra that, if repeated often enough and sincerely 
enough, has the power of a self-fulfilling prophecy. 

Genesis of the IC 
The 1947 invention of the transfer resistor, or 

transistor, by William Shockley and his colleagues 
at Bell Laboratories, Murray Hill, N. J., ushered in 
the solid-state era of electronics. The concept was 
based on the discovery that the flow of electricity 
through a solid such as silicon can be controlled 
by adding impurities with the appropriate elec- 
tronic configurations. [See "The origins of the pn 
junction," pp. 46-51 ,] The vacuum tube (which 
was also known as the thermionic valve) was the 
dominant technology for this task at the time; but 
the transistor proved to be significantly more reli- 
able, required much less power, and above all, could 
be made incredibly smaller. And in fact, the mini- 
aturization of the device was to become the hall- 
mark of the semiconductor industry and the basis 
for Moore's Law. 

Almost a decade later, Shockley and two Bell Labs 
colleagues, John Bardeen and Walter Brattain, were 
presented with the Nobel Prize for their invention. 
Shockley went on to start his own semiconductor 
laboratory, and others from his team either joined 
or founded the companies whose names are synony- 
mous with the spectacular rise of the semiconductor 
industry: Texas Instruments, the former Fairchild 
Semiconductors, and Intel. Gordon Moore, a mem- 
ber of Shockley's team, was a key player at Fairchild 
and cofounder of both Fairchild and Intel. 

In the late 195Os, research engineers at Fairchild 
developed the first planar transistor, and later the 
first planar IC. (Jack Kilby of Texas Instruments is 
credited with inventing the IC.) Although not as 
significant a scientific breakthrough as the transis- 
tor, the invention of the IC did reveal the potential 
for extending the cost and operating benefits of 
transistors to every mass-produced electronic cir- 
cuit, including the microprocessors that control 
computer operations. Moore later said that the 
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development of the planar transistor was the origin of 
his law of density-doubling. 

From science to production technology 
Revolutionary science supplied the theoretical basis 

for solid-state electronics, but without the invention of 
unprecedented production technologies, the spectacu- 
lar growth of the industry could not have happened. 
"Indeed, the technology led the science in a sort of 
inverse linear model," Moore observed in a recent pub- 
lication. Conventionally, science discovers and tech- 
nology applies, here the order was reversed. The two 
most noteworthy inventions were the diffusion and 
oxide-masking process and the planar process. 

The first process allowed the producer to diffuse impu- 
rities (dopants) directly into the semiconductor surface. 
The tedious practice of adding conducting and insulating 
material layers on top of the substrate was eliminated, and 
instead, sophisticated photographic techniques made it 
possible to lay intricate mask patterns on the semiconduc- 
tor so that only designated areas lay open to dopants. 
Device reliability as well as production accuracy were 
greatly increased. With diffusion, production moved from 
a craft process of individual assembly to batch processing. 

The planar process was a logical outgrowth of the 
diffusion and oxide-masking process. Planarization was 
the brainchild of physicist Jean Hoerni of newly 
formed Fairchild Semiconductor. Hoerni reasoned that 

[2] Gordon Moore [right] relaxes with fellow pioneers of the electronic age: Robert 
Noyce [center] and Andrew Grove [left]. Moore and Noyce contributed to the develop- 
ment of the planar IC. Grove is now president and chief executive officer of Intel Corp. 

a design based on a plane would be easier to manufacture and to 
miniaturize, compared to the conventional 3-D (or mesa) tran- 
sistor. Hence the planar, or flat, transistor. Flattening the mesa 
enabled electrical connections to be made, not laboriously by 
hand, but by evaporating metal film onto appropriate regions of 
the semiconductor wafer. Using a lithographic process in which 
a succession of regions were etched and plated one on top of the 
other on a thin, flat surface or wafer of silicon, the "chip" was 
born out of the planar transistor. Like the printing process itself, 
the planar process evolved into ever greater rates of production 
at even higher yields. 

Better still, the planar process enabled the integration of cir- 
cuits on a single substrate, since electrical connections between 
circuits could be accomplished internally to the chip. Robert 
Noyce [Fig. 21 at Fairchild quickly recognized this. 

"When we were patenting this [planar transistor]," recalled 
Moore, "we recognized it was a significant change, and the patent 
attorney asked us if we really thought through all the ramifica- 
tions of it. And we hadn't, so Bob Noyce got a group together to 
see what they could come up with. And right away he saw that 
this gave us a reason [for running] the metal up over the top with- 
out shorting out the junctions, so you could actually connect this 
one to the next-door neighbor or some other thing.'' 

Perhaps more than any other single process innovation, pla- 
narization set the industry on its exponential rate of progress, 
With time, chip manufacturers improved the lithographic process 
with more precise photographic methods, so that photolithogra- 
phy became the industry's standard production method. For 
Moore's Law, the significance was that photolithography enabled 
manufacturers to go on reducing feature sizes of devices. 

Birth of Moore's Law 
The 19 April 1965 issue of Electronics magazine, marking the 

McCraw-Hill publication's 35th anniversary, contained an article 
with the title "Cramming more components onto integrated cir- 
cuits." Its author, Cordon E. Moore, director, Research and 
Development Laboratories, Fairchild Semiconductor, had been 
asked to predict what would happen over the next i 0 years in the 
semiconductor components industry. His article speculated that 
by 1975 it would be possible to cram as many as 65 000 compo- 

nents onto a single silicon chip about 6 millimeters square. 
Moore based his forecast on a log-linear plot of device com- 

plexity over time. He wrote: 
"The complexity for minimum component costs has increased 

at a rate of roughly a factor of two per year. Certainly over the 
short term this rate can be expected to continue, if  not to 
increase. Over the longer term, the rate of increase is a bit more 
uncertain, although there is no reason to believe it will not 
remain constant for at least 10 years." 

Moore's astonishing prediction was based on empirical data 
from just three Fairchild data points! His starting point he 
pinned to the production of the first planar transistor in 1959. 
The next point was a scatter of the first few ICs of the early- 
1960s, including the production in 1964 of ICs with 32 compo- 
nents. His last was his own knowledge that an IC still in the lab- 
oratory and scheduled for release later in 1965 would contain 64 
components. He formed his prediction of 65 000 components in 
1975 by drawing a straight line out to that year [Fig. 31. 

Moore revisited the subject in a paper given at the 1975 IEEE 
International Electron Devices Meeting. His 1 0-year-old fore- 
cast of 65 000 components was on the mark: a memory with 
that density was in production at Intel, where he was now presi- 
dent and chief executive officer. In the IEEE paper, he also gave 
explanations for the exponential increase in densities. 

First, the industry could make bigger chips with fewer defects, 
without sacrificing yields. He attributed this improvement main- 
ly to the use of optical projection, in place of contact printing, 
of lithography masks on the wafers. The second explanation was 
ever-finer rendering of images and line widths. Together, these 
two observations accounted for two thirds of the improvements 
over the preceding decade. 

Moore attributed the final third to what he called "circuit and 
device cleverness" that enabled manufacturers to use more of the 
total wafer area. Interestingly, he concluded that the cleverness 
had ended with the charge-coupled device (CCD), for which a 
then-new technique for "doping" semiconductors used con- 
trolled light beams rather than chemical means. He said: 

"There is no room left to squeeze anything out by being 
clever. Going forward from here we have to depend on the two 
size factors-bigger dice and finer dimensions." 
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So he redrew hi5 plot of component densities from 1975 for- 
ward with a gentler slope, one in which density doubled every 
18 months, but which still behaved in a log-linear fashion, The 
projections were still breathtaking. Shortly after this, his plot 
was dubbed Moore's Law. 

In 1995, Moore compared the actual performance of two 
kinds of devices, random-access memories and microprocessors, 
against his revised 1975 projection. Amazingly, both kinds 
tracked the slope of the exponential curve fairly closely, with 
the memories consistently achieving higher densities than 
microprocessors over the 20 years [Fig. 41. Die sizes had gone 
on increasing, while line widths got smaller, at exponential rates 
consistent with his 1975 analysis [Fig. 51. 

Seemingly mindful of Moore's focus on increasing densities, 
the semiconductor industry marks the evolution of its technology 
in terms of increasing scales of integration: medium in the  OS, 
large in the  OS, very large in the %Os, and ultra large in the '90s. 

Today the Motorola PowerPC microprocessor contains 7 mil- 
lion transistors, Intel Pentium I1 microprocessor contains rough- 
ly 7.5 million, and Digital Equipment's 64-bit Alpha micropro- 
cessor contains almost 10 million. NEC recently announced that 
it had developed the worlds first four-gigabit DRAM chip, 
which may become commercially available by 2000. Papers pre- 
sented at  a 1995 IEEE International Solid-state Circuits 
Conference said that terachips (capable of handling one trillion 
bits or instructions) will be available by 2010. Getting to that 
density will require making elements that are one ten-thou- 
sandth of a millimeter wide-about the width of a DNA coil. 

Perpetual innovation machine 
Perhaps the most important aspect of Moore's Law is that it 

has become an almost-universal predictor of the growth of an 
entire industry, one that has not broken stride i n  its exponential 
growth rates for more than three decades. Moore summarized 
the system synergies in a t 995 review of Moore's Law and the 
state of the industry: 

"By making things smaller, everything gets better simultane- 
ously. There is little need for tradeoffs. The speed of our prod- 
ucts goes up, the power consumption goes down, system relia- 
bility, as we put more of the system on a chip, improves by leaps 
and bounds, but especially the cost of doing things electronical- 
ly drops as a result of the technology." 

Speaking at the Computerworld-Smithsonian Monticello lec- 
tures last summer, he acknowledged the psycholoyical component 
of his law: "More than anything, once something like this gets 
established, it becomes more or less a self-fulfilling prophecy. The 
Semiconductor Industry Association puts out a technology 
roadmap, which continues this generation [turnover] every three 
years. Everyone in the industry recognizes that if you don't stay on 
essentially that curve they will fall behind. So it sort of drives itself." 

User expectations matter 
Another interpretation of Moore's Law adds to the push of new 

production technologies the pull of software developments. 
In the youth of electronic computing, when internal memory 

was costly and scarce, software system designers placed a premium 
on "tight" code-programs with as few instructions as possible. 
With Moore's Law in full force, that constraint was abandoned and 
program complexities proliferated to thousands, then tens of thou- 
sands, and now millions of lines of code. 

In 1995, Nathan Myhrvold, chief technology officer of 
Microsoft Inc. studied a variety of his firm's products by counting 
the lines of code in successive releases of the same software pack- 
age. He observed that the Basic language had 4000 lines in 1975 
and roughly half a million two decades later. Microsoft Word was 
at 27 000 lines in its first version; the latest version had about two 
million. Myhrvold relates this to Moore's Law 

"So we have increased the size and complexity of software 

even faster than Moore's Law. In fact, this is why there is a 
market for faster processors-software people have always 
consumed new capability as fast or faster than the chip people 
could make it available." 

The reinforcing effects of complementary software develop- 
ments feeding back into PC hardware-nd at the core, chip inno- 
vations-are significant. Economists refer to this as dynamically 
increasing returns. Myhrvold suggests that a positive feedback 
cycle is at work: "We like what we get, we want more, which spurs 
people to create more. If there is a lack of positive feedback, the 
whole things just slows down." 

As the marginal cost of additional processing power and memo- 
ry literally approaches zero, system software has expanded expo- 
nentially to become an ever-larger part of information systems 

Is the end in view? 
oore's Law started out as a simple extrapolation from a 
simple observation. Actual performance and experi- 
ence have validated it, proving Moore quite prophet- 

ic. Curiously, forecasts of its demise have been made throughout 
its existence, but have consistently been wrong. 

They are still being made. A 1996 poll by Forbes of 11 industry 
stalwarts-hief executive officers, senior systems and software 
engineers, industry analysts, an industry writer, and a venture capi- 
talist-awarded Moore's Law an average remaining life of roughly 
14 years, to 2010. That would give the prediction a life span of 45 
years, by any measure an incredible feat of technical insight. 

At present, researchers are still learning to exploit the proper- 
ties of semiconductors and production processes. But at some 
point this technology-like all others-will stop growing expo- 
nentially and enter the realm of diminishing marginal returns. 

The physics underlying semiconductor manufacturing sug- 
gests several possible barriers to continued technical progress 
and density doubling. For example, the gigabit chip generation 
may finally force technologists up against the limits of optical 
lithography. There are ways around this obstacle, but the cost 
may be prohibitive. In fact, economics may constrain Moore's 
Law before physics does-an observation that others have 
called "Moore's second law." 

For one thing, capital requirements rise exponentially along 
with component densities, wrote Moore in 1995. The cost of a 
new fabrication plant went from US $14 million in 1966 to $1 500 
million in 1995. By 1998, work will begin on the first $3 billion 

131 Based on just a few data points, shown in the plot above, Gordon 
Moore accurately predicted in 1965 that the number of components 
on an IC would double every year for the next 10 years-a prediction 
that became known as Moore's Law. 
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fabrication plant. These increases are no problem as long as chips 
improve still faster. That happened between 1984 and 1990, when 
chip performance tripled, while the cost of a fab plant only dou- 
bled. For the next generation of chips, however, the capital need- 
ed will double again, but performance is expected to increase only 
by half. If the exponential trend in fab costs continues, by 2005 
the cost of a single fab plant will be more than $10 billion in 1995 
dollars-more than half of Intel's current net worth. 

What can semiconductor manufacturers do? One possibility: 
team up with customers, competitors, suppliers, or even countries 
to share fab construction and RsiD costs. For example, the R&D 
price tag for dynamic RAMs, which rose from US $400 million for 
the 4 Mb chip to more than $ 1  billion for the i Gb device, led to 
the well-known alliance of IBM, Germany's Siemens, and Japan's 
Toshiba for the development of advanced DRAMS. In Korea and 
Singapore, state-organized consortia appear to be on the rise. 
Global alliances are emergmg as the new model for competition 
in semiconductors. 

Another economic threat to Moore's Law is the possibility 
that transistors will become so cheap that there will be no prof- 
it in making them cheaper. Dan Hutcheson, president of VLSI 
Research Inc., San Jose, Calif., reached that conclusion in 
i 995: "The price per transistor will bottom out sometime 
between 2003 and 2005. From that point on, there will be no 
economic point in making transistors smaller. So Moore's Law 
ends in seven years." 

Apart from the apparent constraints of physics and eco- 
nomics, one respondent to the Forbes poll, Dan Lynch, presi- 
dent and chief executive officer of CyberCash Inc., offers a 
starkly different view about the future of Moore's Law, stating, 
"We'll be dead when Moore's Law is played out." His reasoning: 
"Moore's Law is about human ingenuity, not physics." 

Enter the equipment maker 
By the early  OS, the invention of the point contact transis- 

tor by Bell Laboratories had led to the emergence of a new 
industry: semiconductor manufacturing. During the infancy of 
the semiconductor industry-and before the invention of 
ICs-the companies producing semiconductors also generally 
produced the equipment needed to manufacture them. The 
semiconductor equipment manufacturers, in fact, evolved out 
of the chip manufacturers. Eric von Hippel, an analyst of this 
evolution, detailed 15 major innovations in silicon semicon- 
ductors in which the chip maker took the lead in developing a 
new process or equipment. For example, mask alignment using 
split-field optics was first developed in house by Fairchild and 
later offered commercially by an equipment manufacturer. In 
this case, the "independent" supplier was himself a former 
Fairchild employee. 

Moore recalls one such experience in his early days at 
Fairchild, involving a technician who was paid to work at home 
on nights and weekends to make the capillary tubes used in a 
critical gold-bonding process: 

"Pretty soon that business got so big that he quit and set up 
Electroglass, which was the first one of these equipment com- 
panies that I know of ... and he'd also been helping me build 
furnaces-we had to build our own furnaces in those days. So 
he took the basic furnace design and started building furnaces, 
first for us, then for the industry." 

Von Hippel points out that this free movement of skilled per- 
sonnel is characteristic of the semiconductor industry, especially 
in its earlier stages. Moore's own career is a case in point. He met 
Robert Noyce when both were at William Shockley's laboratory. 
Moore and Noyce left to cofound Fairchild Semiconductor in 
1957. In turn, Fairchild spawned somc 150 companies, among 
them Intel, which Moore and Noyce cofounded in 1968. 

This pattern intensified in the  O OS, when volume production 
of ICs called for new production equipment capable of much 

clearer resolutions, narrower line widths, and more exacting 
alignment specifications than those used to produce discrete 
electronic components. The printing of complex circuit designs 
onto highly polished wafers required the development of soph- 
isticated photolithographic and other wafer-processing tech- 
niques, such as ion implanting and etching, as well as new test- 
ing and assembly operations. 

Semiconductor manufacturing processes began being auto- 
mated almost from the start. Today, with virtually every step of 
every process automated, manufacturing improvements depend 
on innovations in capital equipment. For example, the narrowest 
possible line widths and hence the greatest possible attainable 
integration in pursuit of Moore's Law are literally defined by the 
capabilities of lithographic equipment. 

Now as in the past, the relationship between chip makers and 
capital euuipment makers is verv close because of this mutual . .  

[4] For 25 years, microprocessors and dynamic RAMs have followed 
closely a revised Moore's Law, which stipulates the doubling in circuit 
complexity every 18 months. By the end of this century, DRAM densities 
will be approaching a billion transistors per chip. 
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size. Intel microprocessors illustrate 
the third factor. Shown from left to right are the 4004, the very 
first microprocessor; the 386; and the PentiumPro. 

dependence-in striking contrast to the traditional U S 
practice of "arm's length and cautious" relationships between 
suppliers and buyers Equipment makers have long recog- 
nized their role as primary players in this technologydriven 
industry Partnership arrangements, formal and informal, 
facilitate collaboration between equipment makers and 
device makers This collaboration takes the form of technical 
seminars and publications, trade association meetings, indus- 
try conventions, and whatever else proves necessary to stay 
on the Moore's Law curve of perpetual improvements in pro- 
ductivity and cost reduction 

Moore's Law as metaphor 
Increasingly, Moore's Law is used as a metaphor for antici- 

pated rapid rates of change-not only in semiconductors, but 
in economic and social contexts Moore himself acknowl- 
edges that the Law "gives us a shorthand to talk about things " 

Recently a software representative was quoted in The New York 
Tmes as saying, "The length of eternity is 18 months, the length 
of a product cycle " In some sense, Moore's Law has taken on a 
life of its own as it finds its way into the broader community of 
users and other institutions affected by the technology 

To assess the effect, this writer did an Internet keyword 
search on "Moore's Law" Out of well over 100 pertinent refer- 
ences, more than two dozen were of good quality Most of these 
came from downstream user communities-including PC users 
and people involved with software and network applications 

Interestingly enough, Moore's Law has many imitations in fields 
related and unrelated One of the former is "Metcalfs Law," attrib- 
uted to Robert Metcalf, former Xerox researcher, inventor of the 
Ethernet, and founder of 3Com, Santa Clara, Calif This law states 
that network performance increases exponentially with the addi- 
tion of each new user 

As the ensuing sampler of such references demonstrates, writ- 
ers in the fields of education and even marketing have referred 
to Moore's Law Note that processing power seems to be replac- 
ing circuit density as the new basis of the Law 

"Management is not telling a researcher, 'You are the best we 
could find, here are the tools, please go off and find something 
that will let us leapfrog the competition ' Instead, the attitude is, 
'Either you and your 999 colleagues double the performance of 
our microprocessors in the next 18 months, to keep up with the 
competition, or you are fired ' " (Andrew Odlyzko on the 
Internet, 1995) 
0 "Moore's Law may one day be as important to marketing as the 
Four Ps product, price, place, and promotion If it is borne out 
in the future the way it has in the past, the powerful Pentium on 
your desktop will seem as archaic as a 286 PC in a few years" 
(Gene Koprowski on the Internet, 1996) 
* "We have become addicted to speed Gordon Moore is our 
pusher Moore's Law, which states that processing power will dou- 
ble every year and a half, has thus far held true CPU designers, 
always in search of a better fix, drain every possible ounce of fat 
from processor cores, squeeze clock cycles, and cram components 
into smaller and smaller dies " (Alan loch on the Internet, 1996) 
* "The End of Moore's Law Thank God1 The end of Moore's 
Law will mean the end to certain kinds of daydreaming about 
amazing possibilities for the Next Big Thing, but it will also be 
the end of a lot of stress, grief, and unwanted work" (Calgary 
Unix Users Group on the Internet, 1996) 

"Computer-related gifts must be the only Christmas presents 
that follow Moore's Law." (Sydney Moming Herald 1995) 
0 "Moore's Law is why.. .smart people start saving for the next 
computer the day after they buy the one they have.. .Things are 
changing so fast that everyone's knowledge gets retreaded almost 
yearly. Thank you, Mr. Moore. . . [for] the Internet, a creature of 
Moore's Law." (Robert Hettinga on the Intemet, 1996) 

Is Moore's Law unique? 
ooking at one subject from the perspective of another 
often sheds light on its nuances. For example, in arguing 
for the uniqueness of the million-fold cost reductions and 

performance improvements in semiconductors, Moore has jok- 
ingly mused that if similar progress were made in transportation 
technologies such as air travel, a modern-day commercial air- 
craft would cost $500, circle the earth in 20 minutes, and use 
only five gallons of fuel. The catch is that it might be only the 
size of a shoe box. 

But Stephen Kline, professor of mechanical engineering at 
Stanford University in California, suggests that the analogy 
might be more suitable if the reference chosen was the era of 
rapid advances in aircraft speed and performance. 

Carver Mead, semiconductor industry visionary and professor 
at the California Institute of Technology, Pasadena, finds an 
analogy in the related field of magnetic data storage. He notes 
that PC hard drives have evolved from megabyte to gigabyte 
capacity in roughly a decade. This thousandfold improvement 
approaches Moore's original extrapolation. Mead has done some 
scaling calculations and continues to be amazed with the phe- 
nomenon. "I still don't understand that," he admits. 

Mead and Erich Bloch have suggested an analogy in the field 
of biology, beginning with James Watson's and Francis Crick's 
discovery of DNA at Cambridge University. 

While other analogies might be apt and useful, some miss 
the mark in trying to force-fit a comparison. Take, for example, 
the following analogy to  railroads offered by The Economist 
("The End of the Line," July 15, 1995, pp. 61-62): 

"Consider the development of America's railways as an exam- 
ple. In 1830, the industry boaited a mere 37 kilometers (23 miles) 
of track. Ten years later it had twice as much. Then twice that, 
and twice again-every decade for 60 years. At that rate 19th- 
century train buffs might have predicted that the country would 
have millions of kilometers of track by 1995. In fact there are 
fewer than 400 000 km. Laying rails was too expensive to justify 

58 IEEE SPECTRUM JUNE 1997 



connecting smaller towns; people simply did not need track 
everywhere. Exponential growth gave way to something more 
usual-a leveling off around a stable value at which economic 
pressures were balanced. , .Americans stopped building railways, 
but they did not stop becoming more mobile. As rail's S-curve 
tailed off, Americans took to driving cars and built roads." 

Clearly, the railroad analogy is a flawed one. Increasing rail- 
road tracks (or roads, sea routes, bandwidth, or whatever) really 
deal with the implementation or diffusion of technology (trans- 
portation infrastructure in this case). Moore's Law is about the 
pace of innovation. 

Moore's Law reconsidered 
Beginning as a simple observation of trends in semiconductor 

device complexity, Moore's Law has become many things. It is 
an explanatory variable for the qualitative uniqueness of the 
semiconductor as a base technology. It is now recognized as a 
benchmark of progress for the entire semiconductor industry. 
And increasingly it is a metaphor for technological progress on 
a broader scale. As to explaining the real causes of Moore's Law, 
the examination has just begun. 

For example, the positive feedback hypothesis that semicon- 
ductor device users' expectations feed back and self-reinforce 
the attainment of Moore's Law is still far from being validated or 
disproved. What has been learned is the critical role that process 
innovations in general-and manufacturing equipment innova- 
tions in particular-play in providing the technological capabili- 
ty to fabricate smaller and smaller semiconductor devices. The 
most notable of process innovations was the planar diffusion pro- 
cess in 1959-the origin of Moore's Law. 

Many observers have described the semiconductor era as a 
"microelectronics revolution." Indeed, the broad applications 
and pervasive technological, economic, and social changes that 
continue to come forth from the semiconductor industry seem 
almost endless. Others, though, describe this phenomenon as a 
steady evolution, albeit at an exponential rate. 
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In that vein, Moore's Law is definitely 
one measure of the pace of that "steady 
evolution." Its regularity is daunting. 
The invention of the transistor, and to a 
lesser degree the IC a decade later, rep- 
resented scientific and technological 
breakthroughs that engendered an entire 
new semiconductor industry at the ex- 
pense of the large electronics firms that 
had dominated the preceding era of vac- 
uum tube technology. The period of 
transition from old to new technology is 
characterized by instability, and factors 
that lead to very irregular performance. 
But the essence of Moore's Law is predic- 
tability. The destruction wrought by in- 
novations in the semiconductor indusiq 
has been far more creative than deleteri- 
ous, coinciding with a long period of 
U S .  and global prosperity. 

Clearly, the semiconductor experi- 
ence and Gordon Moore's remarkable 
insight hold a rich store of topics for fur- 
ther study. Even if his Law is repealed by 
physics or economics or changing fads 
next year, it will have had a great run, 
setting markers for the evolution of the 
modern economy's most important 
industry. Beyond this, for many it has 
been a source of personal inspiration. As 
Carver Mead stated in 1992: 

"[Moore's Law is] really a thing about 
human activity, it's about vision, it's about what you're allowed to 
believe. Because people are really limited by their beliefs, they 
limit themselves by what they allow themselves to believe is pos- 
sible.. .When [Moore] made this observation early on, he really 
gave us permission to believe that it would keep going. And so 
some of us went off and did some calculations about it and said, 
'Yes, it can keep going.' And that then gave other people permis- 
sion to believe it could keep going. And [after believing it] for 
the last two or three generations, 'maybe I can believe it for a cou- 
ple more, even though I can't see how to get there'. . .The wonder- 
ful thing about [Moore's Law] is that it is not a static law, it forces 
everyone to live in a dynamic, evolving world." + 

Acknowledgment 
Development of this article benefitted from support provided by the 

Center for Innovation Management Studies at Lehigh University, 
Bethlehem, Pa. 

To probe further 
For the original article in which Gordon E. Moore presented his density- 

doubling plot and extrapolation for IC manufacture, see Gordon E. 
Moore, "Cramming More Components Onto Integrated Circuits," by 
Gordon E. Moore, Electronics Magazine (Vol. 38, no. 8). April 19, 1965, 
pp. 114-117. A more recent view is in "Lithography and the Future of 
Moore's Law," by Gordon E. Moore, OpticallLaser Microlithography 
VI//: Proceedings of the SPE, 2440, Feb. 20, 1995, pp. 2-1 7. 
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