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Quantum Electronics

Udi Meirav and Mordehai Hetblum

The pursuit of smaller, faster devices for manipulating the flow of
electrons is now approaching the whimsical world dominated by wave

dynamics.

lf you have ever used a pocket
caleulator, you probably could
not help but be amazed how
something so small can be so
smart—and so fast. In fact, the
smallness is even more impres-
sive when looking beyond what
meets the eye. The actual brains
of these calculators, integrated
circuits, are made of silicon tran-

sistors too small to be seen with
the naked eye. But try to pro-
gram your calculator to perform
somewhat more complex calcula-
tions and you won't fail to notice
a slight delay before the answer
is displayed. This perceptible de-
lay is the major reason driving
many scientists to seek new ways
to make transistors faster yet.
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@ Gallium arsenide is the pre-
ferred material for researching
quantum electronic behavior oc-
curring at the limits of circuitry
miniaturization. In this scanning
tunneling microscope image of the
surface of gallium arsenide, indi-
vidual atoms are “visible”(gallium-
blue, arsenic-red).

As the tasks expected from
computers get more numerous
and complex, the number of elec-
tronic steps—and consequently
the time—required to complete
each task increases. The brief
pause of the pocket calculator be-
comes a significant delay in big
computing machines. One of the
keys to quickening the pace of
these machines is to have each
element of the electronic circuit
—transistors, of which there are
millions—carry out its own little
function faster. Faster means
passing electrons, the carriers of
electric current, from one end to
another in less time.

Looking at this simply, for a
given electron speed, the smaller
the device, the less time it takes
it to perform its function. Since
electrons can easily travel at
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speeds of 200,000 miles per hour,
or more, and a transistor can be
10 times smaller than a human
blood cell, a single operation may
take well under a billionth of a
second. Still, for complex com-
puter tasks involving trillions of
operations, these delays rapidly
add up to precious seconds, min-
utes, and hours, leading to the de-
sire for even faster device opera-
tions and further size reduction.
Underlying this simplistic
reasoning is the assumption that
as we reduce the size of the elec-
tronic components, they behave
the same way—only faster. Is
this assumption valid? This ques-
tion heralds a new field of re-
search sometimes referred to as
mesoscopic physics—the realm
of very small scale electronics.

The breakdown of scaling

Much of the intrigue of mesoscop-
ic physics arises because scien-
tists have discovered that as
electronic devices shrink in size
beyond certain limits, new and
unfamiliar phenomena occur; the
simple rules of size-scaling no
longer work.

Why this breakdown of scal-
ing? There are several different
causes. The first has to do with
statistics, in a sense. Electronic
devices can be no more perfect
~ than the materials (such as sili-
con) from which they are made.
Thus, the electronic devices in
use today have many random de-
fects (imperfections of the micro-
scopic structure) and contamina-

tions (impurity atoms), each of
which slightly affects the elec-
tron motion. Mass-produced
transistors are not truly identi-

cal at the atomic level, yet mass- -

produced electronic circuits
behave identically. (All pocket
calculators give the same results,
after all.) They do so because
each device contains a large
number of defects and impurity
atoms whose combined effect is
some kind of total or average ef-
fect. As long as the average is of
a sufficiently large number of de-
fects, statistics guarantee that
we will always get very similar
results. However, as the devices
are scaled down, the number of
the defects is no longer so large.
In principle that is good, but each
device has its own few randomly
distributed defects. This means
that statistical averaging is no
longer effective, and thus each
device will behave unlike any oth-
er one. '

Another reason has to do
with the very nature of the elec-
tron motion as explained by

B Top: Inasimple transistor, the
flow of electrons from the source
to thedrain is regulated by the
gate. The basic goal of miniaturiz-
ing circuits is to increase transis-
tor speed by decreasing the dis-
tance from the source to the drain.
B Center: Closer examination of
the path of a single electron re-
veals it to be highly irregular be-
cause of the many impurity atoms
in the conducting material.

H Bottom: As transistor sizes are
decreased, they eventually be-
come so small that each transistor
contains only a few impurity
atoms. As aresult, each transistor
has unique properties.
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QUANTUM ELECTRONICS

quantum mechanics. At the be-
ginning of the century scientists
came to realize that electrons do
not behave like tiny charged solid
balls but in many ways are more
like waves of matter and charge.
Each electron is spread out over
a certain region of space in a
wave -like form that depends on
how the electron is moving and
how much energy it has. As long
as the device through which the
electron moves is large compared
with the electron's wavelength,
the electron does not care
how large the device really is
—whether an inch, or a thou-
sandth of an inch. However,
when the device size is only a few
millionths of an inch, which is
comparable to the electron wave-
length, the electron cannot fit in-
side anymore. To do so it would
have to change its wavelength,
which would require additional
energy. This will profoundly in-
fluence the operation of devices
as their dimensions shrink be-
yond certain limits.

Electronic behavior of very
small devices

By now we are aware that
“small” electronic devices behave
rather differently than conven-
tional ones. But what is really
small? This is determined by the
way electrons move through the
dense array of atoms that form
the semiconductor device. As a
consequence of their wave na-
ture, electrons usually pass right
by the atoms without any colli-

sions, unless they run into some-
thing irregular, which eventually
they always do. That could be ei-
ther a wrong kind of atom (an
impurity), a misplaced atom (de-
fect), an atom vibrating in a crys-
tal lattice (temperature-caused
atomic vibrations), or even an-
other electron. Thus, a meaning-
ful measure for smallness in the
context of scaling breakdown is
the average distance the electron
travels before it undergoes a col-
lision and scatters to another di-
rection. This average distance
between collisions is called the
mean free path, or MFP.

Collisions between electrons
and atoms in crystals are clas-
sified into two groups. The first
type, called elastic, involves col-
lisions in which the electron
changes its direction but not its
energy. Since impurity atoms in
electronic devices are much heav-
ier than electrons, electrons col-
liding with impurity atoms
change only their direction of mo-
tion, but not their speed or ener-
gy. This is analogous to a ball hit-
ting a wall and bouncing off at
the same speed it came in with,
Elastic collisions of electrons
with impurity atoms are the
most prevalent type of collision
that occurs in devices that have
been cooled to very low tempera-
tures.

In the second type of colli-
sion, called inelastie, the electron
changes not only its direction but
also its energy. This type of col-
lision gradually becomes more
prevalent as a semiconductor is
warmed. Inelastic collisions oc-
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