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First Generation Solar Cells

Large p-n junction diode

Silicon wafers quite expensive

About 25% efficiency 90% Market



Second Generation Solar Cells

p-n junction with thin films

Thin films technologies to lower cost: 
use polycrystalline, amorphous, cheap 
inorganic crystals 

About 10-20% efficiency

10% Market

CdS is n doped
2.5 eV gap  window layer

CdTe is p-doped

1.5 eV gap  active layer

p<<n: depletion region 
larger on p side

Thin films also used in multi-junction with III-V 

High efficiency (40%) but costly



Third Generation Solar Cells

No p-n junction
Nanotechnology (dots rods wires 
nanoparticles), Polymers, Dyes

Less than 10% efficiency

0% Market

Based on Donor-Acceptor 
Interface

Strong excitonic effects

e-h separation has to occur before
radiative recombination
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The photo-excited electron and hole
bind and propagate through the crystal 
(G. H. Wannier PR  37)

Excitons are elementary optical excitations in 
semiconductors

Hydrogen-like spectrum
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Wannier Exciton

Electron is bound only very weakly, with an 
average radius larger than the lattice 
spacing

Wannier-Mott excitons (large  Bohr radius)

Important for: fundamental physics studies (e.g. 
BEC), Optoelectronics devices (@ low T)

Exciton dynamics can be described within the 
effective mass picture. Center of mass and 
relative motion are separated. 



Frenkel-Peierls
(small Bohr radius)

Mostly in organic materials (molecular crystals, polymers and many others 
organic structures). Alkali Halides (e.g. KI, NaCl). Noble Gas Crystals (e.g
solid Kr).  
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Frenkel Exciton

Electron is bound strongly,
essentially confined to within a 
single lattice constant 

Important for: organic LEDs, 
organic solar cells

Exciton propagates through 
energy transfer processes

Charge Transfer excitons



strong covalent bonds

weak interaction
with phonons

broad energy bands
small effective massesweak disorder

good
charge

transport

loosely-bound excitons

small oscillator strength
but strong nonlinearity

GaAs, ZnS, ZnO, ZnTe, ZnSe, Cu2O, CuCl, CdTe, SiF4, and many others;

Wannier-Mott excitons are typical for these materials.



weak Van-der-Waals bonds

strong interaction
with phonons

narrow energy bands
large effective massesstrong disorder

bad
charge

transport

tightly-bound excitons

large oscillator strength

Anthracene, Tetracene, Pentacene, Phenanthrene, Porphyrin, Phenazine, PTCDA, 
and many many others

The Frenkel excitons are typical for these materials.



Exciton Phonon Dynamics

TiTf

Cooling by phonon emission
Formation of bound
states

Boltzmann equation
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Auger processes (Coulomb scattering) weak



Bimolecular Formation and Dissociation of Excitons
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Boltzmann Eq. in the pair basis
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Fast thermalization
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Optical
phonon 
emission
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emission

Quantum Well Excitons

Very Accurate Predictions

*

* C. Piermarocchi PhD thesis (98) EPFL (www.epfl.ch)

Deformation potential

Frolich interaction
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Exciton Dissociation Rate
(calculated) 

At 100 K quasi-thermal 
equilibrium in 1 ps
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In inorganic based solar cells 
most excitons are not bound



Exciton-phonon in organic systems 

Dominated by polaronic effects Photon 
Absorption

Frenkel-Exciton self-trapping
(polaron exciton)

e-polaron h-polaron

Exciton dissociation at 
Donor-Acceptor Interface 
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Su-Schrieffer-Heeger for excitons
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Exciton propagation is 
described by a nonlinear 
Schrodinger equation

DFT calculations*

* M.V. Katkov PhD Thesis (06) MSU

Exciton self-trapping



With excitons

Without excitons

Lattice deformation

M. V. Katkov. Y. V. Pershin, C.P. PRB 
74 224306 (2006)

Implications of these effects on solar cells dynamics are not fully known



Excitons in Quantum Dots

Strain-induced 
quantum dots 

(3 nm) 

QD

Lateral
QWR

Hartmann et al.
J. Phys. Cond. Matt.
11, 5901 (1999) 

Self-limited growth 
(6 nm)

Pyramidal dots

GaAs

InAs lattice mismatch

Self assembled

K. Shih UT Austin



Colloidal quantum dots

External shellChemical synthesis Large tunability



Excitons in a single QD
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D. Gammon, PRL 76,3005 (1996)
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Multiexciton States

A QD is an “atom” where the number of 
protons and electrons can be controlled 

H

He

Li

Be

X. Li Science 301 809 (2003)

D
T

C.P. et al PRB 65 075307



Multiexciton generation in Quantum Dots

Tunable Eg

Enhanced Coulomb effects

Break momentum conservation







Use dark excitons
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Infinite lifetime !



Dope organic with Ir complex to 
make excitons dark by spin flipping





Conclusions

Investigations on fundamental physical properties of 
excitons is very important for solar cell applications

Polaronic effects in transport

Coulomb effects in confined excitons (Impact Ionization in QD)

Spin degrees of freedom

Dynamics of formation and dissociation



Experiment

In inorganic solar cell devices bound excitons can be neglected
Dynamics by phonon scattering can be simulated without phenomenological 
parameters


