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Our world is without doubt built on the power of the transistor, a microscopic electronic

switch used to perform digital logic.  Right now, we are able to fit enough of these tiny devices

onto a microchip to allow us to perform several billion operations in a single second, and are

seeing a double in the speed of these microchips every 18 months.  In order to keep up with this

incredible rate of speed increase, transistors are becoming smaller and smaller, to the point where

in the very near future, they will begin to not only feel the effects of quantum mechanics on their

operation, but will have to take quantum mechanics into account as the dominant force in their

engineering.

Most transistors today are MOSFETs, where a semiconductor source and drain of one

doping type are separated by an oppositely doped bulk semiconductor.  The bulk semiconductor

is then separated by a layer of oxide from a gate electrode between the source and the drain.  As

the gate bias is changed, the bias causes the formation of a conducting channel in the bulk

material between the source and drain, allowing current to flow and thus turning the switch on.  In

a single electron transistor, however, charge moves by utilizing the effect of quantum tunneling.

Instead of creating a channel of charge carriers between the source and drain electrodes, a single

electron transistor utilizes two junctions where tunneling is the dominant method of electron

transport to control the movement of single electrons through the device.

A single electron transistor is based on the idea of quantum tunneling.  In classical

physics, when an electron is in a potential, it is unable to go anywhere where the potential is

higher than the energy of the electron (figure 1).



(Figure 1) In the classical picture, an electron with energy less than V is unable to penetrate a barrier with an energy V,

making the probability of finding the electron at x−a  zero.

However, when you enter the quantum picture, which in this case would be when the size of the

barrier is very small, the wave properties of the electron become relevant.  When the electron is

represented by its solution to the Schrödinger equation with a rectangular potential barrier (a

reasonable approximation for many systems), the wavefunction becomes a superposition of two

exponentials in each region,
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where x is the location, 2a is the width of the barrier, A, B, C, D, and F are constants, E is the

energy of the electron, and V is the height of the potential barrier.  Defining the transmission

coefficient
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it is seen through a solution of the boundary conditions that
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which indicates a nonzero probability of finding that an electron has been transmitted through the

barrier [1].  If we graph the transmission as a function of the fractional energy of the electron

compared to the height of the potential barrier (figure 2) we find that it falls off roughly

exponentially as the electron energy starts to fall below it's peak when E is about equal to V.
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(Figure 2) The transmission coefficient versus E/V for an electron hitting a rectangular barrier where a is 10 Å and V is 1

eV.  In the classical limit, when E<<V, there is effectively no probability of the electron getting through the barrier, and

when E>>V, it is almost certain to get through the barrier.

Alternatively, if we graph the transmission coefficient as a function of the width of the barrier for a

constant energy of .1 V (E<<V) and 5 V (E>>V) (figure 3), we find that as the width of the barrier

increases, the electron flow due to tunneling becomes negligible compared to the classical flow.
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(Figure 3) Transmission coefficient versus the width of an 1 eV rectangular potential barrier. When the energy of the

electron hitting a potential barrier is much less than the height of the barrier, it becomes much less likely to tunnel

through as the width increases, and after the barrier is more than a few angstroms wide, there is effectively no tunneling

current at all.  However, when the electron's energy is much larger than the height of the barrier, effectively all of the

electrons make it across, as classical physics would suggest.

As this analysis of tunneling shows, as the width of your barrier increases, or the ratio in

energies between your electron and the potential barrier decreases, the number of electrons that

will be able to tunnel decreases very rapidly.  In addition, in order to see tunneling as the dominant

means of electron transport through the junction, the width must be small and the resistance of

the barrier must be very high to make the transmission from normal electron flow negligible.

Another way to formulate this is the capacitance of the junctions must be large.

The single electron transistor is made of an island connected through two tunneling

junctions to a drain and a source electrode, and through a capacitor to a gate electrode (figure 4).

When there is no bias on any electrode, electrons in the system do not have enough energy to

tunnel through the junctions.



(Figure 4) In a single electron transistor, a drain and source electrode are connected through a tunneling junction to an

island, which is also capacitively connected to a gate.  When all the biases are zero, electrons do not have enough

energy to tunnel through the junction.  However, if you increase the bias, but keep it less than the coulomb gap voltage,

increasing the gate bias above the point of maximum slope on the coulomb staircase causes the state with one or zero

excess electrons on the island to have the same energy, resulting in the coulomb barrier being removed and allowing

electrons to tunnel through the junctions and between the source and the drain.

The Coulomb energy is given by 

Ec=
e2

2C
,

where e is the charge on an electron and C is the total capacitance of the source and drain

junctions and the gate capacitor.  When the bias between the source and drain is greater than e/C

(e/2C across each junction), called the Coulomb gap voltage, electrons actively tunnel across the

junctions, resulting in a current through the transistor independent of the gate bias.

In order to see the quantization of electron flow, known as the Coulomb staircase (figure

5), the thermal energy of the system must be much less than the Coulomb energy.  
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(Figure 5) This shows the coulomb staircase.  As the gate voltage increases, current increases in quantized chunks [2].

This means that in order for a single electron transistor to operate at room temperature,

kT≪
e2

2C

C≪
e2

2 kT
≈3.09×10−18 F

the capacitance C must be much less than 3.09x10-18 Farads.  The capacitance is related to the

distance between the two sides of the junction, giving that

C≪3.09×10−18 F ⇒ d10 nm

the diameter of the island, d, must be less than 10 nanometers.

The transistor mode of operation occurs when the bias between the source and drain is

less than the coulomb gap voltage.  In this regime, when the gate bias is increased to the point

corresponding to the maximum slope on the coulomb staircase (i.e. right before a jump in current),

the configurations on the island with zero or one excess electron have equal energies, removing

the coulomb barrier and allowing tunneling to occur.  This maximum point occurs when the gate is

charged with exactly minus half an electron.  When another minus half an electron charge is put

on the gate, the coulomb barrier is reinstated, resulting in an oscillation in conductance of the

transistor with maxima at half integer multiples of e and minima at integer multiples of e.  This

conductance oscillation allows the single electron transistor to be used either as a transistor or as

an extremely precise device for measuring charge.  

There are a variety of materials chosen for single electron transistors based on the



particular properties desired in the system.  Relevant properties include the capacitance of the

material, the ease of fabrication, crystalline structure, electron mobility, and ease of growing oxide

layers.  There are two classes of single electron transistors used today, “metallic " and

“semiconducting”.  This refers to the material they are commonly fabricated from as opposed to

describing in any way their operation.  Both function through the process of tunneling junctions.

In a metallic single electron transistor, a metallic island and electrodes are usually

evaporated onto an insulator using a shadow mask.  The barrier is typically formed between the

island and electrodes by creating a thin film of oxide or other insulator on the order of 10 Å thick.

This results in a device that looks like this double-island transistor (figure 6), fabricated from

aluminum and aluminum oxide.

(Figure 6) “(a) Schematic of the device: a double-island SET is placed in close proximity to a floating double-dot. Gates

G1 and G2 control the electrostatic potential on the SET islands, and gates A1 and A2 can be used to induce single-

electron transfers on the double-dot. (b) SEM image of a double-island SET device.” [3] The two dots in this picture are

being used as qubits (quantum bits) in a quantum computer.

For these metallic single electron transistors, the key material property is the ease of

oxidation, as a material which oxidizes to form a uniform, highly electrically resistive film (though

not too resistive to tunneling current) will have the potential of a high capacitance and therefore a



larger coulomb energy.  The most widely used material for this kind of single electron transistor is

currently aluminum, as aluminum very easily oxidizes, and can be easily evaporated through a

shadow mask defined by standard electron beam lithography.  However, other metals, such as

titanium and niobium have also been more recently used to fabricate metallic single electron

transistors with large enough coulomb energies to operate at room temperature.  In 2002, a single

electron transistor was fabricated using single walled carbon nanotubes as a tunneling junction

with an oxygen modified section acting as the island with AuPd electrodes evaporated on.  In

order to selectively hit a small section of the carbon nanotube with oxygen plasma, a nanowire of

V2O5 was deposited onto the nanotube and later removed after deposition of SiO as shown in

(figure 7) [4].

(Figure 7) “Schematic illustration of two stages of the fabrication of the quantum dot within single walled carbon

nanotubes. (a) Electrically contacted SWCNT bundle with a V2O5 nanowire deposited on top after fabrication step 3 (see

text for details); (b) final step 6 consisting of oxygen plasma treatment used to locally modify the bundle. The heavily

doped silicon substrate serves as a back gate.” [4]

This nanotube single electron transistor had a coulomb energy high enough to easily observe

single electron tunneling through the device at room temperature.



In the device fabricated from Titanium and Niobium, the junctions were formed by

oxidizing a very small area of the metal using a scanning electron microscope in the case of the

Niobium, or an atomic force microscope in the case of the Titanium (figure 8).

(Figure 8) In the fabrication of the Titanium single electron transistor, an AFM is used to define a line of TiO2 for the

tunneling junction in a ultra-thin (2 Å) layer of Ti on an atomically flat Al2O3 substrate.  Each Titanium Oxide line is about

8 Å thick and 17 Å long. [5]

A semiconducting single electron transistor relies on cutting the two-dimensional electron

gas created at the interface between two semiconductors for the tunneling junction. Commonly,

the two-dimensional electron gas is created at the interface between gallium aluminum arsenide

and gallium arsenide due to the relative simplicity of creating this interface using standard

semiconductor fabrication techniques.  In order to define the island and electrodes, metal

electrodes are patterned onto the surface of the upper semiconducting layer, and the gas is

depleted by applying a negative bias.  These depleted regions can be made small enough to allow

tunneling through the junctions (figure 9) [7]

In these semiconducting single electron transistors, there are somewhat different material

concerns than in a metallic single electron transistor.  The quality of the interface between the two

semiconductors used to create a two-dimensional electron gas is important because it will

influence the quality of the electron gas.  In addition, while the electron mobility in a metal is

effectively unity, a small mobility in the electron gas will result in a slower switching transistor.

Finally, the crystal structure of the semiconductor can affect the ease of electrode patterning.



(Figure 9) In this scanning electron micrograph of a semiconducting single electron transistor, there are three electrodes

which define the tunneling junctions between the source, drain and island in a two-dimensional electron gas under a

negative bias.  The middle electrode on the left is used as a gate to control the tunneling current through the island. [6]

An ideal material for a metallic single electron transistor would allow the easy definition of

features on the atomic scale, as a very small island must be used in order to achieve a high

coulomb energy.  Currently, aluminum, titanium, niobium, and single-walled carbon nanotubes are

very good materials with regards to this property.   In addition, there must be a way to easily

create a tunneling junction with a very small width.  Aluminum, titanium, and niobium all work well

for this as their oxide can be created readily by simple exposure to oxygen, or through the use of

scanning electron or atomic force microscopes.  Finally, the material used for the electrodes must

have good conductivity in order to see a large enough current to use the single electron transistor

as an electrometer.  Most metals would fit into this category, but carbon nanotubes may

experience a slower switching time.

For a semiconducting single electron transistor, the ideal materials for creating the two-

dimensional electron gas must have very similar lattice constants to allow the creation of the

necessary heterogeneous structure.  Gallium aluminum arsenide and gallium arsenide are

excellent choices in this respect, as well as being straightforward to manipulate using standard

semiconductor fabrication techniques.  The electrodes that define the two-dimensional gas can be



made of any conductive material with good patternability.  Aluminum works well for this, but many

other metals would also be appropriate.  This type of single electron transistor could be improved

by using materials with a higher electron mobility.

The biggest limitation single electron transistors face is in the area of digital logic.

Because of the difficulty in fabricating atomically identical transistors, there is a huge variation in

when they turn on or off.  This variation makes the creation of a large array of single electron

transistors working together impossible.  Advances in our ability to precisely define features in

materials with atomic precision have the potential to allow the use of these transistors for

computation.  Alternatively, going the route of self-assembly has the potential of extremely precise

size and separation for the features of the transistor.  Creating the transistors out of single walled

carbon nanotubes has the potential for this control with development.  Also, creating single

electron transistors of molecular size could allow for greater precision and uniformity.  The atomic

perfection of the lattices used in these devices will also become more and more important as

defects in the materials have more and more of an effect on the electron wavefunctions in the

material.

Where single electron transistors go from here will be closely watched over the next ten

years.  As the first single electron transistor was fabricated just over ten years ago, they are

decidedly still in their developmental infancy.  Without a doubt, these tiny devices will become a

not uncommon part of our daily lives over the next decades, either utilizing their ability to measure

with extreme precision the charge on an object to measure the state of qubits in quantum

computers, or using their necessarily atomic size to increase the density and therefore speed of

integrated circuits.  Many of the advances that will allow single electron transistors to come into

common use at room temperature with the switching consistency necessary for integrated circuits

will require advances in the materials being used in these devices-- better two-dimensional

electron gases, smaller and better defined features, and more perfect atomic arrangement.
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