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ABSTRACT

This paper presents a detailed case study of the cluster-tool segmentAwshehean
semiconductor-equipment industry. That industag embarked upon a technological
trajectory inwhich cluster-tool component®r modules) conform to get ofcommon
interface standards. Cluster tools are thus beconmmggalar systerm the manner of an
IBM-compatible personal computer or a stereo system. Such standards peshatitite
and reuse of technologiczdpabilities, leading to whanemight callexternal economies
of scope These reduce the need for and tenefits of large size ansystemic
coordination, permittingirms to concentrate theicapabilities narrowly and deeply on a
small range of components.

The paper outlines the theory of modular systems; discusses the econ@nigie-avafer
processing in general and clusteols in particular; recounts th@story of standard-
setting in the industry; and examines ongoing issues of strategy and straiitere. One
conclusion of thianalysis ighat standard-settingay inthis case blunthe widely touted

benefits of the “Japanesmodel” of manufacturer-supplier relations. Theblic
knowledge contained in common interface standards serves as a partial substitute for the
detailed coordination and long-term relationshitpst model holds to béhe hallmark of
Japanese firmghus shifting advantage in the direction of a loose networksofall
vertically and laterally specialized firms.



Introduction.

Alfred Chandler'secentinfluential book Scale and Scop@991)has added new weight
to the Schumpeterian proposititimat thelarge verticallyintegratedfirm was at the
vanguard of economigrowth in the latenineteenth and earlywentieth centuries
(Schumpeter 1950, p. 82). "umber of writers haviaken the message of Schumpeter
and Chandler to bé¢hat economic capabilitiesre always best createdwithin the
framework of largefirms enjoying internaleconomies of scale and scope; as a
consequence, industrial competitiveness depearrdsially — and perhapsven
exclusively — onfostering internal capabilities. This argument has fospecial
application in the arena ofiigh technology, including semiconductors. The
decentralized, entrepreneurial American industry is ultimately no nfatchhelarge
firms of Asia,and the Unitebtates must somehow consolidatel bolster thenternal
capabilities of its firms, with government help if necessary (Floridakantdey D90;
Ferguson 1985, 1990).

There iscertainly much wisdom ithe Schumpeter-Chandigew, especially as an
antidote to thenaive adulation paid tthe model of atomistic competition in neoclassical
theory and policy. Nonethelesthere is reason to thinthat anoveremphasis on the
internal creation and management of econoacaipabilities can be equally unhealthy.
Networks of decentralizefirms, includingthose networks often derogated as “markets,”
can also be repositories and generators of econcapabilities. To insist on vertical
integration —or, for that matter, omgglomerations osmall “flexibly specialized”
producers (Piore an8abel 1984Best 1990) — as aniversal prescriptiomisses the
subtlety and historical idiosyncrasy of industrial evoluti@obertson and.anglois
1992a).

A crucial issue irnthe comparison of institutions mwidustrial organization is the
ability of those institutions to generatechnological progress. At the risk of
oversimplifying matters somewhat, weight saythat therelative merits offirms and
networkshinge onwhether innovation isystemicor autonomougTeece 1986)When
innovation is systemiahere is reason to thirtkat afirm-like structure will prove more
conducive to rapid technologicalrogress. This is so because systemic innovation
requires simultaneous change nmany different stages ofroduction, andcommon
ownership of complementary stages low#rs transaction costs of persuasion and
coordination (Silver 1984; Langlois 1988). Bgntrast, there is reason think that
networks —including archetypicatmarkets” as one extreme -+may haveadvantages
when innovation isautonomous that is, when technological change in mtage of
production can proceed withowquiring corresponding changesather parts of the
system. In this casdhe advantages of tliem in persuasion and coordination are
outweighed bySmithian economies of specialization andthy ability of networks to
access a larger and more diverse pool of relevant capabilities (Langlois 1990, 1992).



But the systemic orautonomous nature of innovation is neithamtirely
exogenous nor driven solely by technology. The structure of organization helps shape the
pattern ofinnovation, which irturn influencesthe subsequent structure of organization.

In short, a theory of organizational structure is properly part of an evolutionary theory of
social institutions (Langlois 1993). A clear manifestation of thisasmportance of one
particular kind of social institution —aamely, standards — for botinnovation and
industrialstructuret In the absence of shared conventions to demarcate the boundaries
between and standardize the connections among stages of production, autonomous
innovation is costly. As a result, competitive advantagg go toorganizations with
significant internal capabilitiefor systemic innovation. Thigould imply competition
among individualized pre-packaged entities — what we can call closed proprietary
systems. Automobiles would be an example: eesah manufacturer chooses the
attributes of a carassemblest, and offers it to th@ublic as apackage. Ifcommon
standards do appear, however, produnts/ become what Langlois andobertson
(1992) callmodular systems(lmagine being able cheaply to assemble an automobile at
home from a catalogue of interchangeable bumpers, fenders, eagsines), the case of

a modular system, competition among prepackaged ergities way to competition
among the producers obmpatible modular componenihis tends to favor networks

at the system level, even ithe various modulegbemselvesare (internally) closed
proprietary systemgroduced by whamay be verticallyntegratedfirms. Prominent
examples of modular systerase IBM-compatible personal computers argh-fidelity

audio systems (Langlois and Robertson 1992; Robertson and Langlois 1992b).

In view of the costs ofollective actioninvolved inthe setting of standards, the
frequent emergence of such standards sugdleatanodular systems can offer net
benefitsover the closed proprietary alternative. Théseefits come orboth the
demand side and the supply side. One effect of standard “interfaces” among components
is to lower the costs @ssemblyboth by lowering transactiaosts and byeducing the
optimal scale othe assemblyfunction. As a resulassemblergwho may bethe system
users themselves in some cases) can wmloeaply tdor a system tohe user's exact
requirements. On thsupply side, modular systems ckwer production costs by
enlisting specialization ithe cause of innovatioMore importantly, modularity breaks
the barrier of the boundaries of them, bringing tobear both a largerolume and a
wider diversity of capabilitieshan even the largest of organizations cocheaply
marshal.

We can think ofthe role of standards in terms of economies of scope.
Following inthe tradition of Edith Penrose (1959), Teece (1980, 18&82)rguedhat
economies of scope arigghen an organization has excess capabilitiascan usefully
be applied to activitiesimilar tothe ones invhich it is allready engaged. To the extent,
for examplethat a softwardirm reuseieces of existing code in writing new packages,
it partakes ofnternal economies of scope: it can write several programs oi@aply
per program than could separate organizations tthdt to write each packagem

1See, for example, Kindleberger (1983) on standards as a social institution.



scratch (Cusumano 1991). Analogously, an open modular stdrefiasdreateexternal
economies of scope. Bgaking public a common wafor the components to fit
together, amodular standard allowsany distinct organizations to “reuse” th&ame
knowledge. Each organization can concentrate on changEsprove a component
without having to reinvenbther components or the architecture that conrteets?

With such externadcope economies, a collection of separate organizations can produce
a system moreheaplythan can a single organizatiiathas to generatl therelevant
capabilities internally. lsoftware, some computer scientists are suggestatgbject-
oriented programmingnay lead to inter-firmreuse of code as an alternative to the
internal scope economies of the “software factory” (Cox 1990).

Theexamples othe stereo, the P@nd even software conjure up thege of
a modular system as applying to final-consumer goddisteover, the literature on the
learningcurve oftenimpliesthat in therealm of manufacturing amatocess technology,
systemic innovation —fine tuning the production process — is the norirhis paper is
an attempt to explore further the concept of a modular system by examining an intriguing
case inwhich these preconceptions dmt hold. In the semiconductor-equipment
industry, especially that branch concernedith so-called clustertools, a modular
manufacturing system may be emerging that will have important implicatbosly for
the structure of that industry but also for international competitiveness.

Case study: semiconductor-fabrication equipment.

Overview.

The integrated circuit wagery much an American invention, developed independently
but simultaneously byesearchers at Texas Instrumgfty and Fairchild in1959. As

an integrated-circuit industry grew out of the discrete-transistor indAstigricanfirms
dominated, both in thiabrication ofthe chips themselves and the manufacture of the
equipment to make chips. the early dayssemiconductofirms developed much of

their own process equipment, often in collaboration with firms in the scientific-equipment
industry. Gradually, a distinct semiconductor-equipment industry emerged. In 1979,
nine out of the top ten firms were American.

2Henderson and Clark (1990) discuss the concept of “architectural innovation,” which is the opposite of
innovation in a modular system. In architectural innovation, the components remain the same, but the
way in which they are put together changes. In a modular system, the components change without
affecting the integrating architecture.



1979 1989

Company Sales Company Sales
Fairchild TSG (US) $114.4 Tokyo Electron Ltd (J) $633.9
Perkin-Elmer (US) 101.2 Nikon (J) 582.2
Applied Materials (US) 54.1 Applied Materials (US) 523.3
GCA (US) 54.1 Advantest (J) 398.8
Teradyne (US) 53.4 Canon (J) 383.6
Varian (US) 50.8 General Signal-GCA (US) 353.7
Tektronix (US) 39.2 Varian (US) 335.0
Eaton (US) 37.7 Hitachi (J) 210.0
Kulicke and Soffa (US) 37.0 Teradyne (US) 199.9
Balzers A.G. (E) 33.7 ASM International (E) 168.8

Note: Dollars in millions.
US = U. S. firm; J = Japanese; E = European.

Source: VLSI Research, cited in GAO (1990).

Table 1: Top 10 Semiconductor-equipment suppliers, 1979 and 1989.

With the rise of Japanese f@brication inthe 1980s and the loss Aimerican
market share idynamicrandom-access memories (DRAMAmMerican dominance in
semiconductor equipment also declined. B89, only four of thetop ten were
American, andonly Applied Materials remainedmong thetop five. (See table 1.)
Between 1980 and 1988, worldwide sales of equipment for lithograpmjcalvapor
deposition (CVD), andon implantation quadrupled; duritige same period, the
American sharéell from 75 to 49per centwhile the Japanese share rose from 18 per
cent to 39 per cent (Department of Commerce 1991). The Japanese Basckssn
most pronounced in lithography equipment (dominated by Canon and Nikon),
automatic test equipment, and assembly and packaging equipment.

The decline in American pre-eminence semiconductor equipment has
generateanuchthe sameangstas the better-knowdecline in Americamarket share in
DRAMs. A number of groups, including the National Advisory Committee on
Semiconductors, have issued dire warnings (NACS 1990). And Sematech, the
government-industry consortium, nalgfines much of itsole ashelping toreverse the
fortunes of theAmerican equipment indust§Robertson 1991). Thdiagnosis of the
equipment industry's problems has also bsiemlar to that for the semiconductor
industry as a wholethe American industry suffers from excess “fragmentation” and
insufficient verticalintegration. In one of thdew academic examinations of this
industry, a study by th8erkeley Roundtable othe International Economy (BRIE)
concluded that



with regard to both the generation lefarning in production and the
appropriation of economic returns from suddarning, the U.S.
semiconductor equipment and device industriase structurally
disadvantaged relative tihe Japanese. The Japanese have evolved an
industrial modethat combines higher levels @bncentration of botlhip

and equipment suppliers with quasiintegration between them, whereas the
American industry ischaracterized byevels of concentration that, by
comparison, aréoo low and[by] excessive vertical disintegratigtinat is,

an absence of mechanisms doordinate theidearning and investment
processes) (Stowsky 1989, p. 243, emphasis original).

Against this unhappy background, however, some poditeseds may beemerging.
There is some evidendeat thedecline in Americarfiortunes havottomedout and may
even be turning around. According to VLSI ResearchAtherican equipment industry
actuallygainedthree percentage points in market share in 1990 (Pollack 1992). Indeed,
American firms haverown relatively faster than Japane$ems since1989. Applied
Materials, thenumberthree firm in industry, has overtaken Nikon to move into the
numbertwo position, and an additionAimerican firm, Silicon ValleyGroup (SVG), has
joined the top ten sincethen. (Se€eTable2.) In partthis shiftrepresents a change in
emphasis inthe industryaway from lithography, in which Nikon an@anon excel,
toward clkemical vapor deposition (CVD), invhich Tokyo Electron andApplied have
strengtl (Jorgensen 1992).

1991 1990 1989 Company 1990 sales 1991 sales %change
1 1 1 Tokyo Electron 706 764 +8.2
2 3 3 Applied Materials 572 654 +14.4
3 2 2 Nikon 692 616 -11.0

4 4 4 Advantest 423 448 +6.0
5 5 5 Canon 421 360 -14.5

6 8 7 Varian 285 328 +15.0
7 6 8 Hitachi 304 316 +4.0

8 9 9 Teradyne 215 263 +22.3
9 7 6 General Signal 286 243 -15.0

10 10 14 Silicon Valley Group 204 235 +15.2

Note: Dollars in millions. Source: VLS| Research.

Table 2: Company rankings, 1990 and 1991.

3In addition, American firms are also poised to gain ground within lithography, as SVG , GCA, and
Ultratech have improved their technology to a point rivaling, and in some cases surpassing, that of Nikon
and Canon (Carey and Port 1992).



More significantly, American firmsre strong in éechnological approacthat
promises to become increasingly important as integrated circuits becomelensety
packed. According to Dataquest, integrated processisigms, which caperform a
number of important processirgieps, Wl be a$2.2 bilion market by 1994. In
particular, the flexible-cluster-tool segmenttbis marketmay grow at acompound
annualrate ashigh as 2&er cent, burgeoningom a $360million market in 1989 to a
$1.2billion market in 1994 (Shankar 1990). Long-run prospeetg be evebetter: as
| will suggest below, the modular cluster-tool concegay prove to be dechnological
trajectory ultimately applicable to the entire semiconductor production process.

If American firms dosucceed in this developing marketwill be because they
have indeed managed to develtipechanisms tocoordinate theirlearning and
investment processe®ut, withoutminimizing the importance of improved cooperation
among firmsthosemechanisms mayot involve significant increases goncentration or
vertical integration. Clustetiools arerapidly becoming a modular system, driven by
standards nowemerging. And modular standardse amechanism tocoordinate
learningwithout integration. Moreover, by reducing tmeimum efficient scope of the
firm — if | may make that analogy withthe concept ofminimum efficient scale —
cluster-tool standardsay also reduce the costs ofiscoordinating investment, thereby
moving the function okexplicit coordinationwithin the range of thosmild forms of
guasiintegration that come under the heading of “corporate partnering.”

From batch to single-wafer processing.

In order to understand these trenalsgd theissues of modularity and standard-setting

that attend them, oneeeds to look morelosely atthe semiconductor production
process. The traditional approach to the mass production of semiconductobgdras

batch processing. Silicon wafers, each containing what will become many separate chips,
move through the various steps in batches, queuingshgn necessary in work-in-
process (WIP) inventoriedzor example, a large vertical furnaggy process more than

100 wafers at a timeAll high-volumes “fabs” — asemiconductor productidimes are

now invariably called —currently use batch techniques, and these har&ed well

through the current 256K and 1M DRAM generations.

The alternative to batch procegs is single-wafeprocessing. Instead of
processingmany wafers simultaneously, single-wafer systepnecess one wafer at a
time. This is analogous tthe continuous-throughput techniquleat have largely
supplanted batch-processing approaches in the chemical indust&lésugh years of

4A good basic reference on semiconductor fabrication is Van Zant (1990). For a brief discussion, see
Langloiset al (1988), pp. 13-16.

5This is an analogy one hears often in this industry. Indeed, it is more than just an analogy, as wafer
fabrication involves a series of what are basically chemical-engineering processes.



learning currently place the overall economies squarely on the side of conventional batch,
there are advantages single-wafer processinthat areemerging andare likely to
become increasingly significant aemiconductor line widths decrease below 0.5
microns® These advantages fall under three headings:

* Reduced cycle time;
» Greater atmospheric control and uniformity; and
» The potential for real-time monitoring.

Cycle time isthe time from when blank wafemnter the productiosystem to
when completed wafers emerge amd ready foassemblyand packaging. In a batch
systemutput ratesnay behigh, but so icycle time. Consider the analogowsoblem
of washing a kitchen-full of dirty dishes. Using a dishwasher is a paickss; washing
by hand is a continuous process. Loadingdisbwashemay ultimately dve a larger
“throughput,” but thefirst clean plate reachébe cupboard morguickly with hand-
washing. Batch semiconductor processing is tikening dishes sequentially through
many different dishwashers witimany different capacities. Thisreates aqueuing
problem, and the wafers must often sit around in iWEntories while waiting to form
a batch of the appropriatgze for the next process step. By contragigle-wafer
systems puslonly a singlewafer through at dme (putting asideparallel processing
steps), but the progress of ttsatgle wafer isnot materiallyslowed waiting forother
wafers to be ready. One of the advantagesngle-wafer, then, ighatchips suffer less
degradation waiting in WIP inventories. Those inventaresstored in normal (albeit
hyper-clean) atmospheseithin the cleanroom? This allows oxygen tattack and
oxidize the wafers, producing a “blasikcon” thatcan reduceield, the fraction of total
chipsprocessed thatctuallywork. Other processequences amgensitive to moisture in
the atmosphere. The effects of atmospheric degradation become incresagmfytant
as line widthsget smaller. In additionWIP inventoriesare subject tother kinds of
oxidations, to polymer deformation of resists, and to ordidast contamination and
handling breakage.

In addition to reduced queuing timsingle-wafer systems can also speed
throughput because it simply takes l&gsse to process a single wafer than it does a
batch of wafers. This is dor physicalreasons: it takes motame to heat up or cool
down a large batch than a single wafer,example. A single-wafer systemmayalso be

6A micron is a thousandth of a millimeter. Finer line widths allow more dense packing of a chip. Line
widths of 20 microns were typical in the early 1970s, falling to 2 to 4 microns in the mid 80s. Today,
4M DRAMS haveline widths of around 0.8 microns, emerging 1ENMAMs requireline widths of

about 0.5 microns, and 64M DRAMSs will require widths of 0.33 microns or less.

"There is an alternative for batch processing in which the wafers are stored in a controlled cassette
environment using such gasses as nitrogen and argon instead of ambient atmosphere. These techniques
are not in widespread use, however.



more eally controlled in a number akspects. This meanghat thewafer spendsess
time inthe machinery, anmportant source of lowesycle time. Andguite aparfrom
problems of degradation, fastgrcle time meanthat thefirst chipsget to markemore
quickly, which cansignificantly affect ultimate demand by makingntore likely that
engineerswill choose thechip in a systems design. Evew standardizedhips like
DRAMs, lowercycle time ismportant because profits are higheatlier inthe product
life-cycle. Also,and perhaps most importantly, reducgdle time means potentially
fasterlearning by doing, since it permigsoduction engineers to see mapgckly the
full effect on a wafer of all the process steps and allows them to tdjystocess for all
subsequent wafers (rather than for subsedqanhesof wafers).

The single-waferapproach also hasenefitsfor atmospheric contrahat go
beyondlimiting degradation from waitingime in WIP queues. With aingle-wafer
system, one can moeasilyintegrate or cluster together sequednprocess stepsithin
a controlled atmosphererhis helps to eliminate cleanisgeps that would otherwise be
necessary ithe wafers were exposed to air between stéfmeover, large batch tools,
such as diffusionfurnaces, cannotnaintain uniformity oftemperature and other
parameters acrossl the wafers in the batch, problem that becomesincreasingly
important adine widthsdiminish. Byprocessingnly one wafer in &hamber at a time,
single-wafertools canachieve muclgreater processniformity.8 A long-term benefit of
single-wafer processingnay bethe ease witlwhich the wafers can be monitored and
tested in real time rather than at discrete testing steps. Such monitoring would provide a
steady stream of data foperators to use in detectipgoblems quicklyand for process
engineers to use in uncovering bottlenecks famettuning the system.This would
include improved manufacturing-process documentation rance reliable “recipe
downloading,” the process grogramming processteps. Moreover, theeal-time
aspect of the datmakes it possible to engage in closed-looptrol, thatis, totest and
adjust the process as ithappeningather than to waitintil a step isfinished,test, and
then adjust subsequent runs. In the long runsitigde-waferapproachmay lead more
easily to overall facory simulation, includingnking to computer-aided design and
engineering (CAD/CAE).

Many of these benefits remain onthe horizon, of cours&ingle-wafer
processing is a technological trajectdhat, for some processes at leaatguably
promises lower costs than batch processing in the long ruwhimlt isnot yet nearly as
developed as the batch approach. Nonethedexge-wafertools aremaking inroads.
Such tools have gottaheir foot into thedoor ofotherwise batcliabs by offeringwvhat
people in the industry call dfenablingtechnology.” Thats, single-wafetools are

8Actually, it isn't necessary to process only one wafer in a chamber at a time. So-called semi-batch
systems can also achieve high uniformity with a continuous-throughput system that processes several
wafers at a time. The Novellus Concept One, for example ¥ tool with a lazy susan holding

seven wafers up to 150 mm in size. It is ultimately a single-wafer system, however, as the wafers are
fed in and removed one at a time. Each wafer is exposed to one-seventh of the deposition process at
each turn of the carousel, in effect increasing uniformity by averaging.



beginning to sell because they perform certain specific functionsfabthetteithan the
alternatives. These functions are controlled-atmosphere steps, andtypidally
include dielectric planarizatiorthe smoothing of certaiayers onthe chip, and
intermetal connectionthe trickybusiness of making electricabntacts among the
variouslevels of circuitry in a chip. These process functions d@&coming increasingly
important as chips become more sophisticated.

CVD

Loadlock

@
o ¢

oo || @

Figure 1. A parallel-processing configuration.

CVD

Introducing a single-wafestep into a batckab instantlycreates a bottleneck, of
course,sincethroughput of theab is limited tothe throughput of theingle-waferstep.
The obvious answer is to replicate the bottleneck stage parallel-processing
configuration. The need fgarallel processingas theoriginal motivationfor common-

90ne normally thinks of a simple integrated circuit as like a microscopic printed-circuit board of great
complexity. In fact, the most complicated modern chips are like several distinct printed-circuit boards
sandwiched together and connected in appropriate places by metal plugs. A 32-bit microprocessor chip,
for example, may have four such “metalization layers.”

10



platformtools. (Sedigure 1.) Rathethan having, saypur separate stand-alone process
chambers, each with its own separate wkfading and unloading facilitieene could
mount the fourchambers on a common platform and use a comwwetfer-handling
mechanism to moweafers to and from the varioghambers anthput-output loadlocks.
Someearlytools thattook this approach were Genei@ignal'sDrytek Quad (1985) and
Applied Materials' Precision 5000 (1987).

Loadlocks CVD

Dry etch

PVD

Queue
location

Figure 2. A hypothetical modular integrated-processing system. (After Burggraaf
1989.)

From the common-platform configuration, however, it becomesagystep to
sequential rather than parallel processing. Instead of rutih@sgmeprocess irall four
chambers, one could instead run different procegsegjthe waferhandler to move the
wafers from one to thetherwithin a controllecatmosphereThis wasthe genesis of the
integrated cluster tool. (Sé&gure 2.) Such toolslso becamenablingtechnologies in
some areassince they obviated removal tife wafers form the controlled atmosphere,
preventing deterioration areliminating cleaningteps. The Precision 500@mains the
most successful cluster-tool platform. @& 800-900machines shippe@dbout 40 per
cent have been configured for integrated or sequential processing, wrdgnmaieder
configured for parallel processi#g.

10nterview with Peter Hanley, then of Applied Materials, March 12, 1992,
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The Drytek andApplied machines, amongthers, are closed proprietary
systems. The chambers reside on a central platforimaonframe”and ardinked by a
centralized control angommunications architecturéhat uses a closed proprietary
standard. Moreover, thehambers themselvese “dumb,” relying on commands from
the central controller. By contrastodular cluster tools — or simply modular tools —
comprise self-contained “smart” modules, each possessing its own computer and its own
piping. The moduleare tied together not bycentral controller but by a set of open
interconnect and control standards. The modules conformmechanical interface
standardwhich governs thglacement and dimensionstbé modules and handlers, and
to various communications standards, which govern the way the decentralized computers
talk to each other over a network.

Modular tools represent an alternativa only to proprietary cluster tools but
also, in the long run, to the concept of stand-akmoés within a normal-atmosphere
cleanroom. Genuinely independent modulies all fabrication steps could bieked and
combined sdhat, in thelimit, the wafer never leaves the controlietérnal environment
of the system. (Indeed, the modules need not be single chdyabemildthemselves be
proprietary multichambertools — solong as they conform to the standards in their
dealings witithe othemodules.)All the modules would be tigdgether in a computer
network, providing a real-time database for monitoring @mngdineering improvement.
This is the ultimate vision of single-wafer processing, what some call the “pipeline fab.”

Although the ultimateision is stillfar in the future, there hawd ready been a
number of efforts in its direction. Texas Instrumentsdoastructed a complesngle-
wafer fab line on armexperimental basis. Thproject, called the Manufacturing
Management Science and Technold§WMST) program, was funded by thé.S. Air
Force and théDefense Advanced Projects Reseatgency (DARPA), which were
anxious to make certain that American companies possaktegicapabilities necessary
for flexible productionlines tomake a variety of low-volume chipsr defense purposes
(Iversen 1989). TI's mandate was to prodoommercial equipment, evehough the
companywill not get into thédusiness of producing clust@ols (even fointernal use)
and will at most license some aspects of the technélogy.

It doesseem cleathat thesingle-wafer aproach iswell suited to low-volume
applications. A mordlifficult question is whether, when, and to what exsngle-
wafer approaches will be competitive fugh-volumemass-production applications. It
is significant in this lighthat IBM has apparently committed itself ttee single-wafer
approach in its 16M DRAMab atEssex Junction, Vermont. The line clusters together
lithography; dry etching; CVD andther “hot” processing; and deposition-etch
sequences. These integrated stages are couplateligentrobots that transport the
wafers among the “islands of automation.” IBMglicit goals in takinghe single-

1Ynterview with Bob Doering of Texas Instruments, February 20, 1992.
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wafer approach are to reduce tmmplexity ofthe production process and to decrease
cycle time,thus speeding “process, circuit, and defeetrning” (Bergendahlet al.
1990). In most applications, howeverséemdikely that ahybrid approach —mixing
batch and single-wafer tools — will emerge and persist for some time.

The Economics of modular cluster tools.

The most forceful driver of cluster-tool adoptiontire short term will béechnical
superiority, the role of such tools as emablingtechnology. There are rmumber of
potential areas iwhich cluster toolgplay thisrole. But perhaps theottest growth area

for such tools is in the deposition of Tungsten for intermetal connection, a procedure
that requires the low temperatuigesd controlled atmosphere of a clusted {McLeod
1990;Winkler 1991). But this function can be accomplished by closed proprietats
operating as isolated statiomgthin a batch-processing environmemhe speedvith

which genuinelynodular cluster tools penetrate the market will depend mumeer of
factors.

» Economies of standardization and specialization.
* Flexibility.
* Reliability.

* Organizational issues.

Specialization and standardization.

One of the most prominent potenti@nefits of an open moduleluster-tool standard is
the ability it offers users tanix and match components — process modules, wafer
handlersetc. — fromdifferent manufacturers in a way ttiakes advantage of ttibest

of breed.” A usemightmix aCVD module from manufacturer A with an etolodule

from manufacturer B and a wafer handler from manufactureallCassembled and
guaranteed by system integrator D, who might add in some off-the-shelf comfikeents
valves anccontroller software. If, however, manufacturer E produces a @idbule

that is innovative or otherwise superior in the eydb@iuser, thamnodule could replace
module A in the package. In this walye user doesn't have tely onthe capabilities of

any single firm, which may not be on the cutting edge in all technoldgies.

121t is not strictly true that a maker of a closed proprietary system cannot draw on external capabilities.
For example, Applied Materials has had agreements with other firms to supply modules that “bolt on”
to the Precision 5000. But the closed, centralized, and idiosyncratic character of the 5000 makes that
sort of transaction more costly than in a world of standards. The parties to such an agreement must
transfer far more knowledge to one another than would be necessary with an open modular standard.
And some of that knowledge may be proprietary, leading to transaction costs of the hold-up variety
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Of course, onamight list advantages tproductionwithin a single firmthat
possessesignificant economies of scaéand scope. Producirsglf-contained modules
mayrequire duplication gparts —piping, controllersetc. — that could be shared on a
closed system. Moreover, a dominant manufacturer of a closed proprietary system could
conceivably overcome the disadvantages of hdesgrthan-best-of-breed technology by
producing athigh volume,thus reducingcosts andyaining learning-by-doing benefits.
Indeed, critics ofAmerican manufacturing deridde U.Spenchant for cutting-edge
technology as a fatal obsession. The Japanese semiconductor industry has succeeded
despite a conservative approabhat prefersrefining existing techniques to trying out
new technology.

In the end, the matter is ampirical one. But there are aumber of
considerationghatweigh in onthe side ofthe modular approach. As | suggested above,
one effect of common standards is to create external econbaié¢mvenuchthe same
benefits aghe internal economies of a large firm. Ultimately, economies of scale and
scope, whetheinternal or externakrealways economies of knowledgeusel? In the
case of modular systems, the existence of standdodgs a component maker to use
knowledge about other parts of thystemwithout actually possessingpat knowledge.

By thus lowering theninimumefficient scope of thdirm, a modular systerancourages
competition without duplication. Thas, firms competing to supplythe parts of a
modular system need to generatmwach smalleeamount of overlapping non-innovative
knowledge. An anecdoteay conveythe spirit ofthis idea. Duringthe meetings to
develop cluster-tool standards (aich see below), organizers conductedrdarmal
poll of firms present to gaugehich types of businessesere representedVhen the
participants were askethich of themrepresented robotidgms, nearly allraised their
handsi4 In the absence of standards, the separate competitorsalvdoeced to
generate their owmternal capabilities inobotics, even thougmany if not mostwould
have preferred tbuy a wafer-handling systemahe had beeavailable cheaply. The
availability of acompatible third-party wafer-handler is an external economy of scope

popularized by Williamson (1985) and others. Moreover, a significant part of the knowledge generated
by the bolt-on firm would be inapplicable to projects with other system manufacturers. Indeed, exactly
this situation has arisen in the case of the Precision 5000. Peak Systems has sued Applied over a bolt-
on system that the latter contracted for. Peak claims that Applied illegally appropriated Peak's
technology and that they kept Peak's resources focused exclusively on Applied's proprietary platform,
thus making it virtually impossible for Peak to serve other customers. The suit is still in litigation.

13what makes it possible to produce the 200,000th of a particular model of car as cheaply as (or even
more cheaply than) the 100,000th is that most of the knowledge used to produce number 100,000 —
embedded in the machines, personnel, and organizational rules of the firm — can be reused to produce
number 200,000. The same is true when the company produces a new model car: much of the
knowledge gained on the old model can be reused on the new model. But we call the first case an
economy of scale — in the sense of the learning curve if not in the strictly neoclassical sense — and the
second case an economy of scope.

14 am indebted to John Dunn for this story.
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that substitutes for the reusable inteeglabilities irobotics that dirm might generate
itself.

Lowering theminimum efficient scope of thefirm can lowercosts in two
ways. First, the standardizationpartspermits economies of scaletime production
of those parts. Arime example of this is ithe area o¥alves, whichcontrol theflow
of gasses between chambers. Before the development of stantiandés usedheir
own idiosyncratic valve designutside suppliers would craft eachive tothe user's
specifications. The dominaifitm in the business is VAT of Liechtensteimhich is
noted for theguality of itsproduct. Sincethe promulgation of standards, however, a
standardvalve hasemergedmaking valvesmore a commodity and lessspecialty
item. Americanfirms like High Vacuum Apparatus (HVA) and MDC Vacuum
Products havdegun totake business away frolWAT, and valve prices havéallen
dramatically. Another area inwhich standardization is loweringosts is software.
With the development @fommunications andontrol standards, ancreasing number
of aspects of the control software canHamdled by standard packages provided by
firms like Thesis, GW Systems, Realtime Performance, and Techware Syslarss.
may not be the modmportant source o€ost savings, however. A possibly more
significant effect ighe lowering of theosts of thenodules, handlers, armdhermajor
parts. Even though these witiot likely become commodities and wiiot likely be
produced involumesthat will generatesignificant economies of magsoduction,
increased competition among component makers will nonetheless tend to spur the
search for cost economi®s.

What about thénternalscope economies of a centralized architecture@elns
very likely that such economies, if important atl, disappear veryquickly with
increasing system complexity. Clusteols arebecoming decentralizefwr much the
same reasonthat networks ofpersonal computers andork stations araeplacing
mainframesand minicomputerghe rapidly decreasingosts ofdecentralized computing
power. Indeed, akeast one maker of modular cluster tools uses controllers for its
modules that are essentially off-the-sheliBM PC-compatible personal computers
without keyboards and monitors. Moreover, there is reasdhin& that makers of
closed proprietary systems would have switched to distributed architefciurédseir
future tools even in the absence of a movement toward standards.

Furthermore, the best-of-breed argument can be extended fromnitidle
configuration of thenachine tochangesn configuration over time. One of tlhenefits
of a modular system the ability to change components as the user's needs change or as
component technology improves (Langlois and Robertson 1992}heln case of
semiconductor fabrication equipment, user negdsiriven bythe obsolescence of the
devices beingroduced. In the lasew yearsthe lifecycle of leading-edge chips has
fallen totwo orthree years. Producing a new generation of ICs ex@ting fab means

150f course, competition will operate on the quality and product-innovation margins as well, which is
just a way to restate the best-of-breed argument.
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scrapping perfectly good production equipment. With a modular cluster-tool approach,
however, one can keep parts of testem(the waferhandler atthe very least and
perhaps some of the moduled)ile scrappingonly the obsolete modules. tims way,
cluster tools extend theconomiclife of the user's capital equipment (McNab 1990).
Even closed proprietary systentake a “platform” approach, inwhich common
components serve as thasisfor an upgradeabl@mily of tools (Monkowski 1991).

But astandardized modular approach would go beybadproprietary platfornfreeing

users from the technological trajectory of any one company.

A related factor in favor of modular tools is the blurring of the line between
prototypeequipment and production equipment. When a user wardddpt a new
technology for some production step, titpically first tries the process on a
demonstration or developmete. If the new technology is to be adopted iba#ch
productionline, however, the productiomodelmay have to bquite different from the
testmodel, whichwould have been designedpmduceonly small sampléatches. In a
single-wafer systenthe productiormodel wil be much closer to —er, inthe limit,
identical with —the tesimodel, sinceboth will have been designed for continuous
processing rather than batch. Modulantgkesthe transition even easisinceboth the
testline and the production line would conform to g@me standards. The modular
approach thus eases thkvays-difficult transition from developmelatb toproduction
line, which in turn speeds the rate of technological improvement.

Flexibility.

If modular toolsallow the flexibility to change process technologieaply when IC
generations change, then it also arguably allfi@sbility to change the production
process cheaply for other reasons. é&@mpleonemight be able to switch a fab to the
production of adifferent kind of chip by changing only a fewodules. Even with a
modular system, afourse, such change can be costly. Produemmineers insist on
“qualifying” process tools, thais, subjecting them to reggorous set of tests and
measurements, before they carpbé intoservice. Even bolting on a few new modules
requires that theystem be requalified, at leastpart, and that takestime. But the
process of changeover in a modudgstem is surely cheaper thaakingthe equivalent
change to a completely new dedicated tool set.

This flexibility effectively creates economies of scope at theel of IC
production. Thevalue of such economiesiiwdepend on thelemand for standardized
chips. Increasingly, fabsround the world canndtlly utilize capacity producingnly
DRAMs for asaturated market. Thus, themmain few lineshat do not producenore
than onekind of chip. For example, a DRAM line might also occasiongisoduce
application-specific integrated circu{sSICs), which require a quite different sequence
of process steps. Themallerthe production run, the greater tedue offlexibility, an
observation thatinderliesthe widespreabelief that cluster tools (angingle-wafer
systems in general)ilfind their earliest economical uses in low-volume specfalig.
As | suggested above, the question is whetheor—more likely, when —the cost
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performance of single-wafer techniques will ultimam@hertake that of batctechniques
at high volumes.

Even if batch techniques continue their mass-production superiority for some
time, the modularsingle-wafer approach may nevertheless become important by
providing a flexible-manufacturing alternative (Steinmuell®92). Whatever the
ultimate shape ahe cosftcurves athigh outputlevels, it is cleathat minimum efficient
scale sets in muchkooner for an IC producarsing flexible single-wafer technology.
This may make it economical tproducesmallvolumes of specialized chipather than
large volumes of generic chipsffectively shifting competition in ICs to nonprice
margins(where theAmerican industry has always fetiost comfortable) and awdypm
the price margin (where the Americans have done less well).

An alternative to specialized chipstie ASIC,which is a generic logichip
that can be masgroduced at lowcostand then customized by the user in one of a
number of ways.However, suctchips perform lesgvell than chips customized at the
mask level(thatis, chips customized frothe start)and their range of application is
limited. The success of tHkexible-production alternativevill depend on theost-
performance characteristics of customized chips (relative to ASICs) atitk ocost-
performance characteristittsat chip users demand. Even though defense procurement,
an important source aemand for high-performance, low-volume chipslikisly to
diminish, the increasing sophistication of electronic equipment in geneegl be a
favorable trend for the customized-chip business.

Reliability.

The making ofsemiconductor chips is a capital-intensive busind&st unit costs per
wafer aretypically much more sensitive tofactors like throughputyield, and tool

reliability than to the purchase price of the tool (Carnes and Su 188 yeliability, in

particular, has been a weakness of cluster-tool systBars.of thedisaffectionfor such
devices in Japan and Koreaidently stems from unhappy experiences witheliable
tools in the past (Burggraaf 1991, p. 66).

In a continuous-throughput system, a breakdowani link inthe chain can
shut down the wholéne. If we think of acluster as a linear sequence of process steps,
then thereliability of the wholesystemgoes up as the power of thember of linked
steps. For a cluster tachieve 90per centeliability over sometime interval, for
example, each step of a six-step process would nestidlality of 98.3 per cent. At the
same time, of course, the existence of parallel-processing steps would create redundancy.
If a cluster containedwo chambers runningrocess A and oneunning process B
(perhaps because process A takes twice as long as Bysteen couldimp along if one
of the Achambersvere to go down. Indeed, some have suggebt&t in amodular
system, a falrould have spare chambers waitingthie wings to replace aowned
chamber; criticavonder, however, whethéehis would savemuch time, sincehe tool
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would have to beequalified even ithe sparehamber had bedrstedoff line (Newboe
1990, p. 86).

On the otherside ofthe ledger, the economiosts offailure in a cluster
module can be much smallgran the analogous costs in a stand-alone bath A
vertical furnace holdindlO0 wafers, each worth asuch as$10,000 in potential
microprocessor chips, puts $iillion at risk. By contrast, amalfunctioning cluster
chamber risks only one wafer.

In the end, however, threliability of cluster tools wll depend on thquality of
the product, asneasured by the process results those taolseve. As inother
industries, theéAmerican semiconductor-equipment industry has begterbat product
development than groductreliability. Part of the reason fdhis has beethe limited
internal capabilities ofmany American firms. Witlthe advent of standards, however,
smaller firms will tend to specialize in particular technologies, allowing a kind of
capability deepening. By producinigpr example, onlyone specific module —rather
than a module plus complementary technology — a company would tbe did¢ to
“debug” its product and improve reliabilit§.

Organizational issues.

Economists have alwaysderstood, at least in principldat the “product” dirm sells

is not often just the unencumbered item that leaves the premises in a strigarieyen

a manufacturer of a physical product is oftéimatelythe provider of a service, and the
physical item is necessarily bundietth less-tangible informational arather services.
This is certainlytrue in thecase of semiconductor-manufacturing equipment. Here the
bundled services include both information and a guaranteeing function. A manufacturing
system must fit in with a userjsroduction line, and it musiwork properly and
consistently. When fails to work, it must befixed promptly;moreover, the user must
be confidenthat it will indeed be fixegpromptly. Andthe user and thgupplier must
communicate information to ensutge continuedefinement and improvement of the
technology.

A large firm with significant internal capabilities cgrovide theseancillary
services. Applied Materials the Americanprototype ofsuch a firm,although other
firms, notably Variancome close. Suchfam possessesot only the majority of skills
necessary to fabricatke machinery it sells, ialso possesses complementzapabilities
in repair and customer servige¢ludingthe ability to gatherinformation to improve the
product. Reputation is another importasgmplementaryasset,since it provides a
guarantee to customers tlpbmisedancillary services, especiallgn-site repair, will be
reliably provided. In thisrespect, a modulaystem provided by aetwork of firms
would seem to be at a disadvantagehdf modular approach is to succeed, the role of
the system integrator is crucial.

16This is the argument of G. Dan Hutcheson, president of VLS| Research, as quoted in Rice (1991).
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A systemintegrator is an organization that packages the productswainber
of suppliers — chambers, wafer handler, etc. — and protmesecessanancillary
services, includinghe guaranteeing function. In the absence of standardsydtieen
integrator would almossurely have to providenost of the technologitself, since
working with others would require sharing of proprietary information in a wagdhbt
generate transaction costs. With standards, howevergpiflever of proprietary
knowledge from ondirm to another isminimized. Thiswould allow the system-
integration function to be provided through the market. The integrator wouldmatbrk
the customer to tailor system; wouldvork with suppliers (itself probably included) to
produce thesystem; and would providiéie necessary service guaranteddis means
that the integrator would need to have a reputatioralole significanenough to act as
a hostage (Williamson 1985).

The mostlikely possibility isthat alead equipment maker wousttt assystem
integrator. It would workwith other manufacturers osimilar size, but would alone
provide theultimate guarantees. ltne parlance of the industis is called taking
ownership of the system. In some cases, as in the ongoing collaboration between
Novellus and Lam Research (Rit891; Holden 1992b}wo similar-sized companies
might team up and share ownership, so lonth@scustomer can beade satisfied with
the arrangement. In the semiconductor-equipment industry,na@ninother American
industries, such cooperative arrangementdaceming gronounced trend. It ialso
conceivablethat independent third partiesight becomentegrators. Fearinthat too
muchproprietary information would lea&kcross even thanonymous boundaries of the
standard architecture, at least one indusfficial suggestecearly onthat aerospace
companies might bappropriate candidatés. What seems to be happening, however, is
that new companies will arise fdl the integrator role. One such is C¥@oducts,
whose Connexion cluster tool offéhe buyer a range of options, almadit from third-
party vendors (Holden 1992a). Anotheossibility is that the users — the
semiconductor manufacturers — might themseba@ts assystemintegrators. This is
especially likely inthe case of large usdiike Tl and IBM) that have substantial
capabilities of their own in processing technology.

The emergence of standards.

The process byvhich standards aremerging inthe cluster tool industry is rather
different fromthose of well-documented cases like the QWERTY keyb¢{2eavid
1985; Liebowitz and Margolis 1990), the VHS videocassetterder (Cusumanet al.
1990), the IBM-compatible personal compyteanglois1990, 1991), or the 33-rpm LP
record (Robertson antanglois 1992b). Inall ofthose cases, standards emerged
through a competition or “battle of the standards” among alternatiigesally offered

as proprietary schemes. A standards battle did once thre@tencinister-tool industry,

17Bob Doering of Texas Instruments, quoted in Newboe (1990).
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and such a battle may yet take place. But the origins of the standards in this case were, if
not exactly “spontaneous,” then at least far mgrass-roots andollaborative in
character. The Modular Equipment Standards Architecture (MESA) was the result of
the work of anad hocorganization comprisinthe bulk of firms inthe cluster-tool and
related industries. Thgignificant exception wadApplied Materials, by fathe largest

firm in the business, whose Precision 5000 platfdmefly offered an alternative to
MESAZ18 Quickly, however, the MESA committee was folded into Semiconductor
Equipment and Materials Internation@EMI), the equipment makerdrade group,
becomingthe Modular Equipment Standards Committee (MESAPplied Materials is

now amember, albeit somewhat grudgingly. And, although Applied Matestaddegy

for its future tools isstill unclear, it appearhat MESChas indeed been established as
theindustry standard.

The storybegins in1989. Commerciakluster tools had been on the market for
only two orthree years, but aumber of firms, each considerably smailen Applied
Materials, were either in the marketmanning toenter (Burggraaf 1989). Owarch
30, 1989, a group of representatives frgweral BayArea companiesongregated at a
motel in Fremont to begin what would become a rapid-fire series of meetings. Present at
the firstmeetingwere representatives of tbmpanies? includingthe CEOs of four of
thosecompanieg? In manyways, the cooperation among thdsms was a startling
change fromthe individualist go-it-alone culture supposedly characteristic of the
industry. From another point of view, howeviltre cooperation wasade possible
precisely bythe cultural network oSilicon Valley and its web of personal contacts
among engineers and marketeramany distinct firms. For example, Generabignal
Thinfilm Company was something of a cheerleadénerdrive toward standard$aving
pushed thedea since early 1988 roughinformal discussionand “partnering” efforts
with other vendorg!

Thead hocgroup adopted theameMESA as its banner, armuut forwardthis
mission statement: “Developechnically sound, common, non-proprietatgpterface

18A petter historical analogy for the MESA/MESC standards might be the efforts of the Society of
Automotive Engineers, led at first by Howard E. Coffin of the Hudson Motor Car Company, to
standardize numerous parts used in the early automobile industry (Epstein 1928, pp. 41-3). Between
1910 and 1920, the S.A.E. reduced the number of types of steel tubing from 1,600 to 210 and the
number of standards of lock washer from 800 to 16. Throughout the initial period of standardization,
until the early 1920s, most interest was shown by the smaller firms, who had the most to gain. The
larger firms such as Ford, Studebaker, Dodge, Willys-Overland, and General Motors tended to ignore
the S.A.E. and relied instead on internally established standards. (Thompson 1954, pp. 1-11).

197G Associates, Drytek, General Signal Corporation, General Signal Thinfilm Company (GSTC),
Genus, Lam Research, Matrix, Novellus, Peak Systems, SSI, and Silicon Valley Group.

20Minutes of March 30, 1989 meeting. The CEOs were Ed Dohring of GSTC, Roger Emerick of Lam
Research, Robert Graham of Novellus, and Tim Stultz of Peak.

21private communication with John Dunn, June 8, 1992.
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standardsvhich the U.S.equipment industry can utilize todividually and collectively
offer the bestvailablechoice of automated, interchangeable, integrated t&blshe
group workedeverishlyover theensuing weeks to developdaaft standard. Thérst
goal was to standardize tmeechanical interface duture cluster tools, thas, the
physicalconnection between the wafeandler andhe modules.This included such
parameters as tlseze and shape tiie portand thevalve flanges, their heiglabove the
floor, and the reach of the robot arm.

On May 2 and 31989, Sematecheld a technicalvorkshop on cluster tools in
Dallas, TexasPart of Sematech's mission is tievelop industry standardshich were
on the agenda fdhis workshop. The MESAnemberavho attended used the occasion
to present the workhey had been doing and to offer MESA as an industry standard.
Applied Materials also had representatives at the meeting. Quickly, Applied responded to
the MESA offer by proposing to “open up” the precision 5000 architecture as an
alternative to MESAWinkler 1989a). A battle of the standards appeared to be in the
offing.

Applied's argument for adopting the Precision 5000 as a standatidatyasth
an installed base in 1989 of sorB80 machinesand 1,00Gchambers, the 5000
represented a proven technology (Morgan 1989). The MESA standgpksed
argued, werdeingcreated in the abstract rather than as a response to customer needs.
Proponents of MESA argued back that a standandasssarily abstract andnceptual,
andthat themembers othe group were iany casebringing tobear a lot ofcollective
experience with customers (Dunn 1989).

In Dallas,the MESA committe@vited Applied toattend MESAmeetings,
specifically acongregation later in the month $¢micon Westpne of the largendustry
trade shows that SEMI sponsors around the woAgplied declined, anduggested
that it would not become involved irstandard settinginless MESAwere somehow
brought under theimbrella of SEMI. The Semicon meetingttractedconsiderable
attention from otherequipment firmswho beganoining MESA in large numbers.
Sematech, which, as a quasi-governmental organization, could have dfieathdice
of standard by throwing its weight in either direction, chose neutrality indtééakler
1989b).

Ultimately, however, the threatened battle of the standardedizmmerged, at
least not yet. For one thing, MESA and Applied were quickly united institutionally when,
at a meeting at Semicdfast on September 12, 1989, the MESA group votgdirtio
SEMI, becomingreconstituted as MESC. As member of SEMI,Applied was

22Talking paper by Jeffrey C. Benzing of Novellus for the Sematech workshop on cluster tools, May 2,
1989.
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effectively a member dIESC andeligible to vote on proposed standards.There is

also arguably a technical reason why a standards battle has not really emerged. Although
the 5000'snechanical interfaceould inprinciple haveserved as a standard comparable

to the MESC mechanicalstandard, theApplied machine isotherwise a closed,
nonmodular systeff. Sincethe goal of MESA was totahodularity, including a
decentralized communications architecttine, 5000 could have been “opened aply

by being redesigned.

MESC hasunquestionably becontke standard of theon-Applied worlcé> A
large number of equipment vendors have begun offering MESC-compatible systems or
modules (Dorsch 1991b). Tmeechanicabnd utilitiesstandards are in place, and the
communications standards the mosdifficult part of the process — anmeearing
completiont® The economic benefits of standard for a network admall firms is
overwhelming, and Applied's machine is not a genuine alternative tecforical asvell
as strategic reasons. Moreover, some of the lakgegricanusers havehrown their
weight behindVIESC. Texas Instrumenjsined MESA inJuly 1989 (Winklerl989c)
and IBM is also said to be favorably disposed (Winkler 1990a).

Rather than a battle of the standards, the current situation might best be thought
of as a battle of alternative development paths: the ckystem of Applied Materials,
with its significant internal economies of scaled scope, and the open modghstem
of the competitivdringe, driven by external economies of standardizatiothénshort
run — thatis, forthe current generation of tools adapted for six-inch (@& wafers
— the structure of competition uslikely to change. BotiApplied andthe current users
of its machines have an incentive ¢ontinue with the Precision 5000 platform as a
development pat#.

23When the MESC mechanical interface standard eventually came to a vote in June 1990, Applied
voted against it (Winkler 1990b). They cited technical reasons: that the robot's proposed size and reach
would reduce reliability. MESC proponents dispute this.

24n fact, proponents of the MESA/MESC standards argue that even the 5000's mechanical interface
would have been unsatisfactory for a standard, since the opening through which the wafer passes in the
5000 is too restrictive to accomodate a wide variety of modules. Applied's own newer tools use a
different size opening from that of the 5000. (John Dunn, private communication, June 8, 1992.)

25This statement excludes Japan, which | will discuss below. At least one European firm, Balzers A.G.
of Liechtenstein, is offering a MESC-compatible tool. On the other hand, there do exist American non-
MESC tools still on the market. But the momentum in the industry seems overwhelmingly toward

MESC compatibility.

26Because the standards are not yet complete, existing “standard” systems are only semi-MESC
compatible. But, since the remaining standards are a matter of software, the problems of
incompatibility are not great. Rather than rewriting their control operating systems, most firms will
likely write an applications layer between their operating system and the standard protocols — an
approach facilitated by the low cost of microprocessor power.

27Applied also offers the Endura, a physical vapor deposition (PVD) or “sputtering” cluster, capable of
integrating as many as eight chambers.

22



The interesting choices will arise wheabs beginthe move to eight-inch (200
mm) wafers in the nexfew years. Because tife larger wafer size, thphysical
dimensions ofthe mechanical interface —both MESC andApplied's — will have to
change. SEMhas already approvddESC standards for 200 m#h. Applied has several
options in designing its 200 mm cluster tools. One major program now in the works is the
Applied 5300, which will feature an octagonal wafer-handling module. Ilwidely
believed inthe industrythat thenew Appliedmachine will have distributed rather than a
monolithic control architecture, but that it walbt conform to MESGnechanical interface
standards.This would, of coursemake third-party connectiadifficult, thus keeping the
machine effectivelyproprietary. Itremains to be sedhe extent tavhich Appliedopens
this standard tmthers, thats, the extent tavhich there will be agenuine battle of the
standards. A third, and now apparently ldsdy, possibility would be forApplied to
offer a fully MESC-compatible machine. If the company takes theolats, itwould find
itself in a position similar to that oflBM in personal computers in 19&batis, in a
position to become tHead player irthe provision of a single-standard modggsten??
In a market in which external economies are significant, this can be a strategically desirable
alternative (Langlois and Robertson 1992).

Implications for competitiveness.

In talking with industrysources ancacademic expés, one develops somethirige
following the stylized picture of competition in semiconductors. The Japanese
semiconductor industry is budround acommitment to manufacturing. This meanass
production; a conservative philosopthat prefersncremental change amdliability to
cutting-edge technology; and a large pool of produaiagineers athe fab levelengaged

in fine-tuning the production process. By having appropriated the market for DRAMs, the
Japanese have taken tlead inthe technologyhat drives advances in lithography and
therefore in manufacturing technigégart from Nikon and Canomvyhich arethemselves
large multidivisional firmswith a core competence in optics, the Japaneseipment
industry is largely controlled byhe semiconductdirms themselves, either through
vertical integration (irthe case of Hitachgr, more usually,through equity positions in
what is described askairetsustructure. The manufacturers and tisejppliers thusvork

in close coordination (Stowsky 1989).

28ndeed, MESC 300 mm mechanical interface standards are already on the books. The move to 300
mm (12-inch) wafers is expected by the turn of the century, and will require a new generation of
equipment.

29BM's situation was different only to the extent that, rather than adopting an existing public standard,
it created a new bus and operating system. But the bus was in fact almost identical in concept to the S-
100 bus already in use. Moreover, thM&-DOS operating system was virtuallyckone of the then-
dominant CP/M operating system, which would have had to have been updated anyway for the move
from the eight-bit 8080 chip to the (quasi) 16-bit 8088 microprocessor (Langlois 1991).
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By contrast, theAmericansemiconductor industry has beleetter at product
development than mass production, focusing mordogit and specialty chips and
largely abandoning memorie3.he Americans havéocused less on manufacturing, and
tend torely more on their suppliers for process expertise. The fragmegtegment
industrydoes not coordinateell with manufacturers, trusting fmublic information and
market forces for its investment decisions.

The Japanese package has womkelli, and it is generallportrayed as anodel
for Americans to emulate. Althoughere is no doubt thaamerican semiconductor
makers must continue to increase their focus on manufacturingoit gear, however,
that theJapanese approach will prove a durable @amdersally applicablenodel. For
one thing, the strategialue of cutting-edge DRANdroduction isless obvious than it
used to be. Mosnajor companieaow crankout some form of mass-producelip as
a technology driver, and the DRAM market has thus becosatusated low-profit one.
The Japanese aleginning to feethe downside of the DRAM strategspecially in
view of the rise of Korean production. Samsung is now the world's |dDgAM
producer, andmany inthe industryfeel that Koreanfirms, with newer and less-
conservative process technology (much of it American), have gained cost leadership over
Japanese firmsMoreover,Americans have improved their manufacturing capabilities,
and the focus oproductdevelopmenimay havehad its positive side. Evenfliéxible
production of specialty chips does not completely reflae@assproduction of generic
chips,the days ofthe “capacity race” ashe key element in semiconductor competition
areprobably numbered (Steinmueller 1992). Ahd the Japane$@avenot provenable
to crack American dominance imicroprocessorsfalsifying the predictions to the
contrary that were widespread jusiesv yearsago (Ferguson 198Reich andMankin
1986). In addition to being @roduct with higher value added than DRAMS,
microprocessors are alsoguablyprocess driversivhile DRAMs do drive lithography
technology, microprocessors require more complicated intermetal connection, and tend
to drive a number of critical mid-process technologfles.

What doeghis imply for competitiveness in the equipmamdustry? Much of
the loss ofAmericanmarket share in that industry was the result ofieement of
semiconductor production to Japan, where, with the notable exceptiéppbéd
Materials, Americanfirms were notwell able to compete. To the extent that
manufacturing igecaptured in the UniteBtatesand moves tother parts of the Far
East(like Korea, Taiwan, ofhailand) wher¢here is nandigenous equipment industry,
the American industry may benefit.

Japanese manufacturing has beesll served by a user-oriented equipment
industry willing to tailor systems to precise needBut onemay wonder whether the
closeness of that relationship, widely held to have begaat advantage so fanay not

30An advanced 32-bit microprocessor would typically require four levels of metalization, whereas even
the most advanced DRAM needs at most two.
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turn into something of a disadvantage in a world dominated by an open standard
architecture. Japanese manufacturers themsatweley farmore production engineers
than in a typicaAmerican fab, shiftinghe locus of process knowledgeay from the
supplier andoward themanufacturer. Thisnay not amount to &deskilling” of the
equipment makers.But there is a perceptimamong Americanghat their Japanese
counterparts aremuchmore under thehumb ofthe manufacturers, who dictate profit
margins and in some casese thesuppliers as little more tharontractassemblers.
American firmsprefer the autonomy @klling “guaranteed” system#hatis, systems for
which the supplier provideshe bulk of technical knowledge and serviddere is some
move in this direction even in Japan, where sergaracts (a substitute farose
working relationships with suppliers) are on the rise (Dorsch 1991a).

Japanese equipment firmagcluding Hitachi, AnelvaKokusai, Ulvac, Tokyo
Electron, and ASM Japan, atleveloping cluster-toadystems obne sort or another,
and the Japanese alesely monitoringhe development of the MESC standards (Inaba
1989; Achiwa and Shankar 1990). It is certainly conceivabé Japanese equipment
firms might become significant players ifudure market for MESC-compatibsystems.

So far, however, the Japanesgle has been distinctlyroprietary 3! even if the recent
turmoil in the Japanese capital marketsy make some standardization more eging

in the future. Inanyevent, however, the traditionadlationship between manufacturer

and supplier in Japan witiot conferany special benefits dhe Japanessuipment
industry in world of standards, since a modular system is to a large extent a substitute for
proprietary fine-tuning to user needs. Thus, American firmscan createeliable
equipment, an@specially ifbest of breed does become an imporsatitng point, the
innovativeness and product-developmskills of the American industrynay become a
competitive advantage — r1ifot inJapan then at least in theS. and inAsian markets
outside Japan.

3l0ne exception is Sony, which recently acquired Materials Research, a leading American maker of
MESC-compatible systems. Materials Research retains considerable autonomy, however, and continues
to operate as an American firm. (Weinig 1990, Whiting 1991.)
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