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My Fifty Years with Transistor
Takashi Mimura
Introduction

It truly is a great pleasure and honor for me to receive the 2017 Kyoto Prize for my
research on semiconductor devices.

It has been nearly forty years since I developed the high electron-mobility
transistor (HEMT), for which I have been awarded this prestigious prize. Over the
years, HEMTs have found a broad range of applications as one of the fundamental
technologies advancing innovation in information and telecommunications systems,
including satellite broadcast receivers, mobile phone systems, automotive millimeter
wave radars, GPS navigation systems, and broadband wireless access systems (Fig. 1).
As you can see from this slide, the current main application for HEMTs is in wireless
systems.

In this lecture, I will first show you an animation that will give you a brief
introduction to the concept of HEMTs. Then, I will look back at my personal history
from childhood to my first employment at a company. Finally, [ will talk about my series
of research and development efforts at Fujitsu Ltd. and Fujitsu Laboratories Ltd.,
covering everything from the invention of HEMTs to the development of technologies
for their early practical applications. First, let’s watch the animation. (Animated
introduction of HEMTS)

Next, I would like to share some of my childhood memories with you. First, I'll tell
you about my father and mother. My father was a women's clothing designer at a
department store in Osaka. According to my family registry, I was born in Osaka City in
December 1944, but this is incorrect. At that time, World War II was drawing to a close,
and Japan's major cities were the target of frequent air raids, so my mother took shelter
at her parents’ house in Kasaoka City, Okayama Prefecture, where [ was born. Just
before my birth, my immediate elder brother died prematurely. Partly because of this, |
was raised with tender loving care by my parents, who must have been heartbroken
over my brother’s untimely death and treated me as if he had been reborn through me.

After the war ended, my family moved from Osaka to Kobe at the suggestion of
my mother’s aunt, who was living in Kobe at the time. My earliest memories of that city
are of the downtown area known as Shinkaichi. There were movie theaters everywhere
you looked, showing all kinds of films. I was fond of science-fiction films from the United
States and would watch them often. 1 still remember how astonished I was when I saw
my first color film, which I think were advertised as “Technicolor.” Unfortunately, I
don’t recall the title of the first color film I saw, but it was a full-color image of lava
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flowing like a bright red river. Of course, I knew it was only a film, but the sound effects
and visual impact of the image were so impressive that I started to worry that the
theater would be set on fire! In my childlike mind, I wondered deeply about how such a
color film could possibly be made. It’s probably because I had watched too many
American science fiction films, but I was once surprised to [ind that I wrote in my
elementary school graduation essay that [ wanted to be a scientist in the future.

Looking back, I can see how my father let his children decide their own career
options. My mother was also basically like that, but she collected information that she
believed would be necessary for her children’s career decisions from our homeroom
teachers and her acquaintances and shared it with us. As a result, I was very
comfortable in my life at home, thanks to my parents’ generosity in telling us to “Do
whatever you like.” Because of this, | actually didn’t choose to live separately from them
until I was married and started a family.

After high school, 1 chose to attend Kwansei Gakuin University, where I majored
in physics in the School of Science, which was established in 1961 as the [irst science
school of Kwansei Gakuin. I was enrolled there in 1963 as part of the third cohort of
students. My physics teacher in general education for first- and second-year students
was Dr. Takeo Hori. Unlike my physics classes at high school, his classes were mainly
based on demonstrations conducted during lectures. He conducted hands-on
experiments before his students’ eyes, and this impressed me profoundly. Later, I
learned that Dr. Hori formed the idea behind his teaching method by observing for a
long time the teaching style at the University of Tiibingen in Germany—where the
astronomer Johannes Kepler and philosopher Hegel once studied—while he was staying
there and conducting research at the Niels Bohr Institute in Copenhagen at a time when
quantum mechanics was still in its infancy (1926-1928). Thinking about it now, I realize
how significant his teaching style was, in that it not only conveyed knowledge, but also
helped to instill the scientific method and the spirit of scientific discovery among the
young students. For my graduation research, I investigated the optical rotation of
substances, that is, the rotation of the plane of polarization of light, at Dr. Hori’s optical
research lab. I was planning to enter Kwansei Gakuin University’s graduate school at
the time. However, knowing that Dr. Hori would retire after one year, I decided to join
the Optical Property of Semiconductor Laboratory at the Osaka University Graduate
School of Engineering Science in Toyonaka City, Osaka Prefecture (Fig. 2).
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My encounter with transistors

My first encounter with transistors dates back to about half a century ago. Partly
upon the recommendation of Dr. Shin’ichiro Narita, my advisor at Osaka University, 1
joined Fujitsu Ltd. in Kobe in 1970. For about ten years from 1946, Dr. Narita had
worked at Kobe Industries Corp., which later merged with Fujitsu. In 1953, along with
Dr. Reona Esaki, he was involved in a project to develop what would become Japan’s
first domestic transistor under the lead of Dr. Tetsuya Arizumi, laying the groundwork
for the current prosperity of semiconductor electronics. While I was a member of Dr.
Narita's lab, the main research theme there was no longer devices such as transistors,
but had shifted to the formation of new compound semiconductor crystals and research
on their optical properties. Because of this, 1 didn’t realize that Dr. Narita had also been
involved in transistor research at Kobe Industries until around 1984, when he was about
to retire.

Before I joined Fujitsu, I was told that [ would be assigned to a section that worked
on the optical properties of semiconductors, but in reality, I ended up being assigned to
a section that developed transistors. As far as 1 can remember, immediately after |
assumed my position, Dr. Shun'ichi Maekawa, who was a General Manager of that
section, gave me an explanation on transistors. I can remember his words like they were
yesterday—“Simply put, transistors are made by sticking two p-n junctions together
back to back.” Unfortunately, | had no idea what a p-n junction even was, and so I didn't
understand how transistors operated. When I reported this to a senior researcher in my
group, he handed me a paper on p-n junctions by William Shockley, who invented p-n
junction transistors in 1948, saying that I should read that paper first. | was struck with
admiration of how p-n junctions’ “rectification properties” were described in elegant
simplicity. After that, the section I had originally been assigned to asked for my
reassignment, but I had already become so entranced by p-n junctions that I wanted to
continue my work in the device field, and they finally allowed me to have my way. Soon,
an orientation for new hires began and, under the instruction of my senior researchers,
I was able to put a transistor into operation as my very first semiconductor device. Its
static current-voltage characteristics as measured by the curve tracer were exactly what
I saw in the textbook on transistors. I marveled at the high technological level of
semiconductor device production while simultaneously experiencing the great joy of
creating something.

About a year or two after I joined the company, I was seized by the urge to create a
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new device on my own. I'll admit that [ was young and self-conceited at the time, and for
several years after that, the various devices that I proposed proved to be nothing but one
useless device after another. The best 1 could hope for was to have one of my papers
published in the journal of the Institute of Electrical and Electronics Engineers (IEEE)
in the United States, but my interest in semiconductor devices only grew stronger.
Behind it all were the encouraging words, “Do whatever you like,” that my parents had
always told me, but at the same time I fondly remember that the Kobe lab’s senior
rescarchers had a culture of encouraging their junior researchers to take on challenges
in new directions.

In 1975, I was transferred to Fujitsu Laboratories Lid. in Kawasaki City, Kanagawa
Prefecture, and became involved in the development of high-speed compound
semiconductor electronic devices, instead of the silicon semiconductor devices that 1
had worked on before.

The need for speed

Historically speaking, the development of high-speed transistors was one of the
key technological challenges involving semiconductor devices after the invention of p-n
junction transistors by Bell Laboratories in the United States in 1948. This was because
higher-speed transistors were expected to significantly improve the performance of
various information and telecommunications systems, by processing huge amounts of
data in a short time and sending and receiving high-frequency radio signals. Now, allow
me to walk you through the basic mechanism that governs the speed of transistors

(Fig. 3).

BANRES A FAE:
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There are many different types of transistors, but let’s look at field effect
transistors (FETs), which are the most popular. FETs operate as drain current changes
in proportion to the total number of electrons directly under the gate electrode that is
increased or decreased according to the level of signal voltage applied to the gate
electrode. The time required for the total number of electrons to increase or decrease
approximates the time required for electrons to run through the current path directly
under the gate electrode. This is time known as the electron transit time. If the electron
transit time can be decreased, it becomes possible to keep pace with input signals that
alter in shorter timeframes, thus increasing the speed of the transistor. Such being the
case, there are two ways to develop high-speed transistors. One is to make the gate
electrode thinner, that is, to miniaturize it. This is the traditional approach for
semiconductor devices, and can be observed in the way that silicon integrated circuits
have become increasingly miniaturized with each new generation,

The other approach for increasing a transistor's speed is to increase the transit
speed of electrons. Now, how can we make this happen? Here we can use Ohm’s law,
which states that the amount of current is proportional to the level of voltage applied.
The amount of current increases due to increase in electrons’ transit speed, as well as
the level of voltage. Now, mobility refers to the ease of increasing the speed, and to
increase the speed of transistors, one simply has to increase the electrons’ mobility as
much as possible. Different semiconductor materials differ in their electron mobility
characteristics. Because the compound semiconductor gallium arsenide (GaAs) has
about five times as much electron mobility as silicon, the GaAs metal semiconductor
FET (MESFET) drew much attention as a material for high-speed transistors in the
microwave band from the early 1970s, and a great deal of effort was put into its research
and development.

GaAsBAARFFP

{MEtal-Semcondictor Field Effect Transistor)

[§°3 3:1 1
(C. A. Mead, 19665 1-5888)

Fig. 4
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Challenges and setbacks

Back in 1979, when [ first invented HEMTs, I was part of a team working on the
development of GaAs MESFETSs. You can see the structure of GaAs MESFETs
illustrated here. By applying voltage to the gate electrode, its current can be increased
or decreased (Fig. 4). Now, GaAs MESFETs are high-speed devices that were designed
by Carver Andress Mead in 1966. It had long been assumed by device developers that
they were the ultimate high-speed devices, and all that could be done in the future
would be to modify them. From there, my team began research into GaAs metal oxide-
semiconductor FETs (MOSFETSs), which were completely different from MESFETs. As
you may know, MOSFETs are indispensable devices for large-scale integrated circuits,
and our research objective was to explore the possibility of creating GaAs MOSFETs
that were even faster than Si MOSFETs. Si MOSFETSs operate by using a gate electrode
positioned over the gate oxide film to induce electrons across the silicon surface.
However, at the time, no researcher had succeeded in creating a GaAs MOSFET that
would operate by inducing electrons along the GaAs surface like a Si MOSFET. We
were truly going where no one had gone before. We created gate oxide films in various
ways and repeated our experiments, but could not induce electrons on the GaAs surface
no matter how hard we tried. With Si, electrons could be induced with ease by simply
creating SiO:z films on the surface, but this wasn't the case with GaAs. Presumably, this
was due to the surface state formed near the interface between the GaAs and the gate
oxide film or crystal imperfections that captured electrons, but all of our efforts to
eliminate the surface state were in vain (Fig. 5).

In 1978, about one year after we first embarked upon this research, T had become
increasingly convinced that [ was running out of ideas that could possibly advance the
research any further. [ gave up on the idea of accumulating electrons and felt that I had
reached an impasse. It was at that time that I changed my goal and began assessing the
switching performance of MOSFETs with a current path that had been equipped with a
donor capable of moving even with a relatively high surface state. Since there was no
longer any chance of developing MOSFETSs with an electron accumulation layer as we
had intended, I wanted to show just how far the development team had come before
closing the curtain on GaAs MOSFET research for good. We chose the 37th Device
Research Conference, or DRC, in 1979 as the occasion to do this. Held in the United
States, where transistors and semiconductor lasers were first introduced, DRC was the
longest-running annual conference on device research.
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My encounter with technology from a different field

While 1 was writing the paper for DRC, I stumbled upon an article on “modulation-
doped superlattices,” which had been penned by researchers in a technological field
different from my own. This was around February 1979. Now, modulation-doped
superlattices feature a structure in which two different types of very thin semiconductor
layers (highly pure GaAs layer and n-AlGaAs layer doped with silicon) are stacked
alternately in several dozen layers (Fig. 6). The main focus of the article was on electron
mobility within a superlattice, but what impressed me so profoundly was an
experimental fact that was not even mentioned by the authors of the paper. In their
experiments, electrons accumulated in the GaAs layer sandwiched between two
n-AlGaAs layers. I believe that this was something simply taken for granted in the
technological field of superlattices at that time, but it gave me a fresh jolt and left a
strong impression on me, since I was directly engaged in a desperate struggle with
GaAs’s surface state. This is because, as I mentioned earlier, no electrons accumulate in
GaAs MOSFETs due to their surface state. Since GaAs and AlGaAs in the modulation-
doped superlattice shared similar crystal structure characteristics and the surface states
of those crystal interfaces were low, electrons could be accumulated.

[mpressive as the experimental fact of electron accumulation was, it occurred in a
highly special structure of modulation-doped superlattices, and so [ wasn't able to gain
any concrete ideas or inspiration at the time. I think I maintained a vague interest in this
subject that lasted for some time, but it was so subtle that it rarely came to my conscious
mind during the course of my daily activities. However, it seems that the human mind
can change very suddenly. While I was chatting with an American researcher at the 37th
DRC immediately after [ had presented my paper on GaAs MOSFETs, the idea popped
into my mind that [ could somehow make a practical device out of modulation-doped
superlattices. This was at the reception of DRC on June 25, 1979. It came to me totally
out of the blue, and so the moment is still vivid in my memory. It was this event that
gave me the willpower to focus my thoughts on coming up with ideas for a new device.

To sum up, these casual incidents—an encounter with an article from a
technological field different from my own and some small talk with a fellow
researcher—triggered the invention of HEMTs. In retrospect, the bitter experiences of
failure in GaAs MOSFET research made the greatest contributions to the invention of
HEMTs. You could say that my senses had been sharpened by those failures, and it is
probably those senses that helped me to discover something new in daily coincidences.
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As the great microbiologist Louis Pasteur once said, “Fortune favors the prepared
mind.” In the case of HEMTs, I believe that it was those failures with GaAs MOSFETs
that cultivated my prepared mind.

Integration of existing devices

After returning home from the 37th DRC, I concentrated my thoughts on the
superlattice structure, desperately seeking out creative ideas until I was able to reach
one simple conclusion. [t was a kind of guiding principle that, when working on ideas for
a practical device like a transistor, the simplest structure is always the best. In
accordance with this principle, it was clear that the simplest structure would be one in
which the current channel is a single electron accumulation layer made from the
combination of a high-purity GaAs layer and an n-AlGaAs layer. The next thing that
needed to be clarified was how to control electrons within modulation-doped
superlattices.

It was in July 1979, a few weeks after I had started thinking about this, that I
happened upon the idea of HEMTs (Fig. 7). This hand-drawn energy band diagram
explaining HEMT's operating principle is an excerpt from a patent application submitted
to the internal Patent Department in August 1979. It illustrates the principle of how the
HEMT's layer structure and electron accumulation layer should be controlled to operate
the transistor, but its drawbacks can be found in its rather abstract expressions.

Let me show you more specifically the roots of the HEMT device structure (Fig. 8),
which reveals that it was born out of an integration of existing device structures. The
key point behind this idea involved using the basic unit of modulation-doped
superlattices, that is, the single heterojunction interface between n-AlGaAs and GaAs, as
a current channel, and allowing the electric field effect to reach the electron
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accumulation layer within the GaAs layer by eliminating electrons within the n-AlGaAs
layer through the introduction of Schottky junctions that would create a depletion layer
on the n-AlGaAs layer’s surface. If we assume that the n-AlGaAs layer without electrons
is a gate insulator, we could say that the device concept of the HEMT is structurally
similar to that of a MOSFET, and Schottky junctions, which are used to deplete the
n-AlGaAs layer, function exactly the same as the gate electrode of a GaAs MESFET. It is
therefore safe to say that the concepts of existing devices such as GaAs MESFETSs and
GaAs MOSFETs and the structure of existing layers of modulation-doped supperlatices
were integrated to create the new device concept of HEMT. To use the analogy of a
jigsaw puzzle, the three different pieces of GaAs MESFETs, GaAs MOSFETs, and
modulation-doped superlattices were essential to complete the HEMT puzzle. I believe
that this is true of research and development in any field, but one of the most effective
methodologies for creating a new idea is to expand the scope of one’s research. The
process of inventing HEMTs is a testament to this. Now, what I wish to emphasize here
is that it was extremely instructive that GaAs MOSFETs, in which I experienced failure,
were also an integral part of the formation of the HEMT device concept. Through
research and development of HEMTs, I believe that I was able to learn the important
lesson that even experiences of failure can be useful.

Beyond organizational barriers

I compiled my ideas on HEMTs into a patent application, which was duly received
by Fujitsu’s Patent Department in August 1979. However, the mere idea of such a thing
was nothing more than a castle in the air. Any idea must be demonstrated by
experiments. To demonstrate your idea, all sorts of techniques are required. An
advanced crystal growth technique was necessary to prepare a HEMT prototype. | was
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in a team working on the development of devices at the time, but we didn’t have a
technique for growing crystals with the accuracy necessary for HEMTs.

The electron accumulation layer, which serves as the HEMT's current channel,
can exist in an extremely narrow region that is only as wide as the spread of an electron
wave function from the heterojunction interface between the GaAs and AlGaAs layers,
or several dozen atom layers. This meant that we needed a crystal growth technique for
producing a heterojunction with a degree of accuracy on the order of atom layers, At
that time, the only crystal growth technology capable of meeting such stringent
accuracy requirements was molecular-beam epitaxy (MBE) (Fig. 9). Technically, MBE
was a vacuum evaporation method for semiconductors. Elements that form crystals are
placed in each cell and then heated. Each cell has a shutter, and when it opens the
elements are radiated to crystal substrates like a beam. MBE caught the spotlight as a
technique for growing fine heterostructures in 1973, when a research group from IBM
created the prototype for a “superlattice,” that is, a periodic structure in which about 100
very thin GaAs layers and AlGaAs layers are alternately stacked. MBE’s most distinctive
feature is that it is capable of continuously growing semiconductors of different types by
opening/closing a mechanical shutter. In Japan, many companies, universities, and
national research institutions began working in earnest on MBE between 1973 and
1975.

Fortunately, there was one research group at Fujitsu Laboratories that used MBE
to grow gallium arsenide and aluminum gallium arsenide. The group was led by
Researcher Satoshi Hivamizu (now Professor Emeritus at Osaka University). When 1
explained my idea to that MBE group, they agreed to offer their full support for the
fabrication of heterojunction crystals. From that day, we formed a cross-organizational
small-scale prototype research group to commence joint research. Of course, this
research began as an “unauthorized” project without letting our laboratories know about
it, and so each researcher had only limited amount of time to allocate to it.

The birth of HEMTs

Immediately after the prototype research group got started, I received a letter. To
my great surprise, it was from Dr. Ray Dingle of Bell Laboratories, one of the coauthors
of the aforementioned paper on modulation-doped superlattices. He said he wished to
discuss the GaAs MOSFETs that [ was working on. On August 30, 1979, he visited our
laboratory to compare notes on his modulation-doped superlattices and our GaAs
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MOSFETs, but we deliberately kept our new initiative on HEMTs secret.

With this and other events as our motivation, our research continued to gather
pace. By November of that year, the technological level of the MBE group had improved
so much that our mobility of two-dimensional electron gases caught up with the level at
Bell Laboratories. 1 must say that we achieved this at an astonishing speed, which was
made possible only by the zeal of everyone in the MBE group. In fact, the fate of the
MBE group hinged on this courageous challenge. I was responsible for the device
process in the group, and what I found particularly challenging in the process was the
etching technique. In order to operate HEMTs by depleting the entire n-AlGaAs laver
under the gate electrode, we needed to control the thickness of the semiconductor
between the gate electrode and the heterojunction interface with an accuracy down to
several nanometers by etching. Given the technological level at the time, this demanded
an overwhelmingly high level of accuracy. Trying one new etching solution after another,
we repeated simple experiments endlessly, only to waste so many precious MBE wafers.
When we started the prototype research, we decided to disregard reproducibility, since
we did not want to spend too much time in this stage, at the cost of the greatest honor,
namely, that of being the first to announce the development of HEMTs. It was purely
about our ardent desire to develop even a single working HEMT as soon as possible. In
late December of that year, after a few failures, we were able to develop a HEMT chip
that would function in low-yield wafers. This was about four months after the
“unauthorized” HEMT prototype research group had been formed. To determine
reproducibility, we performed another prototype study and used the experimental data
gained thus far for our first paper on HEMTs. When we finally confirmed the birth of
HEMTsS, [ certainly did feel a great sense of achievement and pleasure, but | also
remember feeling a sense of relief most of all, as I would be able to give back to all of the
members of the MBE group who had so kindly cooperated with us.

This is not the end of the story, however. In June 1980, I presented the paper on
our HEMT research project at the 38th DRC at Cornell University in New York. After I
returned from the podium to my seat, someone behind me tapped my shoulder. When 1
looked back, someone I had never seen before presented a document to me. To my
great surprise, it was about a device similar to our HEMTs. Actually, it was a paper on a
device now referred to as a “reverse” HEMT, where the AlGaAs and GaAs layers are
inverted (Fig. 10). He later told me that he was a researcher at a corporate laboratory,
and that he was sorely disappointed to find out that we were one step ahead of him. We
won the honor of being the first to develop HEMTs, but only by a few months.
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Mass production technology

Because IIEMTs use a current path formed by an extremely thin region of about a
dozen atom layers—incredibly thin compared to that of conventional devices—near the
heterojunction interface, their reliability had been called into question from the very
beginning. As such, many were skeptical about their practical application. I was also
dubious about their commercial use, and there were two reasons for this. First of all,
MBE was the only crystal growth technology for HEMTs at that time, but its
productivity was low. Historically speaking, MBE was originally developed for research
purposes, and its architecture was not designed for mass production. In other words, to
put HEMTs into practical use, crystal growth systems for mass production would need
to be developed first. Subsequent development of the metalorganic chemical vapor
deposition (MOCVD) technology for mass production, which uses metalorganic gases
as materials, solved this, and the mass production setup for HEMT wafers was in place.

The second technological challenge that hindered practical application of HEMT's
at the time was the difficulty of the HEMT fabrication process. It was necessary to
control the distance between the gate electrode and the heterojunction interface with a
high degree of accuracy in order to achieve the desired thickness. Because it contains
Al, AlGaAs is extremely chemically active compared to GaAs. Simply leaving it exposed
to the atmosphere will result in a natural oxidation film with a main component of Al203
(aluminum oxide) forming on the surface, thus altering the AlGaAs film thickness. This
would prove nothing less than fatal for the practical application of HEMTs. Then, a
breakthrough was made in this difficult-to-control process in the form of a GaAs cap
layer structure (which is stacked on the AlGaAs layer) and reactive ion etching
technology (etching unnecessary portions using reactive ions). The idea is very
straightforward: the GaAs cap layer protects the AlGaAs surface from being oxidized
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and, when setting a control electrode, only the cap layer of the electrode section is
selectively removed through reactive ion etching. In this way, it was assumed, the
accuracy of AlGaAs film thickness could be maintained during crystal growth, making it
dramatically easier to prepare HEMTs (Fig. 11). Reactive ion etching uses fluorinated
gases activated by high-frequency electricity to remove the GaAs cap layer in the region
where the control electrode is set. When the GaAs cap layer has been etched to expose
the AlGaAs surface, etching stops automatically, because chemically stable aluminum
fluoride (AlFs) has been formed on the AlGaAs surface to prevent the etching from
penetrating any further. As such, this process does not require people to rigorously
monitor the etching time and other parameters, and thus is quite simple. This clever
method is possible because HEMTs are made from AlGaAs and GaAs, which have
different chemical properties. That is to say, another distinctive feature of HEMTs is
their high degree of freedom in production engineering. These breakthrough
technologies finally made it possible to repeatedly produce HEMTs with consistent
properties. In commercially available HEMTs, the GaAs cap layer is removed and a gate
electrode is formed in the hollowed-out gate region (Fig. 12).

The very first product

Having been brought into existence as the result of research seeking high-speed
devices, HEMTs were basically a product of chance. Naturally, there was no demand for
HEMTs in the market at the time of their birth. In fact, HEMTs came into the
commercial market seemingly out of nowhere. At the International Solid-State Circuits
Conference (ISSCC) of 1983, we presented a HEMT low-noise, four-stage amplifier for
possible application in the microwave band for satellite communications, and the
product drew the attention of those working at radio observatories in the United States
who were present at the conference. Thanks to HEMT's superior noise characteristics
at low temperatures that we announced during that conference, our amplifier could
potentially replace conventional parametric amplifiers or GaAs MESFET amplifiers. We
therefore decided on low-noise amplifiers for radio telescopes as the target for HEMT's
first product application. The HEMT amplifier that was installed at the Nobeyama Radio
Observatory (NR0O) in Nagano Prefecture in 1985 helped to discover unknown
hydrocarbon molecules in dark nebulae, and it was later installed in the world’s major
radio observatories. The discovery of this market, which was niche yet valued HEMT’s
performance at low temperature, helped us to take an extremely important step toward
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innovation during the early days of development. The emergence of a market
encouraged corporate activity, which then ensured constant improvement of the device
technology, thus opening up the way toward new application areas.

Use in home electronics

It was around 1987 that the adoption of HEM'Ts began in full swing. Replacing
conventional GaAs MESFETs, they started to be used in large quantities for low-noise
amplifiers in satellite broadcast receivers. Use of a low-noise HEMT made it possible to
reduce the size of parabolic antenna by more than half, which, as you might recall,
triggered the explosive spread of satellite broadcasting in Japan and Europe, thereby
eliminating the “borders” of information. Behind this rapid adoption were the
achievement of higher quality and throughput of MBE, MOCVD, and other crystal
growth methods, and numerous technological breakthroughs that were unique to
HEMTs and necessary for their mass production, including selective dry etching
(Fig. 13).

In conclusion

Nearly a half-century has passed since I first encountered transistors. As I look
back again, I can see that my career as a researcher has been shaped by chance and has
been rife with vicissitudes. Unexpected change of assigned position, setback in my
research, encounter with technological information from other fields, and talking with a
researcher at an international conference—It is not hyperbole to say that I owe what 1
am today to these fateful events. By encountering new things and unexpected events, 1
was amazed and inspired, which in turn motivated me to patiently continue taking on
new challenges. This is how I—just an ordinary engineer—was able to create something
that had not existed before. Keeping these things firmly in my mind, I will continue to
give my best effort going forward (Fig. 14).

In closing, [ would like to express my most heartfelt appreciation to the many
people who have given me their guidance and support up to this day. Thank you very
much for your kind attention.
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