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Following from Albert Einstein’s 1905 theoretical conception of the photoelectric effect, an American physicist Gordon Gould invented Laser (Light Amplification by Stimulated Emission of Radiation) in 1958. It was called “the greatest invention of the century.” 
A laser is an optical source that emits a narrow beam of coherent light. The power in a continuous beam ranges from a fraction of a milli watt to more than a mega watt. The range of laser application is broad in scope ranging from commercial uses to special military applications.
The semiconductor laser became one of the most important technologies underlying the drastic changes that took place during the last half of the 20th century in information technology, and it has become the most widely used laser since the 1980s. It is mainly used for information storage such as compact disk and digital videodisk system, which can store a 30-volume encyclopaedia set of information on a disk and can access an arbitrary element of information in equal time. It is also employed for fibre-optic communication, which permits digital data transmission over long distances and at higher data rates than electronic communication. 

From the mid-1970s, Japanese technology-intensive industries gained competitiveness and became the key industries in the national economy. The fundamental question underlying my dissertation is how the technology –intensive industries gained competitiveness.

Surveying key industrial technologies in 1983, the Agency of Industrial Science and Technology of Japan designated semiconductor laser technology as one of the most competitive key industrial technologies in the technology-intensive industries. The industrialisation of laser technology started in the 1970s. Japanese firms became competitive in this industry in the beginning of the 1980s. Scrutinizing the technological development of semiconductor lasers, this paper studies how the Japanese firms gained technological competitiveness in semiconductor laser technology.

The Japan Technology Evaluation Centre (JTEC) and the Agency of Industrial Science and Technology (AIST) have provided important reports on semiconductor lasers. Reviewing the optoelectronics industry in the U.S. and Japan, JTEC found that “Japan clearly led in consumer optoelectronics, that both countries were competitive in communications and networks, and that the United States held a clear lead in custom optoelectronics. Japan’s lead in high-volume consumer optoelectronics and related technologies gave it a dominant share of the overall global optoelectronics market.”
 Based on an extensive questionnaire survey, AIST indicated that the firms’ fierce competition in the same semiconductor laser market played an important role in technological development.

Based on these findings, the thesis scrutinizes the development of semiconductor laser technology from 1960 to 1990 and explores this issue with two research questions:

Research Question 1: How did Japanese firms come to compete in the same technological area with the same technological choice for a longer term than their counterparts in North America and Europe? 

Research Question 2: How did this pattern of the strategic behaviour of the firms affect technological change in semiconductor lasers? 

Directing its attention to the knowledge spillover effects in the U.S. and Japan, this paper focuses on Research Question 2. 

Introducing two types of knowledge spillovers, depending on what type of knowledge is spilt over from others, this paper examines how different types of knowledge spillover emerged through the firms’ different R&D strategies and different institutional settings and how the nature of knowledge spillover resulted in the different trajectory of the technological development in North American and Japan. North American firms tended to differentiate their R&D. Furthermore, numerous business ventures spun off from the parent firms and targeted niche markets. Therefore, knowledge spillover emerged in the areas where semiconductor laser technology was applied and exploited to fill untapped markets. In contrast, the pattern of competition of Japanese firms induced knowledge spillovers to enhance the development of core semiconductor laser technology instead of exploiting niche product markets.

Strategic Choice in Epitaxy Technology: LPE, MBE and MOCVD

Semiconductor laser technology is composed of numerous sub technologies. This paper examines epitaxy technology, which was the most important technology in the semiconductor laser. The Optoelectronics Handbook noted, “The epitaxy technology is the most important semiconductor laser manufacturing technology because the performance and the production costs of the semiconductor laser highly depend on the epitaxy technology.”
 It was believed that epitaxy technology was economically and strategically important to competing firms.

Three epitaxy technologies, LPE, MBE, and MOCVD, were competing by the end of the 1970s. LPE, invented by RCA in 1963, was the status quo technology for the last ten years. MBE was invented by Bell Laboratories in 1975, and was excellent at the deposition process, which was one of the important manufacturing processes. MOCVD, which was invented by Rockwell in 1977, had potential advantages in high throughput and the deposition process. Since it became much clearer that either MBE or MOCVD would be the dominant epitaxy technology by the mid-1980s,
 many firms began to shift their R&D focus from LPE to either MBE or MOCVD. 

Graph 1: Number of Patents in LPE, MBE, and MOCVD
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Source: European Patent Office

The firms were competing to develop a reliable semiconductor laser with either MBE or MOCVD, because the semiconductor laser had not been successfully manufactured with either of these technologies. In the process of the technological change from LPE to MBE and MOCVD, the strategic behaviour of Japanese firms was clearly different from that of North American firms. Japanese firms simultaneously conducted the same technological choices as their domestic rivals, while North American firms made different choices. Figures 1 and 2 reveal the differences in technological choices among firms in North America and Japan. They list all of the firms that obtained patents in semiconductor laser more than once from 1970 to 1980, and when they obtained their first and last patents in MBE and MOCVD. It is assumed that the firms listed in the tables began R&D in semiconductor laser with LPE before they acquired patents in MBE or MOCVD. Additionally, if the firms did not obtain a patent in MBE or MOCVD, it is assumed that they did not participate in R&D competition in epitaxy technology. 
Figure 1: Technological Choice of U.S Firms in MBE and MOCVD
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Figure 2: Technological Choice of Japanese Firms in MBE and MOCVD
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These figures demonstrate three important points: the technological choice of the firms and the timing of their start and exit. 
· Most Japanese firms engaged in R&D competition in both MBE and MOCVD, while some North American firms adopted neither MBE nor MOCVD.  
· Japanese firms made technological choices more simultaneously than did North American firms.

· Japanese firms competed in MBE and MOCVD areas over relatively longer periods than did North American firms.  

This paper pays attention to the third point and explores how this pattern of the strategic behaviour of the firms affected technological change in the semiconductor laser.
Knowledge Spillover

Pointing out that the benefits of R&D are not entirely appropriable, recent economic arguments about R&D assume the existence of positive externality, or spillovers. Griliches argued that technological spillover increased returns in R&D and enhanced technological development.
 

The history of science and technology and economic history have explored the concept of knowledge for more years than economists. Historians have revealed that there were many different types of knowledge. The most familiar categorization of knowledge is the division between pure science and applied science. Michael Polanyi introduced two types of knowledge: tacit knowledge and formal knowledge.
 Economic historians have also categorized knowledge into several types. For example, pointing out that the growth of human knowledge is one of the deepest and most elusive elements in economic history, Joel Mokyr introduced two types of knowledge: propositional and prescriptive.
 The former category, labelled omega-knowledge, consists of the stock of beliefs about natural phenomena and regularities. The latter (lambda-knowledge) includes the set of instructions or techniques for applying propositional knowledge in economic production.

This paper assumes that depending on types of spillover knowledge from other firms, the nature of knowledge spillovers may vary. It classifies knowledge into two categories; current technological domain-specific knowledge and lateral utilisation knowledge. Current technological domain-specific knowledge (abbreviated as domain-specific knowledge) relates to knowledge about technology that one is currently developing for a certain target. Lateral utilisation knowledge relates to knowledge about how one would use technology for another target. 

Previous literature in economics on knowledge spillover indicates that technological proximity plays an important role in inducing spillover effects. Researchers have argued that high technological proximity induces more spillovers.
 While previous literature assumes that the higher technological proximity will induce more technological spillover effects, this paper argues that higher technological proximity induces a higher level of domain-specific knowledge spillover but reduces the possibility of lateral utilisation knowledge spillover. 

One can easily learn from others who have conducted R&D in a similar technological domain. In this spillover, what one can learn from others is domain-specific knowledge. In other words, one can learn domain-specific knowledge more easily from others who are researching in a similar domain with similar technological choice than from others who are researching in a different area with a different technological choice. 

On the other hand, higher technological proximity does not necessarily bring about lateral utilisation knowledge spillover. In fact, it reduces the possibility of lateral utilization knowledge spillover. It is necessary to have a certain amount of complementary knowledge to obtain knowledge about how to apply current technology in a different domain. If everyone conducts R&D in the same technological domain, it reduces the possibility that one can access complementary knowledge and learn how to apply technology in a different field. It must be noted that it is difficult to induce any knowledge spillover from others if their research area and technological choice are completely different. However, it is reasonable to assume that high technological proximity would increase domain-specific knowledge spillover and reduce the possibility of the lateral utilisation knowledge spillover.

Competition and Knowledge Spillover in Japan

Many Japanese firms were undertaking parallel R&D in MBE and MOCVD from the beginning of the 1980s. Competition among the firms making the same technological choice induced domain-specific knowledge spillover more than lateral utilisation knowledge spillover.

Reverse engineering was an important source of knowledge spillover. Corporate engineers of Japanese firms that were engaged in semiconductor laser R&D purchased competitors’ semiconductor lasers, tested their quality, disassembled them, and examined the structure and the mechanisms as a means of enhancing their own semiconductor lasers.
 The responses to the interview questions “How did you approach technological knowledge created by other organizations?” and “Did you have any particular organization in which you paid attention to their research?” provide some insight into the nature of the spillover effect in Japan. Examples include the following:

“We bought every semiconductor laser provided by the other firms and did reverse engineering for them.” 

“We did reverse engineering for semiconductor lasers on the market. But we tested only semiconductor lasers from Japanese firms because U.S.-made semiconductor lasers were customized for special needs.”

The research network of Japanese firms also played an important role in determining the nature of knowledge spillovers. The research network can function as an important institutional conduit through which one may be able to access complementary knowledge. Figure 3 shows the formal inter-organizational network was fairly limited in Japan, as calculated by the co-authored paper on semiconductor laser published in Journal of Applied Physics and Journal of Applied Physics Letters from 1960-1985, two widely recognized international journals in applied physics published by the American Institute of Physics. 
Figure 3: Collaborative Organisational Network (JPN)
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Source: Calculated from Journal of Applied Physics, 1931-1985 and Journal of Applied Physics Letters, 1962-1985. (Borgatti et al., 1999) 

Compared to that of North American firms, the number of participants and nodes was smaller. Moreover, all of the participating firms in the collaborative research were electronics or telecommunication enterprises competing in the same product markets with similar technological choices. These suggest that it was rare for Japanese firms to access complementary knowledge through the research network. Lateral utilisation knowledge spillover, which was needed to target new untapped markets, was limited among Japanese firms, while Japanese firms obtained domain-specific knowledge spillover from their rival firms because they were competing in the same technological areas with similar technological choices.

The more the firms competed in the same technological areas with the same technological choices, the more the knowledge stock regarding epitaxy technologies was accumulated, which brought increasing returns to the firms’ R&D in those areas. Because epitaxy technology was important for mass production of the semiconductor laser, Japanese firms became competitive particularly in consumer electronic semiconductor laser-related products such as optical information storage products, which were the highest volume market in the optoelectronics industry.

Competition and Knowledge Spillover in North America


While domain-specific knowledge spillover was enhanced among Japanese firms, lateral utilisation knowledge spillover emerged in North America. Although various factors can affect knowledge spillover, this section directs its attention to research networks, and venture businesses in North America and discusses how these affected the nature of technological knowledge spillovers.


The semiconductor laser research network in North America was much more developed than that of Japan (Figure 4). The participating organizations were more diversified in terms of their technological and business background than the participants of the Japanese research network. 

Figure 4: North America Collaborative Organisational Network
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The business background of the participating firms was diverse. For example, both Ford and GM were motor vehicle and car body manufacturers, and Mictron was specialising in the production of voltage magnetrons. These suggest that North American firms, which were involved in semiconductor laser R&D, accessed more complementary knowledge through the research network than Japanese firms could.


Venture business played an important role in determining the nature of knowledge spillovers. The monthly report of the Industrial Bank of Japan reported, “The small and middle size business ventures played a central role in the U.S. optoelectronics industry except for a few large scale telecommunication companies and optical fibre manufactures.”
 The JTEC reported, 
Due to the vibrant entrepreneurial industry base that is an integral part of the U.S. economy and which is apparently nearly absent in Japan, numerous small companies have spun-off from their larger, parent companies. These small businesses, which generally specialize in the manufacture of photonic components, are rarely positioned to compete head-to-head with the larger, systems-oriented companies; instead, they tend to specialize by filling narrow niches.
 

Many technology-intensive startups spun off from intellectual hubs. For instance, Spectra Diode Labs, Inc, which developed and manufactured high-power solid state semiconductor lasers, was founded in 1983 as a joint venture between Xerox and Spectra Physics. Lytel was founded by a star spin-off engineer from RCA in 1986. The spin-off engineers from big companies and the engineers’ mobility across firms are important sources of technology transfer and knowledge spillovers. The high mobility of star engineers in North America, which allowed the firms to access complementary knowledge, was in complete contrast with that of Japan. 

As firms differentiated their semiconductor laser R&D, lateral utilisation knowledge was accumulated in North America. On the other hand, R&D investment in the fundamental semiconductor laser technology was scattered and dispersed in the U.S. due to the strategic behaviours of the firms. While Japanese firms attained development in epitaxy technology and enjoyed competitive advantages in the mass market, North American firms targeted niche markets in which the firms did not need mass production technology. The JTEC report noted, 
 Numerous small companies have spun-off from their larger, parent photonics companies. These small businesses, which generally specialise in the manufacture of photonic components, are rarely positioned to compete head-to-head with the larger, systems-oriented companies; instead, they tend to specialise by filling narrow niches. As companies become established, the niches expand with the manufacture of additional specialised, unique devices produced to fill the needs of particular subsets of customers.
 

Domain-specific knowledge spillover was not developed in North America, compared to that obtained by Japanese firms, while lateral utilisation knowledge spillover emerged through the institutional settings in North America. 

Conclusions

This paper draws an ironic conclusion from the case of semiconductor laser epitaxy technology in the U.S and Japan. Since the U.S. firms were in a better position to learn how to apply the semiconductor lasers for untapped markets, they differentiated their R&D and targeted niche markets. Since the R&D efforts were dispersed into different technological domains in the U.S. As a result, knowledge about epitaxy technology, which was the fundamental technology of semiconductor lasers, was not developed in the U.S. In other words, because the American firms were excellent innovators, they targeted untapped markets instead of developing the core technology of semiconductor lasers for the high-volume market. The highest volume market was eventually taken by Japanese firms.

While North American firms assumed an R&D differentiation strategy, Japanese firms targeted the same market with the same technological choice. Japanese firms, which had difficulty of accessing complementary knowledge, focused their R&D efforts on epitaxy technology. The inter-organizational research network, through which the firms could have accessed complementary knowledge to differentiate their R&D, was not developed in Japan. Many firms were competing to develop epitaxy technology, which was the most economically and strategically important semiconductor laser technology. The pattern of competition of Japanese firms induced knowledge spillovers to enhance the development of core semiconductor laser technology instead of exploiting niche product markets. These findings imply that Japanese firms’ strategy of simultaneously making the same technological choices and targeting the same markets as their rivals, which were often called “copy-cat”, accelerated the technological development of an important electronic device.
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