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a stable product architecture. In this context, learning
means learning about components and the core concepts
that underlic them. Given the way knowledge tends to
be vrganized within the lirm, learning about changes in
the architecture of the product is unlikely to occur natu-
raily. Learning about changes in architecture — about
new interactions across components (and often across
functional boundaries)—may therefore require explicit
management and attention. But it may also be that learn-
ing about new architectures requires a different kind of
organization and people with different skills. An organi-
zation that is structured to learn quickly and effectively
about new component technology may be inefiective in
learning about changes in product architecture. What
drives effective learning about new architectures and
how learning about components may be related 1o it are
issues worth much further research.

These ideas also provide an intriguing perspective
from which 1o understand the current fashion for cross-
functional teams and more open organizational environ-
ments. These mechanisms may be responses to a percep-
tion of the danger of allowing architectural knowledge to
become embedded within tacit or informal linkages.

To the degree that other tasks performed by organiza-
tions can also be described as a series of interlinked com-
ponents within a relatively stable framework, the idea of
architectural innovation yields insights into problems
that reach beyond product development and design. To
the degree that manufacturing, marketing, and finance
rely on communication channels, information filters, and
problem-solving strategies to integrate their work to-
gether, architectural innovation at the firm level may also
be a signiticant issue.

Finally, an understanding of architectural innovation
would be useful to discussions of the effect of technol-
0gy on competitive strategy. Since architectural innova-
tion has the potential to offer firms the opportunity to
gain significant advantage over well-entrenched, domi-
nant firms, we might expect less entrenched competi-
tor firms to search actively for opportunities to intro-
duce changes in product architecture in an industry. The
evidence developed here and in other studies suggests
that architectural innovation is quite prevalent. As an in-
terpretive lens, architectural innovation may therefore
prove quite useful in understanding technically based ri-
valry in a variety of industries.
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Intel Corporation:
The DRAM Decision

George W. Cogan and Robert A. Burgeiman

INTRODUCTION

In November 1984, Andy Grove,' Intel’s chief operat-
ing officer, stood in his office cubicle gazing out at Sili-
con Valley and thought about his company’s future. The
semiconductor industry which Intel had helped create
16 years earlier had entered what looked to be a pro-
longed cyclical downturn. Some operations had already
been trimmed, but Grove believed the company would
have to react again soon (sce company financial data in
Exhibit 2). The recession hit the company’s Memory
Components Division particularly hard. For much of the
previous five years, memory components had been suf-
fering under competitive pressure from the Japanese.

Since 1980, Intel had been losing its market position
in dynamic random-access memories (DRAMSs) as the in-
dustry average selling price per chip had declined much
more rapidly than the 20 w 30 percent per year which
was customary. The Japanese had taken the lead in unit
sales of the latest generation of DRAMs, the 256 kilobir
(256K) version, but Inte! was fighting back with a pro-
gram to leapfrog the Japanese in the product’s next gen-
eration. Its $50 million | megabir (1 meg= 4 X 256K)
research project was soon to produce working proto-
types. lntel managers estimated they were ahead of the
Japanese in the | meg device. Still, a debate was growing
within the company about whether Intel could continue
to compete in the commodity market of DRAMs. Grove
was formulating his personal position on the matter.

It seemed clear that if Intel chose to continue with the
DRAM product line, it would have to commit to at least
one $150 million state-of-the-art Class 10 producrion fa-
cility. On the other hand, Intel’s other businesses were
much more profitable than memories: in an ROI frame-
work, the microprocessor business deserved the ma-
jority of Intel’s corporate resources. It was difficult for
both Grove and Gordon Moore, Intel's chief executive

Source: Reprinted with permission of Graduate School of Business.
Copyright € 1989 by The Bourd of Trustees of the Leland Stanford Ju-
nior University.
'Note: All italicized names appear with biographies in Exhibit 1; ali
italicized words appear with definitions in the technical appendix.
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EXHIBIT 1 Biographies of Key intel Personnel

Jack Carsten joined Intel from Texas instruments and has held various high level management positions since then. in 1985 he
as senior vice president and general manager of the Components Group. v
“&::mm Carter is a Harvard M.B.A. with an engineering background. He has worked in several areas of the company and is cur-
ssistant to the president. ] . ; ‘ ,
M:wirw: Chou received his B.S. and M.S. degrees in Electrical Engineering from MIT and his Ph.D. in m.mo:_om_ engingering from
m”_ nford University. He joined Intel in 1971 and has managed the DRAM technology development group in Oregon since then.
OM< Frohman joined Intel from Fairchild in 1969, He was responsible for the invention of the EPROM. He currently manages Intel’s
asign group in israel. ) )
Mwiwﬂ% Gelbach joined Intel from Texas Instruments in 1969, He is currently senior vice president of sales, )
Andrew Grove was born in Budapest. He received his B.S. from CCNY and his Ph.D. from Berkeley. ,\y:mﬂ working at Fairchild
Camera and instrument for five years, he joined Intel in 1968. He has been president .m:a chief operating officer m,.:om 1979.
Ted Hoff joined Intel as a designer in 1969. He headed the group that invented the MiCrOPrOCessor. Hoff left intet in 1983. ,
Gordon Moore was born in San Francisco. He received his B.S. in chemistry from Berkeley and his vz.o.‘ in chemistry and physics
from the California Institute of Technology. He worked as a member of the technicat staff at Shockley Semiconductor from 1956 to
irchi i i tly the chairman and CEO.
7, and he founded Fairchild. He founded Intel in 1968 and is curren \ :
Mwmum: Noyce was born in Burlington, lowa. He received his B.S. from Grinneil College and his Ph.D. from MIT. Im. was a research
engineer at Philco from 1953 to 1956, a research engineer at Shockley Transistor, and a founder and director of Fairchild Om39.m
and Instrument. He is credited with coinventing {with Kilby at T} the integrated circuit. He tounded Intel and currently serves as vice
hairman of the board of directors. ‘ . . ; .
Moc Reed received his bachelor's degree trom Middlebury College and his M.B.A. from the University of Chicago. He joined Intel in
1974. He was appointed chief financial officer in 1984. . ) .
Ron Smith received his bachelor's degree in physics from Gettysburg College and :_w M.S. and Ph.D. degrees in physics :oMmM_m
University of Minnesota. He joined Intef in 1978 as a device physicist in the Static Logic Technology Development Group. In 1 i
he was manager of that group. o
Dean ._.ooauw joined Intet from Texas Instruments in 1983 with the express purpose o,._ E::.S@ the Z_QBOQ Oano:mZm, D_<_vw_o:.
Leslie Vadasz joined Intel in 1968 and has held a variety of senior management positions since then. He is currently senior vice
resident and director of the Corporate Strategic Staff. ) N )
woz Whittier holds a Ph.D. in chemical engineering from Stanford University. He joined Intel Sv_mqo, From 1975 until 1983, :m.w
managed the memory products division. In 1983, he became vice president and director of Business Development and Marketing

Communications. ) ) ) ) » )
Albert Yu was born in Shanghai and holds a Ph.D. in electrical engineering from Stanford University. He joined Intel in 1§75

In mid- {969, Intel introduced its first product, a bipo-
lar static random-access memory (SRAM) with a 64-bit
storage capacity. The chip itself was less than a quarter of
an inch on a side and contained nearly 400 transistors.
While the SRAM had some small markets, Intel had set
its sights on the growing computer memory business,
then dominated by magnetic core technology. To attack
the magnetic core business required at least a 10-fold re-
duction in cost per bit.

The Intel managers decided early on to pursue a new
process technology in addition to the relatively proven
bipolar process. The metal-oxide-semiconductor AZO.mv
process promised to lead to increased transistor ﬂm:a__Q
while simultaneously reducing the number of fabrication
steps required to make a working chip. The process had
been published in scientific journals, but serious munui-
facturability questions remained. MOS transistors con-
sumed only a fraction of the power of a traditional bi-
polar transistor and thus could be more mnw_w,wq packed
on the chip. But they were also very sensitive to :,mnn

amounts of impurities in processing, raising the question

officer, to imagine an Intel without DRAMs. The mem-
ory business had made Intel, and was still by far the
largest market segment in integrated circuits. Not the
least of Grove's worries was how the investment com-
munity would react to Intel’s decision to cede such a
large market segment to the Japanese.

COMPANRY BACKGROUND

Early History

On August 2, 1968, the Palo Alto Times announced that
Bob Noyce and Gordon Moore had left Fairchild to form
a4 new .oo:‘_um:% Andy Grove, who had been Moore’s
assistant director of research at Fairchild, also left to
complete what the company’s historians have called the
triumvirate. The three were key technologists in the
emerging solid-state electronics industry. Noyce had
invented the integrated circuit (simultaneously with Jack
Kilby at Texas Instruments), and Intel was the first
company to specialize in making large-scale integrated
circuits.
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EXHIBIT 2 Selected Iintel Corporation Financial Data

Year ended December 31

1976 1977 1978

1979 1980 1881 1982 1983 1984
Sales 226 283 400 663 854 788 900 .
COGS 17 144 196 313 399 458 542 d me dmw
Gross margin 109 139 204 350 455 330 358 498 746
R&D 21 28 41 67 96 116 131 142 180
S5G&A 37 48 76 131 175 184 198 217 31
Operating profit 51 63 87 152 184 30 29 139 mmm
Interest and other (1) {3) 2 10 2 40 :
Profit before tax 51 63 86 1493 186 40 31 179 mﬁ
Income tax 26 31 42 71 89 13 63 dwm
Net 5003@ 25 32 44 78 97 27 31 116 AMM
Dmuvao_m:o: 10 16 24 40 49 66 83 103 114
Capital invest 32 97 104 97 152 157 138 145 388
December 31

1876 1977 1978 1979 1980 1981 1982 1983 1984
Cash and ST invest 26 39 28 34 127 11
S,\o_‘rm:@ capital 93 81 67 115 299 mmw uww MMM MMM
Fixed assets 30 80 180 217 321 412 462 504 778
Totat assets 156 221 356 500 767 871 1,056 1,680 2,029
LT a,mg 0 0 0 0 150 150 197 ;mw _Km
Equity 109 149 205 303 432 488 552 1,122" 1,360
Employess 7,300 8,100 10,900 14,300 15,900 16,800 19,400 m_. 500 mm,aoo
ROS 11.1% 11.3% 11.0% 11.8% 11.4% 3.4% 3.4% a.,wo\o Am. 2%
ROA™ 24.3% 20.5% 19.9% 21.9% 19.4% 3.5% 3.6% 11.0% 11 Amu\a
ROE"* 33 8% 29.4% 29.5% 38.0% 32.0% 6.3% 6.4% 21.0% Aw.mam

Note. The first and second quarters of 1985 showed revenue of $375 muliron and $360 million and profit of $9 milhon and $11 mul on, respectively. The

first and second quanters of 1984 showed revenue of $372 million and $410 million and profit of $54 m

Hmso_:uwm $250 mitlion proceeds from sale of 11% stake to 1BM
Based on beginning-of-year asset {equity) values
Source. intel annual reponts.

of whether their performance charucteristics would re-
main stable over time.

Les Vadusz headed the MOS team of several engi-
neers. In contrast 1 the bipolar effort, the MOS effort
moved slowly. The primary problem was to develop a
stable transistor threshold voltage. Adter a year of frus-
tration and setbacks, Vadass's team produced the tirst
commercially available MOS SRAM. the 256-bit *1101.”
The successtul processing sequence had several propri-
etary aspects which put Intel in the forefront of semicon-
ductor technology development. Vadasz commented that
at-this early stage of development, the processing se-
quences had proprietary aspects, but were not always
well understood.

Since the market for SRAMs was voung, Intei had
difficulty selling the new device. But the successful MOS
process was immediately applied to the existing market
for shift registers among mainframe computer makers,
Shift register sales provided the company with a war

n and $50 million, respectively.

chest of cash needed to weather its first semiconductor
recession of 1970 -1971.

Development of DRAM

Another technical innovation followed the 1101, Intel
worked closely with Honeywell engineers to design and
develop the first DRAM in 1970, the 1-kilobit “1103.”
While the SRAM required six MOS transistors per mem-
ory cell, the DRAM required only three transistors. With
fewer elements in each memory cell, the 1103 contained
more storage capacity in the same silicon area. While the
new design atlowed increased memory cell density, it
also required a significant amount of external circuitry
for access and refresh. An advertisement placed in com-
puter trade journals in early 1971 announced: “THE
END. CORES LOSE PRICE WAR TO NEW CHIP”

In spite of the price/performance advantage, cus-
tomers had to be taught how to use the new device and

convinced of its reliability. Ed Gelbach, VP of sales, re-

membered 1971

We could never tind a customer that used them and yet we
were shipping iterally hundreds of thousands of them. They
were all testing thems and putting them in boards . . . bat it
seemed like none of the customers ever shipped machines
with the part. My recurring nightmare was that all of those
chips would be returned over a single weekend.

In order to speed the adoption of DRAMs, Intel
started the Memory Systems Operations (MSO). which
assenibled 1103 chips along with the required periph-
eral controller circuitry for OEM sale into the computer
maker market, Soon MSO was responsible for about
30 percent of Intel's business. By 1972 the 1103 was the
largest selling integrated circuit in the world and ac-
counted for over 90 percent of Intel’s $23.4 million in
revenue.

Gordon Moore called the 1103 “the most-difficult-to-
use semiconductor product ever invented.” Ironically,
that may have helped its market success:

There was a lot of resistance to semiconductor technology
on the part of the core memory engineers. Core was a very
difficult technology and required a great deal of engincering
support. The engineers dido't embrace the 1103 until they
realized that it too was a difficult technology und wouldn't
make their skills irrelevant.

New DRAM Generations

From its early days, Intel was tighting a battie with pro-
cessing yields. The early 1103's were produced on 2-
inch-diameter silicon wafers, each containing about 250
devices. Of the 250, early 1103 runs produced an average
of 25 fully functional devices, or an overall yield of
10 percent. Ron Whittier, general manager of the Memo-
rics Components Division from 1975 until 1983, said
that throughout a product’s life cycle, wafer yields in-
creased continually as process improvements were de-
veloped. The productivity of the factory was also in-
creased by changing the size of the water whenever
silicon manufacturers developed technigues to grow
targer silicon ingots and equipment manufacturers devel-
oped machines which could handle larger wafers. In
1972, Albert Yit headed a teamn which converted the bipo-
tar process from 2-inch to 3-inch wafers, effectively dou-
bling capacity.

In the early days, Vadasz recalled, MSO developed
another strategy for increasing yield. Since it only took
one defective memory cell (out of 1024 in the 1103) to
make a chip dysfunctional, it seemed inefficient to throw

SECTION THREE. GRGANIZATIONAL CONTEXT 457

away all defectives. MSO's scheme was to compensate
for a defective memory cell using creative peripheral
logic circuitry. The peripheral circuitry was designed to
bypass the defective cells within each memory chip so
that rejected 11035 could s1ill be used. Since the scheme
required extra 1103s in each sysiem. Intel referred to the
concept as redundancy.

Scon after Intel’s early success, competitors eatered
the market for DRAMs and began to erode Intel’s MOS
process technology lead. By the mid-1970x, Intel was
one of several companies vying to be the first at intro-
ducing the new generation of DRAM memories. Every
three years, a new generation with four times as much ca-
pacity as its predecessor was developed (see Exhibit 3).

Vadasz recalled that even at the 4K and 16K level.
Intel was struggling to keep up with its competitors.
During the formative years of the DRAM muarket, the
chip design was in rapid flux. A start-up company,
MOSTEK, was able to wake market share from lntel in
the 4K generation by incorporating the peripheral cir-
cuitry required to manage the memory on the chip itself.
Vadasz recalled: “The tirst DRAMSs were not very user-
friendly, and MOSTEK came out with a better product.”
MOSTEK introduced the concept of on-chip multiplex-
ing. which allowed a smaller number of output pins to
address the entire memory. Multiplexing started a trend
in DRAMs towards user-friendliness.?

Vadasz commented:

Even though you hase invented the product, sometimes it is
easier for new entrants to seize an opportunity and beat you
to the punch. They are not encumbered by the same things
you are. ... The real problem in technological innovation Is
in anticipating the refevant issues. Onee a technological
“box™ has been detined, it is easy for a team of great engi-
acers 1o optimize everything in that box. Choosing the bog
is the bard part

Intel’s first 4K DRAM was redesigned to include the
internal multiplexing logic. Sun Lin Chou, who was in-
volved in the 4K DRAM development. said that in the
revised version. Intel also implemented a one-transistor
DRAM cell, which became the industry standard. While
more challenging trom a process technology standpoint,
the reduction in the number of transistors allowed for a
smaller chip size. The revised 4K version sold well, but
time was short before the next generation.

TEventually Intel sold MSO) since the value added had been integrated
onto the chip itself and the majority of MSO's customers had fearned
how 1o use DRAMs
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EXHIBIT 3 Product Introduction Timelines
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st multipiex)  not sold 18K |
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Note: 6800 and 68000 are Molorola Products. Z80 is a Zilog Product.

Source: intel documents, Dataquest.

Dennis Carter described Intel's carly strategy as
“staying ahead of the experience curve using process
technology.”* According 10 Sun Lin Chou, a successful
DRAM company participates in the early phase of each
generation when low competitor yields and high demand
support high prices.

In fact, for the first two years, the demand for DRAMs to the
first market entrant is semi-infinite. As soon as the leading
vendor makes a new DRAM, he can crank his capacity to
the maximun and he will be guaranteed of selling all his
output. This is not true for more complex products such as
4 logic product with a new function where the customers
have 1o first learn how to use it.

Each new generation required a quadrupling of the
number of transistors contained on a chip. The driving
force behind increased density was the ability to define

———

"The nxvn:m:on curve referred to the declining nature of industry-wide
manufacturing costs over time due to experience. The semiconductor
industry had a 70 percent experience curve (vosts reduced by 30 per-
cent for each doubling in cumulative volume). Companies who were
not urnw& of the curve for a particular product or generation suffered
erosion of margins or market share

patterns of ever narrower dimensions (functional equiva-
lent of wires and components in a circuit) on the silicon
wafer, to invent creative ways of reducing the required
number and size of components per memory cell, and o
make larger chips without defects. Each new generation
reduced the minimum linewidth by a factor of about 0.7,
from 5 pm ut the 4K generation. The minimum linewidth
was controlled primarily by the accuracy of the photoli-
thography process, while the maximam chip size was de-
termined by the ability to control the number of random
defects on the wafer.*

While competition was tough even at the 4K level, a
series of process innovations kept Intel amongst the
memory leaders through the 16K DRAM generation (see
Exhibit 3). Gordon Moore developed the strategy of us-
ing DRAMs as a technology driver. The latest process
technology was developed using DRAM:s and later trans-
ferred to other products. Early on in the company's de-

,ﬁ:..n size of the chip defines the area of the wafer which each process-
induced defect can potentially damage. If the chip size is too Jarge,
yields are unaccepuably low unless the defect level can be simultane-
ously reduced.

yelopment, Intel managers decided to merge the research
and manufacturing functions. Gordon Moore had been
dissatistied with the linkage between rescarch and man-
ufacturing at Fairchild. As a result, he had insisted that
Intel perform all process rescarch directly on the produc-
tion line. Moore commented:

Our strategy optimizes our ability to make fast incremental
-process technology improvements. We don’t huve a central
corporitte rescarch fub, We tend to evaluate other research
advances in light of how they wilt affect our businesses. For
instance, while Texas Instruments has been funding a re-
gallium arsenide, we have been watching

search effort
gallium arsenide develop for the past 20 years. We're still

siticon believers.

During the 1970s, Intel competed by developing new
processes which were used 10 enhance product features
< or to enable new product families beyond memories. The
- HMOS (high-performance MOS) process enabled Tntel
~to introduce the first S-volt-single-power-supply 16K
DRAM in 1979, Earlier offerings, including Intel’s two
~ previous [6K DRAMSs (2116 and 2117), required that the
- user supply three separate voltages to the chip. The new
_ product. the 2118, greatly simplified the user's design
~and production tasks. While Intel had lost market share
< with the 2116 and 2117, it was all alone with the S-volt
~device and captured a price premium of double the in-
" dustry average for three-power-supply 16K DRAMs in
1979 (see Exhibit 4). The DRAM technology develop-
ment group focused a signiticant wmount of its resources
on developing Intel’s third 16K DRAM offering while
competitors concentrated on the 64K generation.

Intel management decided to focus on the single-
power-supply 16K DRAM for two primary reasons: they
projected a refatively tong lite cycle for the 16K genera-
tion due to the technical chullenge in achieving the 64K
generation, and they belicved the one-power-supply pro-
cess would eventually dominate the memory industry.
They considered it too risky 1o tackle both the 64K
DRAM generation and the single-power-supply technol-
ogy in the same product.

The drive towards smatler and smaller geometries was
achieved through improvements in both processing
methodology and processing machinery. Dennis Carter
explained that in the carly years some processing steps
were considered black magic and defined a company’s
competitive edge. As time went on, the movement of en-
gineers between chip companies and the involvement of
suppliers and equipment manufacturers in process devel-
opment efforts led to a general leveling of process capa-
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bility amongst Silicon Valley firms. Sun Lin Chou com-
mented about the trends in processing:

Process technology and equipment have become 5o com-
plex und expensive w develop that no vendor can hope to do
better than [its] competitors in every process step. The key
to innovation is to be on par with your competitors on every
process step. but to select one or two or three process feu-
tures with the highest leverage and focus your efforts 1 gain
leadership there. In DRAMs we focus on high-quality thin
divlecrrics

The Invention of the EPROM
Albert Yu. vice president of development and general
manuger of the components division. said he usually as-
soctates the invention of any important product with one
person. The EPROM (electrically programmuable read-
only memory) was invented by Dov Frohman. Yu said
Frohman not only invented the product, but he also de-
scribed the physical eftect, saw that it could be applied to
a memory device, designed the first part, and fabricated
the first device.

Frohman's story has become legendary at Intel, As
a recent hire from Fairchild in 1969, Frohman was as-
signed 1o help understand and remedy a strange phe-
nomenon which wis causing reliability problems with
the MOS process. The problem involved the silicon gate
structure. Frobman saw that the phenomenon could be
explained by the existence of an unintentional floaring
gute within the MOS device. He realized that if a loating
gate were intentionally constructed. a new type of pro-
grammable memory which would permanently store in-
formation could be built.

Frohman designed the first test devices and as-
sembled 4 demonstration for Gordon Moore. According
to Frohman:

We put together o 16-bit array with primitiv nsistor
packages sticking out of the 16 sockets, an oscitloscope and
pulse generator, and we carted all this into Gordon's office.
There were red bulbs to indicate the bits. This was all new
o us, amd we were thrushing around. We showed Gordon
that by pushing the bution you could program the device,
and we demonstrated that it would hold a charge.

Later, it was discovered that ultraviolet light could be
used to erase the memory. Moore committed the com-
pany to the production of the EPROM even though no
one could tel where the device would have applications.
Recalled Moore:
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[t was just another kind of memory at the time, and people The 4004 wus introduced in 1971 It contained 2,300
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compatibility would be a critical feature of the 16-bit
chip. While the 8086 could operate software developed
originally for the 8080, it employed a new architecture
which required new software for full exploitation. An
B-bit bus version of the new architecture, the 8088, way
also introduced. For two years, Intel did not meet its sales
forecasts for the 8086 family as customers purchased
only sample quantitics and worked on a new generation
of software. In the meantime, Motorola introduced its
own 16-bit microprocessor, the 68000, and appeared to
be gaining momentum in the field.”

Recognizing that the 68000 represented a critical
threat that could lock Intel out of the 16-bit market and
potentially the next generation as well, Intel created a
task force to attack the 68000. The project was called op-
eration CRUSH. The project leader said: “We set out to
generate 100,000 sales leads and get that down to 10,000
qualified leads resulting in 2,000 design wins in 1980.”
SWAT teams of engineering, applications, and market-
ing people were mobilized 10 travel anywhere in the
world whenever a design win was threatened.

The CRUSH campaign emphasized Intels systems
approach, and produced 2,500 design wins in the first
year. The most notable win was IBM s decision to use the
8088 in their first personal computer in 1981. [BM
planned an open-architecture personal computer, and {a-
tel’s 8086 family defined the software standard. Intel
sales representatives knew they won the IBM account
several months before it was made public when the IBM
Boca Raton oftice started placing orders for Intel’s ICE-
88 development systems. In 1981, 13 percent of Intel’s
sales were to [BM.

The project to develop the next microprocessor gen-
eration began in 1978. The 80186 and 80286 were de-
signed o be upwardly compatible with the 8086, and to
offer increased integration, internal memory manage-
ment, and advanced software protection (security) capa-
bility. The 80286 was designed to operate with as few as
four support chips. The 286 tcam developed product fea-
tures through extensive tield interviews, and created a fist
of over 50 potential applications ranging from business
systems to industrial automation. Ironically, the applica-
tions tist did not include personal computers. which later
became the single largest application.

The 80286 was the most ambitious design effort ever
undertaken at Intel. The chip contained 130,000 transis-

N

4Ko,_c..c_m won the Apple computer account with the 680K, The 68000
architecture remains Apple’s standard

tors (versus 29.000 for the 8086). Intel’s computerized
design tools were stretched to their limit. Four separate
computer systems had to be used just to store the design,
Design verification (a tool which checks that mask de-
sign correctly reflects schematic design) took four days
of continuous computer operation. Several crises arose
throughout the development period.
The 286 logic design supervisor recailed:

Atleast once a year we went through a crisis that made uy
wonder whether we would get there or not. One was the chip
size crisis. At one point. it looked like the chip would be a5
big as 340 mils on 4 side. That was so big that people out-
side the design team would roll on the floor laughing. They
kind of enjoyed our misery. Chip designers love to hear that
someone else’s chip is 1o big, but when it happens to you,
it’s reully serious stuff.

The design team of 24 people worked feverishly for
three years to develop the first prototype. That device was
fabricated in 1982 at Fab 3 in Livermore but did not op-
erate with high enough speed. Graduaily, all the bugs
were worked out, and only one hurdle remained: devel-
oping the methodology to test the chips as they came off
the line. Production was ready to start making the 80286
six months before the testing procedure could be devel-
oped. Intel had to develop computer tools in order to
design the tests. The chip was introduced in 1983, 18
months later than originally planned.

In the meantime, Motorola was gaining momen-
tumi. Dennis Carter, who worked on marketing the
80286, said:

The 68000 came out after the 8086 and it was having some
success in the marketplace, but we weren't particularly con-
cerned because we knew the 186 and 286 were on the hori-
zon. We believed we would announce the 286, and everyone
would flock to our door. But when we introduced it, the
world perceived the 286 not as a powerful monster machine.,
but as a slight continuation of the 8086. It also seemed that
a lot of startups were using Motorola, and that was real
scary, because that’s one indication of where the future is
going to be.

Project CHECKMATE paralleled the earlier project
CRUSH in concept. CHECKMATE task force members
gave a series of seminars 200 different times to 20,000
engineers around the world. Rather than emphasizing
performance specifications which Motorola could also
use to advantage, the seminar stressed features which
had been included at the request of the marketplace in
1978. such as virtual memory addressing and muliitask-
ing. Carter recalled:

e

As a result, the design wins completely turned around.
When we went into CHECKMATE, some market segments
were three or four to one in favor of Motorola. By the time
we finished, it had turned around the other way.

synergies Between EPROMs

and Microprocessors

No one foresaw that microprocessors would create a
booming market for EPROMs. The original four-chip
design for the 4004 was general purpose except for the
ROM chip, which had to be customized (at the factory)
for cach application.

Although it was developed separately, the EPROM
substituted for the ROM and provided two advantages:
the designer of a custom product could develop and
revise the ROM-resident microprocessor  programs
quickly, and smaller applications which could not afford
the expense of a custom ROM could substitute off-the-
shelf EPROMS. Ed Gelbach commented:

{t made sense to be able o reprogram the microprocessor
instead of buying fixed ROMs for it, You could change your
system overnight or every five minutes with EPROM.

Intel had a competitive advantage in the EPROM pro-
cess, and retained 2 majority market share until the late
1970s. Competitors had trouble imitating Intel’s “float-
ing gate” process. Ron Smith, manager of Static/Logic
Technology Development, said:

If a device physicist were confronted with the EPROM out
of the blue, he might be able to prove it won't work. The
EPROM process has as much art as science in it, not only in
the wafer fab, but in the packaging. testing, and reliability
engineering.

In 1977, Intel introduced the 16K EPROM, 2716,
which was compatible with any microprocessor system.
All alone with the tioating-gate process, Intel enjoyed a
boom in EPROM sales for two years.

By 1981, the industry faced a cyclical downturn, and
Intel's virtual monopoly on the EPROM muarket was
chatlenged by several competitors, including the Japa-
nese. The industry average selling prices for the 16K
EPROM dropped by 75 percent in 1980. Intel manage-
ment responded by accelerating the introduction of the
64K EPROM.

In the midst of a semiconductor recession, Intel de-
cided to retrofit the brand new Fab 6 at Chandler, Ari-
zona, with a new photolithography technology: Stepper
alignment. Fab 6 had just come online and was idle (sec
Exhibit S for more detail on Intel facilities). The gamble
was significant: “new process, new product, new plant,
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and new people” The 64K EPROM (2764) team met
very aggressive yield goals, and lntel was again leading
the world in EPROM sales. By mid 1981, Fah 6 had pro-
duced hundreds of thousands of 2764
doubling every quarter.

and output was

Technology Develop t

The 2764 had been used by Intel’s Santa Clara Technol-
ogy Development Group to develop stepper alignment.
Steppers allowed smaller feature definition and smaller
die size,® but the capital equipment was an order of
magnitude more expensive than conventional projection
aligners. Because of the trend towards more expensive
equipment and the growing need for a new generation of
equipment for each generation of product, Intel modified
its traditional philosophy of developing processes on
tabrication lines.

From carly on, Intel had divided its technology devel-
opment into the three groups which represented the three
major process areas: EPROM, DRAM. and logic. Com-
petition between the groups for scarce resources in the
Santa Clara facility had led to the decision to separate
the groups geographically. By 1984, the three separate
technology development groups were in three cities:
EPROMs in Santa Clara, California: microprocessors
and SRAMs in Livermore, Calitfornia;” and DRAMs in
Aloha, Oregon. While development of each technology
was independent, management insisted on equipment
standardization. Periodically, the groups got together.
pooled information on equipment options, and agreed to
purchase the same equipment.

Gordon Moore commenied that resource allocation
did not necessarily paratlel the market fortunes of the
process families:

Allocation of resources to the different technology develop-
ment groups is centralized by Andy and me. We wunt to
maintain commonality. Also, we are old semiconductor
guys. Ideally, one of the groups starts i new technology and
the others follow. But for stepper technology this was not
true; they all did i simulhaneously.

The three groups each developed a distincuive style
and distinctive competences which refated to their prod-
uct responsibilities (see Exhibit 6). The Santa Clara
group was responsible for the EPROM and EEPROM

*Sipatler die size leads to higher yield and lower manufacturing costs.
If die size is reduced hy 25 percent. manufacturing costs are typically
reduced by at least 25 percent. o

“The Livermore site was also a production facility in 1984,
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EXHIBIT S Intel Facilities in 1984

intel's wafer foundries

Original
Year first water Current Technology Primary

Fab area Location opened size wafer size development production focus

Ex Fab 1 Mountain View, Purchased 1986 1 Ciosed

Fab 1 CA 1977 3 4" EPROM Small number of EPROMs

Fab 2 Santa Clara, CA 1971 4" 4 No Logic

Fab 3 Santa Clara, CA 1973 3” 4" Logic, SRAM Logic and SRAM (was
DRAM)

Fab 4 Livermore, CA 1979 4” 4" No Microcontroliers and
EPROM

Fab 5 Aloha, OR 1979 4" 4" DRAM Pilot and DRAM

Fabé Aloha, OR 1980 47 4" and 6" No Logic, EPROM, Micro-
controllers

Fab 7* Chandler, AZ 1983 5 & No EPROM only

Fab 8 Albuquerque, NM Scheduled 1985 6" &” No EPROM

Fab g Jerusalem, Israel Scheduled 1986 6" plan No Under construction

Fab 10*" Rio Rancho, NM Held at shell

Fab 11°* Rio Rancho, NM Held at shell

" First 6" fab area in world. Original 5 tacility usad DRAMSs for shakeout. 1981-82 racession delayed production and atfowed instaliation of 67 equip-
mont. Process transfer to 6” walers was unaxpectedly dithcutt and ook over one year.
" These fab areas could be toaded with fagilities and egquipment and stanted in about two years

Intel's other worldwide facilities {excluding 50 sales offices)

Location Date started Product focus Operation

Penang, Malaysia 1972 Broad Component assembly and test
Manila, Philippines 1974 Broad Component assembly and test
Haifa, Israel 1974 Logic Design center

Barbados, West Indies 1977 Broad Components assembly

Tsukuba, Japan 1881 Logic Design center

Las Piedras, Pusrto Rico 1981 Systems, DRAMs Systems assembly, component test
Singapore 1984 Systems Systems assembly

Source: Intel Documents

(electrically erasable programmable read-only memory)
products. They focused on the processing steps most crit-
ical to EPROMs, for example, the double polysilicon
process used to create the Hoating gate. Similarly, the
Livermore group concentrated on processes critical to
logic devices.

The DRAM technology development group led the
company in linewidth reduction. For example, the
DRAM group was developing a 1-pm process while
the logic group was developing a |.5-pm process. Two
key factors made DRAMs suitable as a technology
driver: large demand for the latest DRAM generation
(early high-volume manufacturing experience) and sim-
plicity of integrating design and testing with process
development.

Process specialization in all three technology areas
limited the direct transferability of processing modules
from one area to another, but DRAMs stilt provided a

vonvenient vehicle for leading-edge process learning,
and the DRAM group was highly regarded. Ron Whit-
tier said:

In 1984, the memory technology development group repre-
sented Intel’s best corporate resource for process develop-
ment. People like Sun Lin Chou are 4 scarce resource in a
technology-driven company. Sun Lin's group understands
amd executes process development better than any other
group at {itel.

Dean Toombs described the DRAM group as different
from the others because of the relationship between de-
sign and process engineers:

The DRAM designer is a specialist and more a device
physicist than other designers. He focuses on the memory
cell and has o understand where every efectron in the struc-
ture is. There is more of a connection between the designer
and the process engineer. The design and the process are de-

EXHIBIT 6 Technology Development Groups
DRAM
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EPROM

Location Aloha, OR

Product focus Moderate, undertakes some

basic research

Process/design interface Design engineers highly special-
ized in DRAMs with device
physics fotus. Process and
design davelopment are highly

interactive and in paraliel.

Key distinctive technical
competence

Thin dielectrics and pushing
photolithography limits. Tend to
lead Intel in geometry reduction.
DRAMS are seen as technology
driver. Currently the only group
with a 1-micron technology

Number of personnel 120

1985 budget allocation* $65 mitlion

Other commenis DRAM technology development
group considered by many to be
the most competent group. Major
effort in 1-meg DRAM develop-

ment. Facility has low turnover.

Santa Clara, CA

Strong, little basic research;
EPROM and EEPRCOM
development.

Process and design less
tightly coupled.

Problems specific to EPROM
and EEPROM. Expertise in
developing polysilicon and
passivation processes. Also
focused on pushing tech-
noiogy to 1 micron.

120

Retlatively high turnover to
competing companies in
Siticon Valley, Has success-
fully maintained Intef lead in
EPROM technology.

Logic/SRAM

——

Livermore, CA

Strong

Process and design lcosely
coupled. Design engineers
focus on circuit design. Pro-
cess engineers focus on
shrinking finewidth
technologies.

Processes to shrink existing
products and increase yields
Currently developing new
process for 386 micropro-
cessor. Developing expertise
in double layer metalization.

120
$65 miltion

Technology deveiopment
takes place in facility used for
production of logic products.
Major project in developing
386 process.

“Case wnter's estimate.

veloped together, In contrast, a fogic designer is not as con-
cerned with the details of a transistor’s operation. The pro-
cess s eritical, but not as interactive with the design.

Intel Product Line and Situation in Late 1984

By the end of 1984, logic products (including micro-
processors. microcontrollers, and peripherals) were the
dominant source of Intel’s revenue (see Exhibit 7). The
company oftered over 70 peripheral chips which worked
in tandem with its microprocessor lines. The 80186 and
80286 were tremendously successtul. In addition to the
IBM PC business, Intel had locked up the IBM PC clone
business with customers such as Compagq. who pur-
chased microprocessors either from Intel or from one of
its licensed second sources such as Advanced Micro De-
vices. The only serious 16-bit architectural competitor
was Motorola.' although Electronic News had reported
that 10 companies, including NEC, Hitachi. Mitsubishi,
Fujitsu, and Zilog, were developing proprictary 32-bit

“"Motorola’s 68000 has a 16-bit bus but actuatly uses a 32-bit internal
architecture.

products, and National Semiconductor had already intro-
duced its 32-bit offering. NEC's proprietary design effort
was particularly interesting since NEC also supported
Latel’s microprocessor line as a second source. 't

Intel had also developed a line of microcontrollers
which integrated logic and memory (both SRAM and
EPROM) to provide a sef-sufficient. one-chip computer.
One Intel manager suggested that integration of EPROM
technology with logic was an effort to lift EPROMSs from
a commodity status. The microcontroller business had
products in the 4-, 8-, and 16-bit market segments. which
were used to control everything from house fans to com-
plex satellites and had prices ranging from one thousand
to several thousand dotlars per chip.

Scheduled for introduction in late 1985 was the suc-
cessor to the 286, the 32-bit 80386™ microprocessor.!?
According to vne Intel manager, “Once again. Intel was

U Elertronic News, February |8, 1983, The article also reports that Fu-
fitsu did not confirm rumors that it had a proprietary 32-bit design
Instead. Fujusu indweated its development efforts were suil centered on
second source agreements with Intel.

2386 is a trademark of the Latel Corporation
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EXHIBIT 7 Composition of R

Total revenue: $800 MN
100 -

$1.629 MN

s 8 &

Percent of total revenue

¢

1982

N systems
B Micro devices Gogic; I Bipotar
[} oraM ana SRAM

Source: Dataquest.

betting the company on a new product.” With 270,000
transistors, the 386 was even more complex than the 286.
Intel had invested heavily in computerized design and
stmulation tools which made the design task run more
smoothly. In 1984, Intel believed it had the best chip
design capability in the world. However, Motorola had
developed a strong 32-bit product, the 68020, and was
already in the marketplace winning designs, locking cus-
tomers into its architecture.

The 80386 was scheduled 10 be one of the first prod-
ucts made with the new complementary MOS (CMOS)
process (the 80CS1 microcontroller and the S1C64
DRAM had both used versions of CMOS). [t was also the
first microprocessor to use stepper alignment; double
metalization, and plasma crching. Development of the
386™ process was taking place in parallel with a new
SRAM process at Livermore under the direction of Ron
Smith. Ron Smith explained:

Our group was called the Static Logic Technology Devel-
opment Group and our charter wis to develop scaling im-
provements' for the logic and SRAM lines, SRAMs were
to lead the company in scaling. We saw the SRAMs not only
as 2 product line but as a vehicle for microprocessor devel-
opment. The SRAM is an indispensable wol in developing

B

1 - .
:m::...,.a:mon_ I sample quantities in Septeuiber 1984,
Staling improvements allowed Intel fo reduce the chip size of exist-

ng products ;,:732 expensive redesign. The reduced chip size ted 10
reduced manufacturing costs.

any new process. [t is much easier to debug a procesy using
memory components, because they are easier to test, Thatg
why Intel traditionally uses memory products to develop 4
new technology.

. In 1984, the Livermore group was developing two dis.-
Linct processes. since the performance requirements for
SRAMs and microprocessors differed. Although Inte|
Ea a good position in the low-volume, high-speed
SRAM segment, it did not participate in the largest
SRAM segment, which demanded higher density (more
storage capacity).” The high-volume SRAM segment
demanded a new four-transistor cell design and process.
By contrast, the high-speed SRAM and the new 80386™
microprocessor both demanded a six-transistor CMOS
design.

The high-volume SRAM process required a complex
polysilicon resistor technology which was giving Smith’s
group difficulty. Smith described the environment as it
had cvolved in mid-1985:

Exventualty, we decided to drop the poly resistor process and
20 with a six-transistor CMOS SRAM product so that we
could focus our attention on the 386 development. Basi-
catly, we sucrificed the high-volume SRAM for the 3861V,

To get an idea of the complexity of the 386 develop-
ment, compare itto the 286. The 286 team really comprised
only six people. When it came time to develop the 3867,
we had 1o come up with a double metatization process while
the same time reducing line widths to L.5pm (from 2pmy
and implementing the CMOS process. The 386™ process
team fad about 60 people: specialists in plasma etehing,
stepper alignment, chenvical etching, and diffusion, 1t fwc
compare the mask design for the 286 with the 186, you® i be
able to el how much area we saved by going 1o Lf_:cin,
luyer metal. Lots of the 286 area was taken up with the rout-
ng of metal,

Gordon Moore described a linkage between market and
technology development which may have contributed to
the loss of a competitive SRAM product.

G_ﬁ:w. designers want to see their product in high volume.
So, it is important 10 have volume in a product line to get
Uy designers on board. For instance. SRAMs re-
ceived less attention for that reason than | wish they had. We
had a strong position in high-speed SRAMSs, but we gave it
up without really making a conscious decision. )

high-qu

. The systems business at Intel had continued to grow
with :ﬁ company and by the end of 1984 represented the
same 30 percent of revenue that MSO had represented in

“lntel’s over;

: SRAM ,n:::c: had nished significantly over the
years as Japanese manufacturers gained market share.

1973. While a great deal of the systems business com-
prised development products aimed al inicroprocessor
and microcontroller users, Intel also had vertically inte-
mn:od into software development systems and single-
board computers so that it could offer its customers op-
tions at several levels of integration.

Manufacturing and Process Fungibility

While tolerating some process proliferation within
plants, Intel Lok great pains to standardize each fucihity
as it expanded its manufacturing base. In 1973, Grove
was pictured in a snapshot at his desk with a foot-fong
mock chip package. On its side was printed the McDon-
ald’s Golden Arches fogo with “"Melntel” substituted.
Each Intel chip would “look and taste the same no matter
which facility produced it.”

As larger-diameter silicon wafers became available,
Intet developed a process on one line and then trans-
feered the technology 1o its other tacilities, For example,
a process for 4-inch-diameter wafers was first developed
at Fab 3 in Livermore, California, by a team of three
people. The team leader then supervised the start-up of
Fab 5 in Aloha, Oregon. which was dedicated 1o 4-inch
waters. In 1983, after delaying start-up due to the 1981-
82 recession. Intel was the first semiconductor company
1o use 6-inch wafers at Fab 7, Rio Rancho. New Mexico
(see Exhibit 8).

By 1984, Intel had seven fab areas in the United
States, all within a two-hour flight ol headquarters in
Santa Clara. Due to more stringent manufacturing stan-
dards, the cost of a fab area had risen dramatically since
the 19705, A new fab area fully equipped cost between
5150 mitlion and $200 million and took about two veurs
10 construct, The first overseas fab area had just opened
in Jerusalem, Esrael. Juck Carsten, senior vice president
and general manager of the Components Group, com-
mented in retrospect on the decision w locate in sracl:

Around the time we were deciding to put up a fab in Isracl,
1 supported the idea of building a fab area in Japan. 1 had ac-
tually obtained leases on Japanese <oil so that Intel could lo-
cate its first overseas fab area in Japan. That plant would
have provided some insulation from currency fluctuations,
but the fsracl plant had tremendous government subsudies
and a good labor market. A Japanese plant would have also
put us into the pipeline of Japanese equipment vendors, and
nked us into the Zaibatsu network. We could have tapped
the expertise of Japanese DRAM technology development,
siticon makers, mask makers, and the intrastructural sup-
is what Texas Instruments did, because they had

port. Thi:
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a commitment 1 focal manuafactusing. Eventually, we chose
Jerusalem, lurgely becuuse of the subsidies. This is not to
say that the Isracl facility 15 bud. It is 3 fine facility, but
it certainly can’t offer currency hedging against the Jupa-
nese yen.

Nearly atl (97 percent) manufacturing capacity was
devoted to MOS devices, Within MOS. the majority of
processing was NMOS. but there was a trend towards
increased CMOS. Each production facility was more
or less dedicated to a particular process family (DRAM,
Logic, or EPROM), although some facilities manu-
factured more than one family. Within cach family.
SOME Process SEqUences were sometimes customized to
accommodate particular product performance needs.
While the equipment within any fab area was similar, dif-
ferent fab areas had different generations of equipment,
and some processes required more of a particular ma-
chine for line balancing. Gordon Moore commented on
the proliferation of process technologics:

Over tine, there has been a teadency o get more and more
processes., and that complicates manufacturing allocations.
In the past, we subved the problem by brutally getting out of
businesses. But the customers didn't ftke that. For instance,
we abdicated share in microcontrotiers because we had w

an out somes here to do other things

While each facility could not produce every family of’
products, there was some fungibility between products
and facihnes. In times when deynand was strong and ca-
pacity constrained sales, Tntel division managers would
get together monthly to decide how to load the factories.
The chief financial ofticer, Bob Reed, described the pro-
cess as being one that maximized margin per manufac-
turing activity:

Basically, there are three main process areas: fabrication,
assembly, and test. Assembly bs usualiy not a constratning
factor— you cin ramp it up as fast as you need o, Similarty.
test can be ramped up in the short term. Fabrication (the
front end ol the processy is usually the bottlencck in times
of tight capacity it takes long lead times to increase ca-
pacity. Since fabrication is the constraining resource, fabri-
cation iy the key variable for assigning cost to products.
Each process sequence (EPROM, Logic, or DRAM) is
assigned a total amount of manufacturing activity bused
on the number of steps it requires. Total company manufac-
turing costs are then atlocated o products on the basis of
manufacturing activity. For each product, the overall yield
(number of good die at final test versus total number of die
on starting wafer) is applied as a divisor (o the process cost
1o arrive at & total cost per good part. The sales price per part
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hqu 'PART TWO: DESIGN AND IMPLEMENTATION OF TECHNOLOGY STRATEGY: AN EVOLUTIONARY PERSPECTIVE

o a defective memory chip could be “reprogrammed” before
.. shipment, and overal] yield could be iniproved.

Dean Toombs, general manager of the memory com-
ponents division after 1983, had worked on DRAMs at
Texas Instruments (TI) before coming to Intel. Toombs
said the discussion on redundancy was industrywide. At
TI, engineers had concluded that at the 64K generation
redundancy would not be econontical and had deferred
the discussion until the next generation. For the 64K gen-
eration, Tl ultimately chose 10 focus on reducing Sarar.,
fect level in manufacturing.

Intel’s redundancy program started out successtully,
Two 64K DRAM projects were carried out in tandem,
one nonredundant and the other redundant. Prior to pro-
duction commitment, the redundant design was a clear

winner, with yields over twice that of the nonredundant
desi

Success quickly turned to failure as a subtle but fatal
defect in the redundant technology showed up tate in de-
velopment. The fuse technology was less than pertect.
The polysilicon fuse would blow during testing as de-
signed, but a mysterious regrowth phenomenon was de-
tected during accelerated aging twsts. Sun Lin Chou
commented:

The tatling-fuse problem was simply a vase of not having
done enough en vineering early on. We just didn’t fully char-
acterize the process technology and the fus ng mechanism.

The result was that the switch eliminating the defec-
tive column of memory cells was not permanent. In some
cases, the device would revert to its original configura-
tion atter being in the field for some time ;‘Enm:_:,w. the
defective cell would again become a part of the memory.
Errors would occur in which the device alternated ran-
a.c::u\ between the two states, meaning that at any given
time the location of data stored in the memory ?r.m:_:n
uncertain. In either case, the failures were not ucceptable,
and Intel could not develop a quick fix.

) In the meantime, Japanese competitors were throw-
ing capacity at 64K DRAMs and improving the under-
lying defect density problem which Intel’s redundancy
program had meant to address. Between July 1981 and
w:mﬁa 1982, Japanese capacity for 64K DRAM produc-
ton mereased from 9 million to 66 million devices per
year.® Whittier took a one-week trip 1o see Intetf sales

*Clyde Prestowitz, Trading Places, 198%, o4

engineers® and explain that Intel’s 64K DRAM icc_a;

be late:

ﬂ:a sales foree was very disappointed in the company’s per.
formance. Any sales force wants a commodity line. It's an
easy sell and sometimes it’s a big sell. That trip was perhaps
the most difticult time in my whole career. When | mEc,
nounced we would be late with the product, the implication
was that Intel would not be a factor in the 64K generation

While the development team eventually fixed the fuge
problem and was the first (o introduce a redundant 64K
DRAM, the 2164, its introduction was too late to achieve
significant market penetration.

Attempts to Regain Leadership Position

Having assessed that they were behind in the 64K
DRAM product generation, the DRAM group took an-
other gamble. The development effort was shifted from
NMOS to CMOS. The advantage of CMOS circuitry way
_ccwmﬁ power consumption and faster access time. Intel
%::na 4 set of targeted applications for the CMOS
DRAM technology > Whittier's strategy was to intro-
a:wa the CMOS 64K and 256K DRAMs in 1984, The
notion was that by creating a niche market with premium
pricing, Intel could maintain a presence in the DRAM
:..m:r.ﬁ while accelerating forward into a leadership po-
sition at the [-meg generation.

Dean Toombs said that by the time he took over the
Memory Components Division in 1983, things were
“clicking along.” Demand was in an upswing, and Intel
seemed to have a technology strategy which could lead
to dominance in the I-meg DRAM market. Many of the
2164 sales in 1983 went 10 1BM, and in addition Intel
sold IBM the 2164 production and design technology.
Toombs recalled that in fate 1983 and carly 1984, the sil-
icon cycle was on an upswing and memory product de-
mand was at an all-time high. The memory components
division’s bookings exceeded its billings.

During the boom of late 1983 and early 1984, ail
2” Intel’s factories were running at capacity. Allocation
of production capacity between products was necessary.
The guestion facing the memory components division
was how 1o effect the transition from NMOS to CMOS.

“Hntel sales engiaeers sold Int
ported by applications eng
sales representatives,

s entire product fine but were sup-
Sers in 2 fatio of one engineer to every two

tion was taptop computers, which place a premium
on low-power consumption chips.

Toombs said the “hard decision” was made to completely
phase out the NMOS line. All DRAM fabrication was
consolidated in Oregon’s Fab 5. Toombs suggested that
the decision to “go CMOS™ was consistent with In-
tel's general philosophy: o exploit new technology and
create a lead against competitors based on proprietary
knowledge.

The development of the CMOS 64K and 256K
DRAMs ook place in a facility adjacent to the Oregon
m:&:n:o: facility. While the development was not on
the production line, there was a (airly smooth transition
into manufacturing. The CMOS technology was more
complex. requiring 11 to 12 masking steps versus 8 to
9 steps for NMOS. This resulted in a higher manufactur-
ing cost for the CMOS process (see Exhibit 8).

The CMOS DRAM products were introduced in 1984
and priced at about one and a haif to two times the pre-
vailing NMOS price. Intel management developed a
niche strategy: difterentiate the product from other offer-
ings and sell it on features. o addition to the CMOS fea-
wre, [ntel offered an alternative memory organization
which provided performance advantages in some ap-
plications. Intel sampled the products broadly 1o many
customers and made many design wins. particularly in
situations where other DRAMSs had inadequate perfor-
mance. The 256K chip was well-designed and executed.
Sun Lin Chou commented:

[he 236K CMOS DRAM was the first DRAM product
which did not have to go through some sort of design or pro-
cess revision before or after going to market. With this prod
uct, we telt we were regaining our lead in DRAM twechnol-

ogy after three generations.

The CMOS DRAMs started as a winning product
family. Unfortunately, the market softened as 1984 went
along. The price of NMOS DRAMs fell by 40 percent in
one three-month period from May to August 1984, In the
scramble and upheaval of the semiconductor market.
Toombs said that Intel’s differentiation message got lost.
All suppliers were pushing products into the market, and
Intel’s superior product specifications seemed like just
another ploy to get volume.,

By late 1984, Intel’s ability to make profits and, wore
importantly, to project future profis in DRAMs was lim-
ited. Said Toombs: “In a commodity marketplace. your
staying power is a function of the size of your manufac-
turing base.” According to Toombs, by late 1984, futel
was down to less than 4 percent of the 256K DRAM mar-
ket and had lost its position entirely in 64K DRAMs.
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On the other hand, the technical strategy seemed 10
work. since the first prototype of the I-meg DRAM was
expected in March 1985, However, as Sun Lin Chou in-
dicated. Intel’s technology strategy for the t-meg DRAM
had been different from that of previous generations:

Oar advanced capability in thin diclectric bas allowed us to
focus on reducing the minimum feature size 1o one micron
instead of changing the entire cell design. Some memory
feaders have chosen 1o scrap the traditional capacitor de-
sign. and are trying to move to a smaller “trench” capacitor
which requires an entirely new generation of equipment and
processing. While they are stiil at 1.2 to 1.5 microns, we've
pushied the photolithography technology tfurther. We may
have W go w0 the trench capacitor in the next gencration
{4 megabit]. bat by then we will be uble o take advantage
of their learning.

Toombs believed that the DRAM technology devel-
opment group had provided intet with a unigue product
capability:

The 1-meg DRAM will be a technically outstanding prod-
uct, at least one and a half to two years aheud of any com-
petition in application of CMOS. But the handwriting is on
the wall. In order 10 make the DRAM business go. major
capital investment is required and the payback just isn't
there. The wssue for 1985 s how to survive.

Jack Carsten believed it was critical for Intel 1o stay
in the DRAM business. But in case the company was uo
longer willing 1o dedicate Tacilities to DRAMs, he felt a
technology transfer deal should be made with a Korean
chip manufacturer:

The play T am proposing 15 o stop manufaciure of the
DRAMs, and to form an alliance with a large Korean com-
puny who has state-of-the-art capacity installed. We now
fave a functional -uieg DRAM. Basically, Tniel could sup
port the business through an R&D alliance wnd be the teeh-
nolugy leader

To be fair, you have to reatize that the Koreans have
state-of-the-art equipinent, but are not yet expert at using
. In order 10 make the technofogy tansfer work, we
would have to transter 20 or so of our crack engineers 10
wach the Koreans how to make the [-meg DRAM. Apart

UNute In February 1985, Intel was w enter info un agreement with a
Korean firm 10 transfer twechnology for two Intel parts. The wchnol-
ogy had been devetoped at Inted 1o introduce the M8 microcontrolier
{~ame generation as the 8085 microprocessor) und the 2764 EPROM
(see Exhibit 3 for timelines. While those processes required 3- 10 4-
micron geometries, the 1-meg DRAM product required 1-micron
geometties. The Korean company had annual semiconductorn sales of
about $14 m n 1984,
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¢ from the technology risk, there is the risk that we would cre-
.- atea new competitor. History is rife with examples of how
technology transfers have backfired. and we've certainly
been burned betore. But, maybe there’s some truth 1o the
logic that the enemy of your enemy is your friend.

OPTIONS FOR DRAM

Grove could see several distinct options for the DRAM
business: (1) drop it all together, (2) Stay in the business
as a niche player, (3) license the technology to another
company, or (4) invest in DRAM capability at the f-meg
level and commit to a low-margin business.

As he reflected on the situation, he thought about how
Intel had arrived at its current position:

At the 16K level, we were leading in both EPROM und
DRAM products, but capucity was tight. We reduced our
commitment to DRAMs in what was, in effect, a capital ap-
propriations decision. Margins and customer dependence
were both important in causing us 1o shift our focus to
EPROMs.

Then came the Tackluster 64K design. We stumbled and
it was a burning embarrassment. Our market position was at
210 3 percent. You just can’t win like that.

Gordon [Moore] is probubly right when he says the only
difference between DRAMS and EPROMs is that EPROMs
never missed a twrn. If you miss a twrn, the game is over,

The bright side is that we might have lost a lot more if
our 64K generation had been a success. Texas Instruments
is probably losing more th

tive times what we are.

We have been trying to find a clever wity to stay in this
business withoot betting everything we have, but maybe
there is none,

The key question is, Should we really commit to being a
leader? Can we be? What is the cost if we try? What is the
costif we don't?

TECHNICAL APPENDIX

Access: In this context, refers o the
lows the DRAM user 1o read and wri
tions of memory. Access time is 4 Gr
feature of DRAMs and refers 1o the
takes to read or write
fer two different acce

circuitry which al-
te to spectfic loca-
itical performance
amount of time it
abit of memory. Often DRAMs of-
88 modes, one that is bit by bit and
one that writes or reads large amounts of data. The bit-
by-bit rate is typically stower.

Bipolar; Refers to a generic Lype of transistor and to the
family of processes used to make it The bipolar transis-
tor consumes more power than the MOS transistor but
can be made to switch faster. Excessive power consump-

tion timits the density of bipolar products. The bj

polar
process is

a relatively complex semiconductor process,
Bus: Refers o the communication backbone of the hi-
croprocessor. An 8-bit bus can transfer 8 bits of data at
time between the microprocessor and the outside world
{memory or other peripherals). The 8-bit-bus version of
the 8086 actually has a 16-bit internal bus. Each cycle
within the chip can handle two cycles of data input.
Capacitor: A circuit element (transistors, resistors,
pacitors) which consists of two metallike la
rated by

ca-
yers sepa-
a thin insulating film. In a typical integrated cig-
cuit the silicon substrate (wafer) acts as the first metallike
layer. The silicon surface is oxidized to form the insulat-
ing layer {silicon dioxide) and then a polysilicon layer is
deposited over the oxide to form the second metallike
layer. In the context of DRAMs, the capacitor acts as an
information storage device. When a positive charge is
placed on one surface of 2 capacitor, a negative charge is
induced on the opposite surface. The capacitor holds the
charge for 4 limited period of time, and the presence of
the charge indicates a bit (binary digit) of information,
The ability of the capacitor to store charge is related to jts
area and the thickness of the insulating film. The thinner
the insulator and the larger the surface area, the more
charge a capacitor can store, (See trench etched capaci-
tor tor more information.)
Chip: Reters to the actual ntegrated circuit which is cut
from the wafer afler fabrication. Typical chips are 100 -
H0 mils o a side and can contain several hundred thou-
sund transistors. The chip is putinto a package where mi-
croscopic wires are attached to the die and brought out of
the package in larger pins which can be soldered into a
printed circuit board.
Class 10 production facility: Semiconductor fabri-
cation plants are perhaps the cleanest areas ever created.
Airborne particulates such as dandruff, pollen, and other
forms of dust are a major source of semiconductor manu-
facturing yield problems. One particle of dust settled on
asilicon wafer is enough to ruin an entire chip. The class
number of a facility refers to the amount of particulate
in the air. Class X means that | cubic foot of air on aver-
age will contain X or fewer particles. A class 10 fabri-
cation Tucility is designed with advanced air-filtering
destgned 1o eliminate turbulence. Operators wear spe-
cialized clothing and enter clean rooms only through air
showers which remove contamination. To give a sense of
the cleanliness, u typical hospital operating roon is be-
tween class 1,000 and 10,000,
Complementary MOS {CMOS): Refers to a semicon-
ductor process which can produce a specitic contigura-

gyt

tion of transistors which inciude both NMOS E,a PMOS
devices. A group of six transistors fabricated in CMOS
forms the fundamental building block ?q.::m_.m _uwmﬁ
generation of logic circuitry. The six-transistor cell is a
bistable cell which ix either in the on or off state. O?.—Cm
has the advantage of very low power consumption, since
pone of the transistors ever draws current except ac,zzm
the time when the six-transistor cell changes states _.EB
on to off. Laptop computers use exclusively CMOS inte-
grated circuits.

Die: See chip. .
Dielectrics: Refers to insulating materials. In semicon-
ductor processing they include silicon dioxide, silicon ni-
tride, silicon oxynitride, and others. Dielectrics are used
in several areas of integrated circuits. In DRAMs, they
are used for storage capacitors. In MOS transistors, they
form the gate insulator. .
Double metalization: Until the 80386, all of Intel’s cir-
cuits employed only one layer of metalization. The de-
sign of logic circuitry (where ::m?,osznn:o:, between
groups of transistors appears to be random) is greatly
simplified by adding a second layer of metal. Although
the processing sequence is complicated, double-layer
metalization allows chip size to be reduced,

Dynamic random-access memory (DRAM): A variety
omWZS which maximizes utilization of silicon “real es-
tate” and minimizes power consumption per storage bit.
Each bit of information is stored as a charge on a capac-
itor driven by one transistor. Since the charge dissipates
rapidly even when power 1s constantly supplied —,c the de-
vice, the information within each memory location must
be rewritten (refreshed) hundreds of times a second.
While the refresh function was originally taken care of
by external circuitry, the latest DRAM chips have on-
board refresh circuitry. DRAMs are available in 8K,
16K, 64K, 256K, and most recently in I-meg sizes. K
stands for kilobit and refers to the chip’s storage capac-
ity. See kilobir definition.

Electrically erasable progr: ble read-only mem-
ory (EEPROM): A variety of ROM which can be ,oB.mna
and programmed at the user’s factory. The device is sim-
ilar to the EPROM except it can be erased electrically
{without ultraviolet light).

Electrically programmable read-only memory
(EPROM): A variety of ROM which can be Q.m.wna
and programmed at the user’s factory. The classical
EPROM comes with a quartz window in its package so
that ultraviolet light can be used to erase its contents.
Then each memory location can be programmed to per-
manently contain desired information, In applications
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where low volume or time constraints prevent the fabri-
cation of a custom ROM. or where the user may intend to
make future modifications to its nonvolatile memory.
EPROM devices are used. Sometimes EPROMs are sup-
plied without quartz windows (cheaper). Since ultravio-
fet light cannot get in to erase these devices, they are pro-
gramimable only once. .
Floating gate: This is the structure in an EPROM device
which allows a memory cell to be programmed and later
erased. The floating gate can be charged by applying
a relatively high voltage to the region surrounding it.
Electrical traps in the floating gate store electrons which
reach the Hoating gate. The trapped electrons can be
sensed by surrounding structures. When ultraviolet light
ts directed at the floating gate, the light has sufficient en-
ergy to excite the trapped electrons out of the mo,ua:m
gate, and the memory is erased. See EPROM detinition,
Gallium arsenide: A semiconductor material with prop-
erties considered by many to be superior to silicon’s. The
fastest switching transistors are made with gallium ar-
senide. Difticulty and expense in device fabrication, as
well as constant silicon device improvement, have led to
a relatively small market for gallium arsenide products.
Gate oxide: This 15 a critical part of the MOS transis-
tor which is typically formed by oxidizing the surface of
a silicon wafer (to make silicon dioxide) in a high-
temperature (1000° C) furnace. The gate itself is Q,.?,
cally formed out of a deposited layer of polycrysialiine
silicon. See definitions for threshold drift and MOS.
HMOS: An Intel acronym standing for high-perfor-
mance MOS. HMOS i3 an NMOS process, with small
geometries. See NMOS definition.
Kilebit (1K): 2 or 1024 bits. Each DRAM genera-
tion has four times as much capacity as its predecessor.
Since computers operate in binary code, the actual mem-
ory contents are multiples of 2. Thus, the 1K genera-
tion has 2 bits, the 4K generation has 2'2 bits, the 16K
generation has 2™ bits, the 64K generation has 2'° bits,
and so on.
Magnetic core: A form of random-access computer
memory utilizing territe cores to store information. This
technology was made obsolete by silicon awiaav_. B
Megabit (I meg): 2% or 1,048.576 bits. See definitions
for kilobit and DRAM. )
Metal oxide semiconductor (MOS): Refers to a generic
type of transistor {see definition of transistor) wsu p.O the
family of processes used to make it. The switch in an
MOS transistor is caused by the action of the metal (or
pulyerystalline silicon) gate on the “channel.” MOS tran-
sistors come in two polarities: n-channel (NMOS) or
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p-channel (PMOS). To wrn on a p-channel device, a neg-
ative voltage is put on the gate. The charge on the gate in-
duces an opposite charge in the channel which completes
the circuit between the source and the drain. When the
voltage is removed, the channel no longer conducts. The
n-channel device turns on with a positive voltage applied
to the gate. The MOS process typically requires fewer
processing steps than the bipolar process. The turn-on
speed on MOS devices is controlled by fundamental
physics (the mobility of electrons and positive charges in
silicon) and the geometry of the device (as devices get
smaller, they get faster).
Multiplexing: A generic term used in many areas of
electronics. In the case of the 4K and later DRAM
generations, multiplexing refers to a scheme adopted to
economize on the number of output pins required to ad-
dress each memory location. Instead of using one pin for
each column and each row in the matrix of memory cells,
multiplexing allows the 4K memory to be addressed with
Just 12 pins (it contains 2'? bits).
Multitasking: Refers to a microprocessor’s ability to
manage more than one task simultancously. Multitasking
is ot simply a software teature. The ability to employ
multitasking is embedded in the chip’s architecture,
NMOS: See MOS. Several gencrations of logic were
built on NMOS circuitry. A cell of six NMOS transistors
replaced Intel's traditional PMOS logic family. NMOS
transistors are faster than PMOS devices due (o funda-
mental physical properties.
Plasma etching: A process which is used 1o define pat-
terns on the silicon wafer during the fabrication pro-
cess. Until the early 1980s, all etching was done with wet
chemicals. Plasma etching improves control and line-
width accuracy. It takes place in a partial vacuum cham-
ber. Gaseous chemicals are introduced into the wafer
.n_._w:_vﬁ and ionized using radio frequency power. The
lonic species selectively etch different materials used to
FEE the integrated circuit. Plusma chemistry is a new
discipline which has been brought to bear on semicon-
ductor processing in order to achieve smaller linewidths
and better etching control.
Nc_wn..u,wg_::» silicon (poly, polysilicon): A mate-
rial ,EEor can be used as a conductor. In the wafer
fabrication proceys, polycrysialline silicon is deposited
on the wafer surface {usually in a low-pressure, high-
temperature process) and etched in patterns to form con-
nections between transistors. It is also used to form the
gate structure of a transistor (the gate turns the transis-
Sno: or off), the floating gate of an EPROM cell (stores

the state of the EPROM cell), and one side of the stor-
age capacitor which makes up a DRAM cell. its main
advantage as a material in processing is that it serves as
a conductor while also being able to withstand high-
temperature processing. While other conductive ma-
terials (such as aluminum) cannot withstand the high
temperatures required by wafer processing and must be
applied only at the end of the process, poly can be ap-
plied in the middle of the process and subsequently be
covered by other layers.
Polysilicon resistor: By varying the conditions under
which polysilicon is deposited on a wafer, lines of poly-
silicon can be used to form resistor elements. The poly
resistor process was difficult for Intel to execute.
Random-access memory (RAM): Formerly called di-
rect-access memory. Family of information storage de-
vices in which specific memory locations can be ac-
cessed (to retrieve or store information) in any sequence,
This is distinct from sequential-access memory. in which
data must be retrieved or stored in a specific order or
sequence {example: magnetic tape memory, CCD mem-
ory, bubble memory). RAM is usually volatile memory.
‘E.Em. & constant power supply is required in order to re-
tain stored information. Several processing technologies
have been used to produce the two generic varieties of
RAM, DRAM and SRAM.
Read-only memory (ROM): A variety of memory
which contains a fixed set of information which can-
not be altered. often referred (o as nonvolatile memory.
Within a typical computer system, ROM contains a se-
quence of data which has been embedded in the chip at
the factory. Thus, ROM chips are custom-made for each
mvn:cc:::. Only one masking layer in a 10-layer fabri-
cation process needs to be altered to change the informa-
tion stored in a ROM.
Refresh: Since a dynamic RAM will hold data for only
a fraction of a second before it is lost (the charge on the
capacitor holds for only a fraction of a second before it
leaks away), a useful DRAM must contain circuitry
which can continually read and update the contents of
each memory location. This circuitry is referred to as re-
fresh circuitry.
Scaling improvements: Refers to the general process of
decreasing linewidths in integrated circuits. In the early
80s, Intel’s static/logic group focused on taking existing
products and shrinking them to improve yield and in-
crease manufacturing capucity. Devices would be shrunk
proportionaltly (nearly), so that chip design would not
have to be changed significantly,

mrmm_.mmmmnmnmu>ooE:5=Jﬁn:»..ﬁmncm::m_.cncnmm
memory used in computer systems to manipulate strings
of data.
Static random-access memory (SRAM): A RAM mem-
ory device which does not require refreshing as long as
power is constantly applied. Each memory cell includes
either four transistors and two resistors or six transistors.
[n comparison with DRAMs. fewer memory cells can be
packed into the same area. SRAM memory can be made
with faster access times than DRAM. The process tor
SRAM more closely resembles the process for logic
devices, As a result, the on-chip memory contained in
microprocessors is often SRAM.
Stepper alignment: The latest generation of photoli-
thography processing is carried out on stepper aligners.
The photolithography step has two key goals: to align the
current mask layer to all previous layers and to transfer
the narrowest possible line widths to the wafer. With tra-
ditional projection alignment, the pattern for the entire
water is exposed at the same time. As wafer diameters in-
crease and minimum geometries decrease. the alignment
task becomes more difficult. The slightest thermal ex-
pansion or warpage will cause the devices on the edge of
the wafer to be misaligned even when those in the center
are aligned. Stepper aligners expose patterns across the
wafer in several steps so that the runoff at the wafer edges
can be minimized. At each step, the mask and the wafer
are realigned. Stepper aligners are very sophisticated op-
tical and mechanical devices, costing upwards of $1 mil-
tion per unit.
Threshold drift: Refers to a phenomenon which causes
the turn-on voltage of an MOS transistor to chunge over
time. A certain critical voltage must be applied to the
gate of an MOS transistor in order to turn it on. If the ox-
ide insulator which separates the gate from the channel is
not free of mobile ionic contamination, the threshold, or
turn-on, voltage will drift or change over time making
the device useless. One source of mobile ionic contami-
nation is common table salt.
Transistor: First invented at Bell Labs in 1948, the tran-
sistor is a solid-state device which can be thought of as
an electrical switch. It is a three-terminal device: voltage
applied to one terminal opens and closes the circuit be-
tween the other two terminals. Transistors are the funda-
mental building block for electronic and logic circuitry.
Configurations of transistors can execute logic functions.
The first transistors replaced vacuum tubes and were fab-
ricaled one at a time by fusing three material layers to-
gether in a “sandwich” structure. Bob Noyce (Intel) and
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Jack Kilby {TI) invented the “planar transistor,” which
allows fabrication and interconnection of many transis-
tors on one substrate. While many variations exist, two
basic types of transistors dominate the current market:
bipolar and MOS {or FET) transistors.
Trench etched capacitor: A traditional capacitor is
formed on the surtace of the silicon wafer (see capacitor
definition) and occupies a significant portion of a DRAM
cell’s area. A trench etched capacitor conserves silicon
surface area because its orientation is perpendicular to
the wafer surface. Vertical trenches are formed using a
relatively new technique called reactive ion etching in
which the wafer is exposed to a plasing in a strong elec-
tric field. Some manufacturers have chosen 1o adopt the
trench structure in order to produce the 1-meg genera-
tion of DRAMs, (Note that another method of maintain-
ing storage capacity while reducing area is to reduce the
insulator thickness. This has been the traditional method.
but has become more difficult in recent generations,
Thin-oxide capability is considered a key technologi-
cal advantage. Current oxide [insulator] thicknesses are
about 100 angstroms {one-hundred-millionth of a meter|.
considered o be near the limit of current manufacturing
methods. )
Virtual memory addressing: This microprocessor fea-
ture allows the microprocessor to handle many users at
the same time without confusing each user’s tasks. More
specifically. it refers to the microprocessor’s ability to use
its own protocol to keep track of memory locations re-
gardless of the physical configuration of memory. For
example, Intel’s 80286 can assign up to one gigabyte of
virtual memory addresses to different users. Those vir-
twal memory addresses are then mapped into the physical
memory addresses.
Wafer: A slice of silicon which serves as the substrate
for integrated circuits. Each wafer contains up to several
thousand chips. The first silicon watfers used in pro-
duction were 2 inches in diameter. Most recently almost
all of Intel’s fabrication takes place on 6-inch-diameter
wafers. In some processing steps such as diffusion.
wafers are processed in batches of 25 to 50. Other pro-
cessing steps such as photolithography take place on n-
dividual wafers, one at a time. As processing technology
has become more and more complex and wafer size has
increased, additional steps have been carried out on indi-
vidual wafers as opposed 10 batches.




