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Outlook

• 0DEG (quantum dots) structures will be considered and single electron
processes will be analyzed (transport inherently related to inter-dot tunneling)

•The simplest way to approach the single electron world: a nanosized capacitor 

• Continouos vs quantized quantities: the “struggle” between adding a single 
electron to a nanosized capacitor and adjusting its potential

• Coulomb blockade effects, Coulomb staircase and oscillations

• Three-terminal (active) devices: single electron transistor in conventional and 
alternative fashions

•Preliminary: discrete energy levels in semiconductor quantum dots (potential 
wells) and tunneling 

•Tunneling through a quantum dot (double barrier): resonant tunneling diodes
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Nanosized conductors (an ideal case)

Capacitance of a nanosized conducor (e.g., a metal) sphere

Q = C V
V = Q/4πε0r
C = 4πε0r
E = CV2/2

Es.: if r~10 nm, C ~ 1 aF
At V = 1V  Q ~ 10-18 Coulomb
That is N ~ 6 e !!!

The discrete nature of electric charge dominates 
the behavior of nanosized capacitors

Accurate capacitance evaluation for realistic cases

After Ferry and Goodnick, 
Transport in nanostructures, 
Cambridge (1997)
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Tunneling rules the behavior of the system

Electrostatic energy
Tunneling inherently involved 
when “charging” the capacitor

Discrete (charge) vs continuous (voltage)
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Conditions to observe “quantized effects”

Temperature-related energy 
fluctuations must be 
negligible (low T operation!!)

Tunneling resistance must be 
large enough (weak coupling)

Specific conditions must be 
fulfilled to realize 

experimentally the quantum-
driven phenomenon

Da R. Waser Ed., Nanoelectronics 
and information technology (Wiley-
VCH, 2003)
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Coulomb blockade (Cb) and SE tunnelingSee R. Compaño et al.
MEL-ARI EC Project
Technol. Rodmap 1999

Coulomb blockade: an additional electron is accepted by the 
dot only if the voltage is raised above some limit

In quantum 
mech. terms:

double barrier 
resonant 
tunneling
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Coulomb oscillations and staircase

(Discrete) charge effects inhibit 
continuous charging of the 

capacitor, i.e., tunneling transport 
of electrons through the dot

After Ferry and Goodnick, 
Transport in nanostructures, 
Cambridge (1997)

Da G. Timp, Nanotechnology
(Springer-Verlag, 1999)
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See Imamura et al.
PRB 61 46 (2000)

STM measurements
room-temperature

granular metal films
(ø 1-10 nm)

Examples of measurements

STM used to make a point-like 
tunneling with nanosized dots
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Single Electron Transistor (SET)
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SET operation (in electronic terms)

A gate is added to change the 
voltage, i.e., to control the tunneling 

through the dot
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(Unconventional) practical implementations

See Thelander and Samuelson
Nanotechnology 13 108 (2002)

Produced by scanning probe 
manipulation of small metal dots

See Junno et al., 
APL 72 548 (1998); APL 80 (2002)
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SET advantages (for the electronics)

Example of mixed SET/CMOS technology
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Quantum dot / quantum well

A nanosized dot embedded in the “outer” world 
is a 3D quantum well (spherical quantum box)

Da Poole and Owens
Introduction to Nanotechn.
Wiley (2003)

Simple 1D case

Discrete energy levels appear



Fisica delle Nanotecnologie 2005/06 - ver. 4 - part 3 - pag. 14

Size, barrier height, material and energy

A “material discontinuity” is needed to define the well, e.g.: metal/vacuum, 
metal/oxide, semiconductor/oxide, semiconductors with different gap energies

In the actual conditions, the potential barrier is finite, but few differences with 
respect to infinite case (possibility of tunnelling, slight change in level energy, 
typically a few excited levels can be kept in the well, …)

Simple one dimensional case

En = 2kn
2 / (2 m*)      with kn = n 2π / L

En =  n2 2 π / (2 m* L2)

ΔEn =  (2n + 1) 2 π / (2 m* L2)

material

size

Example: free electron (me), width 
L=5 nm: En=2 - En=1 ~ 1 eV

(even larger for electrons in a 
semiconductor if m* < me) 

Level energies can be 
“engineered”
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2D (and 1D) quantum confined structures

Superlattices 
(heterostructures): sequence of 
layers made of semiconductors 

with different gap energies

Multiple Quantum Wells: superlattice with layer 
thickness large enough to prevent interlayer 
tunnelling, i.e., to confine the wavefunction

Da Bassani Grassano,
Fisica dello Stato Solido, 
�Boringhieri (2000)

MQW are “similar” to quantum dots 
but quantum confinement occurs only 
in one direction (the growth direction of 
the thin layers)

Very relevant for optical properties
and optoelectronics (we will see!)
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Semiconductor quantum dots and SET

Vertical SET
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Artificial atom in vertical SET

Artificial atom-like 
behavior achieved in 
specific quantum dot 

configurations
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See Kastner
Ann.Phys 9 885 (2000)

SET: three-terminal device similar to MOSFET 
but:

single electron capabilities, high speed (ps 
range), no consumption (but requires low T!!)

SET fabrication (conventional): example I
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SET fabrication (conventional): example II

(Anisotropic) oxidisation 
used to obtain Si

quantum dots
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SET fabrication (conventional): example III

Nanosized “undulation” 
(obtained by mild etching) 

lead to a sequence of 
quantum dots
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Reminder of tunnel effect I Da Eisberg Resnick, Quantum Physics
Wiley (1985)

Depends on E/V0 and a

Depends on E/V0 and a
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SIngle well tunneling

Da Eisberg Resnick, Quantum Physics
Wiley (1985)

Tunneling relevant in 
inter dot transport

Reminder of 
tunnel effect II
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More on tunneling  through quantum dots

Single barrier
Double barrier

“Resonances” may appear 
corresponding to the positions of 

the quantum dot energy levels

Da R. Waser Ed., Nanoelectronics 
and information technology (Wiley-
VCH, 2003)
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Resonant Tunneling Diode (RTD) I

subband

RTD proposed as a system with extremely high speed and low consumption

Artificial atom levels
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Resonant Tunneling Diode (RTD) II



Fisica delle Nanotecnologie 2005/06 - ver. 4 - part 3 - pag. 26

Resonant Tunneling Diode (RTD) III

Dependence on 
fabrication parameters 

(interface issues)

Example of RTD structure

Huge speed!
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Conclusions

The abiity to control single electrons has a huge appeal, 
because of potential advantages in terms of operation speed, 
power consumption, miniaturization and efficiency

Single electrons are “felt” by nanosized structures: a metal 
nanosized capacitor can be tunneled only when a proper potential
is established (Coulomb staircase)

Coulomb staircase is a manifestation of a quantum effect 
related to the small dimensions of the structure and to the discrete 
nature of the electric charge

Coulomb blockade can be exploited also to produce three 
terminal devices (SET)

Double barrier tunneling through a quantum dot is also a single
electron process exploitable to produce a class of novel diodes 
(RTDs)


