The Quantum-Effect Device:
Tomorrow's Transistor?

The components of ordinary integrated circuits can be made only so
small before disruptive effects impair their function. Beyond that
size limit a new species of semiconductor device could take over

r I The electronics industry and
integrated circuits share an
inverse destiny. The industry

grows as circuits shrink, and growth
will continue as long as more and
more circuits can be crammed on a
single chip. But common sense and
careful analyses indicate that per-
haps within a decade downscaling
will run up against the limits of cir-
cuit technology. Even if practical lim-
its are overcome, the physical laws
that govern the behavior of circuit
components set fundamental limits
on the size of the components’ fea-
tures. In order to keep expanding,
the electronics industry needs anoth-
er technological revolution.

As a physicist with Texas Instru-
ments, Incorporated, I have for many
years been aware of the urgency of
developing a new frontier for semi-
conductor devices. In 1982 my col-
league Pallab K. Chatterjee published
a study that heightened my concern
by stressing how close the downscal-
ing endpoint was. There is still some
disagreement over that figure, with
estimates of minimum feature sizes
ranging between 100 and 500 bil-
lionths of a meter. While disputing
the problem, many of us arrived at
the same solution: that some of the
very phenomena that impose size
limits on ordinary circuits could be
exploited in a new generation of vast-
ly more efficient devices. The func-
tional bases for these devices are
quantum-mechanical effects that car-
ry semiconductor technology into a
realm of physics where subatomic
particles behave like waves and pass
through formerly impenetrable bar-
riers. With the so-called quantum
semiconductor device, I believe it
will be possible to put the circuitry of
a supercomputer on a single chip.
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The structures for quantum devic-
es have already been made using the
same materials as today’s chips:
doped silicon, doped and undoped
gallium arsenide, and aluminum gal-
lium arsenide. Because they can be
about 100 times smaller than the de-
vices in present-day integrated cir-
cuits, however, designing and fab-
ricating a viable device presents a
formidable challenge. Manufacturing
processes will have to become con-
siderably more sophisticated, and
new strategies for interconnection
and architecture will have to be de-
vised to cope with the special prob-
lems of size reduction.

As daunting as they are, these ad-
justments are worth making in or-
der to realize the ten-thousandfold
reduction in cost per function that
quantum devices could bring about.
They are also minor compared with
the difficulty of introducing new ma-
terials for which no relevant proc-
ess technology exists. And the prog-
ress that has been made at Texas
Instruments as well as at other indus-
try, government and academic labo-
ratories around the world suggests
that quantum devices just might em-
body the revolution the electronics
industry awaits.

he motive for shrinking the com-

ponents of integrated circuits is
minimizing the cost and time need-
ed to perform each circuit function.
Most functions are carried out by
transistors, which act essentially as
switches. In a transistor the speed
and precision with which switching
can be controlled, as well as the pow-
er needed to produce the switching,
has everything to do with the time
and cost per function attained by the
device. Because of its size, a transis-
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tor switch that operates on the princi-
ples of quantum mechanics would be
faster and would consume less pow-
er than a conventional transistor; be-
cause of effects peculiar to quantum
phenomena, it could also afford a
greater degree of control.

These attributes can best be ap-
preciated in comparison with the
performance of conventional transis-
tors. The most commonly used tran-
sistors today are field-effect transis-
tors, or FET’s. They are made from
semiconducting materials doped
with elements that provide carriers
for electric charge. The charge carri-
ers can be either electrons, which
bear a negative charge, or positive
“holes”; a semiconductor that has
electrons as charge carriers is said to
be negatively doped (n-doped) and a
semiconductor that conveys charge
by the movement of holes is said to
be positively doped (p-doped). Sili-
con has been the traditional stuff of
integrated circuits, but gallium arse-
nide (GaAs) transistors have been
constructed that are faster.

The two types of transistor have
slightly different configurations [see
illustration on page 98]. In a typical
silicon FET a region of n-doped silicon
called the source is separated from
another n-doped region, the drain,
by a p-doped channel. On top of the
channel there is a metal electrode
called the gate, which is kept from
coming in direct contact with the p-
doped silicon by a layer of insulating
silicon oxide. (This metal-oxide-semi-
conductor arrangement is the deri-
vation for the common acronyms n-
MOS, p-MOS and MOSFET.) A positive
voltage is applied to the drain; when
a weaker positive potential is also
applied to the gate, electrons clus-
ter in the silicon channel under the



gate and create a bridge of negative
charge carriers between the two n-
doped regions. This bridge, called
the inversion layer, enables elec-
trons in the source to flow toward
the positive voltage on the drain. The
current flow can be interrupted by
removing the potential on the gate,
thereby dispersing the electrons in
the inversion layer.

A gallium arsenide transistor also
has a gate electrode and terminals
that serve as source and drain, but
the n-doped part of the substrate is
not localized [see “Gallium Arsenide
Transistors,” by William R. Frensley;
SCIENTIFIC AMERICAN, August, 1987].
When a positive potential is applied
to the gate and the drain, current
flows freely from the source; if the
gate is given a negative voltage, itre-
pels electrons from the area under it,
blocking the path of conduction.

Both transistors are three-termi-
nal devices, and in both of them ad-
justing the voltage on the gate is
the most sensitive means of switch-
ing the device. Hence the transistors
can be switched “on” and “off” by
changing the voltage on the gate.
These devices work well at present
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QUANTUM CHIP has features 100 times smaller than those of
standard chip components. Current flows from one negatively
doped (n-doped) gallium arsenide block to another through a
layer of aluminum gallium arsenide, a gallium arsenide cube and
then another aluminum gallium arsenide layer. Because of cer-

scales, but with downscaling the dis-
tinction between switching states be-
comes blurred. At smaller scales cur-
rent leakage prevents a transistor
from being truly “off”’; it also causes
unnecessary consumption of power.
Impurities or defects in the semicon-
ductor crystal can scatter electrons,
slowing both conduction and switch-
ing. For all its usefulness, the modern
FET has a problem: the smaller it gets,
the worse it switches.

Because the way in which quantum
semiconductor devices would
function is qualitatively different,
quantum devices promise more pre-
cise and efficient control of switching
in a size regime ordinary transis-
tors could never approach. This dif-
ference is manifested in the current-
voltage characteristics. In particular,
some quantum semiconductor devic-
es exhibit negative differential resis-
tance: thatis, there is a voltage range
in which the current decreases as the
applied voltage is increased. On a
graph of current versus voltage, this
property translates into a current
peak and a current valley [see top il-
lustration on page 100]. The presence

of negative differential resistance is
often the only indication a physicist
has that quantum effects are opera-
tive in an experimental device.

The elusive phenomenon at the
heart of quantum effects is the wave
nature of electrons. Quantum theory
predicts that an electron will exhib-
it wavelike behavior whenever the
region within which it is confined,
or the barriers erected to contain
it, has dimensions approaching the
electron’s wavelength. Hence at least
one dimension of the features in a
quantum device is comparable to the
wavelength of an electron. In gallium
arsenide at room temperature that
wavelength measures just 200 ang-
strom units (20 billionths of a meter).

The barriers that can contain elec-
trons are barriers of energy rather
than physical barriers. All electrons
possess a finite amount of energy
and are said to occupy energy levels;
the levels available are characteristic
of a given material. A group of close-
ly spaced levels is called a band. In
most solids the energy levels in each
band are so closely spaced that they
are essentially continuous, and so an
electron can change levels with only

tain quantum-mechanical effects that come into play in layers
of this size, the current a quantum device conducts is extreme-
ly sensitive to differences in applied voltage and can therefore
be closely controlled. This is an idealized model; a function-
ing device of such sophistication has not yet been fabricated.
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an infinitesimal boost of energy.

The relative positions of energy
bands determine whether electricity
can be conducted across two differ-
ent materials. For an electron to pass
from one material to another with no
change of energy, the bands of the
two materials must overlap. Specifi-
cally, in the first material the average
level occupied by electrons—called
the Fermi level—must coincide with
an energy band of the second materi-
al. If the energy band of the second
material occurs at a much higher en-
ergy level than the Fermi level of the
first, the second material acts as a
barrier to electron movement.

For example, under ordinary cir-
cumstances aluminum gallium arse-
nide (AlGaAs) presents a barrier to
the electrons in n-doped gallium ar-
senide. An electron cannot pass from
the doped GaAs to AlGaAs because
the conduction band of AlGaAs is
at a much higher energy level than
the Fermi level of the GaAs. Yet if
the physical dimensions of the bar-
rier are altered in such a way that
the wave nature of electrons comes
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into play, an electron will “tunnel”
through the AlGaAs that was once
an obstacle. Hence when a layer of
AlGaAs thinner than 200 angstroms
is sandwiched between two pieces
of doped GaAs, the electrons tunnel
through it to the GaAs on the other
side. This tunneling is one kind of
quantum effect.

hen barriers confine electrons
within a space comparable to
an electron wavelength, the elec-
trons are subject to two other, inter-
related quantum effects: size quanti-
zation and resonance. Size quantiza-
tion causes the continuum of energy
levels that usually exists in the con-
duction band of a solid to become ar-
ticulated into discrete energy quanta,
or states. It is most aptly described
by a density-of-states graph, which
shows the number of allowed dis-
crete states of an electron within a
fixed energy range [see illustration on
opposite page].
When, for example, a sliver of un-
doped gallium arsenide is enclosed
within AlGaAs barriers, the density-
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FIELD-EFFECT TRANSISTORS make up the majority of integrated-circuit components
today and operate according to the laws of classical physics. In the silicon transistor
(top) electrons flow between the source and the positively biased drain when a positive
voltage is applied to the gate. The gate potential creates a kind of electron bridge be-
tween two n-doped regions; without it the electrons in the positively doped ( p-doped)
silicon channel disperse and the channel becomes impassable. In contrast, the gallium
arsenide transistor (bottom) conducts when there is no potential on the gate, but the
application of a negative voltage disrupts the flow of electrons from source to drain.
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of-states graph for the GaAs looks
more like a ladder than a hill. The
degree of quantization depénds on
the degree of confinement. When
the electrons in GaAs are restricted
in all three dimensions (a “quantum
dot”), their energy levels are com-
pletely discontinuous; in one-dimen-
sional restriction (a “‘quantum well”’)
and two-dimensional restriction (a
“quantum wire”) the levels are still
somewhat continuous.

Resonance, the other consequence
of quantum confinement, occurs
only when some degree of size quan-
tization has been achieved. Electron
waves that enter, say, a quantum
well are reflected off the far wall
of the well; the waves essentially
bounce back and forth within the
quantum chamber [see bottom illus-
tration on page 100]. In doing so they
increase the tunneling current sub-
stantially—they resonate. Both size
quantization and resonance result
from the constructive interference of
the forward and backward waves. It
is difficult to separate the current en-
hancement that can be attributed to
resonance from the enhancement
that results from the increased densi-
ty of states at a given energy level.

As it happens, that distinction is
not crucial for transistor operation.
What does matter is that in a quan-
tum-effect device two slightly differ-
ent voltages can evoke profoundly
different responses. The differences
should be most pronounced in the
most confined structure, the quan-
tum dot, because it exhibits the high-
est degree of quantization. At voltag-
es where tunneling occurs, current
is enhanced by the high density of
states and by resonance effects to
create a peak; at other voltages, the
total absence of states at energies in-
termediate between quantum levels
ensures that very little tunneling oc-
curs, and a valley in the current is
thus created.

To visualize how these quantum
effects could come in handy in a tran-
sistor, imagine two slabs of n-doped
GaAs separated by an AlGaAs-GaAs
quantum dot. Electrons trying to pass
from one slab of doped GaAs to the
other must tunnel through a lay-
er of AlGaAs into the quantum dot
and then through another stretch of
AlGaAs. They cannot enter the quan-
tum dot, however, unless one of the
energy levels in the dot is on a par
with the Fermi level of the doped gal-
lium arsenide from which the elec-
trons are emitted.

The Fermi level of the GaAs “emit-



ter” can be raised with respect to the
rest of the structure by applying a
positive voltage to the doped GaAs
on the opposite side of the dot—the
“collector.” At some voltage the Fer-
mi level of the emitter will attain
the same energy as one of the ener-
gy levels in the dot, and electrons
will move into and resonate within
the dot. There is a single voltage
at which this occurs; the conduction
that takes place at other voltages ow-
ing to thermal excitation and to leak-
age and scattering is negligible. Here,
then, is a way to control precisely the
switching of a semiconductor device.

Ithough from this description the
incorporation of a quantum-dot
structure in a so-called quantum cou-
pled device may seem like a remote
possibility, actually the realization of
such a device may not be too many
years away. Indeed, the exploitation
of quantum effects in semiconductor
devices dates from the 1950’s. The
Esaki tunnel diode, named for its
inventor, Leo Esaki, now at the IBM
Corporation’s Thomas J. Watson Re-
search Center in Yorktown Heights,
N.Y., was the first quantum semicon-
ductor device. In this diode n- and
p-doped semiconductors were jux-
taposed to create a layer having no
charge carriers at all. When the dop-
ing was extremely high, the so-called
depletion layer became thin enough
for electrons to tunnel through. The
diode never had widespread appeal,
however, because the three-terminal
devices that were coming of age at
the time proved to be more efficient
and convenient.

In the 1960’s workers at the Watson
Research Center verified that quan-
tum confinement in one dimension
takes place in the inversion layer of
silicon MOSFET’s. Because the influ-
ence of quantum effects on device
characteristics was so small, that dis-
covery had little impact on transis-
tor development. Subsequent work
by Nick Holonyak, Jr., of the Univer-
sity of Illinois at Urbana-Champaign
made quantum wells standard ingre-
dients in lasers. In the 1970’s Esaki,
along with Leroy L. Chang of the Wat-
son Research Center and Raphael
Tsu, now at North Carolina Agricul-
tural and Technical State University,
carried out the earliest experiments
on resonant tunneling through wells.
Quantum effects were not deliberate-
ly induced in transistors until recent-
ly, in the so-called modulation-doped
FET’S. The quantum wells in these
devices, however, serve.only to im-

prove the mobility of electrons that
otherwise act as they do in conven-
tional transistors.

While seemingly tangential, these
developments helped to advance the
techniques required to make quan-
tum semiconductor devices, so that
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the technology for constructing ex-
perimental structures was at hand
when interest in the field finally blos-
somed. For the past four years the re-
alization of zero-dimensional quan-
tum structures has been the focus
of attention for workers around the
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QUANTUM CONFINEMENT alters the energy states an electron can occupy in a con-
ducting material. For example, in an ordinary piece of n-doped gallium arsenide (top
left) electrons move freely among a continuum of states, but when barriers of alumi-
num gallium arsenide are erected in one dimension around a gallium arsenide quan-
tum well the width of an electron wavelength (200 angstrom units), the density of ener-
gy states in the well becomes quantized, or discontinuous (top right). Restricting the
height of the well gives rise to a quantum wire (bottom left). The degree of quantization
depends on the degree of confinement; true quantization is realized only when gallium
arsenide is confined in three dimensions in the quantum-dot structure (bottom right).
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CURRENT-VOLTAGE CHARACTERISTICS of a quantum-well device reflect the quanti-
zation of energy states in the gallium arsenide well. Such devices show a range of volt-
age in which the current conducted by the device decreases as the voltage applied to
one of the n-doped gallium arsenide contacts increases. This happens because at one
voltage (the resonant voltage) the average energy of electrons in the n-doped sub-
stance (top of yellow band) shifts to a level that coincides with one of the quantum
states (red) in the well, but beyond that voltage the energy band of the doped gallium
arsenide occurs between quantum states. Hence at the resonant voltage an electron (ar-
row) can tunnel through the aluminum gallium arsenide energy barrier (purple) into
the well, whereas at the valley voltage there are no states for the electron to tunnel into.
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TUNNELING ELECTRONS (arrows) resonate in a gallium arsenide quantum well (red)
when a positive bias called the resonant voltage is applied to one of the contacts (top).
The electron waves bounce back and forth inside the well, enhancing the current to
give rise to the peak on the graph at the top of this page. At the valley voltage (bottom)
little tunneling or resonance takes place, consequently the current dips dramatically.
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world. Atthe AT&T Bell Laboratories,
IBM, the Massachusetts Institute of
Technology, the University of Cam-
bridge and the Philips Research Lab-
oratories, size quantization in quan-
tum wires has been demonstrated in
silicon and gallium arsenide devices
alike; quantum dots have been fabri-
cated at AT&T, Bell Communications
Research, the Hughes Research Lab-
oratories and the University of Glas-
gow as well as at Texas Instruments,
where the clearest indication of size
quantization in dots has been found.

Al operational semiconductor de-
vice has yet to be constructed
from a quantum-dot structure, but a
prototype should be available within
one or two years. One of the objec-
tives of current research is the con-
version of quantum devices, which
are most readily constructed as di-
odes, to three-terminal devices with
a third contact directly modulating
the potential of the quantum struc-
ture. Such a connection would yield
the most compact device, and one
that would most closely approach
the maximum switching speed af-
forded by tunneling. Devising a tech-
nology to manufacture reliable and
nondestructive contacts for such thin
layers, however, will require a great
deal of ingenuity.

By placing quantum dots in close
proximity, electrons might also be
enabled to tunnel from one dot to
another—from one quantized state
to another. This arrangement would
provide the ultimate in circuit con-
trol because the energy states the
electrons could assume at both the
point of departure and the point of
arrival would be strictly dictated.
Again, the challenge lies in the formi-
dable task of fabricating structures
hundreds of times smaller than any
of the features in current semicon-
ductor products. And that degree of
downscaling will in turn bring about
problems with interconnections and
architecture that industry will have
to solve before quantum semicon-
ductor devices can be regarded as
marketable entities.

The commitment of so many re-
search teams to a problematic tech-
nology attests to the tremendous po-
tential of these devices and to the
faith that they will take the lead in
the next semiconductor revolution.
The costs and risks involved must be
borne in order to revitalize a rapidly
maturing electronics industry; the re-
sults can only benefit a society that
has learned to depend on integrated
circuits in many ways.
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