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electronic properties
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



Thermoelectric Effect

conversion of heat into electricity (potential difference), and viceversa

cooling 
heating 
generating power 
recovering waste heat 
measuring temperature

is based on the thermoelectric effect: an applied temperature difference 
causes charged carriers in the material to diffuse from the hot side to the 
cold side, similar to a classical gas that expands when heated



Seebeck effect
Peltier effect
Thomson effect
Peltier–Seebeck and Thomson effects are reversible,Joule heating is not



Seebeck Effect
conversion of temperature differences directly into 
electricity

compass needle would be deflected when a closed loop 
was formed of two metals (semiconductors)  joined in two 
places with a temperature difference between the junctions

the metals respond differently to the 
temperature difference, which creates 
a current loop, 
which produces a magnetic field



several mV per K difference can be generated

Seebeck coefficients: 
- non-linear as a function of temperature
- depending on the conductors' absolute temperature, material, and molecular structure  
- also called thermoelectric power or thermopower
- determines the efficiency of a thermoelectric material
[S]=V/K

Mobile charged carriers migrating to the cold side leave behind their oppositely charged and 
immobile nuclei at the hot side thus giving rise to a thermoelectric voltage (thermoelectric refers to 
the fact that the voltage is created by a temperature difference). Since a separation of charges also 
creates an electric potential, the buildup of charged carriers onto the cold side eventually ceases at 
some maximum value since there exists an equal amount of charged carriers drifting back to the hot 
side as a result of the electric field at equilibrium 

metals: small thermopowers, electrons and holes both contribute to the induced 
thermoelectric voltage thus canceling each other's contribution
semiconductors: can be doped with an excess amount of electrons or holes and thus can 
have large positive or negative values of the thermopower depending on the charge of the 
excess carriers



Thermocouple

measure a temperature difference directly 
measure an absolute temperature by setting one end to a known temperature

junction between two different metals 

used in temperature sensors, with different material depending on the T range



Peltier Effect

thermal effect of an electrical current at the junction of two different metals
conductors are attempting to return to the electron equilibrium that existed before the 
current was applied by absorbing energy at one connector and releasing it at the other 



Thomson Effect

a current-carrying conductor with a temperature difference between two points, 
will either absorb or emit heat, depending on the material

the Thomson coefficient is specific for every material



The primary criterion for thermoelectric device viability is the figure 
of merit given by:

which depends on Seebeck coefficient, S, thermal conductivity, k, 
and electrical conductivity, σ

dimensionless figure of merit ZT: multiplying Z with the average 
temperature ((T2 + T1) / 2)

greater values of ZT indicate greater thermodynamic efficiency 









charge carrier diffusion and phonon drag

thermoelectricity: the physical explanation



Materials of interest

alloyed semiconductors with high carrier concentration: 

Bismuth chalcogenides Bi2Te3 ,Bi2Se3, BixSb2−xTe3 (RT)

PbTe and PbTe–PbSe (moderate T) 

Si80Ge20 (HT)

alloying: disrupts the transport of phonons resulting in a reduced thermal conductivity

heavy elements with low sound velocities: further reduction of thermal conductivity 
(Bi, Te, and Pb)

mainly used for space, laboratoy, medical applications



looking for advanced bulk materials… introducing phonon scattering centers

Skutterudite thermoelectrics (Co,Ni,Fe)(P,Sb,As)3

low-coordination ions (usually rare earth elements) can be inserted in order to alter thermal 
conductivity by producing sources for lattice phonon scattering and decrease thermal 
conductivity due to the lattice without reducing electrical conductivity

Oxide thermoelectrics (SrTiO3)n(SrO)moxides 

natural superlattice formed by the layered structure



‘phonon glass, electron crystal’

nanostructuring can enhance Z: 
- introducing quantization to improve S2σ
- reducing thermal conductivity witouth damaging the electrical one, by using interfaces

nanocomposite (bulk nanostructured material): high density of interfaces�
phonon scattering, reduction of thermal conductivity

‘convergence’: new bulk materials are hosts containing nanoscale objects
and nanocomposites are also uded



Bulk Nanostructured Materials



Low Dimensional Thermoelectric Materials

the control of Z is not easy, the different properties are connected

use of quantum-confinement phenomena to enhance S and to control S and σ
independently
use of numerous interfaces to scatter phonons more effectively than electrons and 
to scatter preferentially those phonons that contribute most strongly to the thermal 
conductivity

at the very beginning: validation of the model with periodic 2D quantum-well
systems and 1D quantum wire systems

enhanced ZT on thin film structures and nanowires… problem!
materials fabricated by atomic layer deposition techniques are not easily 
incorporated into commercial devices because they are slow and expensive to 
fabricate, and they cannot be fabricated in sufficient quantities 



Nanocomposites

nanoparticles embedded in a host material, 
as for example Si nanoparticles (melting point 1687 K) 
in a Ge host material (melting point 1211 K)

calculations with solution of Boltzmann transport equation, and with Monte Carlo

ordered structures are not necessary to achieve a low thermal conductivity
� use of self-assembled nanocomposite materials



modeling of phonon transport in superlattices:
a reduced lattice thermal conductivity does not require an atomically perfect 
interface or an exact geometry, but a material with a high density of interfaces, 
which can be present in any geometry

nanocomposite: retains the high density of interfaces but does not have a special 
geometry or structure, significantly simplifying the fabrication process and 
allowing the material to be produced in large quantities

nanocomposite: nanoparticles embedded in a host or heterostructure geometry 
with nanoparticles of different materials adjacent to each other

nanostructures have a size smaller than the phonon mean free path but greater 
than the electron or hole mean free path, phonons are more strongly scattered by 
the interfaces than are electrons or holes, resulting in a net increase in ZT  

other problem… the details of electronic transport in nanocomposites are not well 
understood, and only very few improvements in electronic properties have ever 
been achieved in either bulk or nanocomposite materials (2009)



Improvements

reducing the impact of grain boundaries on electron transport

impurity band energy levels to increase the Seebeck coefficient 

reducing the electronic thermal conductivity (this can be done, by violating the 
Wiedemann–Franz law, in some specific materials, showing a very sharply 
peaked electronic density of states approaching a delta function close to the 
Fermi level ) 


