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The basic idea is that if we have a small enough particle of a metal or semiconductor, its
charge and energy will behave like those of an atom1.

New technology permits to construct very small systems or particles, of a hundred Å, in
size. In these tiny systems, also named artificial atoms, there is a discrete number of electrons.
Therefore, they bear some resemblance to natural atoms; they have also quantized energy levels.
In these artificial atoms the effective nuclear charge can be controlled by two metallic electrodes
as we will see. These systems have the peculiarity that the current through them vary enormously
(few orders of magnitude) only by adding one e−. To build artificial atoms one has to confine e−

in small regions, for example enclosing with an insulator a metal particle, thus, creating potential
barriers; or using electric fields for the confinement in semiconductors. There different types of
artificial atoms, depending on how they are built.

All-metal atoms This is like having a closed circuit where we have in the middle an artificial
atom, as the element of the system. For the e− to pass through the artificial atom from
one lead2(source) to the other one, drain, it has to cross some barriers (tunnelling).

Between these potential barriers, generated by the insulators, a box is created, where the
e− can stay confined.

Figure 1: All-metal artificial atoms. Blue color corresponds to metal and white to insulator.

Controlled barrier atoms In this case the confinement is achieved by an electric field applied
to GaAs. We have two electrodes on the top surface of the GaAs, and a metal gate at the
bottom, underneath an insulator. The height of the barriers can be modified by changing
the voltage of the electrodes. I don´t understand completely how this device works.

1The Bohr model (1913) of an atom states that electron orbits about the nucleus are quantized. Thus, the
energy levels are quantized.

2It is a wire that conveys electric current from a source to an appliance, or that connects two points of a circuit
together.
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Figure 2: Controlled barrier atoms. Blue color corresponds to metal, white to insulator and red to
semiconductor.

Quantum Dot Another type of artificial atom is obtained by sandwiching GaAs with AlGaAs
(in this case AlGaAs acts like an isolator because its gap its greater than the gap of GaAs.).
This way, potential barriers are created, and if they are narrow, tunnelling can occur.

Charge Quantization

To study artificial atoms, what it is done is to measure the current through them. Applying a
voltage (Vg) between the gate and the atom (considering a controlled barrier atom), which makes
possible the tunnelling, we see how the conductance has resonance peaks which are periodic with
Vg. These peaks occur when one e− goes into the pond of e−. This is what is known as SET3.
These transistors turn on and off each time a new e− is added to the system. A SET can be
seen as an e− box that has two separate junctions for the entrance and exit of single e−.

Experiments have shown that charge does not flow continuously in these devices, but in a
quantized way.

The Coulomb blockade model explains in a simple way, why the are resonance peaks in the
conductance.

In principle we suposse our particle (system) is neutral. Thus, if we want that a current flows
through the particle, from one lead to the other one, we should add one electron to our particle
(the minimum for a current to flow). To add an e− to the particle a coulomb energy is required
e2

2C , where C is the capacitance between the particle and the rest of the system (I dont see very
clear this point, it is like considering the artificial atom like a planar condensator?, where a
charged particle has this electrostatic energy q2

2C .). To overcome to the Coulomb Blockade and
to add an e− (charged particle) to the system we need an energy Q2

2C . This energy acts like a
barrier. The quantization of the charge (electron and hole charge are quantized) give rise to a gap
in the spectrum of states for tunnelling. This means, if our e− has less energy than e2

2C +Efermi,
it won´t tunnel, and the same (inversely − e2

2C + Efermi) for a hole. So we have a gap of a width
e2

C . This gap is the difference between the ionization potential4 and the electron affinity5.
On the other hand the number of confined e− can change. Changing Vg, we change the

potential energy of the confined levels (this is the electrostatic energy of a charged particle inside
the system),

E = QVg +
Q2

2C
(1)

3single electron transistor.
4It is the minimum energy required that one has to give to a neutral atom to pull off an electron from it.
5It is the energy required to remove an electron from a singly charged negative ion X−.

2



the number of confined e− is changed. When a level coincides with the EFermi the resonant
tunnelling effect is produced and the conductance is big. Therefore, we see those peaks in the
experiment. These changes occur each time that the e− has enough energy to overcome to
coulomb blockade. When that happens, the confined e− in the artificial atoms can enter or leave
the atom, crossing the potential barriers.

Figure 3: Peaks of the conductance for certain values of Vg

Figure 4: SINGLE ELECTRON TRANSISTOR. How works a SET.

We see in 1 that the energy as a function of the charge is a parabola with a minimum at
Q0 = −CVg. Due to the quantization of the charge Q0 = −Ne. But I don´t understand what
means Q0 = −(N + 1

2 )e, how many electrons?. In this case, I see in the parabola that Q = −Ne
and Q = −(N + 1)e have the same energy, they are degenerated. Thus, there is no gap at this
point, so the current will flow. We will have current each time that CVg = Q0 = −(N + 1

2 )e.
But why only there?

Energy Quantization

The Coulomb model does not take into account the quantization of the energy due to the small
size of artificial atoms. In the all-metal atom we have around 107 e−, so we can consider its energy
spectrum to be continuous. In the controlled barrier atom (about 50e−) and the quantum dots
(1-2e−), however, the energy spectrum is discrete, like the one of natural atoms (for example in
Kr there are 36 e−). One can measure the energy level spectrum by observing the tunnelling
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current as a function of a voltage applied between the drain and the source Vds and fixing Vg

(fixing the levels inside the artificial atom). If we increase Vds, the Fermi level of the source will
rise in comparison to the fermi level of the drain, and also of the atom. When the fermi level
of the source is just above the fermi level of the atom, the e− could go into the atom, and the
current will start. When the Vds increases, the source´s Fermi level will be higher and there will
be more possible channels inside the atom, for the e− to tunnel, so the current will increase.
This way, we can measure the energy levels by measuring the voltages at wchich the current (I
or its derivative) increases. This increase will correspond to a new possible state or channel to
tunnel.

Figure 5: Measuring the energy level spectrum

In contrast to natural atoms, in artificial atoms the energy spectrum can be changed, by
modifying the geometry and composition of the atom. The sprectum is determined by the
interactions of the e− with the nucleus and with themselves. This is the reason why the coulomb
blockade model works very well for all-metal atoms (becuase the e− interaction e2

C is a good
assumption, independently of the number of electrons), but not so well for controlled barrier
atoms, which has less e−. I don´t understand where the interaction between the e− in a all-
metal atom comes from.

Artificial atoms in magnetic fields

The simplest way to calculate theoretically the level spectra of artificial atoms is to use the
constant-interaction model, where the interaction between e− is constant e2

C and independent
of the number of electrons. Then one has only to solve the single electron equation using this
potential. If we have a controlled barrier atom, to go from one peak of the conductance to the
next one (this is, to add an electron), the Fermi energy must be increased by e2

C + (EN+1−EN ).
To prove these results it is useful to use magnetic fields perpendicular to the GaAs layer. In the
controlled barrier atoms the energy levels will behave as Landau levels (E = (n + 1

2 )} eB
mc ), this

is, the energy increases linearly with the magnetic field.But why only at high fields?

I think that for me it is quite difficult to understand completely this paper. I would like to
understand visually how works the controlled barrier atom with the electrodes, gate, source and
drain. I don´t´see it (and also other things) so clear.
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