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Abstract. Single-electron tunneling devices can detect charges much smaller than the
charge of an electron. This enables phenomenally precise charge measurements and it has
been suggested that large scale integration of single-electron devices could be used to
construct logic circuits with a high device packing density. Here the operation of the two
basic types of single-electron tunneling transistors is reviewed. The applications of single-
electron tunneling in precision measurements and in general purpose computation is dis-
cussed. Particular attention is paid to the characteristics of single-electron tunneling tran-
sistors in the superconducting state.

Introduction

Single-electron tunneling (SET) devices can monitor and manipulate the motion
of individual electrons® These devices lie at the intersection of two major re-
search trends: mesoscopic physics and the miniaturization of electronic circuits.
Much of the original motivation for the studying of SET devices came from
mesoscopic physics. Mesoscopic physics is the study of artificially constructed
systems that exhibit quantum behavior. Sometimes the systems that are fabricated
are called artificial atoms because the devices that are produced behave in many
ways like atoms. Mesoscopic physicists often study the electrical transport through
a small island of metal or semiconductor (also called a quantum dot) by weakly
attaching leads to the island. The capacitance of these islands can be so small that
adding a single electron to the island causes the voltage to jump significantly. By
adding electrons to the island of a SET transistor one can investigate the quantum
mechanical level spacing in the islditithe spin splitting of the quantum me-
chanical levels in a magnetic field® the interaction of electrons on the island, the
modulation of the shot noise due to the Coulomb blockadad how electrical
transport through the island is coupled to the electromagnetic envirotnidre.
physics of electrical transport through a island is more complex if either the leads
or the island itself is superconducting. In that case, current can flow due to the
motion of Cooper pairs or due to the motion of normal electrons, or due to a com-
bination of both.

Another important research trend that has focused attention on SET devices is the
miniaturization of electronic circuits. The information technologies that are be-
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coming increasingly important in our society are advancing so quickly because we
keep finding ways to manufacture circuits more cheaply. Powerful computers have
become widely available for a reasonable price. One of the essential ingredients to
the success of the information technologies is the miniaturization of electronic cir-
cuits. As the circuits are made smaller, more devices can be manufactured simul-
taneously, resulting in cheaper circuits. The smaller the circuits are made, the
smaller the amount of charge that is used to represent a bit. It is necessary to re-
duce the amount of charge that represents a bit because in the commonly used
logic schemes, the amount of energy that is dissipated when a bit is manipulated is
related to the charge that represents the bit times the voltage level. The power dis-
sipated by a circuit is one of the factors limiting the miniaturization of electronic
circuits. The smallest amount of charge that can be used to represent a bit is a sin-
gle electron. Therefore SET devices have been investigated where bits are repre-
sented by individual electrons or just a few electrons. These circuits can be made
very small and dissipate little power making them potentially useful for dense in-
tegrated circuits. Quite a number of logic schemes using SET devices have been
proposed. To understand how these devices work, we will begin with the simplest
components of SET circuits, the single-electron tunneling transistors.

Single Electron Tunneling Transistors

The most widely studied SET device is the capacititvely coupled SET transistor. It
consists of a metallic island that is coupled to three electrodes as shown in Fig. 1.
Two of the leads are coupled to the island via high resistance tunnel junctions and
the third lead (the gate) is capacitively coupled to the island. The transistor shown
was fabricated in a Au/SiO/Al three layer procEsSince aluminum is a super-
conductor, this device can be operated either in the superconducting state or in the
normal state where the superconductivity is suppressed by applying a magnetic
field. SET transistors can be made using a wide variety of metals, semiconductors,
or conducting polymers.

The electrical characteristics of the capacitively coupled SET transistor are shown
in Fig.2. The current that flows through the two tunnel junctions can be modulated
by changing the charge on the gate. Two current-voltage curves are shown for this
device in the normal state and two curves in the superconducting state. In the
normal state, on the curve labelgd= 0, no current flows until there is a finite
voltage across the two junctions. This is known as the Coulomb blockade. The
origin of the blockade has to due with the finite energy that is necessary to add an
extra electron to the island. The Coulomb blockade is maximized any time the
charge on the gate is an integer multiple of the charge of an eleetide Cou-

lomb blockade can be suppressed by adjusting gate charget+tdzfe, where
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FIGURE 1 A SEM photo of a capacitively coupled SET transistor. First gold layer was de-
posited on an oxidized Si substrate and this was patterned by liftoff to form the gate. Next
SiO was deposited to electrically isolate the gate and the island. Finally the aluminum
source, drain, and island were defined by liftoff. The two tunnel junctions at the corners
where the island meets the source and the drain were defined by shadow evaporation.
(Courtesy of Erik Visscher)
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FIGURE 2. The current - voltage characteristics for the same SET transistor in the normal
state and in the superconducting state.
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nis an integer. When the Coulomb blockade is suppressed, the curve abeled
€/2 is observed. In the superconducting state, hardly any current flows through the
device below a bias voltage of\@ even when the Coulomb blockade is sup-
pressed. HerA is the superconducting gap.

A SET transistor can be used to measure charge either in the normal state or in the
superconducting state. Typically, the SET transistor is voltage biased at a point
where there is a large modulation of the current as a function of the gate charge.
The charge that is to be measured is coupled to the gate and the current through
the gate is monitored. By this means charges much smaller than the charge on an
electron can be measured. The charge resolution that can be achieved is about 10
e/JHz at 10 Hz. SET transistors offer by far the best charge resolution of any of
the available charge measurement devices. The charge resolution of the SET tran-
sistor is better in the superconducting state due to the larger current modulation at
the optimum bias poirif.

People familiar with superconducting electronics may be puzzled by the lack of a
supercurrent in Fig. 2. If the tunnel junctions were larger so that they had a resis-
tance of about O, a supercurrent would flow through the two tunnel junctions in
series. This supercurrent would not be sensitive to the charge on the gate. Such
large tunnel junctions exhibit the Josephson effects in the superconducting state
and behave like resistors in the normal state. As the junctions are made smaller,
the resistance of the junctions increases and their capacitances decrease. The first
significant deviation from large junction behavior occurs when the junction resis-
tance exceeds about 100 This has to do with the impedance of the environment

in which the junction is embedded. The environment usually consists of the leads
which act as either an antenna or a transmission line and transport high frequency
radiation away from the junction. From the junction's point of view, the environ-
mental impedance can often be modeled as an ohmic resistor with a value of about
100Q. (see Fig. 3) The impedance of the environment is in parallel with the junc-
tion and can be neglected if the junction impedance is much lower that the imped-
ance of the environment. In the large junction limit, the impedance of the junction
is typically 1 Q and thus the impedance of the environment can be safely ne-
glected. When the impedance of the junction exceeds abou® 10® environ-

ment effectively shunts the junction at high frequencies and it cannot be neglected.
This results in additional high frequency damping which is sometimes reflected in
the measured dc characteristics. An excellent discussion of these effects is given
in the second edition dhtroduction to Superconductivityy M. Tinkham'® For

any devices with impedances larger than @the high frequency damping of a

low impedance environment should be kept in mind.
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FIGURE 3. A superconducting tunnel junction and the impedance of the environment it
sees at high frequencies. A typical environment has an impedance of 100 Q. If the junc-
tion resistance is much less than 100 Q, the effect of the environment can be ignored. For
junctions with impedances larger than 100 Q, the environment increases the high fre-
guency damping.

As junctions are made still smaller another qualitative change in the behavior of
the junctions occurs when the resistance of the junctions approaches the quantum
resistancen/e’ = 25 kQ, familiar from the quantum Hall effect. This resistance
marks the transition where the dynamics of a superconducting junction can better
be described by the motion individual electrons and Cooper pairs than by the mo-
tion of individual vortices. Since the voltage across a superconducting junction is
the number of vortices that pass by per second and the current is the number of
electrons that pass by per second, the resistance is the ratio of the number of vor-
tices that pass by to the number of electrons that pass by. For resistances much
below the quantum resistance many electrons pass through the junction for every
vortex that goes by. In this regime, the circuit can best be described in terms of the
motion of individual vortices. When the resistance is much higher than the quan-
tum resistance, many vortices pass through the junction for every electron that
passes by. Here the circuit can best be described in terms of the motion of individ-
ual electrons and Cooper pairs.

When the resistance of the junctions in a circuit is approximately equal 1Q,25 k

the circuit must be analyzed quantum mechanically. When this is done for a SET

transistor one finds that the current that flows onto the island and the charge on

the island are noncommuting variables. One consequence of this is that the super-
current can be modulated by changing the charge on the gate. It is possible to use
the modulation of the supercurrent to measure the charge on the gate. Charge
measurements can be made more quickly when the supercurrent is monitored than
when the quasiparticle current is monitored because the output impedance is

lower® As the resistance is increased further, the supercurrent is suppressed. For
junctions with resistances more than 1@D, khe current that flows is primarily
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FIGURE 4. If the tunnel junctions resistances are much larger than the quantum resis-
tance then the voltages across the tunnel junctions in circuit (a) can be approximated by
solving for the voltages across the equivalent system of capacitors in circuit (b).

due to quasiparticles and the current-voltage characteristics has the form shown in
Fig. 2.

For resistances much larger than the quantum resistance it is possible calculate the
Coulomb blockade region by first ignoring tunneling and treating the circuit as a
system of capacitors (see Fig. 4). When this is done, the voltages across the two
junctions can be determined.

4= HaGu, cu)

pX

1
V,=((C.-c)u-a-qu)
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Hereq is the charge on the island a@gdis the total capacitanc€s = C; + C, +

Cg. The charge on the island can be decomposed into an integer times the charge
of an electron plus an offset charges ne + qo. The offset charge is due to the
polarization of the island by charged defects in the vicinity of the island. A current
will flow through a SET transistor in the normal state if the voltage across one of
the junctions exceeds(2Cs). The condition that| < €(2Cs) and Y-| < €(2Cs)
corresponds to a different diamond shaped region itJtheUy plane for every
value ofn. This is shown in the stability diagram of Fig. 5a. The Coulomb block-
ade occurs inside the diamonds. The periodicity of the stability diagraftCyjs
along theUy axis. In the superconducting state, the condition that no significant
quasiparticle current flow i%/]] < €/(2Cs) + 2A and Y| < €(2Cs) + 2A. This re-

sults in the stability diagram shown in Fig. 5b.

Measurements of the current through a superconducting SET transistor are shown
in Fig. 6. The most prominent feature in the figure is the zigzag pattern across the
top which indicates the onset of significant quasiparticle current flow through the
SET transistor. This zigzag pattern follows the top of the overlapping diamonds
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FIGURE 5. (a) The stability diagram for a capacitively coupled SET in the normal state.
The Coulomb blockade occurs inside the diamonds. The periodicity along the U, axes is
e/Cy. (b) The stability diagram for the same SET transistor in the superconducting state. In
the superconducting state the diamonds overlap. The dotted lines indicate where resonant
Cooper pair tunneling can take place. For convenience the offset charge, qo, was taken to
be zero in these figures. A nonzero offset charge displaces the stability diagrams along
the U, axis.

shown in Fig. 5b. The periodicity of the pattern along the gate voltage axis can be
used to calculate the gate capacitance and the slopes that form the zigzag pattern
can be used to calculate the capacitances of the two junctions using the formulas
given in Fig. 5b.

The isolated current peaks at a bias voltage of about 0.4 mV are due ® the 3
processes described by Maassen van den Bfifike intersecting ridges of cur-
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FIGURE 6. Contour plot of the current through a superconducting SET transistor as a
function of the bias voltage and the gate voltage. The current varies from 0 to 3 nA.

rent are due to the Josephson - quasiparticle &y@eth of these processes in-
volve the tunneling of quasiparticles and Cooper pairs and fall on the dotted lines
given in Fig. 5b.

One of the difficulties with using a capacitively coupled SET transistor is adjust-
ing for the offset charg€. There are charged defects in the vicinity of the island
that act like an extra gate and give the charge on the island a random offset. In cir-
cuits consisting of just a small number of SET transistors, one can compensate for
the offset charges by coupling a gate to each island. This solution is impractical
for circuits consisting of more than a few SET transistors. The effect of the offset
charges can be seen in Fig. 7a where the offset charge changed suddenly while a
SET transistor was being measured in the normal state. The abrupt change in cur-
rent at -0.25 mV was caused by a change of the offset charge. It is not uncommon
for offset charges to change on the time scale of hours or days. Offset charges can
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FIGURE 7. (a) The current - voltage characteristic of a capacitively coupled SET transistor
in the normal state. At a gate voltage of -0.25 mV the offset charge suddenly changed. (b)
The time dependence of the current for a rapidly oscillating offset charge.

also fluctuate more rapidly. A rapidly fluctuating offset charge is shown in Fig 7b.
The existence of fluctuating offset charges makes the behavior of SET transistors
somewhat unpredictable. This makes it difficult to design reliable circuits using
capacitively coupled SET transistors.

Another sort of transistor which is not sensitive to offset charges is the resistively
coupled SET transistor. This also consists of a metallic island connected to two
leads via tunnel junctions but in this case the control terminal is resistively cou-
pled to the island. To insure that the charge on the island is well defined, the re-
sistor must have a resistance greater than the quantum resistance. The stability
diagram for a resistively coupled SET transistor is shown in Fig. 8 for the super-
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FIGURE 8. The schematic of a resistively coupled SET transistor and its stability diagram.
The dashed line in the stability diagram identifies the region where the Coulomb blockade
exists in the normal state and the solid line indicates the region where no significant quasi-
particle current flows in the superconducting state.
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conducting state and the normal state. The region where no significant current
flows is determined again by neglecting tunneling and requiring that the voltages
across the two tunnel junctions satidfy| K €(2Cs) and Y| < €(2Cy) in the nor-

mal state andv}| < €/(2Cs) + 2A and V,| < €(2Cs) + 2A in the superconducting
state. Unlike a capacitively coupled SET transistor, the characteristics of a resis-
tively coupled SET transistor are not a periodic function of the gate voltage and
are not dependent on the offset charge. It is therefore easier to design circuits us-
ing the resistively coupled SET transistor.

Measurements using SET transistors

Because of their charge sensitivity, SET transistors are very well suited for making
precision charge measurements. Many measurements have been made studying
charge transport in the SET transistors themselves. By adding electrons to the is-
land of a SET transistor one can investigate the quantum mechanical level spacing
in the island, the spin splitting of the quantum mechanical levels in a magnetic
field, the interaction of electrons on the island, the coupling of states in the leads
to states in the island, the modulation of the shot noise due to the Coulomb block-
ade, and how electrical transport through the island is coupled to the electromag-
netic environment. SET transistors are also very sensitive to applied raéfation.
Photon assisted tunneling has been observed and the absorption of individual
photons of microwave radiation can be detected.

SET transistors have been capacitively coupled to a variety of systems so that the
charge motion of those systems could be observed. Metallic SET transistors have
been coupled to semiconductor quantum dots to monitor the charge fluctuations in
the quantum dot: They have been coupled to superconducting particles where it

is possible to observe whether the particle has an odd number or an even number
of electrons on it An even number of electrons has a lower energy because all of
the electrons can pair to form Cooper pairs. When the number of electrons is odd
one must remain unpaired which increases the energy by the superconducting gap
A. This odd-even energy difference can be observed even when the particle con-
tains a billion electrons. SET transistors have also been scanned over semicon-
ductors to measure fluctuations in the dopant distribéfidie spatial resolution

of these measurements was 100 nm and the charge resolution wasFRu@ta-

mental measurements such as an experiment to make a more accurate measure-
ment of the fine structure constant have been progdgasthermore, it is possi-

ble to use SET transistors to monitor the occurrence of unlikely higher order tun-
nel events which occur at sub zA currents.
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One of the potential applications of SET devices is a fundamental current stan-
dard. In such a device, a known current is established by transferring individual
electrons through the device with a frequehcihis results in a curreht= ef. A
number of different schemes for doing this have been proposed which include
modulating the gates coupled to the islands in a series array of tunnel junc-
tions2*?* modulating the tunnel barriers in a semiconducting quanturif trains-

ferring Cooper pairs in a superconducting cirélignd using surface acoustic
waves to transport individual electrofisThe most intensively studied current
standard is called an electron pump. It consists of a number of tunnel junctions in
series with a gate connected to each island between the junctions. By modulating
the gates successively one can draw a single electron through the array of tunnel
junctions. The accuracy that has been achieved with this current standard is 15
parts per billiorf®

All of the measurements that have been described so far have been made at very
low temperatures, typically 0.1 K. This is partly because the SET transistors only
work at low temperatures and partly because the phenomena that was being stud-
ied with SET transistors only manifest themselves at low temperature. The neces-
sity for very low temperatures is not a great problem for fundamental measure-
ments but it is a problem for applications in general purpose computation which
will be discussed in the next section.

SET logic and memories

The small size and low power dissipation of SET circuits makes them potentially
useful for the information technology industry. Quite a number of logic schemes
have been presented. Some of the schemes are very similar to CMOS where bits
are represented by voltage lev&3d® Figure 9 shows two CMOS-like inverters
constructed from SET transistors where the complementary nature of the logic can
be seen. Other logic schemes resemble superconducting single flux quantum
logic.! In this case, bits are represented by the presence or the absence of individ-
ual electrons. Some logic schemes contain elements that act like electron pumps
for moving charge arounif.One scheme is based on the phaselocking of single-
electron tunneling oscillations to an ac signand other logic schemes have a
neural net architectur®. Several schemes are based on the bistability of certain
element where the electrons can exist in two configurations which have an
equivalent energy*® Reversible logic elemeritsas well as the more typical irre-
versible logic schemes have been proposed.

One practical problem that all of the SET logic schemes face is the necessity for
low temperature operation. The problem is that if the energy that is necessary to
add an electron to the island of a SET transistor is smaller than the characteristic
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FIGURE 9. (a) The schematic of an inverter. (b) A SET inverter realized with capacitively
coupled SET transistors. The offset charges g are specified to insure proper inverter op-
eration. (c) A SET inverter realized with resistively coupled SET transistors.

thermal energkgT, then the Coulomb blockade will be washed out by thermal
fluctuations. The path that must be followed to make circuits that operate at higher
temperatures is clear; the dimensions of the devices must be reduced. This will
decrease the capacitances and increase the amount of energy that is necessary to
add an electron to the island of a SET transistor. In the last few years there has
been considerable progress in fabricating smaller devices. A large international
effort in nanofabrication is underway that will eventually make molecular-scale
devices a reality. It is not yet clear whether the mass production of molecular-scale
devices will be economically competitive but it is clear that the devices will be-
come available in the next few years. When SET circuits are scaled down to mo-
lecular dimensions, they will function at room temperature. This shrinking of the
circuit dimensions has a number of consequences both desirable and undesirable.
As the size and the capacitance of the devices decrease, the operating temperature,
the operating voltage, and the device packing density increase. These are desirable
consequences of the shrinking of SET devices. However, as the dimensions de-
crease, the electric fields, the current densities, the energy dissipated per switching
event, and the power dissipated per unit area all increase. These are undesirable
consequences of shrinking.

Another practical problem that many of the logic schemes face is that of offset

charges. Most of the logic schemes simply will not work if the offset charges are

not somehow eliminated. It is not just the fluctuations of the offset charges that is
a problem. Even stationary random offset charges completely disrupt the operation
of most logic schemes. The prospects for eliminating the offset charges seem
rather dim. It is therefore important to focus on logic schemes which are offset-

charge independent.

Exactly how SET devices will contribute to the enterprise of general purpose
computation remains unclear. No SET logic scheme is presently threatening to
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overthrow the semiconductor industry standard CMOS technology. However, dif-
ferent schemes are continuously being proposed and one of these may prove to be
superior in some ways to mainstream semiconductor devices. In any case, minia-
turization will likely remain an important aspect of dense integrated circuits and
single electron effects will almost certainly play a role in devices with very small
dimensions.

A separate issue from using SET circuits for logic is the applicability of SET cir-
cuits for memories. Right now the memories seem more promising than the logic.
Two memories in particular are worth mentioning. The first is an offset-charge
independent DRAM cell which was described by Likharev and Korotkdn.

their circuit, a bit is represented by the presence or absence of a charge of a few
electrons which is stored on an island. The charge on the island is monitored by a
SET transistor. When the memory cell is read, the circuit is biased so that any
charge on that may be on the island is removed. If there was charge on the island
when the memory cell is read, the current through the SET transistor undergoes
oscillations as each electron tunnels off the island. If there was no charge stored
on the island there are no oscillations of the current. The oscillations of the current
through the SET transistor occur for any value of the offset charge.

Another type memory called a single-electron MOS memory (SEMM) is also
based on the motion of individual electrdhé? This device is very similar to a
conventional floating gate MOS memory. The charge on a floating gate modulates
the conduction through a channel nearby the gate. The gate is made so small that
even if one electron is added to the floating gate, the conduction through the chan-
nel changes appreciably.

Conclusions

Single-electron tunneling devices are contributing to our understanding of how
charge is transported in tunnel junction circuits and how to treat circuits quantum
mechanically. It is likely that SET circuits will make a lasting impact in the field

of precision measurements either as a fundamental standard of capacitance, or a
fundamental current standard, or both. A great number of SET logic schemes are
being proposed but it is not yet clear if any of them will be competitive with semi-
conductor circuits. SET memories that should work at very high packing densities
have been proposed. The realization of these memories will have to wait for fabri-
cation technologies that can produce them at those densities.
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