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What are we looking for...

We deal with particles (e.g., electrons) moving in nanosized structures

Quantum treatment of the particles implies wavefunctions (e.g., de Broglie,..)

If wavefunction extension ~ structure size, we expect quantum confinement

Known examples in optics (λ~hundreds of nm): optical cavity, optical fibers
Signatures of quantization: radiation modes, supported standing waves, …

In transport properties, dimensions are scaled 
down (we will see)

Expected signatures of quantization: non-ohmic
behavior, tunneling effects, single electron, …

Expected advantages: miniaturization, speed, 
consumption, novel functions,…
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Outlook

• Focus on “conventional” (silicon-based, inorganics) technology (we will mention 
other possibilities later on) 

•Dimensionality of the structures and density of states for 3-D, 2-D, 1-D, 0-D 
structures (bulk, quantum wells, quantum wires, quantum dots)

• Electron transport and quantum confinement in 2-D structures in the 
presence of a magnetic field:

- High mobility 2-D electron gases at heterostructure interface;
- Quantum electron in a magnetic field: Landau levels;
- Quantum Hall Effect (integer, and a few words on the fractional effect);
- von Klitzing quantum of resistance

• Electron transport and quantum confinement in 1-D structures without 
magnetic field:

- Landauer treatment and levels;
- electron waveguides: “transverse modes”
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Conductivity in the classical (macroscopic) world

Dimensionality enters transport properties

(Microscopic) Ohm’s law: 
J = σ E I = V/R  with R = l/(S σ)

In classical terms, resistance is a function of the dimensions (in bulk 3D 
materials, it is directly proportional to the length l and inversely proportional 
to the cross section S): R ~ (typical width)^(2-dimensionality)

Drude (either classical or quantum):
Diffusional motion of the electrons

“Collisional” processes (material-
dependent) rule the resistivity
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Dimensionality and quantum confinement effects

Quantum confinement effects expected 
whenever the de Broglie wavelength of 
the particle (i.e., the electron) approaches 
the typical size of the nanostructure

λdB = h/p ~ 7x10-4/v [m/s] in nm 
(vterm~104 -105 m/s, vF~106 m/s)

L/h dp 1-D  
g(p) dp ∝  S/h2 2πp dp 2-D

V /h3 4πp2 dp 3-D

dE /√E 1-D 
g(E) dE ∝ dE 2-D

√E dE 3-D

DOS expression affected by dimensions

3DEG

2DEG

1DEG

0DEG
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Electron transport and quantum confinement

Quantum confinement is hard to be seen in 2DEG (2-dimension electron 
gases, e.g., conductive films)

Fully localized 0DEG structures (quantum dots) do require other processes 
for transport tooccurr (e.g., tunneling, as we will see in the next part) 

Basically, 1DEG structures are well suited for investigating electron 
transport (quantum wires)

Hystorically, the first observations are associated with the Quantum Hall 
Effect (QHE) in specific 2DEG structures with the presence of a static 
magnetic field

Transport properties depend on the dimensionality of the structures: new and 
unexpected effects associated with quantum confinement can arise
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2DEG in semiconducting heterostructures

“Band bending” at the interface 
produces localization in a 2DEG 

with typ. thickness 1-10 nmAfter S.Datta, Electronic Transport in 
Mesoscopic Systems, Cmbridge (1997)

After Ferry and Goodnick, 
Transport in nanostructures, 
Cmbridge (1997)
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Reminder on Fermi level in 
doped semiconductors I

G.Grosso and G.Pastori Parravicini, 
Solid State Physics (Academic, 2000)
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Reminder on Fermi level in doped semiconductors II

Low T

Intermediate T

High T
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High mobility in MODFET/HEMT structures

High “in-plane” 
mobility achieved 

(collisions 
negligible)

2DEG interface 
is much “better” 
than grown thin 
films in terms of 
mobility
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Classical Hall effect in a conductor

A known current is sent along x

A known magnetic field (static and 
homogeneous) is applied along z

In a two-charge fluid model of the 
current, Lorentz force drives 
positive and negative charge along 
y, with a sign depending on the 
charge polarity

At equilibrium, charge separation 
occurs (along y) 
-> an electric field exists 
-> a potential difference can be 
measured across y direction 

VH = RH I = vd B L = μ B L / e

Mobility can be measured (including 
the sign) by Hall experiments

Classically, the Hall resistance 
is a continuous feature 

depending on the mobility

L
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Electron dynamics in a magnetic field (quantum)
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Landau levels

The small thickness of the 
conductor combined with the 
presence of the magnetic field 

leads to a 1D-like behavior

1D-like density of states
(Surface) density of states, i.e., carrier 
density, corresponding to each Landau 
level is eB/h

For a given number of carriers
(electrons), a B value exists so that all
carriers are in the ground level

Subbands
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QHE and von Klitzing quantum of resistance I

Measurements carried out at very 
low temperature in order to 

decrease (phonon) scattering

Fine structure constant
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Resistance is quantized in units 
of Rvk ~ 25.8 Kohm

The quantum depends on the 
fine structure costant, i.e., on 
fundamental quantities (e, h)

QHE and von Klitzing quantum of resistance II
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A few words on fractional-QHE

1982 (Tsui, Stoermer, et al.): discovery of Fractional-QHE

Filling factor

Tsui et al., PRL 48, 1559 (1982)

Interpretation (Laughlin): many-body 
problem

The Hamiltonian should include terms 
accounting for interaction inter-electron 
and electron-ion (lattice)

A collective wavefunction (product of 
single electron wavefunction) should be 
used and the corresponding Landau 
levels identified

Degeneracy of the levels turns out to 
depend on the specific system 
considered 
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Towards 1DEG

We have seen that 2DEG structures with magnetic field B do exhibit 
quantized transport behavior (von Klitzing quantum of resistance)

Role of B: mix up the directions so that 2DEG DOS behaves similar to 1DEG

If B = 0 no quantum effect is observed (the charge carriers can always find a 
“non confined” direction for their motion!) 

1DEG structures (quantum wires) expected to show a signature of quantum 
confinement effects without B

From the technological point of view, a 1DEG is quite complicated to 
achieve in “conventional” electronics (inorganics), but it can be done

The simplest way, at least ideally, is based on the exploitation of either 
linear conductive molecules (organics) or mesoscopic structures
(nanowires/nanotubes): we will see more!
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Examples of realization of 1-D nanostructures (conventional) I

Film growth with specific arrangements 
(e.g., onto specifically “cut” susbtrates)
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Split-gate MODFET

Examples of realization of 1-D nanostructures (lithography) II

An additional pair of 
electrodes with a nanosized 
gap leads to a 1-D like 
conducting channel

Da R. Waser Ed., Nanoelectronics 
and information technology (Wiley-
VCH, 2003)

Lithography (typically EBL) used to define lateral the structure

(MOdulation Doping) 
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A closer look at the de Broglie wavelength

In the “degenerate case” (low 
temperature) Fermi velocity 

depends on the square root of 
the electron density
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Criteria for 1DEG situations

De Broglie 
wavelength at the 
Fermi velocity
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1. At T=0 only the portion of electrons
eV/ EF is involved in the transport 
process
2. Fermi velocity must be considered: 
vF =√(2EF/m);
3. n ∝ g(E)dE ; in the 1-D case ∝ √EF

I = eV/EF e √(2EF/m) √(2m EF)/h =
= 2 e2 V/h 

Conductivity in an ideal 1DEG 
structure:
G1D = i/V = 2 e2/h

In the bulk, classically we have:
J = n e v

See van Wees et al.
PRL 60 848 (1988)

∫

A rough picture of 1DEG conductivity

reservoir
2-D

reservoir
2-D

1-D
channel

EF

EF
eV

1

EF

E

Mean occupation number

Fermi distribution
eV

1DEG DOS peculiarities lead to a quantized conductivity 
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Landauer levels (intrawire tunneling)

Da R. Waser Ed., Nanoelectronics 
and information technology (Wiley-
VCH, 2003)

“tunneling” through a quantum wire

(quantum) 
current density
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Ballistic transport

In the ballistic transport regime, 
electrons are assumed to move 
within the structure without 
scattering (but that at the interface 
with the ohmic contacts, i.e., the 
higher-dimensional “outer world”)

Behavior analogous to an 
optical fiber in the total 
reflection mode

If a quantum wire is considered, 
comparison between the de 
Broglie wavelength and the 
transverse size suggests to 
consider single mode fibers

Transverse modes
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Transverse modes I

Model
confining potential

Electrons are confined within the structure 
by a suitable potential

The “transverse eigenfunction” (depending 
on the potential) must obey the boundary 
conditions
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After S.Datta, Electronic Transport in 
Mesoscopic Systems, Cmbridge (1997)

Transverse modes II

Quantization (subbands) arises when 
solving the Schroedinger equation in the 
confining potential (transverse modes)

Subbands

Group velocity
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Transverse modes III

The waveguide supports trasnverse 
modes below some (energy) cut-off, 

leading to Landauer levels
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costrizione
1-D

Quantized resistance 
observed (at very low T)

Da G. Timp, Nanotechnology
(Springer-Verlag, 1999)

Electron waveguides I Da R. Waser Ed., Nanoelectronics 
and information technology (Wiley-
VCH, 2003)

LANDAUER
LEVELS

SPLIT 
GATE

POINT 
CONTACT
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Electron waveguides II

If conductance is not affected by 
diffusive transport:
- resistance (within the 
wire) is negligible;
- speed is at a maximum;
- dissipation can be 
neglected;
- single electron transport
can be achieved (no doubt 
a single charge entering 
the structure is 
transmitted!)

Quantum wire potentially suitable as unconventional interconnects
(but cumbersome fabrication, need to operate at very low T!)
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1DEG and active devices?

Can the 1DEG transport properties be exploited in a three-terminal 
(active) device?

Can a 1DEG-channel MOSFET (not just a split-gate) be realized?

[The idea is to control the few/single electron flow across the wire 
with an additional electric field or voltage]

We will see in “non conventional” implementations! 
(possibly with less fabrication problems)

Quantum wire (1DEG)
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Conclusions

Transport properties (conductivity) is strongly affected by 
dimensionality

Lower dimensionality implies a different functional dependence 
of DOS on the energy

Quantum confinement effects may arise when considering 
nanostructures with size comparable to the de Broglie wavelength
(either single-particle, or degenerate semiconductors)

Quantum Hall Effect (2DEG + magnetic field) demonstrates 
quantized resistance

Similar quantization effects (but for  factor 2!) is observed also 
in electron waveguides

Landauer levels can be associated to transverse modes


