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MATERIALI SEMICONDUTTORI E CONDUTTORI 

proprietà di conducibilità 

I semiconduttori sono materiali di grandissimo interesse perchè il loro 
comportamento è alla base di molti apparati elettronici, come i transistors, le 
celle fotovoltaiche, i LEDs, i laser a semiconduttore, ecc. 
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Chiariamo, per prima cosa, alcune fondamentali differenze tra metalli e 
semiconduttori. 

Ricordiamo le 
caratteristiche fondamentali 
della struttura a bande di 
metalli, isolanti e quindi 
semiconduttori 
 

La conduttività e’ la proprieta’ specifica di ogni materiale, ed e’ definita come 
la relazione fra il campo elettrico E e la densita’ di corrente j 
 
j = σ · E    legge di Ohm 

MATERIALI SEMICONDUTTORI E CONDUTTORI 

banda di  
valenza 

banda di  
conduzione 
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se consideriamo un conduttore cilindrico di lunghezza l, 
la cui sezione ha un'area A, ai cui estremi sia applicata una tensione V 
la densità di corrente sarà  j = i/A   (la corrente elettrica i è definita come il flusso netto 
                                                  della densità di corrente attraverso una superficie 
                                                   del conduttore)  
 
il campo elettrico sarà invece  E = V/l    e quindi: 
 
i/A = σ V/l    o anche 
 
V =  i •      l        = i • R      dove R è la resistenza 
             σ • A 
quindi la conducibilità è legata alla resistenza da: 

σ =      l 
        R • A 

da qui è chiaro che le unità di conducibilità sono: (Ohms x m)-1 

ovvero (Ω x m)-1 o Siemens x m-1, S x m-1 

σ si può sempre esprimere in termini della concentrazione n dei portatori di carica 
responsabili della conduzione, della loro carica q, e mobilità µ

σ = q • n • µ

MATERIALI SEMICONDUTTORI E CONDUTTORI 
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Nei metalli il numero degli elettroni mobili è grande ed essenzialmente costante 
ma la loro mobilità diminuisce gradualmente al crescere della temperatura 
(aumenta l’ energia termica del reticolo) 
Di conseguenza la conduttività cala gradualmente all’aumento di T, come 
mostrano i diagrammi log σ contro 1/T 

Nei semiconduttori,  
il numero di elettroni mobili è piccolo.  
Tale numero può essere 
incrementato o 
1) aumentando la temperatura 
per promuovere un maggior numero di 
elettroni dalla banda di valenza a quella di 
conduzione, o  
2) mediante drogaggio con 
impurezze che forniscono elettroni o buche 
elettroniche. 

1) Nel caso della attivazione termica, n è dato da: 

n= n0• exp(-E/kBT) 

dove n0 è una costante (il numero totale di 
elettroni), E è l’energia di attivazione  e kB  
è la costante di Boltzmann. 

MATERIALI SEMICONDUTTORI E CONDUTTORI 
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Quindi n, e di conseguenza σ, cresce esponenzialmente con la temperatura. 

Questo è illustrato in Figura, nella regione intrinseca; le piccole variazioni di µ 
con la temperatura sono del tutto secondarie rispetto alle  maggiori 
variazioni di n. 

2) Nel secondo caso semiconduttori estrinseci 
( drogaggio), vengono 
generati trasportatori mobili extra per 
aggiunta di un drogante (di una impurezza) 
 

A basse temperature nella regione 
estrinseca (Figura), la concentrazione dei 
trasportatori extra è  maggiore della 
concentrazione intrinseca generata 
termicamente. 
Di conseguenza, nella regione estrinseca, la 
concentrazione è indipendente dalla 
temperatura e σ mostra una leggera 
diminuzione dovuta all’ effetto della 
mobilità (interazioni elettrone-fonone). 
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la conducibilità elettrica di un semiconduttore intrinseco in funzione della temperatura può essere calcolata 
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creazione del livello donor per effetto della sostituzione di Si con un elemento del V gruppo 

semiconduttori estrinseci di tipo n 

MATERIALI SEMICONDUTTORI E CONDUTTORI 
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semiconduttori estrinseci di tipo p 

MATERIALI SEMICONDUTTORI E CONDUTTORI 

creazione dei livelli acceptor per parziale sostituzione del Si con un elemento del III gruppo 
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MATERIALI SEMICONDUTTORI E CONDUTTORI 

in Tabella sono riportati per alcuni semiconduttori estrinseci di tipo n, le differenze di 
energia tra la base della banda di conduzione e i livelli donor, determinate sperimentalmente 
con misure di conducibilità; e per alcuni semiconduttori di tipo p sono riportate le differenze 
di energia tra i livelli acceptor e quello di più alta energia della banda di valenza. 
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Gli isolanti differiscono dai semiconduttori soltanto nell’entità della 
conduttività, anche in questo caso dipendente sia da temperatura che da 
drogaggio; poichè n è piccolo e l’energia di attivazione elevata, σ risulta molto 
piccola. 

MATERIALI SEMICONDUTTORI E CONDUTTORI 



10 

L’applicazione della teoria delle bande mostra che il parametro chiave 
è il gap di banda, Eg 

Per trasferire elettroni attraverso il gap di banda bisogna che venga assorbita 
energia 

Per valori piccoli del gap, < 1 eV, l’eccitazione termica è in grado di promuovere 
elettroni, specialmente ad alte temperature; i materiali con Eg < 0.01 eV sono 
essenzialmente metallici o semimetallici. 

MATERIALI SEMICONDUTTORI E CONDUTTORI 
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Per valori di Eg maggiori, la promozione può essere causata da radiazioni di 
lunghezza d’onda appropriata (fotoconduttività). 

Ad esempio, CdS, Eg = 2.45 eV, assorbe luce visibile e viene utilizzato nelle 
fotocellule per la conversione della luce solare in altre forme di energia. 

Quanti sono i materiali semiconduttori? 

Il numero di composti semiconduttori e’ enorme, perche’ la condizione 
necessaria e’ che abbiano un gap energetico diverso da zero e non troppo 
grande, dunque inferiore a 3-4 eV. 

Materiali tradizionalmente classificati come isolanti, come SiC (gap=2.3 – 3.0 
eV), il diamante (5.4 eV) o GaN (3.3 eV) sono ora considerati semiconduttori a 
largo gap che possono avere applicazioni ad alta frequenza utili in congegni 
ottici ed elettrici. 

MATERIALI SEMICONDUTTORI E CONDUTTORI 
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sistemi π-estesi 

HOMO-LUMO orbitals of π-conjugated systems 
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MATERIALI SEMICONDUTTORI E CONDUTTORI 

i materiali organici per elettronica e fotonica sono soprattutto 
oligomeri e polimeri con sistemi π-coniugati 

pregi dei materiali organici:  
ü  combinazione delle proprietà elettriche dei (semi)conduttori con le proprietà tipiche 

  delle plastiche: 
ü  basso costo 
ü  versatilità della sintesi chimica 
ü  facilità nel maneggiare e trattare il materiale 
ü  flessibilità 

Phys. Rev. Lett. 1977, 39, 1098. 
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materiali organici possono essere resi ottimi conduttori elettrici  
in seguito ad un trattamento chimico. 

"when doped with controlled amounts of the 
halogens chlorine, bromine, or iodine, and with 
arsenic pentafluoride, AsF5“ (elettron accettori) 

2000 Premio Nobel per la Chimica 

Alan Heeger, Alan MacDiarmid, and Heideki Shirakawa 

"for the discovery and development of  
conductive polymers " 
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All Bechgaard Salts are formed using a small, planar organic molecule as an  
electron donor, with any of a number of electron acceptors (like perchlorate  
(ClO4) or tetracyanoethylene (TCNE)). All the organic electron donors contain  
multiply conjugated heterocycles with a number of properties, including  
•  planarity,  
•  low ionization potential and  
•  good orbital overlap between heteroatoms in neighboring donor molecules.  
 
These properties help the final salt conduct electrons by shuttling them through  
the orbital vacancies left in the donor molecules. 

MATERIALI SEMICONDUTTORI E CONDUTTORI 

J. Phys., Lett. 1980, 41, L95 

A Bechgaard Salt is any one of a number of organic charge-transfer complexes  
that exhibit superconductivity at low temperatures.  

TTF 

Complessi a trasferimento di carica 

TCNE 
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  valori di Eg compresi tra 1 e 3,5 eV garantiscono ai sistemi coniugati 
proprietà di semiconduttore.  
Le transizioni elettroniche coinvolte sono tali da determinare emissione 
di radiazione luminosa (nei processi di rilassamento) nel campo visibile. 

  I semiconduttori organici sono facilmente ossidabili o riducibili, 
quindi trasformabili in sistemi conduttori, mediante una procedura definita, 
con un termine improprio mutuato dalla fisica dei semiconduttori classici,  
“drogaggio”. 

  nel drogaggio chimico i materiali sono trattati con agenti elettronaccettori  
   (Br2, SbF5, WF6 e H2SO4) o elettrondonatori (metalli alcalini);  
si possono raggiungere notevoli densità di trasportatori di carica e quindi valori  
di conducibilità confrontabili con quelli propri dei metalli. 
In alcuni casi l’ ossidazione o la riduzione del polimero puo’ essere ottenuta 
elettrochimicamente sottoponendo il polimero neutro ad una appropriata 
tensione ossidante o riducente, sarà presente un contro-ione. 

MATERIALI SEMICONDUTTORI E CONDUTTORI 
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  dal “band gap”, Eg dipendono le lunghezze d’onda della radiazione emessa 
ed assorbita.  
Informazioni utili in tal senso possono essere ricavate dallo studio degli 
spettri di assorbimento e di emissione. 

  There are two basic strategies to endow a low HOMO/LUMO gap  
(or high electrochemical amphotericity) in organics:  
1. by extending π-conjugation in the molecule  
2. by construction of covalent D-A compounds (where D is a π-electron donor and 
A is a π-electron acceptor) in which the HOMO and LUMO orbitals can be tuned 
relatively independently. 

  esempi del punto 1. sono oligo(acenes) e fullereni 
             del punto 2. derivati del tetratiafulvene (TTF)  

MATERIALI SEMICONDUTTORI E CONDUTTORI 
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v  light-emitting diodes (LEDs), 

v  field-effect transistors (FETs) 

v  solar cells  
 

2 types of materials:  π-conjugated molecular systems  

       π-conjugated polymers  

Scrupulous purification is mandatory throughout, impurities of either organic  
or inorganic origin may act as charge-carrier traps or exciton quenching sites  

The ionization potential (IP) of a neutral organic material is the energy required 
 to remove an electron from its highest occupied molecular orbital (HOMO) to 
 vacuum.  
The electron affinity (EA) is a measure of a materials ability to act as an electron  
acceptor. 
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through improved synthesis, purification and processing. In the 
widely studied bulk heterojunction solar cells, the complexity of the 
active thin film increases, as two components are involved4. Their 
nanophase separation defines the occurrence of separate percolation 
pathways for holes and electrons. Apparently trivial changes in the 
solvent composition13, the underlying substrate14 and the thermal 
management history influence the film characteristics and can ulti-
mately define the final optoelectronic performance. One essential 
challenge is thus to learn to predict and control these levels of order. 
Introduction of new building blocks will be unlikely to push organic 
optoelectronic devices to higher levels of performance in a rational 

manner unless design principles are found that provide control over 
parameters beyond the properties of the isolated chromophore15.

Although daunting at this stage, the challenges described above 
lead to important new lines of scientific inquiry, and indicate that 
we need new paradigms for considering how the chemical struc-
ture can be used not only to achieve appropriate optoelectronic 
properties, but also to help as a design element when the material 
is incorporated into a device. The interplay of convoluted forces 
involved in determining intermolecular organization, particu-
larly from solution and as a function of substrate and deposition 
methods cannot be managed at this time, and it has only recently 
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Figure 1 | Beyond the molecular level. An important challenge in organic semiconducting materials research is to understand the transition from simple 
conjugated building blocks to extended semiconducting molecules with predictable properties, and ultimately to the collective behaviour of multiple 
components in functional devices.

Figure 2 | Molecular weight characteristics substantially influence performance in polymer electronic devices. a, Graphical illustration of the relationship 
between number-average molecular weight (Mn) and average (μaverage) and maximum (μmax) saturated hole mobilities for P2. b, Current density–voltage 
characteristics of P3:PC71BM solar cells as a function of the number-average molecular weight (Mn); black line: Mn = 7 kg mol–1; blue line: 14 kg mol–1; green 
line: 25 kg mol–1; red line: 34 kg mol–1. Figures reproduced with permission from: a, ref. 9. © 2011 ACS; b, ref. 17. © 2009 NPG.
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When considering the use of (i) an electroluminescent layer in a LED, (ii) a  
p-type, n-type or ambipolar semiconductor in a FET, or (iii) a donor or acceptor  
component in a solar cell, the chemist has three useful structural handles: 
1.   the olefinic or aromatic framework that describes the backbone repeat unit;  
2.  the size and manner in which the repeat unit is propagated;  
3.  and the solubilizing side chains  
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For instance, in a FET, the mode of packing and the degree of supra- molecular  
order are crucial for high charge-carrier mobility (µ ). 
the FET charge-carrier mobility depends critically on the packing in the first 
 few layers adjacent to the dielectric interface  
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SS

S S

NC CN

CNNC

TTF TCNQ 

1972  viene scoperto il primo conduttore organico [TTF]Cl 
         F. Wudl et al. J. Am. Chem. Soc. 1972, 94, 670. 

the good donor properties of TTF are partly due to aromatization energy  
gain when going from the dithiolylidene moiety in the neutral molecule to 
dithiolium aromatic rings in the oxidized states 
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IP for TTF 1, 6.4÷7.0 eV obtained by XPS measurements 

E˚1ox = 0.34 V, E˚2ox = 0.78 V vs Ag/AgCl in MeCN, by electrochemical methods  

1 is sensitive to substituents: RS groups act as electron acceptors 
                                               R groups decrease the ox potential 

1 presents high HOMO and high LUMO 

The difference between the two data is the solvation energy of about 6-7 eV 
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sintesi di TTF 
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Synthetic Routes to the Two Most Important TTF Precursors: 
(a) 1,3-Dithiole-2-thione and (b) the 1,3-Dithiolium Salt 
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Functionalization of TTF via (a) the Protecting (β-Cyanoethyl) Group Route,  
(b) the Lithiation Route, (c) the Diels-Alder Cyclization Route, and  
(d) the PyrroloTTF Route 
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SS

S S

1920 

potenziale di ox più alto di ca. 250 mV 

completely planar 

Eox 10-30 mV lower than TTF 1 

π-extended TTFs and TTF-acenes 
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Crystal packing of TTF 6c.  

Single crystals of 6c show excellent hole mobility, often above 0.1 
cm 2 /V•s, with the highest value of 1.4 cm 2 /V•s.  
A relatively high oxidation potential of this compound (E°1ox ) 0.78 V,  
E°2ox ) 0.96 V vs SCE, Table 1) is responsible for its stability (for months in air) 

MATERIALI SEMICONDUTTORI E CONDUTTORI 

first TTF derivative with FET (field-effect transistor) 

FET transitor in cui il passaggio di corrente avviene grazie ad un solo tipo di portatori di carica (o elettroni o lacune)  



28 

MATERIALI SEMICONDUTTORI E CONDUTTORI 

Despite a reduced gap, electrochemical reduction was not observed.  

extending the π-conjugated system of the TTF in order to decrease the intra- and  
intermolecular Coulombic repulsion between the charges on the molecules in the  
solid state (and thus improve the intermolecular interaction). 

Eg 1.8 eV 
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red 

H H 

Eox più basso di quello di 24 e  
25 di circa 100 mV 

HOMO-LUMO gap of 2.68 eV 



30 

MATERIALI SEMICONDUTTORI E CONDUTTORI 

two electron oxidation of TTFAQ (single step) 

Cyclic voltammetry of TTFAQ 22. The three oxidation waves at -70 °C correspond to 
 formation of TTFAQ2+ (irreversible two-electron oxidation at E p.a. ) 0.28V vs Ag/AgCl),  
TTFAQ3+ (reversible, E° ) 1.64 V), and TTFAQ4+ (irreversible, E p.a. ) 2.2 V).  

reduction 200 mV lower potential 

variazioni strutturali dalla forma neutra 
alla forma ossidata 
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Crystal structure of neutral TTFAQ 21d (top) and its dication 21d2+ (bottom).  
The drawings are produced from the data stored at the Cambridge Crystallographic 
Data Center (CCDC). 

nel dicatione l'antracene è completamente 
aromatico 

neutro 

dicatione 

the distorted structure of the neutral molecule compromises the decrease of the  
HOMO-LUMO gap, which can be expected from the extension of the conjugated  
system. Consequently, TTFAQ and its homologues do not show amphoteric  
redox behavior, and the optical gap reduction is also minimal. 
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 the oxidation potential of the TTFAQ radical cation is lower than that of the  
neutral molecule. Consequently, the transient radical cation is not  
thermodynamically stable and not observable in routine ESR experiments. 

TTF forma un complesso con TCNQ con solo il 60% di trasferimento di carica 

TTFAQ forma un complesso D/A 1:4 con TCNQ (TTFAQ come dicatione e TCNQ 
con carica -0.5) 
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D-A molecules with spatially separated HOMO and LUMO orbitals  
Structures of TTF-Fused Acceptor Molecules 

moderate amphotericity pronounced amphotericity 3 electrons donor 
orange 

thioindigo 
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HOMO and LUMO orbitals of the triad 33, as calculated at the B3LYP/6-31G* level. 



35 

MATERIALI SEMICONDUTTORI E CONDUTTORI 

Structures of TTF-π-A Molecules, "Push-Pull" compounds 

NLO materials for good electron-donor properties and polarizability of TTF unit 

Eg ~ 1.0 eV 
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OSC - Organic Solar Cells 

remarkable advances in synthetic organic chemistry that have
allowed for the synthesis of a wide variety of p-conjugated
systems with attractive optoelectronic properties. Compared
to conjugated polymers, small molecular semiconductors
offer several intrinsic advantages in organic electronic
applications. They are monodisperse in nature with well-
defined chemical structures and are synthetically well repro-
ducible. We will restrict our article to OSCs, in which organic
small molecules/oligomers (neutral, charged, and metal com-
plexes) are used as active semiconducting components. The
physical properties (such as optical, charge carrier mobility,
HOMO/LUMO energy levels, and structural ordering) of
these organic semiconductors can be tuned by various
chemical functionalizations.

Solution and solid-state characterization of the newly
developed organic semiconductors should establish good
structure-property relationships that can be exploited for
the fabrication of OSCs. Optical measurements provide
essential information about the electronic properties and
can be used as evidence for an ongoing electron-transfer
process within these materials. Optical band gaps (Eg

opt) were
generally estimated from the absorption onset at the low-
energy side of the absorption band. Furthermore, the
HOMO/LUMO frontier orbital energy levels can be deter-
mined by cyclic voltammetry, which is important with respect
to the electron acceptors, exciton-transport layers, and
applied electrodes in OSCs. The electrochemical band gap
(Eg

CV) is calculated from the difference between the HOMO
and LUMO energy levels. These methods allow for the
selection of the most promising candidates, which can be
employed for the fabrication of efficient PV devices.

1.2. Advancement in Organic Solar Cells and Basic Principles

Work within the field of OSCs started by utilization of
organic small molecules[13–19] and later on by using functional
semiconducting polymers,[10, 20–26] thus resulting in remarkable
improvements in power-conversion efficiencies (PCEs; given
in the Tables as h) over a decade from about 1 % to over 8%.

In the race for efficient OSCs, two processing techniques were
established: 1) dry processing (thermal evaporation) for
planar-heterojunction (PHJ) and bulk-heterojunction (BHJ)
solar cells and 2) solution processing (spin-coating, inkjet
printing, dip-coating, spraying technique) for BHJ solar cells
(Figure 1). Currently, record efficiencies have independently

been reported for tandem small-molecule/oligomer solar cells
produced by controlled thermal evaporation of the various
layers (9.8% certified, cell size 1.1 cm2, Heliatek GmbH,[27]

Dresden/Ulm, Germany) and for solution-processed polymer
solar cells (8.3% certified, cell size 1 cm2, Konarka,[28] Lowell
MA, USA/N!rnberg, Germany).[29]

However, these numbers are still lower than efficiencies
of 10–15 % expected for commercialization. The strong

Amaresh Mishra received his PhD in phys-
ico-organic chemistry from Sambalpur Uni-
versity, India in 2000, where he studied the
synthesis and photophysical characterization
of cyanine class dyes. After a postdoctoral
stay with Prof. G. R. Newkome (1999–
2001) at the University of South Florida, he
joined TIFR, Mumbai, in 2002, where he
first developed an interest in organic elec-
tronics. After an Alexander von Humboldt
Fellowship (2005–2007) in the group of
Prof. P. B!uerle, University of Ulm, he
continued as a group leader of the organic

solar cells group. His current research includes the development of donor–
acceptor based dyes and metal complexes for photovoltaic applications.

Peter B!uerle received his Ph.D. in organic
chemistry from the University of Stuttgart
(Germany, 1985) working with Prof. F.
Effenberger. After a post-doctoral year at
MIT, Boston (USA, 1986), in the group of
Prof. M. S. Wrighton, he completed his
habilitation (1994) in Stuttgart. After being
Professor of Organic Chemistry in W"rzburg
(Germany), he became Director of the
Institute for Organic Chemistry II and
Advanced Materials at the University of Ulm
(Germany, since 1996). Since October 2009
he also serves as Vice President for Research

at the University of Ulm. Current interests of the research group include
development of novel organic semiconducting materials, in particular,
conjugated poly- and oligothiophenes, their structure–property relationships,
self-assembling properties, and applications in electronic devices, in partic-
ular organic solar cells. He is co-founder of Heliatek GmbH, Dresden/Ulm,
a spin-off company for the production of organic solar cells.

Figure 1. Typical OSC devices based on donor–acceptor heterojunction
architectures. a) PHJ configuration. b) BHJ configuration. c) Funda-
mental steps occuring in donor–acceptor heterojunction solar cells:
1) Photoexitation of the donor to generate an exciton (electron–hole
pair bound by Coulomb interactions). 2) Exciton diffusion to the D–A
interface. Excitons that do not reach the interface recombine and do
not contribute to the photocurrent (longer diffusion length, LD).
3) Dissociation of bound excitons at the D–A interface to form a
geminate electron–hole pair (increased interfacial charge separation
requires optimal energy offset between LUMO of the donor and
LUMO of the acceptor material). 4) Free charge carrier transport and
collection at the external electrodes (require high charge-carrier
mobility).
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remarkable advances in synthetic organic chemistry that have
allowed for the synthesis of a wide variety of p-conjugated
systems with attractive optoelectronic properties. Compared
to conjugated polymers, small molecular semiconductors
offer several intrinsic advantages in organic electronic
applications. They are monodisperse in nature with well-
defined chemical structures and are synthetically well repro-
ducible. We will restrict our article to OSCs, in which organic
small molecules/oligomers (neutral, charged, and metal com-
plexes) are used as active semiconducting components. The
physical properties (such as optical, charge carrier mobility,
HOMO/LUMO energy levels, and structural ordering) of
these organic semiconductors can be tuned by various
chemical functionalizations.

Solution and solid-state characterization of the newly
developed organic semiconductors should establish good
structure-property relationships that can be exploited for
the fabrication of OSCs. Optical measurements provide
essential information about the electronic properties and
can be used as evidence for an ongoing electron-transfer
process within these materials. Optical band gaps (Eg

opt) were
generally estimated from the absorption onset at the low-
energy side of the absorption band. Furthermore, the
HOMO/LUMO frontier orbital energy levels can be deter-
mined by cyclic voltammetry, which is important with respect
to the electron acceptors, exciton-transport layers, and
applied electrodes in OSCs. The electrochemical band gap
(Eg

CV) is calculated from the difference between the HOMO
and LUMO energy levels. These methods allow for the
selection of the most promising candidates, which can be
employed for the fabrication of efficient PV devices.

1.2. Advancement in Organic Solar Cells and Basic Principles

Work within the field of OSCs started by utilization of
organic small molecules[13–19] and later on by using functional
semiconducting polymers,[10, 20–26] thus resulting in remarkable
improvements in power-conversion efficiencies (PCEs; given
in the Tables as h) over a decade from about 1 % to over 8%.

In the race for efficient OSCs, two processing techniques were
established: 1) dry processing (thermal evaporation) for
planar-heterojunction (PHJ) and bulk-heterojunction (BHJ)
solar cells and 2) solution processing (spin-coating, inkjet
printing, dip-coating, spraying technique) for BHJ solar cells
(Figure 1). Currently, record efficiencies have independently

been reported for tandem small-molecule/oligomer solar cells
produced by controlled thermal evaporation of the various
layers (9.8% certified, cell size 1.1 cm2, Heliatek GmbH,[27]

Dresden/Ulm, Germany) and for solution-processed polymer
solar cells (8.3% certified, cell size 1 cm2, Konarka,[28] Lowell
MA, USA/N!rnberg, Germany).[29]

However, these numbers are still lower than efficiencies
of 10–15 % expected for commercialization. The strong
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Figure 1. Typical OSC devices based on donor–acceptor heterojunction
architectures. a) PHJ configuration. b) BHJ configuration. c) Funda-
mental steps occuring in donor–acceptor heterojunction solar cells:
1) Photoexitation of the donor to generate an exciton (electron–hole
pair bound by Coulomb interactions). 2) Exciton diffusion to the D–A
interface. Excitons that do not reach the interface recombine and do
not contribute to the photocurrent (longer diffusion length, LD).
3) Dissociation of bound excitons at the D–A interface to form a
geminate electron–hole pair (increased interfacial charge separation
requires optimal energy offset between LUMO of the donor and
LUMO of the acceptor material). 4) Free charge carrier transport and
collection at the external electrodes (require high charge-carrier
mobility).
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of 0.001% were obtained.[50] Then, metal phthalocyanine (Pc)
complexes 2 and 3 were used as p-type materials because of
their absorption in the low-energy region, high molar
absorptivity, and good thermal stability. The first organic
solar cell in a single-layer structure based on these Pc
derivatives prepared by vacuum deposition generated very
low efficiencies of less than 0.01%.[13, 15] The performance was
further improved to around 0.7% using merocyanine dye 4 in
a single-layer structure (Al–Al2O3/merocyanine/Ag) with an
effective area of 1 cm2. The presence of a thin interfacial

oxide layer that acts as an insulator resulted in an improved
open-circuit voltage up to 1.2 V.[51, 52]

Exciton dissociation in a single organic material requires
an applied field of more than 106 V cm!1 to overcome the
exciton-binding energy and to separate electron–hole pairs
bound by Coulomb interactions.[53] However, such strong
electric fields are not generated by the voltages at which
organic solar cells typically operate. Another disadvantage of
this single-layer structure is that the positive and the negative
photoexcited charges have to travel through the same
material, thereby increasing the recombination losses. These
disadvantages led to the development of bilayer planar
heterojunction (PHJ) cells by Tang, using Cu-phthalocyanine
2 as the donor and perylene-3,4,9,10-bis-benzimidazole 5
(PTCBI) as the acceptor material sandwiched between two
electrodes of different work functions.[14] The thickness used
for the donor and acceptor materials were 30 and 50 nm,
respectively. A transparent indium-tin-oxide (ITO) was used
as the anode and silver as the cathode. The PCE was increased
to 0.95% under AM2 conditions (75 mW cm!2) with an
impressive FF of 65% (Table 1). In these cells, after light
excitation, excitons (bound electron–hole pairs) are gener-
ated at the D/A-interface and exciton dissociation occurs by
photoinduced charge transfer from the LUMO of the donor
to the LUMO of the acceptor. Then the charges are trans-
ported to the respective electrodes and are collected
(Figure 4). For efficient charge separation, it has been found
empirically that the LUMO energy level of the acceptor has
to be at least 0.3–0.4 eV lower than the LUMO energy level of
the electron donor. In addition, the maximum theoretical
(photo)voltage produced by a solar cell is given by the
difference in the energy levels between the HOMO of the
donor and the LUMO of the acceptor. Photovoltaic devices
based on phthalocyanines as donor components of the active
layer have recently been reviewed by Torres and co-work-
ers.[54]

Forrest and Yakimov later on prepared tandem cells using
the same dyes as Tang.[55] A 0.5 nm Ag layer was applied

between two separate heterojunction cells that served as
charge recombination centers. At AM1.5G illumination
conditions the tandem cells showed a more than doubled
efficiency of 2.5 % with a high VOC of 0.9 V in comparison to
what was reported by Tang for a single heterojunction cell. In
a bilayer device, Forrest et al. used CuPc (2) as donor and C60

(6) as acceptor as well as 2,9-dimethyl-4,7-diphenyl-1,10-
phenanthroline 12 (BCP) as an exciton-blocking layer. With

this layer sequence, efficiencies of about 3.6% were
obtained showing that bilayer structures allow for achieving
efficient energy conversion (Table 1).[56] By applying a 1:1

blend of CuPc and C60 as mixed layer (BHJ) with pristine C60

as the acceptor layer, an efficiency of 3.5% was obtained.
Despite the VOC of 0.5 V was relatively low, a very high JSC of
15.4 mAcm!2 was measured.[57] Furthermore, in this device
series, when a mixed CuPc:C60 layer was intercalated between
homogeneous CuPc and C60 layers, efficiencies as high as 5%
were achieved.[58] The blend layer showed good transport of
photogenerated charge carriers to their respective electrodes
by the adjacent homogeneous layers. The PCE was signifi-
cantly improved to about 5.7% by implementation of a
tandem geometry consisting of two hybrid planar/bulk (P/B)
mixed heterojunction cells stacked in series.[17] The reported
high VOC> 1 V was double that of a single cell. Thin layers of
PTCBI 5 and BCP 12 were used as excition-blocking layers
and 4,4’,4’’-tris(3-methylphenylphenylamino)triphenylamine
13 (m-MTDATA) p-doped with 5 mol% of 2,3,5,6-tetra-
fluoro-7,7,8,8,-tetracyanoquinodimethane 14 (F4-TCNQ)
together with a thin Ag layer as charge recombination center.

To overcome the problem of poor transport properties, p–
i–n type solar cells, in which the active layer is sandwiched
between two doped wide-gap layers, were introduced by the
Leo research group. Co-evaporated ZnPc 3 and C60 6 were
used in the intrinsic (i) layer that was sandwiched between p-
doped m-MTDATA 13 and n-doped N,N’-dimethylperylene-
3,4,9,10-bis(dicarboximide) 9 (MPBI). F4-TCNQ 14 and
rhodamine B 15 were used as p- and n-type dopants,
respectively. The cell generated a moderate PCE of 1.04%
under one sun intensity, as a consequence of high series
resistance due to significant ohmic losses in the transport
layers (Table 1).[59] In a similar p-i-n structure, when p-doped
N,N,N’,N’-tetrakis(4-methoxyphenyl)-benzidine 16
(MeOTPD) was used as hole-transport and n-doped C60 as
electron-transport layer, cell efficiencies of 1.9% were
obtained.[60] The advantage of the p-i-n structure is that they
only absorb light in the photoactive region and thus avoid
recombination losses at the contacts and make optimum use
of the light reflected at the top contact. M!nnig, Leo and co-
workers prepared a tandem cell using stakes of two p-i-n cells
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conductor needs to cover the visible, the red, and the near-IR
regime. Most of the p-conjugated systems only cover the
visible region of the solar spectrum. In this respect, small-
band-gap oligomers/polymers recently came into focus by
implementation of electron-rich and electron-deficient units
in the conjugated backbone. Indeed, variation of their
strength allows for proper tuning of the energy levels of the
molecular frontier orbitals. A small band gap leads to a red-
shifted absorption, which might improve the light harvesting
property by absorbing more photons. However, finding the
ideal band gap can be tricky. Simply making the band gap as
small as possible will not necessarily make a good solar cell.
Several aspects need to be taken care of while rationally
designing small-band-gap molecules: firstly, the band gap can
be reduced either by lowering the LUMO and or raising the
HOMO energy level of the molecule. A minimum offset of
approximately 0.3–0.4 eV between the LUMO of the donor
and the LUMO of the acceptor is necessary to ensure efficient
exciton dissociation at the D/A interface.[5, 33] This minimum
offset limits lowering of the LUMO energy level of the donor
molecule. Secondly, the increase of the HOMO energy level
by the introduction of strong donor units might also lead to
smaller band gaps, but this approach will lower the VOC of the
cell.[34] Therefore, it is of great importance to optimize the
positions of the energy levels of the donor and acceptor to
allow efficient charge separation without losing the (photo)-
voltage.

Various standard test conditions have been defined in
order to reproducibly characterize photovoltaic devices.
These test conditions are based on various spectral distribu-
tions (Figure 3). Air mass 1.5 global/direct (AM1.5G/

AM1.5D) simulates the terrestrial/direct solar spectrum on
the ground when the sun is at 48.28 zenith angle. The air mass
(AM) represents the proportion of atmosphere that the light
must pass through before striking the Earth relative to the
shortest path length when the sun is directly overhead and is
defined as 1/cosq. The air mass calculates the reduction in the
power of light as it passes through the atmosphere caused by
scattering and absorption by air (oxygen and carbon dioxide),
dust particles and/or aerosols in the atmosphere. The number
“1.5” indicates that the path of light in the atmosphere is
1.5 times the shortest length when the sun is at the zenith. The
letter “G” stands for “global” and includes both direct and

diffuse radiation and “D” accounts only for the direct
radiation. The standard conditions for photovoltaic measure-
ments are generally AM1.5 spectrum at an irradiance of
100 mWcm!2 and a temperature of 25 8C. Air mass two
(AM2) spectrum represents the direct solar spectrum on the
ground when the sun is at 60.18 zenith angle, which results in
twice the path length through the atmosphere at an irradiance
of approximately 80 mWcm!2.

One of the main drawbacks for organic solar cells is the
rather moderate charge carrier mobility of most organic
semiconductors taht are in the order of 100–
10!8 cm!2 V!1 s!1.[8,35–38] p Electrons and corresponding holes
are typical charge carriers in organic semiconductors. Com-
pared to inorganic semiconductors, the moderate transport
properties of organic materials are a consequence of the weak
intermolecular interactions, hence resulting in electronic
states localized on single molecules. In organic semiconduc-
tors the photogenerated excitons are strongly bound elec-
tron–hole pairs. Because of the high exciton dissociation
energy (ca. 100 meV), the separation into free charges does
not occur spontaneously. Excitons in organic molecules are
relatively short-lived species, which recombine within a few
nanoseconds. As a result of the short exciton diffusion length
(LD" 5–10 nm), only excitons generated within this distance
from the donor–acceptor interface can be converted into free
charge carriers at room temperature, while all others decay
through radiative or nonradiative pathways.[39] On the other
hand, an organic semiconductor provides high molar absorp-
tivity, leading to a high optical density in thin films, because of
which only small layer thicknesses on the order of 50–200 nm
are required to absorb all incident photons. Since the
development of OSCs, many books and reviews on hetero-
junction solar cells have appeared that describe novel
material design and various cell geometries.[10,13, 15, 21, 22,40–49]

In the following sections we will discuss the current state-of-
the-art in the development of small molecule/oligomeric
semiconductors for vacuum and solution-processed OSCs.

2. Planar- and Bulk-Heterojunction Solar Cells
Made by Vacuum Evaporation

Organic solar cells were first presented back in 1975 by
Tang and Albrecht using microcrystalline chlorophyll-a
(Chl-a, 1) sandwiched between two metal electrodes of
different work functions. The Chl-a film was prepared by
electrodeposition on a metal-coated quartz disc. In a cell

structure of Al jChl-a jHg or Al jChl-a jAu a VOC in the range
of 0.2–0.5 V, a JSC of about 4 to 10 nA, and a PCE on the order

Figure 3. Schematic representation of the path length, in units of Air
Mass, and its dependence on the zenith angle.
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Among the small molecule organic semiconductors, tetracene 7 
and pentacene 8 are the most widely investigated p-type 
conjugated materials in OFETs with high carrier mobilities of up 
to 0.1 and 3 cm2 V︎1 s︎1, respectively.  

PEDOT:PSS at a substrate temperature of 155 8C (PEDOT:
poly(3,4-ethylenedioxythiophene), PSS: polystyrolsulfonate).
The bulk layer was then deposited onto the ZnPc thin film at

100 8C. Finally, C60, Alq3, and Al layers were deposited
sequentially at room temperature. The P/B-HJ is the combi-
nation of a PHJ and a BHJ layer within the same structure and
is known to combine the benefits of both concepts. Therefore,
it takes maximum advantage of the unobstructed charge-
carrier-collecting properties of individual organic layers, and
the improved exciton dissociation properties of a mixture of
donor and acceptor materials. The cell generated a PCE of
3.07%, which is a significantly higher value compared to cells
prepared at room temperature (h = 1.75 %, Table 1).[64]

Jabbour et al. reported an improvement in the PCE of
ZnPc :C60 solar cells by insertion of an N,N’-dihexylperylene-
3,4,9,10-bis(dicarboximide) 10 (HPBI) interface layer
between C60 and BCP 12 exciton-blocking layer.[65] The
morphology of the BCP layer was influenced by the under-
neath HPBI layer, which promotes the migration of the metal
cathode into the BCP layer, thereby enhancing the charge
collection efficiency. The device with the configuration ITO/
ZnPc/C60/HPBI/BCP/Ag showed a higher PCE of 2.5%
compared to approximately 1.5% for a device without
HPBI layer. The improvement in PCE was ascribed to the
reduced charge recombination and series resistance resulting
in an increase of JSC and FF values.

Among the small molecule organic semiconductors,
tetracene 7 and pentacene 8 are the most widely investigated
p-type conjugated materials in OFETs with high carrier
mobilities of up to 0.1 and 3 cm2 V!1 s!1, respectively. Owing

Table 1: Photovoltaic parameters of OSCs prepared by vacuum-evaporation techniques.

Device structure[a] Device[b] JSC

[mAcm!2]
VOC

[V]
FF h

[%]
Light
intensity
[mWcm!2]

Ref.

ITO/2 (30 nm)/5 (50 nm)/Ag PHJ 2.3 0.45 0.65 1.0 75 [14]
Al–Al2O3/4 (100 nm)/Ag single

layer
1.8 1.2 0.25 0.7 78 [52]

ITO/PEDOT:PSS/2 (11 nm)/5 (11 nm)/Ag (0.5 nm)/2 (11 nm)/5 (11 nm)/Ag tandem 6.5 0.9 0.43 2.5 100 [55]
ITO/2 (20 nm)/6 (40 nm)//12 (10 nm)/Ag PHJ 11.5 0.52 0.60 3.6 100 [56]
ITO/2:5 [1:1] (33 nm)/6 (10 nm)/12 (7.5 nm)/Ag BHJ 15.4 0.50 0.46 3.5 100 [57]
ITO/2 (15 nm)/2:6 (1:1) (10 nm)/6 (35 nm)/12 (10 nm)/Ag BHJ 18.0 0.54 0.61 5.0 120 [58]
ITO/2 (7.5 nm)/2:6 (1:1) (12.5 nm)/6 (8 nm)/5 (50 nm)/Ag (0.5 nm)/p-13 (5 nm)/2
(6 nm)/2 :6 (1:1) (13 nm)/6 (16 nm)/12 (10 nm)/Ag

tandem 9.7 1.03 0.59 5.7 100 [17]

ITO/PEDOT:PSS/13 (50 nm)/3:6 (1:2) (50 nm)/9 (50 nm)/LiF (1 nm)/Al BHJ, p-
i-n

6.3 0.5 0.33 1.0 100 [59]

ITO/p-16 (50 nm)/3:6 (1:1) (30 nm)/n-6 (30 nm)/Al p-i-n 9.8 0.44 0.45 1.9 100 [60]
ITO/p-16 (30 nm)/3 :6 (1:2) (60 nm)/n-6 (20 nm)/Al p-i-n 13.9 0.45 0.39 2.0 125 [61]
ITO/p-16 (30 nm)/3 :6 (1:2) (60 nm)/n-6 (20 nm)/Au (0.8 nm)/p-16 (30 nm)/3 :6 (1:2)
(48 nm)/n-5 (30 nm)/Al

tandem
p-i-n

6.6 0.85 0.53 2.4 125 [61]

ITO/p-16 (30 nm)/3 :6 (1:2) (60 nm)/n-6 (20 nm)/Au (0.5 nm)/p-16 (125 nm)/3 :6 (1:2)
(50 nm)/n-6 (20 nm)/Al

tandem
p-i-n

10.8 0.99 0.47 3.8 130 [62]

ITO/3 :6 (1:2) (30 nm)/p-13 (50 nm)/p-3 (10 nm)/Au m-i-p 3.9 0.43 0.36 0.6 100 [63]
ITO/3 :6 (1:2) (30 nm)/3 (10 nm)/p-16 (50 nm)/p-3 (10 nm)/Au m-i-p 6.55 0.45 0.49 1.4 100 [63]
ITO/PEDOT:PSS/17 (8 nm)/3 (10 nm)/3 :6 (1:1) (30 nm)/6 (25 nm)/24 (5 nm)/Al P/B-HJ 9.97 0.56 0.55 3.1 100 [64]
ITO/3 (25 nm)/6 (30 nm)/HPBI 10 (5 nm)/12 (15 nm)/Ag PHJ 6.2 0.62 0.64 2.5 100 [65]
ITO/7 (80 nm)/6 (30 nm)/12 (8 nm)/Al PHJ 7.0 0.58 0.56 2.3 100 [66]
ITO/8 (20 nm)/6 (50 nm)/CsF (1 nm)/Al PHJ 6.4 0.40 0.45 1.1 115 [67]
ITO/8 (45 nm)/5 (50 nm)/12 (10 nm)/Al PHJ 15.0 0.36 0.50 2.7 100 [68]
ITO/PEDOT (60 nm)/8 :11 (80 nm)/LiF (0.6 nm)/Al BHJ 5.4 0.35 0.28 0.5 100 [69]
ITO/PEDOT (60 nm)/8 (20 nm)/8 :6 (alternate evaporation 2 nm ! 6 times)/6 (20 nm)/12
(0.6 nm)/Al:Mg

P/B-HJ 8.2 0.41 0.48 1.6 100 [70]

[a] “p-” as a prefix means that the compound was used in its p-doped form, “n-” analogously stands for n doping. [b] PHJ =planar heterojunction;
BHJ= bulk heterojunciton; P/B-HJ =planar/bulk mixed heterojunction; p-i-n = p-doped/intrinsic/n-doped; m-i-p=metal/intrinsic/p-doped.

Figure 4. a) Fundamental processes of donor–acceptor-based bilayer
heterojunction devices. b) Typical HOMO–LUMO energy level diagram
of donor and acceptor. Theoretically, VOC is linearly related to the built-
in potential (Vbi) and is determined by the difference of HOMO of the
donor (p-type semiconductor) and LUMO of the acceptor (n-type
semiconductor) molecule.
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Br!tting et al. reported a comparative study of PHJ and P/
B-mixed heterojunction devices using nonsubstituted diinde-
noperylene (54) as donor material in combination with C60 as
an acceptor.[98] In P/B-HJ devices, a 50 nm bulk layer was
sandwiched between the neat 5 nm donor and 10 nm acceptor
layers. PEDOT:PSS was used as hole transport and 12 as the
exciton-blocking layer. The donor films in both device
structures were deposited on substrates heated at 100 8C,
thus increasing the size of the crystalline domains of the donor
films, which was supported by AFM measurements. This led
to the formation of a phase-separated bicontinuous network
of donors and acceptors in the bulk. The P/B-HJ devices
generated a very good PCE of 4.1% with a JSC value of
8.4 mAcm!2 and a VOC of 0.91 V. The PHJ devices prepared
by keeping the donor layer thickness of 30 nm and acceptor
layer thickness of 35 nm gave a PCE of 2.7%, a JSC of
4.8 mAcm!2, and a FF of 0.60. The efficiency of PHJ cells
could be further raised to 3.9% by increasing the donor and
acceptor layer thicknesses to 50 and 80 nm, respectively. The
improvement was due to the increase in JSC (5.7 mA cm!2) and
FF (0.74) values. The high performance in both device
architectures was ascribed to the favorable film morphology
and high crystalline order, which allows for improved charge
carrier transport towards the respective electrodes and
reduced recombination losses.

The progress in organic photovoltaics in recent years has
been tremendous, in particular for vacuum-processed solar
cells with small molecules/oligomers as the electronically
active material and efficiencies of 5.2% for single junction
and 9.8% for tandem cells have recently been achieved.
Compared to the rather moderate performance of the initial
one-layer or bilayer cells, this success was only possible by the
advance and development of, on one hand, novel innovative
cell architectures, such as multilayer devices (p-i-n or m-i-p)
that comprise additional hole-transport, doped hole-trans-
port, as well as exciton-blocking layers, and the creation of
bulk heterojunctions by co-evaporation of donor and
acceptor material. On the other hand, the improvement also
came from the development of a multitude of novel dyes and
p-conjugated structures. The materials have been greatly
improved owing to the progress in versatile synthesis of
organic semiconductors and consequently the tunability of
their photophysical properties.

For donors or p-type semiconducting materials it turned
out, that the number of the most efficient classes of

compounds is quite limited. In single junction devices, D–p–
A dyes such as squaraine 47 or merocyanine 137 (see below,
section 5) are promising materials showing efficiencies up to
3.2% and 4.9%, respectively.[92] Other promising materials
are phthalocyanines, which originally and extensively have
been employed as active materials in OSCs, with up to 5%,[58]

and oligothiophenes such as DCV-substituted quinquethio-
phene 34 with up to 5.2%.[86] The latter two classes also were
the most successful for multijunction devices. Here, phthalo-
cyanines[17] have been trimmed to 5.7% in tandem cells, which
were recently far exceeded by oligothiophenes giving a
certified record efficiency of 9.8% in a tandem cell of
1.1 cm2.[27] Besides very high molar absorptivities and good
charge transport properties, especially oligothiophenes show
high ionization potentials, which lead to high VOCs.

With respect to acceptors or n-type semiconducting
materials, without any doubt, fullerene C60 is the champion
molecule, which has been used in most vacuum-processed
solar cells. Most probably due to their spherical structure,
fullerenes are far superior to flat 2-dimensional systems, such
as, e.g., perylene derivatives.

Wide-band-gap triarylamines in various shapes and
molecular architectures have been made and are the most
frequently used class of compounds for hole transport layers.
Their structural variability allows for the adjustment of their
ionization potential to the photoactive layer. In the case of
exciton-blocking layers, typically phenanthrolines are most
effective and are frequently used materials.

3. Bulk-Heterojunction Solar Cells Made of Small
Molecules by Solution Processing

The major disadvantage of planar bilayer devices is the
limited interfacial area between donor and acceptor layers.
The exciton diffusion length (LD) in these materials is up to
several orders of magnitude smaller than the absorption
penetration depth. Thus, only excitons generated at the
interface can be separated into free charge carriers.[99] There-
fore, the thickness of the D–A layers in these cells is very
limited, typically to the regime of the exciton diffusion length
LD. This difficulty was overcome by the realization of BHJ
architectures in which a blend of donor and acceptor
molecules is used to create a composite material exhibiting
nanoscale phase separation (Figure 5).[10, 21, 23,100, 101] BHJ solar
cells are commonly composed of a blend film of a conjugated

Figure 5. Fundamental processes (light illumination, exciton forma-
tion, charge separation, charge migration) of bulk-heterojunction solar
cells (p= donor material, n =acceptor material).
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