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he determinants, patterns, and consequences of globalization of the

innovative activities of high-technology firms have been extensively

studied.! Among the central questions this research addresses is the

extent to which international flows of R&D investment and the
offshore movement of other forms of innovative activity are linked with firms’
foreign investments in manufacturing and related activities. A second important
issue concerns measurement—firm-level R&D investment data often do not
capture developments within individual technological or industrial fields, and
R&D data may provide little information on important aspects of the interna-
tionalization of firms’ innovation-related activities. Partly because of the imper-
fections of these data, analyses of the globalization of innovative activity rarely
consider developments within individual industries.

This article addresses these challenges by examining trends in the global-
ization of innovation-related activities in a single industry—semiconductors. We
consider several measures of innovative activity within this industry, including
R&D investment, technology-development alliances, and patenting.? The results
of our analyses highlight several distinctive trends in the globalization of innova-
tion-related activities in this industry:

» There is little growth in the international share of R&D investment by
U.S. firms in “electronics components” manufacturing (an industry cate-
gory that includes semiconductors, along with several other electronics
product segments) during 1985-2001.
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Alfred P. Sloan Foundation, the Ewing M. Kauffman Foundation, and the Andrew W. Mellon Founda-
tion. Deepak Hedge provided valuable comments on an earlier draft, and Michael Leiblein provided
access to data. Additional funding and support was provided by the In-Sat Laboratory, Scuola Superi-
ore Sant'Anna, Pisa, Italy.
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* The number of technology-development alliances in the global semi-
conductor industry declined during the 1990s, although alliances among
foreign firms appear to have grown more substantially than alliances
among U.S. semiconductor firms during this period.

» The patenting activity of large U.S. integrated semiconductor firms (those
that both design and manufacture their products) remains predominantly
“homebound,” with little upward trend in offshore inventive activity in
their patents during 1991-2003.

» Patenting by European, Japanese, and Taiwanese semiconductor firms is
similarly dominated by domestic inventive activity and, if anything, this
“home country” inventive activity bias has increased slightly during the
1996-2003 period.

» The patenting activity of U.S. “fabless” semiconductor firms, which design
and market but do not manufacture their products, displays slight growth
in offshore inventive activity during 1991-2003.

» Although the vast majority of inventive activity undertaken by non-U.S.
firms remains “homebound,” the United States is the predominant loca-
tion for offshore inventive activity of all but Canadian semiconductor
firms.

Taken as a whole, our findings underscore the importance of a broad view
of the diverse array of activities that contribute to innovation in the semiconduc-
tor industry. These results also highlight the influence of growing vertical spe-
cialization on the globalization of innovation in this industry. Interestingly, the
expanded offshore investment by U.S. semiconductor firms in production capac-
ity does not appear to have influenced movement of their R&D activities to non-
U.S. locations. Instead, the most important influence on the expanded offshore
inventive activities of a subset of U.S. semiconductor firms (the fabless firms) is
the emergence of new segments of market demand that are concentrated in
Southeast Asia. However, even within the fabless segment of the U.S. semicon-
ductor industry, the contributions of “offshore” innovation-related activities are
modest thus far.

Structural Change in the Global Semiconductor Industry

The global semiconductor industry experienced significant structural
change during the 1990s. The market for semiconductor components shifted
from one dominated by personal computers to a more diverse array of heteroge-
neous niches associated with the Internet and wireless communications applica-
tions. The share of industry production from “integrated device manufacturers”
(IDMs) that both design and manufacture semiconductor components has
declined; instead, a vertically integrated industry segment coexists with a ver-
tically specialized segment. IDMs compete and often collaborate with firms
that specialize in design and marketing (“fabless” firms) or manufacturing
(“foundries”). Along with many other high-technology industries, market
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demand and technical expertise are growing in geographic regions (e.g.,
Malaysia, Taiwan, Singapore, and China) that formerly accounted for smaller
shares of global demand for semiconductor components.

The Decline of the PC and Emergence of New Component Markets

The market for semiconductor components shifted during the 1990s from
one dominated by computer applications (especially PCs) to a more fragmented
market in which wireless communications and other non-PC consumer products
occupy a more important role.> Most industry observers agree that non-PC mar-
kets for semiconductor components will continue to grow more rapidly than PC
markets for the next decade.

Significant differences between PC and non-PC markets for semicon-
ductor components suggest that this shift in consumption patterns will have
important implications for the organization of the innovation process in the
semiconductor industry. The PC market is characterized by an entrenched archi-
tectural standard (the so-called “Wintel” stan-
dard), which means that interfaces among Jeffrey T. Macher is an Associate Professor of
semiconductor components and PC compo- Strategy and Economics in the McDonough
nents have been relatively well defined and School of Business at Georgetown University.
stable. This stable architectural standard does David C. Mowery is the William A. & Betty H.

not apply to non-PC markets. New products Hasler Professor of New Enterprise
PPl p Development at the Haas School of Business

require more extensive “design-in” efforts at UC Berkeley.

.On the part of COItnponent su'pphers, and the. Alberto Di Minin is an Assistant Professor at
interfaces governing the design and compati- Scuola Superiore Sant’Anna in Pisa, Italy and a
bility of components for these products can Research Fellow at the MAIN lab in Pisa and

the Berkeley Roundtable on the International

change significantly through successive prod-
8¢ SIg Y & P Economy.

uct generations. No single product dominates

semiconductor end-use demand in these

applications—another contrast with PC component markets. As a result, produc-
tion runs of new component designs are likely to be smaller and the cost savings
through production-based learning will decline in significance. Smaller produc-
tion runs also mean that new production capacity—the costs of which continue
to rise—must become more flexible and capable of producing a wider variety of
component designs without completely new equipment or production facilities.

The relative decline of the PC market for semiconductors also has impor-
tant implications for the geographic location of demand and design activity for
semiconductor components. The PC market has been dominated by designs
developed in the United States and by an architecture that remains largely under
the control of U.S. firms. However, designers and producers of the systems for
which markets are growing more rapidly (e.g., wireless communications) are
more heavily concentrated in Southeast Asia, especially Taiwan, Japan, and Sin-
gapore. Figure 1 illustrates the shifting geographic structure of demand during
1994-2004, highlighting declines in the share of global chip consumption share
accounted for by Japan and the United States and a corresponding rise in South-
east Asia’s share.
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FIGURE |. Semiconductor End-Use Markets by Geographic Region, 1994-2004
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Producers of these new consumer-electronics systems often require
that functionality be based on features in the semiconductor components
incorporated in the products—so-called “system on chip” designs that are
more complex and require more intensive interaction between system and chip
designers.* Moreover, the number of new applications using semiconductors has
increased dramatically. The needs of an increasing variety of system providers
mean that a “one-size-fits-all” model for semiconductor components is no longer
valid. As a result, close interaction between designers of components and design-
ers (as well as producers) of these more heterogeneous systems is essential to
product development. Proximity to system customers, more and more of whom
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are located in Southeast Asia, therefore is likely to grow in importance for devel-
opers of state-of-the-art semiconductor devices.

Growth of Vertical Specialization in the Semiconductor Industry

For the first two decades of the computer and semiconductor industries,
large producers such as AT&T and IBM designed their own solid-state compo-
nents, manufactured the majority of the capital equipment used in the produc-
tion process, and utilized internally produced components in the manufacture
of electronic computer systems that were leased or sold to their customers.’ Dur-
ing the late 1950s, “merchant” manufacturers entered the U.S. semiconductor
industry and gained market share at the expense of firms that produced both
electronic systems and semiconductor components. Specialized producers of
semiconductor manufacturing equipment began to appear by the early 1960s.

During the past twenty years, the interdependence between product
design and process development has weakened in many semiconductor product
segments.® This shift has been associated with the entry of new firms that spe-
cialize in semiconductor component design or production. Hundreds of so-called
“fabless” semiconductor firms that design and market semiconductor compo-
nents have entered the global semiconductor industry since 1980. These firms
rely on contract manufacturers (so-called “foundries”) for the production of
their designs. Contract manufacturers include “pure-play foundries” that special-
ize in semiconductor manufacturing, as well as the foundry subsidiaries of estab-
lished integrated device manufacturers seeking to utilize excess fabrication
capacity.

Fabless semiconductor firms serve a variety of fast-growing industries,
especially computers and communications, by offering innovative designs and
shorter delivery times than integrated semiconductor firms. The expansion of
markets for semiconductor devices enables vertically specialized semiconductor
design and production firms respectively to exploit economies of specialization
and scale. Specialized manufacturers can exploit production scale economies,
reducing costs and expanding the range of potential end-user applications for
semiconductors. Fabless-firm revenues increased from slightly less than 4%
of global industry revenues in 1994 to more than 15% by 2004.

The increasing capital requirements of semiconductor manufacturing
provide another impetus to vertical specialization, since these higher fixed costs
make it necessary to produce large volumes of a limited array of semiconductor
components in order to achieve lower unit costs. The design cycle for new semi-
conductor products also has become shorter and product lifecycles more uncer-
tain. As a result, it is more difficult to determine whether demand for a single
product will fully utilize the capacity of a fabrication facility that is devoted
exclusively to a particular product, increasing the risks of investing in such “ded-
icated” capacity. Since foundries tend to produce a wider product mix, they are
less exposed to these risks. At the same time, IDMs still combine semiconductor
device design and manufacture in a single organizational entity. The advantages
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FIGURE 2. Geographic Location of Semiconductor Manufacturing Capacity, 1995-2003

45%

40% LN

% \.\'\'/.\.

30% —¢— Asia NEC

—- Europe NEC

Py
2\: 25% —k— Taiwan
) China
«
)
5 20% —#e— S, Korea
£
(]
o

—&— Japan
B M e
10% 1’_‘*/‘/1—‘

$/

O% T T T T T T T T 1
1995 1996 1997 1998 1999 2000 2001 2002 2003

Year

of integrated management of design and manufacture appear to be greatest for
products at the leading edge of semiconductor technology, such as DRAMs.”

Increased vertical specialization in the semiconductor industry has been
associated with the entry of new firms and the geographic redistribution of
production capacity. Figure 2 shows the regional distribution of fabrication
capacity (measured in terms of wafer starts per month)® during 1995-2003.

The North American and Japanese shares of global semiconductor production
capacity fell significantly during the period, and the shares attributable to “Asia/
Pacific” countries increased, reflecting capacity growth in China, Taiwan, South
Korea, and Singapore. These Southeast Asian countries now collectively account
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for the largest regional share of global production capacity, and their share is
likely to continue to grow.

The share of global manufacturing capacity owned by firms headquar-
tered in Southeast Asian countries trails that of Japanese and North American
producers. North American, Japanese, and (to a lesser extent) European semi-
conductor firms have shifted much of their production capacity to Southeast
Asia since the mid-1990s, and have entered into numerous joint ventures with
Southeast Asian producers. Southeast Asian firms, on the other hand, have
invested primarily within their home regions during this period.

The growing concentration of manufacturing capacity in Southeast Asia
is attributable in large part to the success of the foundry business model. The
most advanced foundries are located in the Southeast Asian countries of Singa-
pore and (especially) Taiwan. A few Taiwanese firms have opened foundries in
the United States, and Taiwan’s dominant position in the foundry industry faces
competition from lower-cost production sites in other areas of Southeast Asia
(particularly Malaysia and China) and elsewhere.

U.S. Dominance in Product Design

Although semiconductor manufacturing capacity now is widely distrib-
uted among mature and fast-growing regions within the global economy, semi-
conductor design activities are more concentrated within the United States.’
U.S. fabless semiconductor
firms accounted for at least
60% of the value of orders

TABLE 1. Fabless Firms by Country of Location, 2002

received by the top four

Fabless Fabless
foundry firms (TSMC, UMC, . . .
. Country Firms Non-U.S.City  Firms
Chartered, and SMIC) during
2000-2004. Several non-U.S. US. 475 Tel Aviv, Israel 14
clusters of fabless firms have Canada 30 Ottawa, Canada 13
erl}erged in Israel, C.anada.’ [srael 29 Hsinchu, Taiwan 13
Taiwan, and the United King- Taiwan 22 Seoul, South Korea 9
dom, but most of these non- o
. UK. 22 Taipei, Taiwan 8
U.S. fabless firms are relatively
South Korea I3 Toronto, Canada 8
small.
Germany 8 Cambridge, England 4
A number of factors - 3
. rance
have contributed to the con- :
tinued U.S. dominance of Japan
semiconductor product design. Sweden >
Established regional high- Sitzsiind K
technology clusters in areas India 3
such as Silicon Valley, Boston’s Spain 3
Route 128, and Austin, Texas, Others 15
attract large numbers of prod- Total 640
uct designers. These clusters
are located near universities Source: R. Arensman, “Fabless Goes Global." Electronic Business, March 21, 2003.
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and other research centers that produce new design techniques, design software,
and engineering talent.'°

Although we lack data to track these trends more systematically, most
industry observers suggest that Southeast Asian countries will account for a
growing share of global semiconductor industry design activities in the future."'
As U.S. (especially fabless) semiconductor
firms seek to collaborate more closely with the systems firms that are located in
Southeast Asia, a regional or local design presence will become more important.
In addition, countries such as Taiwan and South Korea have developed product
development expertise in digital consumer electronics and wireless communica-
tions, among other areas.'? Offshore design centers, particularly in China and
India, may offer cost savings and comparable productivity in less-sophisticated
design activities."?

Measuring Globalization of
Innovation-Related Activities in Semiconductors

Indicators of Offshore Innovation-Related Activities

We use three indicators to examine trends in the offshore R&D activities
of firms in the global semiconductor industry:

» the share of industry-funded R&D expenditures supporting offshore R&D
(available only for U.S. firms) for 1985-2001;

* the number of international and domestic alliances formed by semicon-
ductor firms during 1990-1999; and

= the site of inventive activity resulting in U.S. patents issued to U.S. and
non-U.S. semiconductor firms during 1994-2004.

Each measure by itself provides an incomplete portrait of the extent of “global-
ization” or “non-globalization” of innovation-related activities within the semi-
conductor industry, but when considered together present more convincing
evidence.

Industry-Funded Offshore R&D Investment

Figure 3 depicts trends in offshore R&D investment (measured as a share
of industry-funded R&D spending) by U.S. manufacturers of electronic compo-
nents during 1985-2001. The data in Figure 3 depict minimal change in the
share of offshore R&D within total industry-funded R&D, which drops to less
than 3% by 2000 from its 1985 share of more than 4%. The sharp increase dur-
ing 2000-2001 in the offshore share of industry-funded R&D may or may not
indicate a significant departure from this flat trend. In addition to the fact that
this “reversal” covers only one year of data, the magnitude of the increase in
reported offshore R&D during this period (more than doubling, from $327 mil-
lion in 2000 to $852 million in 2001) suggests that a change in sample composi-
tion or other factors may be responsible, rather than a long-term shift in
industry investment behavior.
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FIGURE 3. Foreign R&D as Percentage of Industry-Funded R&D (Electronic Components),
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The industry-level R&D investment data compiled by NSF that are the
source for Figure 3 have a number of well-known problems. Coverage by the
NSF R&D survey of smaller firms (e.g., entrants), particularly for the longer
time period depicted in Figure 3, is problematic since the NSF sample frame
was not updated frequently during the 1980s and early 1990s. The “electronic
components” product line for which these data were compiled by NSF also
includes a number of other products in addition to semiconductor components.
Moreover, the definition of this and other product lines for which NSF collects
R&D data have undergone some revisions during the period covered in Figure 3.

Even if the reported R&D data accurately summarize the trends in semi-
conductor-related offshore R&D investment, there is reason to suspect that the
R&D investment data reported by semiconductor firms do not capture many of
the activities that contribute to innovation in this industry. For example, R&D
investment data may not include process innovation or the “tweaking” that
occurs within the production facilities of IDMs. Much process innovation within
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manufacturing foundries relies heavily on production facility upgrades that may
not be included in the R&D investments reported by firms. Design activities,
especially those carried out by fabless firms, are another important source of
innovations that may or may not be reported consistently as R&D investment.

These problems aside, the lack of a strong trend during 1985-2001 in
reported offshore R&D investment is striking. This widely accepted measure of
“globalization of innovation” indicates that U.S. semiconductor firms are in fact
not expanding this portion of their offshore innovation-related activities signifi-
cantly, and the offshore portion of their self-financed R&D investment remains
modest, especially by comparison with other high-technology U.S. industries
such as pharmaceuticals.

International Technology-Development Alliances

Our second indicator of globalization of innovation-related activities is
the innovation-related alliances formed by U.S. and non-U.S. semiconductor
firms during 1990-1999. The data that we use to track alliances in this industry
cover both domestic and international alliances, and were obtained from the
Profiles of IC Manufacturers and Suppliers published by Integrated Circuit Engineer-
ing (ICE), a semiconductor industry market research firm.

The alliances in our ICE database include a diverse array of activities
related to innovation and technology development in semiconductors. Some
of the alliances consist of production sourcing agreements between fabless and
foundry firms, while others cover the development and transfer of process tech-
nology among firms. These data unfortunately do not include alliances focused
on collaborative product development between fabless semiconductor firms and
systems firms. Our alliance data also lack information on the revenues, invest-
ments, or assets associated with individual alliances, which means that we are
unable to weight individual alliances by measures of their economic importance.
In spite of these problems, the ICE data have some advantages. They enable us
to track both the dissolution and formation of alliances, and thus provide infor-
mation on the rate of new alliance formation and the number of semiconductor
industry alliances in existence during our sample period.

Figure 4 displays the number of newly formed and ongoing alliances in
the semiconductor industry during 1990-1999. The number of alliances in oper-
ation within the global semiconductor industry grew during the early 1990s,
reached a peak during the middle of the decade, and has gradually declined
since 1995 as the rate of formation of alliances has decreased. The annual
“stock” of alliances in operation averaged more than 400 during 1990-1999.

The composition of alliances also changed substantially during the 1990s.
Figure 5 disaggregates the “stock” of alliances in Figure 4 based on the national-
ity of the firms participating in the alliances. “Domestic alliances” are those in
which all partner firms are headquartered in the same country, and interna-
tional alliances are those for which at least one partner firm is headquartered
in a different country. U.S. domestic alliances declined from roughly 35% of
semiconductor industry alliances in 1990 to slightly more than 20% in 1999,
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FIGURE 4. Semiconductor Industry Alliances, 1990-1999
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although the 1999 share represented an increase from its low point of 10%

in 1996. The share of alliances between U.S. and non-U.S. firms (“U.S. Intl”)
within total industry alliances is essentially unchanged in 1999 from its 1990
level, although this share grew to more than 60% by 1996 before declining to
slightly more than 40% in 1999. The share of non-U.S. “domestic alliances” also
declined during 1990-1999, while non-U.S. international alliances increased
from slightly more that 25% of total alliances in 1990 to roughly 35% by 1999.

Taken together, Figures 4 and 5 suggest a decline in the rate of formation
for R&D and technology development alliances by all firms in the semiconductor
industry during the 1990s, keeping in mind that we lack information on the size
or economic significance of individual alliances. However, the behavior of U.S.
and non-U.S. semiconductor firms presents some contrasts that are not well
understood. U.S. semiconductor firms experienced a period of significant growth
and decline in their international alliance activities during the early and late
1990s, in contrast to non-U.S. firms, which appear to have expanded their
share of the shrinking number of newly formed international alliance activities
throughout the 1990s. Non-U.S. firms also are using alliances to partner with
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FIGURE 5. Home Region of Semiconductor Industry Alliance Participants, Alliance “Stock,”
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firms from other nations or regions. If anything, “globalization” through
alliances therefore appears to have been more persistent and intensive for
non-U.S. semiconductor firms during the latter half of the 1990s.

Patenting

Patents, our final indicator of globalization in innovation, are an input
to the innovation process rather than a direct measure of the output of inno-
vations. Nevertheless, our patent data, which are based on the semiconductor
technology classification developed by the U.S. Patent & Trademark Office
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FIGURE 6. Domestic & “Offshore” US-Assigned Semiconductor Patents, 199 1-2003
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(USPTO), have several useful features. They allow us to “locate” the site of

the invention that is embodied in the patent. The patent data are classified

by detailed technology class, which enables us to develop measures of patent-
ing that are specific to semiconductors. We are also able to weight our patent
observations by various citation-based measures of the significance of individual
patents, in order to partially control for the skewed distribution of patents by
economic or technological importance.

Our empirical analysis utilizes patents assigned to 217 U.S. and non-
U.S. semiconductor firms during 1991-2003 (based on year of application).
This dataset includes almost 114,000 patents from more than 80 patent classes,
as identified by Hall and Ziedonis and the USPTO’s Office of Technology Assess-
ment and Forecast.'* We also collected data on citations to these patents in sub-
sequently issued patents in all patent classes."®

We use information on the location of the inventors listed on each
patent as an indicator of the site of inventive activity. Based on a comparison
of the reported site of the invention with the headquarters (HQ) location for
each company in our dataset, each patent is assigned to one of the following
mutually exclusive categories:
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FIGURE 7. Domestic & “Offshore” U.S.-Assigned Semiconductor Patents, IDM and Systems

Firms, 1991-2003
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» Domestic Patents (DO): patents whose inventors are all located in the HQ
country of the controlling company.

= Foreign Patents (FO): patents whose inventors are all located in countries
other than the HQ country of the controlling company.

» [nternational Collaboration Patents (CO): patents that have at least one

inventor located in the HQ country and at least one inventor located in
another country.'¢

Any comparisons of patents issued to U.S. and non-U.S. firms must be
interpreted carefully. For most non-U.S. firms, the higher costs of seeking a
patent in the United States in addition to a home-country patent mean that U.S.
patent protection will be obtained for only the more valuable patents in these
firms’ portfolios. A simple comparison of U.S. patents assigned to U.S. firms with
patents assigned to non-U.S. firms thus may yield misleading results because of
the different underlying “quality” of the two patent groups.

Accordingly, our comparisons of U.S. patents assigned to U.S. and non-
U.S. firms use only U.S.-assigned patents with “equivalents” in either the Japan-
ese Patent Office (JPO) or the European Patent Office (EPO). In other words,
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FIGURE 8. Domestic & “Offshore” U.S.-Assigned Semiconductor Patents, Fabless Firms,
1991-2003
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we include only the semiconductor patents assigned to U.S. firms for which a
patent on the same or a very similar invention also has been issued in one of
these major markets. We used the Delphion international patent database to
identify U.S.-assigned patents for which an equivalent patent has been issued by
either the Japanese or European patent offices.

Figure 6 displays trends during 1991-2003 in the share of all semiconduc-
tor patents assigned to U.S. firms that were created by an all-domestic inventor
or inventor team and the share of semiconductor patents assigned to U.S. firms
that involved at least one “offshore” inventor. The absence of any strong trend
during the decade in this measure of “offshore” inventive activity is striking—
the domestic share remains stable at roughly 90% throughout the period. A
similar lack of growth in offshore inventive activity also is apparent in Figure 7,
which depicts the same “site of invention” trends for the IDM and systems firms
in our sample. Although the number of patents for fabless firms in our sample
is considerably smaller, Figure 8 reveals a slight shift toward greater offshore
inventive activity among fabless firms.!” Even for this group of firms, however,
patenting remains dominated by “home-country” inventive activity.
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TABLE 2. Firm HQ and Location of Inventive Activity, U.S Patents
1994-2003 One Inventor Located In

USA Europe Japan Taiwan Korea Israel Canada Singapore Others
USA 86.5% 6.5% 3.8% 0.2% 0.2% 0.9% 0.4% 0.3% 0.7%
Europe 284%  60.0% 1.5% 7.1% 1.3% 0.2% 0.3% 0.5% 0.4%
Japan 4.2% 07%  94.8% 0.0% 0.0% 0.0% 0.0% 0.1% 0.1%
Taiwan 7.6% 0.1% 1.0%  90.7% 0.1% 0.0% 0.0% 0.1% 0.5%
Korea 2.5% 0.1% 0.5% 00%  96.1% 0.0% 0.1% 0.1% 0.8%
Israel 5.3% 0.0% 0.0% 0.0% 00%  91.6% 3.1% 0.0% 0.0%
Canada 13.3% 19.19% 1.29% 0.0% 0.0% 00%  66.5% 0.0% 0.0%
Singapore 18.5% 1.0% 0.0% 0.0% 0.0% 0.0% 0.0% 80.4% 0.3%

1996-1999 One Inventor Located In

USA Europe Japan Taiwan Korea Israel Canada Singapore Others
USA 86.9% 6.4% 4.1% 0.1% 0.2% 0.7% 0.4% 0.4% 0.5%
Europe 30.6%  57.2% 1.4% 9.1% 0.6% 0.3% 0.2% 0.3% 0.3%
Japan 4.2% 07%  94.8% 0.0% 0.0% 0.0% 0.0% 0.1% 0.1%
Taiwan 9.2% 0.19% 1.5%  88.7% 0.0% 0.0% 0.0% 0.0% 0.4%
Korea 2.4% 0.0% 0.5% 00%  96.1% 0.0% 0.0% 0.0% 0.9%
Israel 6.7% 0.0% 0.0% 0.0% 00%  88.9% 4.4% 0.0% 0.0%
Canada 13.19%  204% 1.5% 0.0% 0.0% 00%  65.0% 0.0% 0.0%
Singapore 25.0% 0.8% 0.0% 0.0% 0.0% 0.0% 0.0% 73.9% 0.8%

2000-2003 One Inventor Located In

USA Europe Japan Taiwan Korea Israel Canada Singapore Others
USA 85.1% 8.1% 3.8% 0.2% 0.2% 0.3% 0.3% 0.2% 0.9%
Europe 238%  62.6% 2.0% 6.4% 2.7% 0.2% 0.5% 0.7% 0.7%
Japan 4.0% 0.8%  95.0% 0.0% 0.0% 0.0% 0.0% 0.1% 0.0%
Taiwan 5.7% 0.1% 05%  92.8% 0.2% 0.0% 0.0% 0.2% 0.3%
Korea 8.7% 0.0% 0.0% 0.0%  82.6% 0.0% 0.0% 4.3% 4.3%
Israel 3.8% 0.0% 0.0% 0.0% 00%  94.9% 1.3% 0.0% 0.0%
Canada 16.0% 15.4% 0.6% 0.0% 0.0% 00%  67.9% 0.0% 0.0%
Singapore [4.2% 1.4% 0.0% 0.0% 0.0% 0.0% 0.0% 84.5% 0.0%

Table 2 disaggregates our patent data by “home country” and site of

inventive activity for 1996-2003, as well as the 1996-1999 and 2000-2003 sub-
periods. Japanese firms’ inventive activity is dominated by “home-country”
inventors to a greater extent than is true of either U.S. or European semicon-
ductor firms for the 1996-2003 subperiod. Japanese inventors are listed on
more than 95% of Japanese firms’ U.S. patents, while U.S. inventors are listed
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on more than 87% of U.S. patents and European inventors appear on nearly
60% of European firms’ U.S. patents. Looking at the “off-diagonal” portions

of Table 2, European inventors account for almost twice as large a share of U.S.
semiconductor firms’ patents as Japanese inventors. U.S. inventors appear on
nearly 30% of European firms’ U.S. patents, while Japanese inventors appear on
less than 2%. A comparison of the two sub-periods does not reveal significant
differences, although there is some indication that the “homeboundedness” of
the inventive activities of European, Japanese, and Taiwanese semiconductor
firms increased slightly. For all but Canadian semiconductor firms, the single
most important “offshore” site for inventive activity by non-U.S. semiconductor
firms is the United States. For U.S. semiconductor firms, the leading “offshore”
site for inventive activity in both periods is Europe, followed closely by Japan.

Figure 9 depicts the leading locations of “offshore” inventors in the semi-
conductor patents assigned to U.S. firms for the 1996-1999 and 2000-2003 sub-
periods. This figure highlights considerable change in these locations over time
and differences in the locations of the offshore inventive activity of fabless and
other firms in the U.S. semiconductor industry. Canadian inventors play a more
prominent role in the patenting of fabless firms than is true of IDM and systems
firms, accounting for less than 4% of the offshore inventive activity of IDMs
and system firms, versus more than 20% for fabless firms, in both periods. The
Japanese share of fabless-firm patenting also declines between the two subperi-
ods, perhaps reflecting the growth in electronic systems production and semi-
conductor component design in non-Japanese Asia (notably, Taiwan, South
Korea, and Singapore). European inventors are of comparable importance
for both groups of U.S. semiconductor firms (fabless firms and IDM or systems
firms) in both time periods. A comparison of the two subperiods for both groups
of firms also highlights the shift in the importance of non-Japanese Asian inven-
tors. The share of “other Asia” inventors (largely Singapore) for fabless firms
increases more than sixfold (albeit from a modest initial level), and the “other
Asia” share for IDMs and systems firms nearly doubles.

Overall, the results of our analysis of the site of inventive activity result-
ing in U.S. patents support the original findings of the broader analysis of
patenting by firms from a broader sample of industries by Patel and Pavitt,'®
who found that large multinational firms’ patenting was dominated by “home-
base” inventive activity. Moreover, there is little evidence that the most “impor-
tant” semiconductor patents, measured in terms of citations to them following
issue, are more or less “homebound” in their origins. The trends in patenting for
fabless firms suggest the possibility that the demanding requirements for close
collaboration between semiconductor component designers and systems firms
may be causing some shift within this semiconductor industry segment towards
greater reliance on foreign inventive activity in patenting; but any such trend is
very modest.
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FIGURE 9. "Offshore” Invention Sites, U.S.-Assigned Semiconductor Patents, 1996-2003
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FIGURE 9. "Offshore” Invention Sites, U.S.-Assigned Semiconductor Patents, 1996-2003
(continued)
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Implications for Firm Strategy and Public Policy

An earlier study of the U.S. semiconductor industry’s innovative and
competitive performance noted that U.S. firms” development of new products
(including microprocessors and digital-signal processing chips) and new business
models (notably, the growth of “fabless firms”) had enabled them to overcome
a significant competitiveness crisis.'® U.S. semiconductor firms remain globally
competitive in the face of rapid innovation by non-U.S. semiconductor firms,
but structural change in the global semiconductor industry has altered the struc-
ture of the innovation process.

Fabless firms in particular seek to develop closer collaborative relation-
ships with systems firms based outside of the United States. Shorter product
lifecycles and the increased variety of applications that utilize semiconductor
components mean that integrated device manufacturers face greater risks from
swings in demand as the costs of their production facilities continue to rise. The
design and (especially) manufacturing capabilities of foreign regions also have
improved significantly since the 1980s, creating new opportunities for U.S. firms
to exploit a global division of labor in semiconductor design and manufacturing.
Among other things, this emergent division of labor has supported the rapid
growth of fabless semiconductor firms in the United States.

In contrast to the challenges of the 1980s that threatened the viability and
very survival of the U.S. semiconductor industry, the challenges of the early 21st
century for U.S. semiconductor firms stem from the need to manage this global
division of labor successfully while maintaining leadership in innovation. The
“offshoring” and “outsourcing” of various activities by U.S. firms has a long his-
tory, but so too do the innovative responses of successtul U.S. firms. Even as
these more cost-sensitive, lower-value-added activities are shifted to offshore
locations, U.S. firms have maintained their global competitiveness by developing
and introducing innovative new products (e.g., personal computers and commu-
nications devices) and business models (e.g., fabless semiconductor firms). In the
semiconductor industry, continued product innovation will remain central. U.S.
integrated-device manufacturers must also maintain their strengths in process
innovation while focusing their manufacturing strategies on a narrower range
of innovative products in which they remain dominant. In other words, the
strategic management of innovation becomes even more central to the competi-
tive performance of semiconductor firms that seek to exploit the emerging global
division of labor in product design and manufacturing while simultaneously
maintaining strength in product and process innovation.

It is likely, for example, that U.S. integrated-device manufacturers will
continue to exploit offshore sites for internal manufacturing, while simultane-
ously relying on “foundries” to serve a larger portion of their needs for products
that are slightly behind the “bleeding edge” of technology—the so-called “fab-
lite” model of production. The continuing growth of semiconductor “foundries”
will provide further opportunities for expansion by U.S. fabless firms, although
these firms also are likely to shift at least some of their design-related activities
to offshore locations because of the presence of major customers in these areas.
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Interestingly, the limited restructuring of U.S. semiconductor firms’
innovation-related activities that has taken place since the mid-1980s does
not appear to have had negative consequences for engineering employment.
A recent analysis of engineering-employment trends in the U.S. semiconductor
industry found that employment and earnings growth were higher during 2000-
2005 for engineers employed in the U.S. semiconductor industry than in other
U.S. industries.>® Employment growth during this period was strongest for elec-
trical, computer hardware, and electronic engineers, but was negative for indus-
trial engineers within the semiconductor industry. This analysis also provides
some evidence that median earnings for “mature” engineers (50 years and older)
employed in the semiconductor industry are lower than for younger engineers,
but this tendency appears throughout the time period (2000-2004) that they
analyze, rather than becoming more pronounced in the most recent year.?!
Moreover, interpreting these trends is difficult, since they reflect some tendency
for engineers to move into management positions as they mature. The individu-
als classified as “engineers” within this older cohort thus have remained out of
management, which may affect their reported earnings.

In spite of the powerful forces that are shifting some design, manufactur-
ing, and other functions to offshore locations, the location of “inventive activity”
has not shifted over the time period we examine. As measured imperfectly by
the reported residence of inventors listed on U.S. patents, the inventive activities
of U.S. semiconductor firms remain concentrated in the United States. More-
over, the inventive activities of non-U.S. semiconductor firms, as measured by
similar information for their U.S. patents, also appear to be concentrated in their
home countries. This tendency for inventive activity to remain “homebound”
was first pointed out by Patel and Pavitt in an analysis of patenting by multina-
tional firms in a broad array of industries.?* The “non-globalization” of patenting
activity seems to reflect the strong dependence of domestic inventive activity
on domestic sources of fundamental research. Despite remarkable advances in
the codification and global transmission of scientific research, access to such
research results for purposes of inventive activity appears to remain surprisingly
“national” in scope. And the apparent importance of the national “science and
engineering base” for domestic inventive activity reinforces the importance of
another key governmental function, funding the scientific and engineering
research and education that support this domestic knowledge pool.

The most important implications of this study for U.S. public policy thus
relate to: the importance of continued (and arguably, renewed) federal funding
for R&D in the engineering and physical sciences in industry and universities;
and the importance of public support (which may be financial or regulatory) for
more rapid development of the “information infrastructure” (e.g., broadband
communications) that can support the growth of a large domestic market of
demanding and sophisticated consumers that will in turn spawn innovations
in information and electronics technologies.

The remarkable record of innovation in the U.S. semiconductor and
related IT industries that spans the 1945-2006 period rested in part on substan-
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tial investments of public funds in R&D that supported industrial research and
innovation, as well as the training of generations of engineers and scientists.
Much of this federal R&D investment was linked to national-security goals, but
the end of the Cold War and associated defense “build-down” led to significant
reductions in growth and in some cases the level of federal funding for R&D

in the physical and engineering sciences, especially in academic institutions.
Growth in federal R&D investment since the late 1980s has been dominated by
growth in biomedical R&D funding. Although a portion of this biomedical R&D
investment has supported education and training in the physical sciences and
engineering, the imbalance in investment trends, if not reversed, could have
detrimental consequences for the continued innovative vitality of the U.S.
semiconductor industry and other related industries.

The importance of market demand in the locational structure of inno-
vation in the semiconductor industry and other high-technology industries is
difficult to overstate. We have noted that the declining share of semiconductor
consumption accounted for by the personal computer has been associated with
the growth of new markets for semiconductor components (e.g., wireless com-
munications devices) that involve major non-U.S. systems firms. Moreover,
many of the most innovative, demanding, and sophisticated users of such
devices now are located in non-U.S. markets (e.g., South Korea for wireless
devices, or Finland for broadband-based applications). Historically, U.S. semicon-
ductor firms have derived enormous competitive advantages from their ability to
serve (and learn from) a large domestic market populated by sophisticated and
demanding users (in some cases, these demanding users were major institutions,
such as the military).

One important reason for the rapid development of “browser-based”
applications and new business models in the early days of the World Wide Web,
which relied on innovations developed in Europe, was the broad diffusion and
low cost of personal computers within the United States, as well as the low costs
of accessing computer networks.>> Federal policies will affect the creation or
support of markets for advanced technologies (recall that the Internet was aided
by substantial federal as well as private funding) by supporting investment in the
communications networks that are likely to underpin future waves of innova-
tion in digital communications and other devices. Federal regulatory policies also
influence the incentives for the large private investments in advanced communi-
cations infrastructure that can support the emergence of new applications, prod-
ucts, and services. R&D and related investments from around the globe are likely
to flow to markets in which users are demanding the most advanced technolo-
gies and themselves are developing new applications of these technologies. Such
markets will rest on a sophisticated wireless and high-speed broadband commu-
nications infrastructure.
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Conclusion

The U.S. and global semiconductor industries have experienced signifi-
cant structural change since 1980, with the growth of specialized design and
manufacturing firms. The growth of new products utilizing semiconductor
components and the entry of firms from Southeast Asia also have contributed
to rapid growth in offshore manufacturing capacity within the industry, much
of which remains under the control of U.S. semiconductor firms. In spite of the
growth in their offshore production capacity, however, there is surprisingly little
evidence that the innovation-related activities of U.S. semiconductor firms have
moved offshore to a comparable extent. Overall, the results of this descriptive
examination reveal that the innovation-related activities of otherwise global
firms in this industry remain remarkably “non-globalized,” even in the face of
expansion in international flows of capital and technology, far-reaching change
in the structure of semiconductor product design and manufacturing, and signif-
icant shifts in the structure of demand.**

This characterization of U.S. semiconductor firms’ innovation-related
activities is supported by a number of indicators. R&D investment and alliance
formations both indicate modest levels of offshore innovation-related activity.
Nor do these indicators reveal a shift toward greater reliance on offshore sites
for innovation-related activities. Substantial investments by U.S. semiconductor
firms in “offshore” production capacity during the 1990s have not resulted in
comparable shifts in the location of their inventive activities, based on patent
indicators.

How can one explain these findings? It is important to highlight the retro-
spective nature of our indicators, which (especially in the case of patents) reflect
R&D and related investments made years before the manifestation of these par-
ticular outcomes. Trends in patenting in the late 1990s thus reflect actions or
strategies that were put in place in the early 1990s, and like most other scholars,
we have almost no “forward-looking” indicators.

Some of our other indicators, such as the NSF R&D investment data,
exclude non-U.S. firms, and the data themselves may well omit significant inno-
vation-related activities. It is plausible, for example, that much of the design
work of U.S.-based fabless firms is not captured by the NSF R&D surveys. U.S.-
based semiconductor firms also benefit from the strength of their “home-base”
innovation system, especially in the product design area. “Home-base augmenta-
tion”?® thus may be a relatively minor factor for U.S. firms’ R&D investment
strategies and a very significant motive for non-U.S. firms’ R&D investment.
Moreover, the exploitation by U.S. semiconductor firms of these “home-base”
advantages may not require significant offshore R&D investment to complement
offshore production investment. Indeed, the hypothesized motivation for off-
shore R&D that receives the most unambiguous support from our analysis is the
“market-demand exploitation” hypothesis of Gerybadze and Reger,*® which may
be particularly relevant to the patenting activities of U.S.-based fabless firms.
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The trends highlighted in our discussion of technology-development
and R&D alliances in this industry also raise interesting questions. The declining
rate of formation of domestic and international alliances by semiconductor firms
throughout the industry is surprising, but may reflect some exhaustion of the
pool of potential alliance partners or projects. Nontariff barriers to U.S. firms’
access to foreign markets have been reduced considerably since 1990, and it is
possible that this trend has reduced their incentives to pursue collaborative ven-
tures with non-U.S. firms. Our alliance data also do not fully capture the types
of alliances that are important to the fabless firm segment of the U.S. semicon-
ductor industry, and thereby understate the significance of international allia-
nces within the overall industry. These data nevertheless suggest some growth
in the participation by non-U.S. firms in domestic and “foreign” alliances, espe-
cially among non-Japanese Asian firms. Some portion of this alliance activity
may be motivated by access to the Chinese mainland market, where nontariff
barriers remain significant.

The results of our analysis of patents provide the strongest support for
the original Patel and Pavitt findings,?” but these results also must be treated
with some caution. As we pointed out above, patents omit many of the innova-
tion-related activities that are most important to the creation or maintenance
of competitive advantage for IDMs and fabless firms alike, and our findings for
these indicators accordingly must be qualified.

Does the “non-globalized” character of U.S. semiconductor firms’ innova-
tion-related activities differ significantly from that of other semiconductor firms?
Are the trends for the semiconductor industry representative of other high-
technology industries, or is this industry unique? The data presented in Table 2
indicate that the “homebound” character of U.S. semiconductor firms’ patenting
is not unique but shared with firms headquartered in most other industrial
nations, as is the “homebound” character of the process-technology develop-
ment facilities that U.S. and non-U.S. IDMs and systems firms operate. The links
between science and technology that underpin much of the inventive activity
that is embodied in patenting retain a considerable “homebound” element,
rather than operating seamlessly and frictionlessly across national boundaries.

The U.S. semiconductor industry has throughout its history maintained a
position of leadership through innovation. Technological innovation within the
U.S. industry rests on an infrastructure resulting from large investments made
by both private firms and the federal government over decades. This infrastruc-
ture—based in firms, universities, and government research facilities—is one of
the most important factors in the “homebound” nature of much of the inventive
and innovative activity within the U.S. industry. Particularly as other regions
of the global economy expand their investment in R&D from public and private
sources, a failure to maintain the U.S. R&D infrastructure through continued
investments of public and private funds could result in a much more significant
offshore movement of innovation-related activities within the semiconductor
industry.
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