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ENGINEERING THE PATHTO

NEW SEMICONDUCTORS

As fundamental components of our electronic and optical devices,

semiconductors are essential to our modern way of life. Dr Yasuo
Koide of the National Institute for Material Science in Japan has
an extensive history of researching and developing these unique

materials. Alongside his colleagues, Dr Koide continues to break
through the boundaries of our existing knowledge to create new

and exciting technologies.

Why Are Semiconductors Important?

In our modern world, we rely on
electronic and optical devices in

almost every aspect of our lives - from
communication to healthcare, and from
education to entertainment. In order
for electronic and optical devices to
operate reliably and efficiently, much
research goes into developing their
components. This means that scientists
spend a lot of time investigating how

to improve the constituent materials of
these devices, in order to ensure that
technology continues to advance.

One of the most interesting -

and essential - components of
electronic and optical devices is the
semiconductor. These unique materials
have properties somewhere between
that of a conductor and that of an
insulator, allowing them to control
electrical currents. Whether it is the
microprocessor in your smartphone,
solar panels that provide clean
renewable energy or MRl scanners that
detect the presence and progression
of medical conditions, one thing is
clear: semiconductors can be found
everywhere.

Because of their ubiquity, the way

in which semiconducting materials
are produced is crucial. How they are
manufactured can impact their cost,

energy efficiency and reliability of the
devices that they go into.

Dr Yasuo Koide of the National Institute
for Material Science in Japan has
dedicated his extensive career to
unlocking the secrets of what makes

a good semiconductor, and how

we can apply this knowledge to the
development of new and exciting
technologies. Alongside his colleagues
and collaborators, Dr Koide has made
breakthroughs in numerous areas
within the field of semiconductors,
giving rise to a plethora of important
discoveries. Now, with his current team
at the National Institute for Material
Science, he continues to shed light on
the intricate world of semiconducting
materials.

Perfecting AlGaN Semiconductors

Oneimportant application of
semiconductors is the light-emitting
diode (LED), which emits light when
current is passed through it. LEDs are
an important source of energy-efficient
light for numerous applications,
including display technologies and
residential lighting. Those familiar
with the history of LEDs may already
know the troubled past of producing
blue light. In combination with other
colours, blue light is required to
produce white light. This struggle has
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motivated scientists across the world
to dedicate great effort to developing
semiconducting materials that can
produce bright and consistent blue
light.

During his time as a PhD student at
Nagoya University, Dr Koide made
significant contributions to this field.
His research focused on working with
aluminium gallium nitride alloys (AlGaN)
in order to produce semiconducting
materials. Both aluminium nitride and
gallium nitride had previously shown
promising potential as LED materials
that could produce blue light. However,
many researchers struggled to control
their specific electronic properties.

By creating a material that contained
both aluminium nitride and gallium
nitride in a specific ratio, Dr Koide and
his colleagues enabled far greater
control over tuning the semiconductor’s




electrical properties. They successfully
produced single-crystal AlGaN films,
meaning that the entire film was grown
as one large crystal. This was done by
feeding the gases trimethyl gallium,
trimethyl aluminium and ammonia into
a reactor, where the resulting alloy was
deposited onto a silicon or sapphire
surface. Even more importantly, the
team found that by adjusting the
reaction conditions, it was possible to
control the metal composition of the
alloy, leading to customisability in the
final material.

‘The key to success was two-fold,
explains Dr Koide. ‘One was the reactor
design, which provided the flow of the
precursor gases under high-velocity
condition, and the other was to use an
aluminium nitride buffer layer’

This research truly revolutionised the
field. Ultimately, this set the foundation
that led to other members of the team
being awarded the Nobel Prize in

Physics in 2014, for the very invention

that they had set out to create: high-
brightness, energy-efficient, blue LEDs.

SiGe Semiconductor Films

Dr Koide’s research wasn’t just restricted
to AlGaN-based materials. At the time,
silicon-germanium (SiGe) materials
were showing great potential as high-
quality semiconductors. The different
sizes of the silicon and germanium
atoms in SiGe semiconductors allow for
a high level of customisation.

However, there was still an issue to
overcome: achieving thin films of SiGe.
This specific type of semiconductor
material was notoriously difficult to
produce as a very thin film, which would
be required for its use in electronic
devices. As such, Dr Koide and his team
set out to produce this materialin a
usable form.

During his time at Nagoya University,
Dr Koide managed to grow SiGe films
that were a single atom thick. He did

this using a technique called gas source
molecular beam epitaxy, which involves
pumping gaseous forms of silicon and
germanium into a vacuum at high
temperatures. This causes the elements
to be deposited onto a silicon surface,
allowing the crystal to grow.

Not only did Dr Koide show that
extremely thin films of SiGe could be
grown; he also demonstrated that by
altering the temperature of the reaction,
it was possible to influence the ratio

of silicon to germanium in the final
material. This led to an even higher level
of customisation than was expected,
creating the potential for a wider range
of use in electronic components.

Investigating Wide-Bandgap
Semiconductors

Semiconductors are so useful because
of their unique properties and their
fine tunability. They can be created to
a certain specification, depending on
their intended use. One property of
semiconductors that researchers often




focus onis called the ‘bandgap’ The bandgap is a general
indicator used to demonstrate the energy required for the
semiconductor to perform its job by allowing electric current
to flow.

Generally speaking, pure insulating materials have a

bandgap that is too large to overcome; thus, they have

almost zero electronic properties. Full conductors essentially
have no bandgap, meaning that they readily conduct a

current without the need to overcome an energy barrier.

As such, semiconducting materials with a large bandgap

could be viewed as being more on the insulator side of the
semiconductor spectrum, while those with a small bandgap are
closer to conductors in their properties.

Whilst at Kyoto University, Dr Koide began to research
semiconductors with large bandgaps - so-called ‘wide-
bandgap semiconductors’. He began by investigating what
happens when he created a semiconductor by combining
metal and diamond surfaces, to learn more about the electrical
properties of this type of material. In this situation, the
difference in the materials creates a semiconducting effect at
the interface.

In his study, Dr Koide was able to determine how the electrons,
which form electric currents, were able to move between
contact points on the metal and diamond materials. This was
an important breakthrough, which paved the way for future
work involving these unique types of materials. Dr Koide’s work
led to numerous discoveries in wide-bandgap semiconductors,
such as low-resistance zinc-selenium materials, which have
found use due to their high thermal stability, and gallium-based
materials that have found uses in blue LEDs.

Diamond-Based Electronic Devices

In many industries, diamond-based materials have always
been a tantalising prospect. Their unique structure, comprising
a rigid network of carbon atoms, gives them incredible strength
and stability, making them useful in a wide variety of potential
applications.

‘Diamond is an extreme semiconductor with the strongest
mechanical hardness, the largest thermal conductivity, and
the highest thermal and chemical stability, says Dr Koide. ‘It
is highly attractive for applications in electronic and optical
devices’

However, diamond’s unique properties can also lead to some
complications. In particular, the incredibly high stability of
diamond-based materials can also mean that they have
extremely high ‘ionisation energies’ This means that a lot

of energy is required to move the electrons within diamond
between energy states. This makes diamond less practical as
other semiconductors due to this high energy barrier. Scientists
rarely give up so easily though, as Dr Koide and his colleagues
were keen to prove.

They set out to find real applications for diamond-based
semiconductors that would allow these materials to operate at
room temperature. One of the team’s major breakthroughs was
designing a diamond-based sensor that could detect deep-
ultraviolet light, and successfully distinguish it from visible
light. These types of sensors are useful for a wide variety of
applications, ranging from flame detection to communication
between satellites. Historically, it has been a challenge to
make sensors that are stable enough to withstand continued
exposure to high-energy ultraviolet light. As such, very stable
diamond-based sensors provided an ingenious solution to this
problem.

In another research project, Dr Koide and his colleagues
successfully developed diamond-based transistors. Transistors
are the basic building blocks of semiconductor microprocessor
chips, with many of the latest-generation chips featuring
billions of transistors. However, the vast majority of these
microprocessors are based on silicon, which faces significant
limitations under certain conditions. For example, silicon-based
microprocessors are prone to failure within extremely high-
power electronic devices and in harsh environments such as
engines or outer-space.

‘Not only are diamond materials physically hard, says Dr Koide.
‘They also conduct heat well which means that they can cope
with high levels of power and operate in hotter temperatures.
In addition, they can endure larger voltages than existing
semiconductor materials before breaking down.” His team’s
new transistors are composed of diamond that has been
coated with an insulator with a high-dielectric constant - itself
a very durable material with high thermal insulation.

‘Ultimately, our team’s goal is to build integrated circuits with
diamonds, concludes Dr Koide. ‘With this in mind, we hope our
work can support the development of energy-efficient devices
that can function in conditions of extreme heat or radiation
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