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Photovoltaics: 
from traditional semiconductors

to nanostructures, organics and hybrids



Outline

- solar cell
- traditional PV solid-state materials and devices
- new solid-state materials for PV in traditional devices
- new materials & geometries (hybrids)
- problems
- perspectives



Diode: rectifying electronic device; it presents a junction and current flow is
favoured in one direction and inhibited in the other

devices based on diodes: 
- traditional transistors and all modern ones (FET, field effect transistors, 

MOSFET, metal–oxide–semiconductor field-effect transistor), Esaki (tunnel) 
diodes, Schottky diodes, photodiodes

- LEDs (light emitting diodes) and OLEDs (organic LEDs)
- solid state solar cells

diode electronic levels and I-V characteristic

SOLAR CELL



photovoltaics: traditional solid state solar cells

- a region depleted of carriers is left around the junction, a small built-in electric field 
exists inside the solar cell (0.6 - 0.7 volts in Si)

- when photons hit the solar cell, electrons (-) attempt to move to the p-type layer; 
the p-n junction only allows the electrons to move in one direction. By providing an  
external conductive path, electrons will flow through this path to the p-type 
side. The electron flow provides the current ( I ), and the cell's electric field the  
voltage ( V ). 

Crystallin Si and GaAs, 
poly-crystallin Si , 
amorphous Si or Ge



two kinds of charge carrier separation in a solar cell:

drift of carriers, driven by an electrostatic field established across the device 
(p-n junction solar cells)

diffusion of carriers from high carrier concentration towards low carrier
concentration (dye and polymer solar cells) 



solar cells: conversion of sunlight
directly into electricity

I-V characteristic of a solar cell

voltage: difference in the quasi Fermi levels of the minority carriers, ie. electrons in 
the p-type side, and holes in the n-type side



energy conversion efficiency η: percentage of power converted (from 
absorbed light to electrical energy) and collected
external quantum efficiency (EQE): fraction of incident photons that are 
converted to electrical current 
internal quantum efficiency (IQE): the fraction of absorbed photons that are 
converted to electrical current
fill factor (FF):  ratio of the maximum power point divided by the open circuit 
voltage (Voc) and the short circuit current (Isc):

solar cell efficiencies 
6% for amorphous silicon-based solar cells 
40.7% with multiple-junction research lab cells 
42.8% with multiple dies assembled into a hybrid package 
14-19% for commercially available multicrystalline Si solar cells



3 generations of solar cells

first generation: large-area, high quality and single junction devices.
approaching the theoretical limiting efficiency of 33% 

second generation materials: Cadmium Telluride, Copper Indium Gallium Selenide, 
amorphous Silicon and microporous Silicon 

third generation technologies: thin-film technologies to achieve higher efficiencies
- multi-junction photovoltaic cell
- modifying incident spectrum (concentration)
- use of excess thermal generation to enhance voltages or carrier collection
- use of infrared spectrum 
- thermoelectric cells 
- polymers, hybrids, nanostructures



geometries:
bulk (Si wafers)
thin films (inorganic layers, organic dyes, and organic polymers) 
nanocrystals

last generation of photovoltaics: printing onto low cost flexible polymer film 
CIGS, CdTe, DSSC and organic photovoltaics

economic costs of electricity-generating systems:
price per delivered kilowatt-hour (kWh)

0.50 €/kWh 
Most c-Si panels are warranted for 25 years





new solid-state materials for PV in traditional devices

Cu2O, Cu2S
CuInS2, CuInSe2 CIGS
CdTe



photovoltaics based on organics, 
nanostructures, hybrids, …

- conjugated polymer: fullerene-based solar cells
- polymer/polymer solar cells 
- donor-acceptor “double cable” polymers

- inorganic nanostructures

hybrid solar cells: 
- polymers + nanowires
- natural dyes + nanowires (e.g. CNWs)
- dye sensitized solar cells (DSSCs), with organic dyes on a nanoporous oxide (TiO2

ZnO) electrode immersed in an electrolyte



ADVANTAGES

- easy processing, e.g. spin coating, sublimation
- relatively small amount of organic molecules per device

(100 nm of film thickness for 100% light absorption)
- large scale production easier than for inorganic materials
- chemical tuning of band gap, charge transport and electronic

properties, as well as structural properties and solubility
- self assembled monolayers, layer by layer deposited films

Langmuir Blodgett films can allow the control of molecular order
- sensitizers of semiconductors for efficient electron-hole extraction
- wide range of materials (fullerenes, polymers, oligomers,

dyes, pigments, liquid crystals, …) and structural combinations
- transparent & conducting substrates (even plastic) can be used

- absorption of a photon and formation of an excited state (bound electron-hole pair)
- exciton diffusion to a region where exciton dissociation (charge separation) occurs
- charge transport (diffusion) to the respective electrodes



Conjugated Polymer: Fullerene-Based Solar Cells

high electron affinity of fullerene � separation of the exciton and transfer of the electron

Quantum Chemistry realm



- donor and acceptor materials are mixed together on the nanoscale level 
- both materials must be very soluble in the same solvent
- all photogenerated excitons are within a diffusion length (10-20 nm) of a D/A 

interface
- distributed active interfaces throughout the bulk of the device
� control of the morphology is mandatory

many conjugated polymer-fullerene 
pairs exhibit ultrafast photoinduced
charge transfer (45 fs) with a back 
transfer of orders of magnitude slower
every photon absorbed yields one pair 
of separated charges
quantum efficiency for charge 
separation approaches unity



a) Device structure of a typical polymer bulk-heterojunction solar cell. 
Chemical structures of MEH-PPV and PCBM are also shown. 
b) Energy levels of various components in the device structure.

J. Appl. Phys. 100, 114509 (2006)



ideal structure of a bulk heterojunction solar cell, 
to optimize both transfer and collection of charge

different molecules used in combination with C60

¿ How is charge collected in these new solar cells ? 
¿ Which mechanisms are involved ?
( see also DSSCs )



Donor-Acceptor “Double Cable” Polymers

a unique copolymeric
structure supports the
absorption of the light and
the internal transfer of
charge; solution is needed

Giacalone et al., Org. Lett. 2203. 5, 1669



Inorganic Nanostructures

ultrathin donor-acceptor solar cell composed entirely of inorganic nanocrystals
spin-cast from solution

Air-Stable All-Inorganic Nanocrystal Solar Cells Processed from Solution
Ilan Gur, et al., Science 310, 462 (2005)

nanocrystals, nanorods, tetrapods, etc…

- long range order, template organization to maximize efficiency
- heteronanostructures (to improve adsorption and charge separation)

e.g. CdSe-CdTe nanorods



Quantum Dot Sensitized Solar Cells (QDSSC)



effect of tuning NCs size on electron injection

architecture optimization

ZnO



Hybrid Solar Cells: polymers + nanowires

CuInS2, CdS,  PbS, InP, ZnO

blends of nanocrystals with semiconductive polymers as bulk heterojunction

absorption in the semiconductor, interface with a polymer capturing the
holes, then reduced in solution

nanometric orderes structure to optimize charge collection



CdSe nanorods and the conjugated 
polymer poly-3(hexylthiophene)
Hybrid Nanorod-Polymer Solar Cells
Wendy U. Huynh, et al., 
Science 295, 2425 (2002)



Dye Sensitized Solar Cell (Grätzel’s cell)

redox mediator: takes an electron from the counter electrode and brings it to the chromophore, reducing it

B. O'Regan, M. Grätzel (24 October 1991). "A low-cost, high-efficiency solar cell based on dye-

sensitized colloidal TiO2 films". Nature 353 (6346): 737–740



HOMO of the dye  in the bandgap of the semiconductor
LUMO within the conduction band of the semiconductor
Efficiency: 
- maximum photocurrent density related to the charge
injection rate from the dye HOMO to the semiconductor
conduction bands 
-open circuit potential, Voc, related to the energy 
difference between the HOMO and the
conduction band minimum (CBM).



OPTIMIZATION

redox mediator
- fast oxidized dye reduction (submicrosecond time scale)
- slow recombination with photo-injected CB electrons
- fast reduction at the counter electrode
- efficient diffusional transport.
- low extinction coefficient
- easy to produce in large quantity

optimal sensitizer for the dye sensitized solar cell
- panchromatic
- suitable ground- and excited state redox properties
- thermal and photochemical stability
- linked to the semiconductor oxide surface to inject electrons  

into the conduction band with a quantum yield of unity



natural and artificial dyes

> 11%!





Photovoltaics: Problems

- in the new photovoltaic applications, the efficiency is far from the one of
traditional devices

- many mechanisms are not clear or clarified sofar: e.g. exciton movement
in large organic or hybrid structures, exciton dissociation (factors inducing it), 
charge separation (CT) and transport induced in these systems; percolation
in nanocrystals?

- experimental work is mainly devoted to optimization of single steps: absorpitive
medium, charge separation mechanism, charge collection; 
difficult to find new routes!

- theoretical research is sofar limited to Grätzel cells



Photovoltaics: Perspectives

Find new structures and materials which have to be cheaper, easily
processable, and with a low environmental impact

Grätzel’s group ongoing research

• advanced nanostructures
• light induced charge separation
• new sensitizers
• new redox mediators
• solid state heterojunctions
• quantum dot cells
• redox active ionic liquids
• tandem devices



ZnO nanostructures are easily
synthesized and controlled


