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electronic properties (6 h?)
introduction
quantum confined systems
quantum wells
quantum wires QWs (nanotubes, nanowires, nanorods)
quantum dots QDs
heterostructures
screening
excitons
radiative processes and photoluminescence
non radiative processes
theoretical methods for electronic properties
growth techniques: nanoimprinting, nanolitography, nanomanipulation,      

self-assembly, colloidal solution
characterization techniques: STM (tunnel effect), AFM  
nanostructures and alternative energy: new approaches to solar cells
thermoelectric properties

LECTURES OUTLINE



nanotechnology and nanostructure

what a nanometer is?

let’s consider a human hand: 

skin



skin white blood cell DNA



Why is so important to study nanostructures?
Which are the real applications? 





- electronic (molecular electronics)
- optoelectronics
- magnetic storage
- catalysis
- energetic: solar cells
- energetic: energy harvesting
- medical 

(labeling of biomolecules for imaging and biosensing; delivering of drugs) 
- …..

some applications



nanofabrication

top-down: evolution of traditional techniques, based on lithography

bottom-up: self-assembly, synthesis in colloidal solutions, nanomanipulation

- large scale fabrication
- reproducibility
- control



quantum confined systems



Atomic Wavefunctions

discrete levels of energy

orbitals



from Atoms to Solids…. 

if several atoms are brought together into 
a molecule, their atomic orbitals split like 
in a coupled oscillation. This produces a 
number of molecular orbitals proportional 
to the number of atoms.  In solids, there 
are so many atoms that the difference in 
energy between them becomes very 
small, so the levels form bands of energy 
rather than the discrete energy levels of 
the isolated atoms

the energy of the bands depends on the 
propagation direction of the electron in the solid

delocalized electronic states
continuum of energies



some relevant phenomena in nanostructures: 

quantum confinement
quantum coherence
surface and interface effects



electron confinement effects
on energy spectrum:

- increase in bandgap width
- discretization of energies

(0D), and minibands
formation (1D and 2D) 

Quantum Confinement

Quantum confinement due to Pt nanowires on a surfaces (orange, indicated by arrows). 
The surface electrons become caught between the Pt wires
STM image shows distinct oscillations instead of structureless areas (violet)



Quantum confinement in a quantum corral. 
In the STM image, the surface-state electrons are localized in the circular area made-up 
from ad-atoms (peaks), showing concentric charge-density oscillations.

Quantum Confinement



Specific phase relations of the electronic wavefunctions are preserved in a 
nanostructure, giving rise to interference effects if the phase-coherence length is 
larger than the nanoscale dimension.

However, defects in the nanostructure could reduce the phase-coherence length, 
forcing one to consider both phase-coherent and -decoherent processes.
This is in contrast to the limiting cases: in an atom, for example, all processes are 
coherent, in a bulk material all are decoherent (due to the per definitionem infinite 
extension of the system).

Quantum Coherence



A significant fraction of atoms in a nanostructure is located near its 
boundaries. Since the properties of these atoms may differ from that of the 
interior atoms, the properties of the nanostructure may be considerably 
determined by these surface or interface atoms.

Surface and Interface Effects

equilibrium shape of nanostructures (see mechanical properties): 
there is actually an interplay between electronic and structural properties



Free Particle in One Dimension





quantum wells

square QWs (epitaxial techniques)

I IIII

Quantum well. In the 
transmission electron 
microscope (TEM) picture
the Si quantum well 
appears as bright area, 
surrounded by SiN (dark).

the simplest model is based on idealized nanostructures, 
using effective mass approximation (EMA)



• two-dimensional (2D) electron system
• electrons confined in one dimension
Realizations

• interface between two semiconductors (GaAlAs/GaAs)
• ultra-thin film on a substrate (Ag/Fe(001))



Energies, wavefunctions (left), and probability densities (right) of a
quantum well with extension 10nm and walls of infinite height. 
The five lowest energy levels are shown. 
Note the symmetry and the number of nodes of the wavefunctions.



Energies, wavefunctions (up), and 
probability densities (down) of a
quantum well with extension 10 nm and 
walls of finite height (300 meV). The first
three lowest energy levels are shown 
(bound states).



Quantum wire. A chain of atoms is formed between two semi-infinite leads.

• one-dimensional (1D) electron system
• electrons confined in two dimensions
Realizations
• atomic point contact (`quantum point contact’)
• atomic chains deposited on a stepped surface
• carbon nanotubes
• polymers on a substrate

nanowires
nanotubes
nanorods



courtesy Dr. Y. Pouillon

functionalized nanotubes



quantum dots

quantum dots (nanocrystallites on a surface)

Zero-dimensional (0D) electron system (`artificial atoms’)
• electrons confined in three dimensions
Realizations
• clusters or crystallites on a surface
• clusters embedded in a crystal
• colloidal nanoclusters



density of states of free electrons confined 
in various dimensions (0D –3D).



heterostructures and other nanostructures

dipod of CdTe



heteronanocrystals of Au on CoPt3

J. Phys.: Condens. Matt. 21 015001 (2009)



L. Manna et al, Nature Materials 2, 382 - 385 (2003)

CB VB tetrapods

different materials
different structural phases
(e.g. ZB & WZ)



… and from Solids to ‘Atoms’!

A

C

study of asymmetric CdS/CdSe core-shell nanocrystals

DAVMASS calculation
of Absorption Spectra

Nano Lett. 7, 2942 (2007)

L=54nm, W=4.5nm, Ws=3nm
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ordered structures of
core-shell nanorods



Free Electron Model for Ordered Arrays of Nanocrystals
Electron-Hole Interaction

rod radius 1.50 nm
rod length  41.50 nm

d=12 nm

d=6 nm

d=3 nm d=2 nm d=1 nm



non interacting rods

interacting rods
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next lecture: optical properties of nanostructures


