Technology and the
single electron

Marc Kastner

Since their invention, announced in 1948, transistors have become an
irreplaceable part of modern life. How can they be made ever tinier? A
marriage of lithography and colloidal chemistry is a promising approach.

he ability to make progressively smaller

structures, developed for the electron-

ics industry, has allowed physicists to
study how electrons behave when confined to
reduced dimensions. Simultaneously, a new
approach is being developed, one in which
colloidal chemistry makes it possible to build
up nanometre-sized structures atom by
atom. The integration of such self-assembled
nanostructures with lithographically defined
electrodes is likely to reveal new physics, and
may also lead to new electronic devices based
on quantum-mechanical effects. On page 699
of this issue', Klein et al. report an important
step in the merging of these two technologies.

The most exciting discoveries in solid-
state physics in the past two decades result
from the confinement of electrons. For exam-
ple, confining electrons to two-dimensional
motion in a strong magnetic field creates
a new state of matter characterized by the
quantum Hall effect. The Hall effect is a volt-
age that is generated perpendicular to both
the current flowand the magnetic field. Atlow
temperature and high field, the ratio of this
Hall voltage to the current is accurately quan-
tized. The quantum Hall effect is observed by
confining the electrons by man-made materi-
al boundaries inside a transistor™’. Similar
devices, called field-effect transistors, or FETS,
are found in computers and cellular phones.

These FETs are simple devices consisting of
three layers — a metal (called the gate), an
insulatorandasemiconductor (Fig. 1a). There
are two contacts attached to the semiconduc-
tor, called the source and drain, thatallow elec-
trons to enter and exit, and another contact to
the gate. When the voltage on the gate V is pos-
itive, electronsare pulled into the semiconduc-
tor, it becomes conducting, and current can
flow in response to a voltage applied between
source and drain. When V, is negative, elec-
trons are removed, the semiconductor is an
insulator and no current can flow. Thus the
FET is a switch that turns on when electrons
areadded and offwhen theyare removed.

A new kind of transistor is created when
electrons are confined to a small volume of
space between the source and drain, separated
from the two contacts by thininsulating barri-
ers. These barriers allow the electrons to enter
or exit only by quantum-mechanical tunnel-
ling. According to quantum mechanics, elec-
trons can penetrate regions of space from
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which they would classically be excluded. This
is called tunnelling. Because of the confine-
ment, both the charge and energy of the elec-
trons become quantized, so the small volume
behaves like an artificial atom™®’. In general,
additional energy is required to add (or sub-
tract) an electron to the confined region; so,
for most values of V,, current cannot flow
through the transistor. However, for a specific
value of V, the energy of the transistor with N
confined electrons is equal to that with N+ 1
confined electrons. For this V,, the charge on
the artificial atom can fluctuate and current
can flow. This is analogous to the equilibrium
between two oxidation states of ions in solu-
tion in an electrochemical cell. Because the
transistor conductsatonevalue of V, forevery
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Figure 1 Field-effect and single-electron
transistors. a, A field-effect transistor, like that
used in computer memories, consists of a
semiconductor with metallic source and drain
contacts, and a metallic gate electrode nearby,
separated from the semiconductor by an
insulator. When the voltage on the gate is positive,
electrons accumulate in the semiconductor,
making it conducting and turning it from the ‘off’
to the ‘o’ state. b, A single-electron transistor
(SET) is very similar, although the gate is shown
on the bottom, as in the device of Klein et al.',
discussed here. The semiconductor is a small
particle, separated from source and drain by
barriers to quantum-mechanical tunnelling. The
SET turns on and off again every time an electron
is added to the particle.
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value of N, it turns on and off again every time
anelectronisadded toit. Thatis why itis called
asingle-electron transistor (SET; Fig. 1b).

SETs have been made in a number of ways
using lithographic techniques’. But most of
them operate only at very low temperatures,
typically less than 10 K. The temperature of
operation is proportional to the energy
required to add an extra electron to the artifi-
cial atom; and, because the latter results pri-
marily from the Coulomb repulsion between
electrons, it varies as the inverse radius of the
confined region. So, to make SETs that operate
at higher temperature, one needs to confine
electrons to smaller volumes than are accessi-
blewith currentlithographictechniques.

In the past few years, however, chemists
have learned to make volumes of semi-
conductor as small as 15 A in diameter using
colloidal chemistry®. The slow growth of the
nanocrystals allows highly precise size selec-
tion, so that huge quantities of nearly identi-
cal crystals can be produced. These would
make wonderful SETs if one could attach
leads to them. But, whereas lithography is
limited to creating volumes larger than
about 500 A, the nanocrystals are limited to
sizes less than about 150 A; if they are larger,
they precipitate out of the colloidal suspen-
sion. A great technological challenge is to
bridge this size discrepancy.

Klein and co-workers' have found a clever
way to show that this can indeed be done.
Theypreparea metal gate with aninsulator on
top of it, and use lithography to create metal
source and drain electrodes on the surface of
the insulator. Because only a gap is needed
between source and drain, rather than a vol-
ume, Klein et al. are able to make the gap as
small asabout 50 A. When they finally deposit
55-A semiconductor nanocrystals on the sur-
face, onceinawhile asingle particle falls in the
gap, creating a single-electron transistor. This
is the first time that a complete SET has been
fabricated with a colloidally grown nano-
crystal as the confining region. Furthermore,
the energy scale observed is quite large.

In itself, the technique is not likely to
produce large numbers of useful devices.
Nonetheless, Klein and colleagues’ success-
ful demonstration-of-principle suggests
that the combination of lithographic and

chemical techniques might eventually
become a practical means for production of
the smallest transistors yet. O
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