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WFEEE R OBEEE (F30) : This is a feasibility study of my next project which aims to explore the policy
failure of Japanese Government regarding Science and Technology Policies from the 1960s to the
present. In particular |1 am interested in why Japan failed to keep its competitiveness in the filed of LSI
and Electronics. In this study, | did some research concerning the integration of LSI and MEMS
(micro-electrical mechanical system), and a case study of the Gallium Nitride and Blue Light Emitting
Diode.
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The Logics of Material Innovation: The Case of
Gallium Nitride and Blue Light Emitting Diode

Christophe Lécuyer and Takahiro Ueyama

How did gallium nitride become a
critical semiconductor material? What were the
forces that presided over its creation and made its
rise possible? In his book Brilliant: Shuji
Nakamura and the Revolution of Solid State
Lighting, Bob Johnstone pointed to the role of
Nakamura, a Japanese engineer, in the
development of gallium nitride crystals and the
making of blue and white LEDs (it is important
to note here that gallium nitride and blue LEDs
are inextricably linked. Improvements in gallium
nitride crystals lead to improvements in light
emission). According to Johnstone, Nakamura
almost single-handedly created gallium nitride
crystals and blue LED technology at Nichia
Chemical Industries, a medium-sized chemical
firm based in Japan.

Closer attention to the historical record
reveals a much more complex and interesting
story. Nakamura was not the only innovator of
gallium nitride and blue LED technology — far
from it. Others such as Herbert Maruska and
Jacques Pankove at RCA and Isamu Akasaki and
Hiroshi Amano at Nagoya University played
critical roles as well. As a matter of fact,
Nakamura's main contribution to gallium nitride
technology came from his commercialization of
materials and material practices originally
created by Maruska and Akasaki. It is interesting
to note as well that Nakamura and his
collaborators at Nichia were not the only ones to
introduce gallium nitride to the market. A group
of engineers at Toyoda Gosei, another Japanese
firm, commercialized gallium nitride and blue
LEDs around the same time and in direct
competition with Nakamura and Nichia
Chemical.

Thus the story of gallium nitride opens
a window into the study of technology transfer
and university-industry relations. The contextual



challenges are the following: the materiality of
substances, tools, and fabrication techniques
(which we refer to as “material logic”); the needs,
demands, and interests of intended customers
(which we call “market logic™); and finally the
competitive tensions among laboratories, firms,
and nations (namely “competitive logic”).

The development of gallium nitride
was shaped by the interplay of these three
contextual logics. Material logic was especially
prevalent as chemists, physicists, and electrical
engineers struggled for decades to create gallium
nitride crystals and improve their electronic and
light emitting properties. To transform gallium
nitride into a material useful for the manufacture
of LEDs, they relied on the full armentarium of
semiconductor technologists: epitaxial reactors,
ion implanters, high temperature ovens, and
techniques such as the deposition of different
crystalline layers on the same crystal substrate.
Engineers and scientists at RCA, Nagoya
University, Toyoda Gosei, and Nichia Chemical
struggled with the material logic imposed by
gallium nitride to meet the needs of potential
markets. Remarkably, these intended markets
changed very little over this forty year period.
Since the late 1960s, technologists saw a market
for gallium nitride-based blue LEDs in
LED-based displays, such as flat panel
televisions. From the start, they were also
interested in producing LEDs for the illumination
market. As new types of communication and
consumer electronic devices emerged, gallium
nitride technologists identified other markets for
their diodes such as cell phones and blue lasers
employed in compact disks. It was this market
logic that drove research on gallium nitride for
nearly three decades before the material was
commercialized in the mid-1990s.

Competitive logic also shaped the
development of gallium nitride, mostly in the
early days of the material and again in the late
1980s and 1990s, when Toyoda Gosei and Nichia
Chemical competed to bring gallium nitride and
blue LEDs to the market. Fierce competition
between these firms led to the development of
stable production processes and the constant
improvement of gallium nitride crystals and blue
LEDs. Also important for the development of
gallium nitride was  competition in
semiconductors between Japan and the United
States, each trying to dominate global markets for
silicon microchips and compound
semiconductors.

The development of gallium nitride
was as much about failures and dead-ends, as it
was about successful innovation. It occurred in

three phases. In the first phase, starting in 1968,
Herbert Maruska and other researchers at RCA
created the first single crystals of gallium nitride,
in order to produce blue LEDs for flat panel
televisions. To grow these crystals, Maruska used
a new technique developed at RCA: HVPE or
hydride vapor phase epitaxy (epitaxy was the
process whereby one grew a crystalline layer on
top of another crystal; HVPE was a chemical
form of epitaxy relying on the use of hydrogen
compounds). Maruska also employed sapphire
crystals — which had been engineered to make
silicon microchips for space and military
applications — as the substrate on which to grow
films of gallium nitride. Much of the funding for
this project came from NASA. With the gallium
nitride crystals he had fabricated, Maruska and
his colleagues at RCA made relatively simple
MIS LEDs (these LEDs relied on an N-type
crystal layer and a film of insulating gallium
nitride to produce light). These LEDs were very
dim.

But the group at RCA soon
encountered major obstacles in fabricating a
brighter form of LEDs, PN junction LEDs, with
gallium nitride crystals. PN junction LEDs were
made of a sandwich of P-type and N-type crystal
layers. P-type layers were characterized by an
excess of electron deficiencies, whereas N-type
layers had an oversupply of electrons. Gallium
nitride came naturally as N-type. But the group
could not make P-type gallium nitride. In the late
1960s and early 1970s, Maruska, who had
developed a deep emotional attachment to the
material he had created, systematically looked for
the right P-type dopant to create P-type gallium
nitride. He sought to dope gallium nitride with
zinc, magnesium, cadmium, and mercury -
without success. Maruska and his colleagues had
run into a major problem with the material logic
that would plague researchers aiming at making
blue LEDs for the next twenty years. These
persistent difficulties and competitive logic in the
form of a financial crisis at RCA brought about
by Japanese competition in consumer electronics
persuaded the lab’s managers to terminate the
project and to lay off Maruska in 1974.

At that time, the locus of innovation in
gallium nitride crystals shifted to Japan. Isamu
Akasaki pursued the further development of the
material at the Matsushita Research Institute and
Nagoya University in the 1970s and 1980s.
Akasaki was an applied physicist who had
developed a fascination for luminescent materials
when he had worked on television technology at
Fujitsu in the late 1950s. At Matsushita, Akasaki
grappled with the material logic of gallium



nitride. He reproduced Maruska’s work,
including his HVPE reactor. He later added new
elements to the material logic in order to
fabricate bright PN junction LEDs. These new
elements added to the material logic were MBE
(molecular beam epitaxy), a physical process for
growing crystals, and ion implantation, a
techniqgue  for  shooting  dopants into
semiconductor crystals. This work was funded by
MITI, the Japanese ministry of international trade
and  industry,  which  saw  compound
semiconductors as an area of strategic importance
for Japanese industry. After several years of work,
Akasaki became convinced that MBE would not
allow the production of better crystals than
HVPE and that one could not make P-type
gallium nitride with ion implantation. The
material logic of gallium nitride remained as
intractable as ever.

After joining Nagoya University in
1981, Akasaki made several technological
breakthroughs in collaboration with his doctoral
student Hiroshi Amano. Key for these
breakthroughs was their turn to yet another
crystal-growing technique, MOCVD. MOCVD,
or metal organic chemical vapor deposition, was
a chemical form of epitaxy and as such was
closely related to HVPE. This new epitaxial
technique enabled Akasaki and Amano to grow a
layer of aluminium nitride between the sapphire
substrate and the gallium nitride film. This layer
acted as a buffer and enabled the production of
crystals with fewer defects than crystals
fabricated with other growing techniques. Amano
and Akasaki also found a way to make P-type
gallium nitride by shooting electron beams onto
gallium nitride crystals and by doping them with
magnesium. These revolutionary techniques
enabled Akasaki’s group to fabricate the first blue
PN junction LEDs in 1989. These LEDs were
two orders of magnitude brighter than MIS
LEDs.

In the third phase of the development
of gallium nitride, two Japanese firms
commercialized Akasaki and Amano’s research.
These firms were Toyoda Gosei, a Toyota
subsidiary manufacturing tires, and Nichia
Chemical Industries, a chemical firm that
produced phosphors for color televisions.
These firms, which were new to the LED
business, approached the commercialization of
gallium nitride and blue LEDs in very different
ways. Toyoda Gosei’s engineers collaborated
closely with Akasaki and Amano and obtained
financing from an agency of the Japanese
government to finance technology transfer from
Nagoya University. They also made conservative

technical choices. They were interested for
example in using Akasaki’s new crystal growing
techniques to make MIS LEDs (the type of LEDs
which had been fabricated at RCA in the early
1970s).

In contrast, Shuji Nakamura and his
group at Nichia Chemical aggressively
appropriated the techniques developed by
Akasaki and his group — without any formal
agreement with the university and in direct
competition with it and its corporate partner. The
engineering group at Nichia was also more
aggressive technically and concentrated from the
start on the mass production of PN junction
LEDs. The group at Nichia perfected the design
of MOCVD reactors and engineered a low cost
process for making P-type gallium nitride. These
innovations enabled them to introduce blue PN
junction LEDs to the market in 1993.

Several lessons can be drawn from this
examination of gallium nitride for the
understanding of materials innovation. First,
materials innovation is a lengthy process. It was
particularly long and protracted in the case of
gallium nitride. The development of single
crystals of gallium nitride took nearly four
decades from Maruska’s early work in the late
1960s to the worldwide production of gallium
nitride-based LEDs in the first decade of the
twenty first century.

Second, the engineering of new
materials has an emotional dimension. Along
with market logic, the emotional attachment and
fascination of a few scientists and engineers for
gallium nitride helped sustain the development of
this material over the first twenty-five years of its
existence. Maruska felt a deep bond to gallium
nitride. Akasaki and Amano were fascinated by
luminescent crystals and, according to a close
associate, Nakamura “fell in love” with the
material.  The importance of emotional
commitments in the history of gallium nitride is
not specific to this material. Similar phenomena
occurred in the creation of other materials as well.
For example, in the early history of
semiconductors Gordon Teal, a metallurgist
working at the Bell Telephone Laboratories,
developed what he called a “sentimental
attachment” to germanium. He created the first
single crystals of germanium which permitted the
fabrication of junction transistors and enabled the
early growth of the semiconductor industry.

Third, the history of gallium nitride
shows the role of the constant interplay among
several contextual logics — material logic, market
logic, and competitive logic — in materials
innovation. The history of gallium nitride is to a



large degree a story about Maruska, Akasaki, and
Nakamura’s contention with material logic.
Along with the innovators’ emotional attachment
to the material, it was market logic that carried
the development of gallium nitride across the
whole period. Competitive logic also shaped
gallium nitride technology. For example, the war
waged by Nichia Chemical and Toyoda Gosei
accelerated material advancements. It led to the
fabrication of increasingly brighter blue LEDs
and to the engineering of white, green, and violet
light emitting diodes as well.

The development of gallium nitride

was, in some ways, rather random and contingent.

Individuals and groups moved in and out of
gallium nitride research, partially on the basis of
personal inclinations and partially because of the
randomness of corporate politics. But beyond
these personal preferences and the uncertainty of
corporate and scientific life, larger patterns can
be discerned. One of these regularities is the
emotional power of materials which drew a small
cadre of talented researchers to gallium nitride.
Another regularity is the complex of challenges,
constraints, and opportunities that scientists and
engineers face in three contexts: materials,
material competencies, and their obduracy; users
and markets; and the competitive tensions among
laboratories, firms, and nations. It is at the
convergence point of the emotional spell of
materials and these contextual logics that novel
material configurations emerge, evolve, and find
new uses and new USers.
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