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The newly developed formalism and QFL splitting analysis led to new ways of
characterizing extremely scaled-down semiconductor devices and the technology
computer-aided design (TCAD) of next- generation nano-electronic/energy/bio
devices. Credit: Yong-Hoon Kim, KAIST

Semiconductor companies are struggling to develop devices that are
mere nanometers in size, and much of the challenge lies in being able to
more accurately describe the underlying physics at that nano-scale. But a
new computational approach that has been in the works for a decade
could break down these barriers.

Devices using semiconductors, from computers to solar cells, have
enjoyed tremendous efficiency improvements in the last few decades.
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Famously, one of the co-founders of Intel, Gordon Moore, observed that
the number of transistors in an integrated circuit doubles about every two
years—and this 'Moore's law' held true for some time.

In recent years, however, such gains have slowed as firms that attempt to
engineer nano-scale transistors hit the limits of miniaturization at the
atomic level.

Researchers with the School of Electrical Engineering at KAIST have
developed a new approach to the underlying physics of semiconductors.

"With open quantum systems as the main research target of our lab, we
were revisiting concepts that had been taken for granted and even appear
in standard semiconductor physics textbooks such as the voltage drop in
operating semiconductor devices," said the lead researcher Professor
Yong-Hoon Kim. "Questioning how all these concepts could be
understood and possibly revised at the nano-scale, it was clear that there
was something incomplete about our current understanding."

"And as the semiconductor chips are being scaled down to the atomic
level, coming up with a better theory to describe semiconductor devices
has become an urgent task."

The current understanding states that semiconductors are materials that
act like half-way houses between conductors, like copper or steel, and
insulators, like rubber or Styrofoam. They sometimes conduct
electricity, but not always. This makes them a great material for
intentionally controlling the flow of current, which in turn is useful for
constructing the simple on/off switches—transistors—that are the
foundation of memory and logic devices in computers.

In order to 'switch on' a semiconductor, a current or light source is
applied, exciting an electron in an atom to jump from what is called a
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'valence band,' which is filled with electrons, up to the 'conduction band,'
which is originally unfilled or only partially filled with electrons.
Electrons that have jumped up to the conduction band thanks to external
stimuli and the remaining 'holes' are now able to move about and act as
charge carriers to flow electric current.

The physical concept that describes the populations of the electrons in
the conduction band and the holes in the valence band and the energy
required to make this jump is formulated in terms of the so-called
'Fermi level.' For example, you need to know the Fermi levels of the
electrons and holes in order to know what amount of energy you are
going to get out of a solar cell, including losses.

But the Fermi level concept is only straightforwardly defined so long as
a semiconductor device is at equilibrium—sitting on a shelf doing
nothing—and the whole point of semiconductor devices is not to leave
them on the shelf.

Some 70 years ago, William Shockley, the Nobel Prize-winning co-
inventor of the transistor at the Bell Labs, came up with a bit of a
theoretical fudge, the 'quasi-Fermi level,' or QFL, enabling rough
prediction and measurement of the interaction between valence band
holes and conduction band electrons, and this has worked pretty well
until now.

"But when you are working at the scale of just a few nanometers, the
methods to theoretically calculate or experimentally measure the splitting
of QFLs were just not available," said Professor Kim.

This means that at this scale, issues such as errors relating to voltage
drop take on much greater significance.

Kim's team worked for nearly ten years on developing a novel theoretical
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description of nano-scale quantum electron transport that can replace the
standard method—and the software that allows them to put it to use.
This involved the further development of a bit of math known as the
Density Functional Theory that simplifies the equations describing the
interactions of electrons, and which has been very useful in other fields
such as high-throughput computational materials discovery.

For the first time, they were able to calculate the QFL splitting, offering
a new understanding of the relationship between voltage drop and
quantum electron transport in atomic scale devices.

In addition to looking into various interesting non-equilibrium quantum
phenomena with their novel methodology, the team is now further
developing their software into a computer-aided design tool to be used
by semiconductor companies for developing and fabricating advanced 
semiconductor devices.

  More information: Juho Lee et al, Quasi-Fermi level splitting in
nanoscale junctions from ab initio, Proceedings of the National Academy
of Sciences (2020). DOI: 10.1073/pnas.1921273117
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