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Introduction

In the half century of its existence, the business of semiconductor man-
ufacture has come to capture the popular imagination as few others have,
Starting with only the most common of raw materials - silicon and alu-
minum - this industry constructs complex electronic systems performing
functions that were science fiction only a few decades ago. Even so, the
volume of literature on this industry would no doubt have been smaller
if the technological and scientific leadership of the United States in that
industry had not come under challenge by the emergence of interna-
tional competition,

The decline of the global market share of American semiconductor
producers in the mid-1980s suggested to many that the days of American
dominance of science-based industries might be numbered. Although
there is little evidence that international competitors had in mind the
annihilation of the American industry, many nonetheless read the situa-
tion in terms familiar from the Cold War. The loss of American leader-
ship in the _semiconductor. industry would be the first_ doming_ ) in a
cascadmgm fall of downstream electronic-systems mdustnes Lookmg
through the other end of this same telescope, America's foreign com-
petitors asked the parallel question: How could one possibly succeed in
building electronic-systems industries without developing a robust semi-
conductor industry of one’s own?

The authors would like to thank the Consortium for Competitiveness and Cooperation for
making this transatlantic collaboration possible and for providing a rich dialogue during
several project meetings. We would also Jike to thank the editors, David Mowery and
Richard Nelson, for particularly helpful comments. Much of Steinmueller’s work on this
project was accomplished while he was Professor of the Economics of Technological
Change at the Maastricht Economic Research Institute on Innovation and Technology
(MERIT) at University of Maastricht, The Netherlands.

! Among the more hysterical versions of this thesis are Ferguson (19835) and Forester
(1993). The latter, indeed, is testimony to the inertia of intellectual fashion, as the bulk of
its assertions and predictions had already been falsified by the time the book was pub-
lished. By contrast, Ferguson had essentially recanted his earlier views by that time
(Ferguson and Morris, 1993).
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The voluminous literature generated from the rise of foreign -
especially Japanese — competition in semiconductors seemed to have one
dominant theme: the United States must not merely learn from but
closely imitate Japan. Most analysts assured us, implicitly or explicitly,
that Japanese success reflected inherent superiorities in industrial struc-
ture and state policy, superiorities of a widely applicable and lasting kind.
In its strongest form, the lesson from Japan was read in terms of the
inevitable eclipse of the structures of entrepreneurial capitalism by some
form of systematic planning, usually of the corporatist or state-corpo-
ratist variety.” A weaker variant simply indicted the American semicon-
il}gg)mdusq@d its domestic suppliers-for excemveifragmentatlon
and vertical disintegration. Writers like Ferguson (1988) and Florida and
Kenney (1990) suggested that American faith in industrial districts like
Silicon Valley had been misplaced and that only imitating the Japanese
keiretsu structure would improve the performance of the American
industry. This view was echoed by the prestigious MIT Commission on
Industrial Productivity, which declared in 1989 that “the traditional struc-
ture and institutions of the U.S. industry appear to be inappropriate for
meeting the challenge of the much stronger and better-organized
Japanese competition” {MIT Commission, 1989, vol. 2, p. 20). The com-
mission pronounced the American merchant semiconductor industry
“too fragmented” and called for consolidation and rationalization.

This chapter offers a different, and perhaps even iconoclastic,
explanation for the rise, decline, and resurrection of the American semi-
conductor industry. We argue that industrial leadership is a history-
dependent process in which success rests upon the fit between exogenous
(or quasi-exogenous) factors and the structures of knowledge, organiza-
tion, and capability inherited from the past.? There is no one “optimal”
industrial structure or policy regime independent of tifiie_and _circum-
stance. Tn our story, Japanese success in the 1980s — like American lead-
ership early on and like the renewed American success today — is a
matter not of universal and time-invariant supertiorities but of a complex
of contingent factors and circumstances. There are certainly lessons from
the Japanese success. But those lessons must be read carefully and in the
proper context.

2 Corporatism, the coordination of control by an oligarchy of industrial interests, is the
underlying hypothesis in Fallows (1994); state corporatism, corporatism under state direc-
tion, is the fundamental position of Johnson (1982). All of the studies that view Japanese
industrial structure in terms of strongly unified purpose and relatively smooth coordina-
tion make the implicit argument that this structure for control is, or tends to be, inherently
superior to the more divided and contentious structures prevailing in the United States.

* This theme is developed in greater detail and generality in Langlois and Robertson
(1995), especially chapters 6 and 7.
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Our perspective is informed by the view that competitive advantage
ultimately resides.in the ‘ndustrial capabllmes of the firms in an indus-
e
try, even if those capabilities are conditioned on and affected by various
background institutions and policies.* The significance of economic capa-
bilities — what G. B. Richardson (1972), who coined the term, defined as
the “knowledge, experience and skills” of the enterprise — is that they
are most often hard to learn; tacit; unpredictable in the rate and direc-
tion of their acquisition; and often very difficult to abandon or forget.’
it is precisely these characteristics of capabilities that make it very
difficult for companies in this industry to relocate to positions of advan-
tage when circumstances change. Because the better part of these capa-
bilities evolve from the interactions between semiconductor firms and
their customers and from the division of labor within the semiconductor
industry, history matters.

Our story is thus one in which background conditions and starting
wﬁcant as corporate strategy anﬁ"govemm‘ent . policy.
Corporate strategies, we will see, are ofténconstidined by circumstance,
and government policies often have effects very different from
those intended. One centerpiece of our account is the prominent role we
give to the extent and structure of end-use demand - a largely exoge-
nous factor — in shaping the fortunes of companies and national
industries.

Not surprisingly, we use history to convey our arguments. In what
follows, we chronicle in order three major episodes of regional compet-
itive advantage: the early rise of American industry, the challenge posed
by Japanese firms in the late 1970s and 1980s, and the recent resurgence
of American industry, coupled with the rise of new East A_sTéHfﬂrduc-
mwmgmntematlonahzatlon We close with a brief perspective
on this history. -

I. America’s Rise to Dominance

The Invention of the Transistor

The invention of the transistor by Bardeen, Brattain, and Shockley at
the Bell Telephone Laboratories after World War II is an oft-told story
(Braun and Macdonald, 1978; Morris, 1990; Nelson, 1962). It was an in-
novation made possible by modern physics and intimately connected to
basic research. Interestingly, however, the research was carried out not

* Such background institutions and policies are what Nelson (1993) and Lundvall (1992)
call “national systems of innovation.”
* On the notion of capabilities see also Nelson and Winter (1982).
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in universities but in one of America’s premier corporate research
laboratories.®

Even though the initial transistors were relatively primitive devices,
their potential as a major invention was widely appreciated. AT&T
sought and received patents for the first working transistor design, raising
the prospect that the company would eventually be able to influence
the entire spectrum of electronic industries. Despite this, AT&T imme-
diately undertook a policy of broad public disclosure of the enabling
technologies for producing transistors, announced widespread licensing
of both original and subsequent transistor patents, and encouraged site
visits to interested parties to assure the transfer of the technology to
those interested in pursuing the development of the invention (Tilton,
1971, pp. 75-76; Braun and Macdonald, 1978, pp. 54-55}).

AT&T had long pursued a policy of cross-licensing agreements, which
allowed it to gain from the inventive efforts of others. Although AT&T
had developed the transistor and begun using it early in telephone
devices and circuits, it was still an extremely immature technology. By
allowing access to the transistor, AT&T was betting, in effect, that the
spillover benefits to telephony from tapping the capabilities of others
would outweigh the forgone revenues of proprietary development
(McHugh, 1949; Bello, 1953; Braun and Macdonald, 1978, p. 54; Levin,
1982, pp. 76-77). An AT&T vice president put it this way: “We realized
that if this thing [the transistor] was as big as we thought, we couldn’t
keep it to ourselves and we couldn’t make all the technical contributions.
It was to our interest to spread it around. If you cast your bread on the
water, sometimes it comes back angel food cake.”” The consequence of
this action was thus to create a large cohort of entrants intent on finding
ways_m_ccmmefeializuhf%wdlg_ofgy (Mowery and Steinmueller,
1994). Few industries can claim such an early widespread diffusion of
their core technology, which in this case generated intense rivalry to
develop competitive advantage by leading in the improvement of the
breakthrough innovation.

For the incumbent electronic-component producers, the vacuum-tube
firms, the transistor was in large measure a competence-destroying inno-
vation.® These firms nonetheless quickly saw the value of the device. At
least in part, this was because the transistor remained undeveloped and

¢ It will be a minor theme in this essay - albeit a theme articulated importantly by omis-
sion — that universities have played only an indirect role in the development of the semi-
conductor industry.

7 Quotation attributed to Jack Morton, in “The Improbable Years,” Electronics 41: 81
(February 19, 1968), quoted in Tilton (1971, pp. 75-76).

8 A competence-destroying innovation is one that renders obsolete an organization’s
existing knowledge and capabilities (Tushman and Anderson, 1986).
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even experimental, and much of the transistor work in the vacuum-tube
firms took place in large R&D facilities not unlike Bell Labs. Moreover,
although these firms produced vacuum tubes, they were diversified
systems companies rather than specialists in tube production. Thus,
although the transistor was competence destroying for the firm’s
vacuum-tube operations, it was competence enhancing for the firm as a
whole. Nonetheless, as we will see, the near-term future in semiconduc-
tors did not belong to the established players but to smaller, newer,
more-focused enterprises. Many of these benefited from personnel who
left Bell Labs to pursue the development of the transistor elsewhere,
establishing a pattern of personnel defection and spin-off that continues
today in the United States.

For example, William Shockley left Bell Labs in the early 1950s for the
San Francisco peninsula, where he founded Shockley Semiconductor
Laboratories. Although his enterprise was never a commercial success,
eight of Shockley’s team defected in 1957 to found the semicenductor
division of Fairchild Camera and Instrument Corporation, an organiza-
tion of seminal importance in the industry. Largely through the efforts
of Jean Hoerni, one of the eight defectors, Fairchild developed the planar
process, a technology that allowed large-scale batch production of
transistors. Almost immediately, Hoerni’s colleague and fellow defector
Robert Noyce would extend the planar process to the fabrication of
multi-transistor devices - integrated circuits (ICs). The advantages of the
planar process for transistor production were overwhelming and recog-
nized immediately throughout the industry (Sparkes, 1973, p. 8). By 1968,
Noyce and others had left Fairchild to found the next generation of semi-
conductor firms. As Saxenian (1994) and others have argued, the local-
ization of many of these firms on the San Franciso peninsula created the
kind of industrial district discussed by Alfred Marshall (1961), generat-
ing a self-reinforcing system of external economies.

m

The Role of Demand. The market for semiconductors began with the
U.S. military, and it was the Cold War that nurtured this industry in its
infancy. Although the transistor provided a practical means to make
portable hearing aids and radios, its primary value during its early years
lay in military systems, where performance rather than cost is often the
deciding factor in adopting new technology.” Moreover, the nature of
military ~ and later computer — demand affected the technological tra-
jectory of development in the American industry. Because of its tractabil-

* Indeed, Bell’s haste in announcing the transistor was motivated at least in part by a

desire to preempt any thought the military might have of classifying the technology (Levin,
1982, p. 58).
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ity, germanium was the material of choice for transistors destined for
consumer markets, where cost considerations dominated, and, as we will
see, both Europe and Japan concentrated on this type of transistor early
on. The silicon transistor, perfected by Gordon Teal (1976) at Texas
Instruments (TI), was more expensive, but the stability of its electrical
properties over a wider range of temperatures made it superior for mil-
itary and space applications. Silicon also_proved superior in digital
switchin ications, where speed was_of importance.

Military demand for semiconductors provided several “spillovers”
from the development of military devices to civilian applications. Much
of this spillover was simply the consequence of accumulating a substan-
tial practical knowledge base about transistor production using the con-
tinued revenue flow from military procurement.’® Without this indirect
research finance, American firms would likely have developed the tech-
nology at a pace and in directions similar to those of companies in Japan
and Europe during this period. But military performance requirements
in the United States stimulated the development of transistors with
grown rather than contact junctions and encouraged the rapid ascen-
dancy in the United States of silicon over germanium transistors. As
Table 2.1 indicates, the unit production of germanium transistors out-
paced that of silicon transistors through 1965. Throughout this period,
production volumes increased and prices declined with greater ex-
perience. In 1957, three years after its first commercial production, the
sificon transistor was still an expensive specialty item, the most impor-
tant uses of which were military applications. The rapid price decline
thereafter — much sharper than had been the case for germanium (see
Table 2.1) — reflects the production advantages of the planar process for
silicon.”

There can be little doubt of the importance of military and space
demand for the pace and direction of technological change and cost
reduction in this early period of the industry’s development. Between
1955 and 1958, government procurement absorbed between 36 and 39
percent of industry output, a share that shot up to 45 and 48 percent in
1959-1960." After a 1960 peak in which government demand was $258

1 Between 1955 and 1959, the prices of transistors for the military market remained four
times greater (despite price reductions in both categories of demand) than those for the
civilian market (Kleiman, 1968, p. 81).

' The physical characteristics of germanium made it unsuitable to the planar process.

* The share includes devices produced for the Department of Defense, the Atomic
Energy Commission, the Central Intelligence Agency, the Federal Aviation Administration,
and NASA (Levin, 1982, p. 60). The share of the consumption in the years 1952-1954, for
which no data are available, was similar to that in the peak year, 1960, or about 50 percent
of the market (Kraus, 1971, p. 91).
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Table 2.1. U.S. Sales of Germanium and Silicon Transistors
(Nominal $)

Germanium Silicon
Gt g Gisen g
1957 27.7 1.85 1.0 17.81
1958 45.0 1.79 2.1 15.57
1959 775 1.96 4.8 14.53
1960 119.1 1.70 8.8 11.27
1961 177.9 1.14 13.0 7.48
1962 213.7 0.82 26.6 4.39
1963 2494 0.69 50.6 265
1964 288.8 0.57 118.1 1.46
1965 333.6 0.50 2745 0.86

Source: EIA (1974, p. 87).

million, however, government expenditures began to be outstripped by
commercial demand for semiconductors. Although the level of govern-
ment expenditures between 1960 and 1977 fell below $200 million in only
two years,”> the government share of the market in the latter half of the
period fluctuated between 8 and 12 percent.

Commercial semiconductor markets began to develop in the late
1950s. Table 2.2 indicates that by 1963 the computer industry had already
generated substantial demand for semiconductors.” In that year, com-
puter demand-roughly equaled the entire consumer-electronics market
for transistors. Despite the origins of the transistor in the commuinica-

B The years were 1964 and 1971.

!4 This table reflects a methodology different from the one Levin {1982) used to deter-
mine the share of government consumption of semiconductor output. Dodson (1966)
focused exclusively on transistors, a measure that raises the estimated average price of a
semiconductor sold to the government. It is also likely that he underestimated the total
transistor market, which would shift the shares of various demand segments. According to
the Business Defense Service Agency, at that time a unit of the Department of Commeree,
the value of transistor shipments in 1963 was $311.7 million or about $60 million (25
percent) greater than Dodson’s figure, Despite these limitations, Dodson’s is the best avail-
able study of the structure of final demand for this period.
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Table 2.2. Value of U.S. Transistors by End-Use, 1963

Military Industrial Consumer
Space 33.0 Computers 41.6 Car radios 20.6
Aircraft 22.8 Communications 16.0 Portable radios 12.6
Missiles 203 Test and measuring 11.7 Organs and

hearing aids 73
Communications 16.8 Controls 11.5
Surface systems 10.8 Other 11.5 Television 0.3
Strategic 8.8
systems
Other 6.7
Total: 119.2 923 40.8
Percent: 47.2 36.6 16.2

Source: Dodson (1966, pp. 95-97).

tions industry, civilian demand for transistors in communications was
lower than that for military communications.”

The Role of American Government Policy. Procurement demand was
arguably the most important —- and the most salutary — aspect of gov-
ernment policy toward the semiconductor industry in this period. But it
was by no means the only aspect. The military provided direct support
both for R&D and for production as well as indirect support through
military systems contractors.® Military efforts to improve the uptake of
semiconductor technology continued throughout the 1950s.! Table 2.3
presents some estimates of direct government expenditures for R&D
and production refinement. According to a Defense Department report,
the military also funded R&D indirectly through its defense systems con-
tractors, to the tune of $13.9 million in 1958 and $16.2 million in 1959,

B The US. consumer market for transistors was dominated by portable radio applica-
tions. Non-portable radios continued to be produced with vacuum tubes.

¢ Examples include R&D contracts to Bell (Levin, 1982, p. 67) and Army Signal Corps
R&D and pilot manufacturing line contracts with Western Electric, GE, Raytheon, RCA,
and Sylvania (Kraus, 1971).

" In that same year, the Signal Corps committed $14 million to fund “production
refinement” at 12 firms and proceeded to spend a total of about $50 million on support for
production engineering measures (PEM) between 1952 and 1964,
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Table 2.3. Estimated U.S. Government Direct Funding for R&D and
Production Refinement, 1955-1961

1955 1956 1957 1958 1959 1960 1961 Totals

Research and development 3.2 4.1 3.8 4.0 6.3 6.8 Lo 393
Production refinement
Transistors 2.7 140 0.0 1.9 1.0 0.0 1.7 213

Diodes and rectifiers 22 0.8 0.5 0.2 0.0 1.1 0.8 5.6

Total 8.1 18.9 4.3 6.1 73 7.9 13.5 66.1

Source: U.S. Department of Commerce (1961, p. 13, Table 8).

for example. The same report claims that government-spensored R&D
(both direct and indirect) accounted for about a quarter of all scmicon-
ductor R&D in those years (Tilton, 1971, p. 93).

These R&D and production-development activities were not as effec-
tive in pushing the industry along as were the fact and extent of gov-
ernment demand itself. All the major breakthroughs in transistors were
developed privately with the military market (among others) in mind.
Despite the $5 million in government R&D on silicon transistors, it was
private work at Texas Instruments that yielded results (Teal, 1976). And
the planar process, developed privately with the military market in view,
rendered obsolete most of the production lines that the military had
helped fund (Sparkes, 1973, p. 8).

The government tended to favor R&D contracts with established
suppliers, notably the vacuum-tube firms. In 1959, for example, Western
Electric and eight established vacuum-tube firms received 78 percent
of the government’s R&D funding despite accounting for only half of
private R&D activity in the industry and only 37 percent of semicon-
ductor sales (see Table 2.4). By contrast, the military was far less biased
toward established firms in its role as buyer: in the same year, new firms
accounted for 63 percent of all semiconductor sales, but 69 percent of
sales to the military (Tilton, 1971, p. 91). The pragmatic policy of award-
ing work to those firms that could meet supply requirements was par-
ticularly important for encouraging new entry, both in the transistor cra
and in the subsequent development of the integrated circuit.

Competitors in the Wings: European and Japanese Developments.
Especially outside the United States, it is common to hear the role of the
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Table 2.4. R&D Funding and Sales in the United States, 1959, by
Type of Firm

Government R&D Company R&D funds Semiconductor sales

funds
Type of firm 3§ million Percent 3 million Percent § million Percent
“Old” firms 12.7 78 272 50 149.5 37
New firms 3.5 22 26.8 50 252.1 63
Total 16.2 100 54.0 100 401.6 100

Note: “Old” firms are Western Electric and eight vacuum-tube firms.
Source: Tilton (1971).

American military in the early semiconductor industry described as an
implicit industrial policy accounting for much of America’s rise to dom-
inance in the industry, especially with respect to Europe. And there is
certainly no disputing the importance of military demand for the growth
of the American industry. On the other hand, however, European firms
remained competitive in the market for germanium transistors through
at least 1964. As we saw, the germanium transistor remained viable in
FEurope later into the 1960s because of the characteristics of that con-
tinent’s end-use_markets for transistors'® (Malerba, 1985, pp. 75-80,
88-89). Table 2.5 suggests the relative sizes of the American, Japanese,
and European industries in this period.

The incentive for European firms to keep pace with American devel-
opments was limited by several factors — the dominance of European
consumer over computer markets, the persistence of larger vertically
integrated systems firms who viewed transistors as a necessary input into
electronic system products rather than as an end product (Malerba,
1985); and the effective closure of the market for American military and
space contracts because of the military’s “Buy American” policy and
similar policies at NASA (Skole, 1968). European firms concentrated
on indigenous European markets for consumer products and industrial
applications and were not crowded out by American competitors.
Neither international trade nor foreign direct investment was a major
factor in this period (Tilton, 1971, p. 44).

' In Europe, the other distinctive competence was in semiconductor power devices,
including the silicon rectifier. Unfortunately for European producers, there were few tech-
nological spillovers from the silicon rectifier to other silicon semiconductor products.
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Table 2.5. Production and Consumption of Semiconductors by
Country, Selected Years

Country Consumption Production Consumption Production
(1956) (1958) (1960} (1961)
United States 80 236 560 607
Japan 5 19 54 78
W. Germany 3 10 25 30
Great Britain 2 8 28 35
France 2 8 27 32

Note: $ million (nominal).
Source: Malerba (1985).

The follower strategy of European firms meant that their competi-
tiveness hinged on the ability to adopt advances developed elsewhere.
And the R&D capabilities of large European firms initially provided the
“absorptive capacity” to follow closely new developments.”” Significantly.
the European firms tended to license technology almost exclusively from
those American firms whom they most resembled and almost not at all
from the American merchant houses (Malerba, 1985, p. 65). Without a
large local military and computer market, integrated electronic system
companies prevailed in Europe, resuiting in the eventual dependence of
these companies on foreign suppliers in the silicon transistor and inte-
grated circuit eras.

Although the early origins of the Japanese semiconductor industry are
broadly similar to those of the European, a few significant differences
were to prove crucial in explaining the distinctive path of Japanese de-
velopment in later periods. As in Europe, the principal producers of
transistors in the 1950s and 1960s were diversified electronic system com-
panies, including firms that had previously produced vacuum tubes,
rather than companies that were principally specialized in semiconduc-
tor production. And, as in Europe, the main end-use for transistors in
Japan in this period was consumer products rather than the military.

Unlike their European and American counterparts, Japanese firms
engaged in — and the Japanese government subsidized - virtually no basic
research during this period. The R&D they did undertake was geared

1 To use the terminology of Cohen and Levinthal (1990).
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toward what Kodama (1995, p. 24) picturesquely describes as the “diges-
tion” of foreign technology. The absence of a domestic scientific base
forced Japanese companies to adopt a critical and wide-ranging search
for new ideas from all sources. This practice was reinforced by Japanese
trade policy. Like Europe, Japan responded to American competitive
advantage with high tariffs; in addition, Japan imposed quotas and
registration requirements (Tyson and Yoffie, 1993, p. 37). In contrast to
European governments, moreover, the Japanese government essentially
forbade foreign direct investment, thus allowing American firms to tap
the Japanese market only through direct export or licensing and tech-
nology sales to Japanese firms.”

With this combination of policies, Ja was_abl achieve a net
export surplus in-semicenductors from 1956-to 19682 Fundamentally,

this strong export position was a consequence of specialization. In 1963,
Japanese system output was only $1.2 billion compared to $5.7 billion in
Europe and $14 billion in the United States.”” But Japanese companies
developed the transistor as a commodity component for the rapidly
growing transistor-radio market, an export market that Japan was able
to retain despite much larger rivals in foreign markets.” This specializa-
tion became a disadvantage, however, as silicon began to replace ger-
manium as the material of choice for transistors. Beginning in 1961,
Japanese imports of transistors expanded at a 45 percent annual growth
rate, eventually overtaking exports in 1968.

Japanese government policy toward the electronics industry focused
on financing export expansion as well as attempting to channel foreign
technology toward companies that were most likely to use it produc-
tively, a strategy reinforcing the position of incumbents that only a few
companies, notably Sony, were able to bypass. The position of incumbents
was also reinforced by the fact that Nippon Telephone and Telegraph

* Japanese companies have typically supplied some 90 percent of the Japanese semi-
conductor market, whereas American firms — through imports or foreign direct investment
— have supplied between 50 and 70 percent of the European market (Tyson and Yoffie,
1993, p. 34).

2 Computed from Tilton (1971, p. 45). After 1968, Japan experienced a net import
balance for eight years (Dosi, 1984, p. 255), or until nearly the beginning of the period of
the Japanese challenge to U.S. dominance discussed later.

# The size of the Japanese final electronics production market is from Tilton (1971); that
for Europe and the United States is from Sciberras (1977, p. 49). Sciberras cites a Texas
Instruments estimate reported by Carrell (1968), an article Tilton (1971) also cites.

% The evidence for this is somewhat circumstantial. In 1957 and 1958, Tilton (1971) esti-
mates, transistor radios absorbed two-thirds of Japanese transistor production, a share that
fell moderately on an annual basis until it reached one-third in 1964 (p. 157). The years
1957 and 1958 are also the years in which Japan achieved its large net export position in
transistors, whereas from 1965 export growth is essentially nil for four years (Dosi, 1984,
p- 255).
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(NTT), the state telephone monopoly, pursued a policy of buying only
from four principal suppliers.”* The Japanese government also sought
increased concentration in the domestic computer industry — without
much success. In 1970 there were still six mainframe producers, collec-
tively holding a 50 percent market share in the Japanese domestic market
(Fransman, 1990, p. 38). In short, although Japan did pursue industrial
policies, it is not clear whether those policies bear direct responsbility
for that country’s industrial performance in this period. What is clear,
however, is that the Japanese electronics industry was able to expand rel-
ative to that of the United States and Europe during the 1960s, attain-
ing a level of about $3.25 billion by 1968 compared to Europe’s $7.7
billion and America’s $24 billion. A central feature of this expansion
was that 70 percent of the market for Japanese semiconductor products
remained in consumer electronics.

Because the Japanese vacuum-tube firms were much smatler than their
American or European counterparts at the beginning of the transistor
era, they had less to lose in moving to the new technology. As Tilton
(1971, p. 154) notes, rapid growth “also helped create a receptive attitude
toward change on the part of the receiving tube producers by reducing
the risks associated with new products and new technologies and by
increasing costs, in terms of declining market shares, to firms content
simply to maintain the status quo.” This meant that Japanese systems
firms faced many of the same constraints, and adopted many of the same
approaches, as the American merchant firms rather than those of the
American, or European, systems houses.” Moreover, as Michael Porter
(1990, pp. 117-122) has pointed out, the large number of actual and
potential semiconductor producers in Japan led to a vibrant domestic
rivalry that sharpened and focused Japanese firms. As we will see, this is
in contrast to the “national champions” approach that was to develop in
Europe.

The Integrated-Circuit (IC) Era

In 1958 and 1959, two Americans, Jack Kilby of Texas Instruments and
Robert Noyce of Fairchild, were the first to devise practical monolithic
circuits. Noyce’s approach, based on the planar process that had revolu-
tionized transistor production, was the more immediately practical. After

* Fransman (1995} labels this policy “controlled competition.” The principal suppliers
were NEC, Fujitsu, Hitachi, and Oki.

5 Unlike European firms, the Japanese firms sought and received licenses from Texas
Instruments, Fairchild, and other American merchant firms rather than limiting themselves
to arrangements with American systems houses.
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struggling over patent claims, the two companies forged a cross-
licensing agreement in 1966 that effectively gave them joint claim on the
invention. Each company granted licenses to all comers in the range of
2 to 4 percent of IC profits (Reid, 1984, pp. 94-95). This practice repro-
duced and extended the technology-licensing policies of AT&T, again
broadly diffusing the core technological innovation to all entrants.

Incremental technical improvement of the planar process helped set
the paradigm or “technological trajectory” for the industry. Improving
this process made it possible to increase the number of transistors per
1C dramatically over time. Transistor counts per IC increased from 10 to
4,000 in the first decade of the industry’s history; from 4,000 to over
500,000 in the second decade; and from 500,000 to 100 million in the third
decade. For the first two decades, the 10-million-fold increase in the
number of transistors per IC was accompanied by modest increases in
the cost of batch processing of a wafer, and almost no change in the
average costs of processing the individual IC, This factor alone has been
responsible for the enormous cost reduction in electronic circuitry since
the birth of the IC and for the production of previously expensive elec-
tronic systems on a single IC. Reductions in the cost of components have
Iowered the cost of electronic systems relative to mechanical ones across
a very wide range of applications and have reduced the price of elec-
tronic goods relative to all other goods and services in the economy —
developments that have led to sustained high growth rates in the elec-
trenic systems and semiconductor industries and to changes in industrial
structure in both industries.

The Development of the Industry: The Actors. The opportunity created
by the IC during the period 1959-1966 produced a wave of new entry
into the industry (Wilson et al., 1980, p. 14; Hannan and Freeman, 1989,
p. 226). A significant feature of the transition was the disappearance of
the vertically integrated American electronics companies that had led in
the production of vacuum tubes and that had been able to stay in the
race during the discrete semiconductor era. The market shares of those
firms declined in the face of new entrants and the growth of relatively
specialized manufacturers like TI, Fairchild, and Motorola. As Table 2.6
suggests, by 1965, the vertically integrated system firms had fallen from
the top 5 slots in American semiconductor sales, and by 1975 all but RCA
had fallen off the top-10 list.

Why did the vertically integrated electronic system firms do so poorly

2% . . . . . .

As size of structures on the silicon crystal is reduced, it has become possible to build
de_nse_r and more complex arrays of such structures on a crystal of a given size. This is the
principal determinant of the increase in transistor count.
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Table 2.6. Leading U.S. Merchant Semiconductor Manufacturers,

1955-1975
1955 1960 1965 1975
Transistors Semiconductors Semiconductors Integrated Circuits
Hughes Texas Instruments  Texas Instruments Texas Instruments
Transitron Transitron Motorola Fairchild
Philco Philco Fairchild National
Sylvania General Electric General Instrument  Intel
Texas Instruments RCA General Electric Motorola
General Electric Motorola RCA Rockwell
RCA Clevite Sprague General Instrument
Westinghouse Fairchild Philco-Ford RCA
Motorola Hughes Transitron Signetics (Phillips)
Clevite Sylvania Raythecn American

Microsystems

Source: Mackintosh (1978, p. 54).

in this era? Wilson, Ashton, and Egan {1980) point out that the new
leaders were either specialized start-ups or multidivisional firms (like TI,
Fairchild, and Motorola) in which the semiconductor division dominated
overall corporate strategy and in which semiconductor operations
absorbed a significant portion of the attention of central management.
By contrast, the semiconductor divisions of the integrated system firms
were a small part of corporate sales and of corporate strategy, thereby
attracting a smaller portion of managerial attention and receiving less
autonomy.

This is consistent with the literature of management strategy urging
corporations to cultivate their “core competences” and to recognize
that deviation from these competences is risky (Teece, 1986; Prahalad
and Hamel, 1990). Indeed, recent evidence suggests that specialized
competence is important not so much in the core technology itself as in
the complementary activities necessary to transform the technology
into high-demand products (Christensen and Rosenbloom, 1995).
Granstrand, Patel, and Pavitt (1997) argue in general that firms should
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not try to limit their core competences but rather should strive to widen
those competences while retaining focus in complementary and down-
stream activities. Gambardella and Torrisi (1998) show that electronics
firms in the 1980s did better when they narrowed their product focus
while expanding their technological competences. Such product special-
ization is arguably of even greater value when market and technological
opportunities are expanding rapidly along a well-defined trajectory
(Patel and Pavitt, 1997, p. 153). American merchants in the integrated-
circuit era arguably followed this advice: they expanded their tech-
nological competence in semiconductor design and fabrication while
limiting their product diversification (relative to that of the large system
houses) in a way that was shaped by the pattern of end-use demand. As
we will see presently, however, the product diversity of American mer-
chants did grow over time, to an extent that was to make them vulnera-
ble to a challenge from even more narrowly focused Japanese firms
wielding wide technological capabilities.

The Pattern of Demand. The price advantage of the integrated circuit
compared with the transistor assured a relatively rapid diffusion of the
new technology. It did not, however, immediately create major shifts in
the electronic-system industries. During the first half of the 1960s, the
methods for IC manufacturing were still under development and the
technical characteristics of the ICs were limited, particularly for use in
analog circuits.” But the technical capabilities of ICs were ideal for
digital circuits, the major customers for which were the military (to which
we return later) and the computer industry.

The 1960s was a period of rapid growth for the American computer
industry. The leading firm, IBM, had built up its position during the 1950s
by relying heavily on outside suppliers. In 1957, IBM had selected TI as
its lead supplier, signing an agreement for “exchange of patent licenses,
purchasing arrangements, interchange of technical information, and joint
development” of semiconductors (Bashe et al., 1986, p. 402). Under this
agreement, IBM designed what company biographers describe as the
world’s first automated transistor production iine, which they disassem-
bled in 1959 and shipped to T1 (Bashe et al., 1986, pp. 400-402; Pugh et
al.,, 1991, p. 64). By 1960, however, IBM had created its own components
division, which geared up to make semiconductors for the phenomenally
stuccessful IBM 360 Series, announced in 1964.% By the 1970s, IBM’s

7 Analog circuits involve the continuous variation of current or voltage, in contrast to
the on-or-off character of digital circuits.

% IBM’s decision to create internal capabilities in semiconductors and many other com-
ponents was apparently based on a conscious perception of economies of scope between
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dominance in computers had made it the world’s largest producer of
ICs. Thus the vertical division of labor in the United States became
markedly different from, and more diverse than, that in Europe and
Japan. Many small, highly specialized merchant firms dealing with
relatively autonomous systems companies stood alongside a handful of
large, vertically integrated captive producers.”

Merchant semiconductor firms faced basically two options. One class
of product strategies involved making high-volume standard products,
notably memories. Despite IBM’s moves to convert from ferrite-core to
semiconductor memory, this market continued to be relatively small until
1972. In that year, Intel’s 1003 became the best-selling IC in the world,
accounting for more than 90 percent of the company’s $23.4 million in
revenue in that year (Cogan and Burgelman, 1989). The other class of
product strategies involved attempting to use the rapidly growing com-
plexity of ICs in the large-scale integration (LSI) period to create dif-
ferentiated products. For a time, American firms were able to do well
with both sets of strategies.

The Role of American Government Policy. The other crucial influence
on the American semiconductor industry continued to be the federal
government, through its role as both an end-use demander and a sup-
plier of research and development. Because of two technical goals -
miniaturization and high reliability — the military was willing to pay the
high prices the earliest devices commanded. Military use came to dom-
inate other sources of demand for the early ICs.

Each of the U.S. military services had undertaken a research program
in the area of miniaturization aimed at increasing circuit density.* In the
uncertain world of innovation, there will normally be many different
approaches that seemed promising ex ante but appear mistaken — or
even silly — ex post. Nonetheless, it remains significant that the tech-
nologies pushed by the military were all ex post failures, whereas the
successful paradigmatic innovation occurred at the hands of private

component design and computer design. Especially in the era before large-scale integrated
circuits, processing speed depended on the integration of component and system, and IBM
wished to preserve the ability to adjust both component and system simultaneously instcad
of responding to autonomous changes in components fabricated ~ even at low cost — by
outside suppliers. Moreover, in a world of centralized mainframe computers, reliability is
crucial, and IBM wished to control directly as many determinants of quality as pessible
{Langlois, 1997).

® The other major American captive producer was AT&T. These two American captives
also behaved differently than their integrated counterparts overseas in that they generally
refrained from selling on the merchant market at all — because of legal constraint in the
case of AT&T and of company policy in the case of IBM.

% These programs are documented in Kleiman (1966).
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companies — Fairchild and TI - whose successful projects had received
no government support. The most valuable input from the government
may have been its keeping in the air knowledge of the military’s fervent
desire for miniaturization (Kleiman, 1966, pp. 203-204), an end-use need
that was quite abstract and easy to convey. The specific programs
themselves were costly not only in direct terms but also in terms of
the resources diverted, especially at the companies like RCA and
Westinghouse that participated most heavily, a participation that may
have contributed to their falling behind in the [C era.” Overall, the gov-
ernment, including NASA, spent $32 million on IC R&D between 1959
and 1964, with 70 percent of that coming from the Air Force (Kleiman.
1966, p. 201).

The government also provided much of the early demand for the IC.
Along with Westinghouse and RCA, Texas Instruments participated in
the Minuteman II Program, the first major military use of I1Cs (Kleiman.
1966, p. 195; Levin, 1982, p. 62). And, while shunning military markets.
Fairchild was the major IC vendor to NASA for the Apolio Project
(Levin, 1982, p. 62). These early purchases hastened American firms
down the slopes of their learning curves. And the government insistence
on second sourcing sped the diffusion of IC technology. As IC prices fell.
however, civilian uses, especially for the computer, quickly came to dom-
inate government procurement (Table 2.7).

European Developments in the IC Era. Much of the technological gap
that opened between European and American firms in the period of the
integrated circuit was the result of the relative absence of the computer
and military demand the United States enjoyed, although there were cer-
tainly other factors at work. The European semiconductor producers of
the transistor era were mostly large vertically integrated systems firms.
These firms naturally specialized - and were successful — in producing
transistors to substitute for tubes in consumer and industrial applica-
tions. The strong growth in digital IC technology in the United States for
computers and military applications was leading to what would become
the next generation of components — components for which the capa-
bilities of European firms were less relevant.

Indeed, in the early 1960s, the largest firms, including Philips and
Siemens, were reluctant to switch from germanium technology, in which

* Kleiman (1966, p. 187) reports, for example, that Westinghouse diverted some 50
professionals to the molecular electronics project. Of course, part of the reason that
Westinghouse was willing to take on the project was that its opportunity costs of deing so
were much lower than those of leading semiconductor firms like TI or Fairchild (Kleiman,

1966, p. 185).
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Table 2.7. End-Use Shares of Total U.S. Sales of Integrated Circuits and
Total Market Value 1962-1978

Markets 1962 1965 1969 1974 1978
Govemment 100% 55% 36% 20% 10%
Computer 0 35 44 36 38
Industrial 0 9 16 30 38
Consumer 0 1 4 15 15
Total U.S. domestic %4 579 $413 $1,204 $2,080

shipments (millions)

Source: Borrus et al. (1983, p. 159).

they were skilled and successful and which was more useful in consumer
applications than silicon.” These firms were also late to begin IC pro-
duction, a technology for which they foresaw little demand. And, when
they did begin IC production in the late 1960s, it was typically first in
linear ICs for internal customers rather than in digital ICs, a field in
which they met with little success. Philips, Siemens, and AEG-Telefunken
retained strong positions in discrete devices and linear ICs.
Government policy in European countries played a significant role in
the comparative lack of demand for digital ICs in the military, computer,
and telecommunications sectors. The European computer industry was
unable to achieve the output scale of American firms, notably IBM,
who often produced in Europe in order to circumvent a 17 percent ad
valorem tariff. In telecommunications, a history of national procurement
in the larger European markets (France, Germany, Italy, and the United
Kingdom) fragmented the market. The absence of significant military
demand from Germany and the less-intensive development of avionics
for the European military reduced the demand from this sector as well.
The situation in the computer industry is particularly relevant for com-
parisons with Japan. By the mid-1960s, Britain, France, and Germany
had all begun efforts to foster national computer industries (Dosi, 1981,
p.27). As Bresnahan and Malerba (Chapter 3 in this volume) point out,
many of those European (and Japanese) policies toward computers were
aimed at forestalling IBM with preferential procurement policies as well
as outright subventions. By subsidizing national computer makers, who

32 This paragraph draws on Malerba (1985, pp. 105-124).
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were motivated if not constrained to buy from national semiconducte:
makers, the European computer initiatives thus attempted to create
some indigenous demand for logic ICs. Moreover, all three countries
initiated R&D programs in computers, some of which spilled over inte
semiconductors.’* As Tilton (1971, p. 131) notes, these programs tended
to favor a small number of large established firms - to a much greater
extent than had American military R&D. Indeed, European government
policy in this period encouraged consolidation and rationalization.
Especially in Britain and France, which did not initially have “national
champions” the size of Philips or Siemens, a wave of mergers took place.
in both computers and semiconductors, with government approval and
sometimes government instigation. This policy of consolidation had the
effect of reducing indigenous competition in the face of penetration by
subsidiaries of American firms and generated “champions” that proved
unfit fo take on the Americans (Tilton, 1971, pp. 131-132).

Japanese Developments in the IC Era. The early development of the
Japanese IC industry is one of the few areas of IC industry history that
has never received a complete examination.* Conflicting accounts of thus
period by Japanese and American executives were (1) that Japanese
firms committed early to IC mass production® and (2) that Japanese
firms remained dependent on U.S. sources of supply (Okimoto et al.,
1984). By 1974, the Japanese output of 1Cs was valued at ¥125.5 billion,
about $560 million at the exchange rate in 1974 (Bank of America 1980.
p. 104). This compares with U.S. IC shipments in that year of about $2.1
billion (U.S. Department of Commerce, 1966 et seriatim).

Thus the situation in Japan in this period was in many respects similar
to — and perhaps even more dire than — that in Europe. Japan had even
less military demand than did Europe, and Japanese firms were even
more heavily committed to the production of discrete (especially ger-
manium) devices for consumer applications, in which the Japanese were
highly successful and strongly export oriented. The Japanese firms were
slow to make the transition to batch-produced silicon devices in the
early 1960s, and, when they turned later in the decade to the production
of bipolar ICs, they could not compete with Texas Instruments and
National Semiconductor. Some Japanese firms accused the Americans of

%5 Several of these programs are described in Dosi (1981, p. 27).

* The beginnings of a technical history are contained in Watanabe (1984). Although
Watanabe discusses the development of the industry, all of his 87 references (all in the
English language) are technical. A more comprehensive business history may be found in
Nakagawa (1985).

* Watanabe (1984) dates Japanese IC production from the first quarter of 1962.
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Table 2.8. Worldwide Shares of Semiconductor and IC Sales
by Region of Producing Company, 1978 and 1989

1978 1989
Semiconductor IC Semiconductor IC
u.s. 59 74 43 45
Japan 28 20 48 47
Europe 13 6 11 7

Source: 1978: Braun and Macdonald (1982, p. 153); 1989: Integrated Circuit
Engineering (1990, pp. 1-9 and 3-2).

“dumping” (Okimoto et al., 1984, pp. 14-15). Also, like the Europeans,
the Japanese were concerned about the dominance of American com-
puter makers, especially IBM, which held nearly 40 percent of the market
during most of the 1960s.

From 1965 to 1972, Japan’s policy toward the IC industry was largely
focused on market reservation, support for the licensing of foreign tech-
nology, and domestic procurement by NTT. The market-reservation
policy was largely one of preventing direct foreign investment, which
meant that American firms were unable to replicate the pattern of
foreign direct investment (FDI) that they had followed in Europe. By
the time that this policy was dismantled with a round of liberalization in
the mid-1970s, the first opportunity for American firms to repeat their
European FDI experience had passed, as Japanese firms were soon to
launch their challenge to the U.S. merchant producers.

II. The Japanese Chailenge

During the 1970s, the integrated circuit reinforced American dominance
of the international market for semiconductors. In the major producing
regions, the United States held a two-to-one overall advantage over Japan
in market share in semiconductors and a better than three-to-one advan-
tage inintegrated circuits (see Table 2.8).%% A decade later, Japan had over-

% The data in Table 2.8 are derived from Integrated Circuit Engineering Corporation
(ICE), a U.S. market research firm that defines the “national origin” of semiconductor pro-
duction as follows: “All figures that describe ‘sales or production by geographical head-
quarters location’ include all sales or production by a company regardless of where the
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taken the United States in both semiconductor and IC share among the
three producing regions, while the European share remained frozen.”’
The loss of American dominance is striking. How and why did this
happen?®® The answer is to be found in the dynamics of competition
between American and Japanese companies in the new generations of
IC products introduced beginning in the late 1970s. This competition
involved issues of productive efficiency, investment rates and timing,
and design strategy. The success of Japanese companies was aided by the
nature of end-use markets in Japan, the timing of market developments,
and the patterns of investment by American and Japanese companies.

Challenging the Leader: Strategy for Overtaking an
Incumbent

The vitality of the American IC industry during its period of dominance
was its intense technological competitiveness, supported by its industrial
structure. Competition among firms selling to the same customers meant
that cooperative technological relationships within the industry were
rare, that equipment suppliers were encouraged to offer highly differen-
tiated products, and that the industry had not developed a unified posi-
tion for lobbying the government. Moreover, because of the peculiar
structure of the American industry, the largest producer (IBM) was a
customer of both domestic and foreign manufacturers but was not itself

a merchant.”

product is produced or sold. For example, all of Texas Instruments’ semiconductor sales or
production, including those from its Japanese and European facilities, would be listed in
the North American semiconductor segment” (ICE, 1995, p. 1-1). ICE's data also include
captive production volumes, the revenues from nonrecurring engineering costs of devel-
oping application-specific integrated circuits, and internal transfers.

%7 Table 2.8 includes the production of American captive producers (primarily IBM),
which has often been excluded in other studies The estimated share of American captives
in the world total amounted to 10 percent of the total semiconductor and 11 percent of
the IC market (ICE, 1990). Excluding them suggests an even more dramatic decline of the
U.S. position to 36 percent in semiconductors and 38 percent in ICs, with a 54 percent share
for Japanese producers in both markets. Howell, Bartlett, and Davis (1992, p. 9) are among
the authors who compare only American merchant companies to Japan. In 1989, they esti-
mate Japanese share of the semiconductor market at 51 percent including other produc-
ers (European and Asian) and 38 percent for the United States.

* A sample of attempts to answer the question would include Borrus, Millstein, and
Zysman (1982); Borrus (1988); Ferguson (1985); Howell, Bartlett, and Davis (1992);
}’f;;tzt;witz (1988); Semiconductor Industry Association (SIA) (1981, 1983); and Tyson

* In another sense, however, the structure of the American semiconductor industry was
not peculiar at all. “The coexisten