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Course Schedule and Resources
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• Class is on Tuesdays 14:15–16:00; teaching concepts 

• Exercise sessions are on Tuesdays 16:15–17:00, star9ng on March 11, ac9ve learning 

• Homework can be done any 9me; adding depth and detail 

• Exam (wri\en, paper & pencil) will take place simultaneously at EPFL and ETHZ during EPFL exam 
session, as a “graded semester performance” at ETHZ (June; we will do a survey when is the best 
week for ETHZ students) 

• course materials on the EPFL Moodle at h\ps://moodle.epfl.ch/course/view.php?id=15102  

• if you s+ll need to sign up: passcode ETHZ-OEM-2024 

• communica+on with the teaching assistants  

• slide PDF files, exercises, homework and reading assignments 

• assignment of student presenta+ons later in the semester 

• course live recordings



Course Schedule 2024
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Feb 28 Feb 25 Mar 4 Mar 11 Mar 18 Mar 25 Apr 1 Apr 8 Apr 15 Apr 29 May 6 May 13 May 20 May 27

14–15 1.1 2.1 2.3 3.1 3.2 4.1 5.1 6.1 6.3 6.5 7.2 8.1 8.2

15–16 1.2 2.2 2.3 3.2 3.3 4.2 5.2 6.2 6.4 7.1 7.3 8.2 8.3

16–17 1.2 2.2 (1) (2) (3) (4) 5.3–5.4 (5) (6) (7) (8) (9) (10)

17–18

class (chapter) exercise (sheet) homework presenta9ons

• we have to agree on a week for the exam, because EPFL academic services need to agree



Hoemwork, Exercises, Exam
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• homework & reading assignments 
• each week, there will be an addi+onal reading assignment or similar homework 

• the +me for the homework is considered as part of the weekly hours 

• the content of the homework assignment is relevant for the exam 

• exercises 
• we will distribute exercise sheets every week, star+ng Feb 27 (overall 10 sheets) 

• you solve them at home or during exercise hours, even with the help of the assistants 

• we do not give actual grades for individual exercise sheets 

• grades for number of reasonable solved sheets (6.0 for 10/10, 5.75 for 9/10 sheets, etc.) 

• total course grade is 75% exam, 25% exercises (only counted if be\er than exam)  

• please ac9vely par9cipate and engage in the class and exercises



Ashby, Shercliff, Cebon, Materials: Engineering, Science, Processing and Design, Elsevier, 2018.

Interdisciplinary Research on Organic Electronic Materials
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Synthesis/Processing

Structure

Materials Proper9es

System Performance

Condensed Ma\er Physics 
• band structure 
• charge transport

Electrical Engineering 
• integrated circuits 
• device implementa+on

Materials Science 
• materials processing 
• structure at all levels

Chemistry 
• molecular design 
• organic & polymer synthesis
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1.1   Brief History of Organic Electronics



Timeline of Discoveries in Electricity and Electronics
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Coulomb 
law of electrosta+cs 

1799

1800 
Volta 

electric babery

Faraday 
first dynamo 

1831

1878 
Swan & Edison 

lightbulb

Fleming 
vacuum diode 

1897

Bardeen & Bra\ain  
point-contact transistor 

1947

1927 
Losev 

light-emieng diode

1977 
Heeger, MacDiarmid 

& Shirakawa 
conduc+ng polymers

Akamatu & Inokuchi 
organic semiconductors 

1950

Pope, Helfrich & Schneider 
organic electroluminescence 

1963, 1965

Nobel prizes  
organic electronics  

1992, 2000

Tang (Kodak) 
organic solar cell 

1986

1987 
Tang (Kodak) 
polymer LED

organic electronics

600 BC 
Greeks discover 
sta+c electricity

1958 
Jack Kilby 

integrated circuit

1948, 1953, 1956, 1959 
Förster, Dexter, Marcus, Holstein 

energy & electron transfer 
polaron concept

2007, 2009, 2010 
Sony, Samsung, LG 
OLED TVs & phones



Akamatu, Inokuchi, J. Chem. Phys. 1950, 18, 810.

Highlights of Organic Electronics (1950)
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• first examples of organic semiconductor  
• large π-conjugated molecules: violanthrone, isoviolanthrone, pyranthrone 

• band gaps between 0.75 eV (isoviolanthrone) and 1.06 eV (pyranthrone)

violanthrone

OO

O

O

isoviolanthrone

O

O

pyranthrone



Shirakawa, MacDiarmid, Heeger, J. Chem. Soc., Chem. Commun. 1977, 578. 

Highlights of Organic Electronics (1977)
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• polyacetylene doped with iodine showed dras9c increase in conduc9vity 
• 7 order increase reaching conduc9vity of inorganic semiconductors

• discovery of highly conduc+ng doped polymers by Heeger, MacDiarmid, Shirakawa 
• Nobel prize awarded in 2000

trans-polyacetylene

cis-polyacetylene



Nobel Lectures, Reviews of Modern Physics 2001, 73, 681; ibd. 701; ibd. 713.

Why Organic Electronics?
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… thus when asked to explain the importance of the discovery of conduc+ng polymers, I offer two 
basic answers: 

• They did not (could not?) exist. 

• They offer a unique combina+on of proper+es not available from any other known materials. 

The first expresses an intellectual challenge; the second expresses promise for a u+lity in a wide 
variety of applica+ons …

Alan J. Heeger Alan G. MacDiarmid Hideki Shirakawa



Karl, Mol. Cryst. Liq. Cryst. 1989, 171, 31.

Example of Band Transport at Low Temperature
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• very few examples because a crucial element was the extreme care of excluding impuri9es

• aroma+c molecules can exhibit band transport in single crystals at low temperatures

3.2 Well-Ordered Systems: Organic Single Crystals 71
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Figure 3.2 Three principal components of the mobility tensor in a naphthalene crys-
tal measured by ToF, and fitted to a Tb dependence. A clear T−3/2 dependence is ob-
served only below ∼100 K. (Reprinted with permission from Ref. [9]. Copyright (2001) by
Springer-Verlag.)

In ToF measurements, charge is generated by using radiation that is well
above the bandgap and as a consequence is in an excited state. This situation is not
necessarily representative of what happens in an electronic device in which electrons
(holes) are injected at the bottom (top) of the conduction (valence) band. Recent
experiments pioneered by Podzorov et al. using vacuum-gap field-effect transistor
(FET) structures fabricated with elastomers showed that a negative temperature
dependence of the mobility can be observed in single-crystal electronic devices
[15–18]. Rubrene FETs displayed an increasing mobility from room temperature
(∼10 cm2 V−1 s−1) down to 150 K (>20 cm2 V−1 s−1). The mobility was also found
to depend on the crystallographic direction [17–19]. At T < 150 K, the mobility
was thermally activated with an activation energy of ∼ 70 meV. A gated Hall-effect
measurement showed that the activated behavior was because of shallow traps near
the valence-band edge (the FETs were hole-only devices): the mobility of the free
carriers keeps increasing as the temperature is decreased, even at temperatures at
which the apparent mobility shows the opposite trend (Figure 3.3).

Owing to constraints in the experimental set-up, the measurements could not
be carried out at temperatures low enough to observe the T−3/2 dependence of
µ, and therefore, a weaker temperature dependence was observed. The use of
FET structures also somewhat relaxes the purity and quality requirements of the
crystal. Indeed, in FETs, the areal charge density is much higher than in ToF
measurements and the gate voltage can be used to populate traps and push the
Fermi level close to the valence-band edge. It should be noted, however, that

• band transport occurs at T < 100 K, in all lasce 
direc9ons, indicated by a temperature dependence

 

• different mobili9es in different lasce direc9ons 
reflect the anisotropy of the interac9on  

• breakdown of the band concept at higher 
temperatures 

• at room temperature, incoherent transport in two 
lasce direc9ons becomes equal

μ ∝ T−n



Tang, Appl. Phys. LeI. 1986, 48, 183.

First Organic Solar Cell
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• thin-film, two-layer organic photovoltaic cell 

• copper phthalocyanine as donor material 

• perylene bisimide deriva9ve as acceptor 

• bilayer donor-acceptor junc9on 

• power conversion efficiency of about 1%

Two=layer organic photovoltaic cell 
c. W. Tang 
Research Laboratories, Eastman Kodak Company, Rochester, New York 14650 

(Received 28 August 1985; accepted for publication 31 October 1985) 

A thin-film, two-layer organic photovoltaic cell has been fabricated from copper phthalocyanine 
and a perylene tetracarboxylic derivative. A power conversion efficiency of about 1 % has been 
achieved under simulated AM2 illumination. A novel feature of the device is that the charge-
generation efficiency is relatively independent of the bias voltage, resulting in cells with fill factor 
values as high as 0.65. The interface between the two organic materials, rather than the electrode/ 
organic contacts, is crucial in determining the photovoltaic properties of the cell. 

This letter reports a novel photovoltaic cell based on a 
two-layer structure of organic thin films. The structure is 
novel I in the sense that its photovoltaic properties are signifi-
cantly different from those of conventional organic photo-
voltaic cells2 in which a single layer of organic material is 
sandwiched between two dissimilar electrodes. In these sin-
gle-layer cells, the built-in potential is derived either from 
the difference in work function of the electrodes or from a 
Schottky-type potential barrier at one of the metal/organic 
contacts.3-

9 In both cases, the photovoltaic properties are 
strongly dependent on the nature of the electrodes. Another 
characteristic commonly observed in single-layer cells is 
their poor fill factor (ff), which is usually attributed either to 
a large series resistance associated with the insulating nature 
of the organic layer or to the field-dependent generation of 
charges generally found in organic photoconductors. 
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FIG. I. Configuration and current-voltage characteristics of an ITO/CuPe 
(250 A)IPV(450 A)/ Ag cell. 

The present two-layer organic photovoltaic cell differs 
from conventional single-layer cells in that the interface 
between two thin organic layers is crucial in determining its 
photovoltaic properties. In particular, the interface region is 
primarily responsible for the photogeneration of charges. 
This generation efficiency is only weakly dependent on the 
bias field, thus overcoming the serious limitation of single-
layer cells and providing the two-layer cell with a significant-
ly higher fill factor. Furthermore, the magnitude and polar-
ity of the open-circuit voltage (V oc) in this two-layer system 
show a stronger dependence on the nature of the organic-
organic interface than on that of the electrode-organic inter-
faces. It appears that the electrodes simply provide ohmic 
contacts to the organic layers. 

Figure 1 shows the configuration of a typical two-layer 
organic cell. The indium tin oxide (ITO) coated glass (Ne-
satron by PPG) provided the transparent conducting sub-
strate on which a layer of copper phthalocyanine (CuPc), 
about 300 A thick, was deposited by conventional vacuum 
evaporation. A second layer of organic material, a perylene 
tetracarboxylic derivative (PV),IO about 500 A thick, was 
deposited on top of the CuPc layer by vacuum evaporation, 
and finally an opaque Ag layer was evaporated on top of the 
PV layer. 

CuPe PV 

The area of the Ag electrode, 0.1 cm 2, defined the acti ve 
area of the cell. Both CuPc and PV are thermally very stable, 
thus allowing their deposition by vacuum evaporation re-
quiring source temperatures of about 500 and 600 ·C, respec-
tively. The substrate was maintained nominally at room 
temperature during deposition. 

The current-voltage (1- V) characteristics of the cell in 
the dark and under simulated AM2 illumination (75 mW/ 
cmz) are shown in Fig. I. The forward bias direction corre-
sponds to a positive voltage on the ITO electrode. The dark 

183 Appl. Phys. Lett. 48 (2), 13 January 1986 0003-6951/86/020183-03$01.00 © 1986 American Institute of Physics 183 
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E. S. Reich, How the Biggest Fraud in Physics Shook the ScienOfic World, 2009.

Highlights of Organic Electronics: 2001

18

• Jan Hendrik Schoen 

• PhD from ETH Zurich (Prof. Bertram Batlogg) 

• Postdoc at Bell Labs 

• publica9on scandal in molecular electronics 

• “confirmed” organic compounds to be superconductors and lasers 

• was found to have first manipulated, later completely fabricated data 

• samples inexistent or destroyed and no proper lab record was held 

• 28 withdrawals from journals, including Science and Nature 

• ETHZ doctoral degree revoked due to dishonorable conduct 

• debate of scien+fic ethics, scien+fic coauthorship, performance-driven science



Organic Electronic Materials

field-effect transistorslight-emieng diodes solar cells

19

• organic electronic materials have found their way into technological applica9ons 
• low-cost produc+on using scalable large-area fabrica+on (spraying, prin+ng) 

• lower weight and mechanical flexibility (if polymer semiconductors are used)



Global Organic Electronics Market Size by Material, by ApplicaOon, by Geographic Scope and Forecast, IDTechEX 

Market Evolu9on and Predic9on of Organic Electronics
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organic electronic materials 
market 2018

predicted market evolu9on 
in Billion $ by IDTechEx
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Santato, MRS Energy & Sustainability 2020, 7, 16; Irimia-Vladu , Organic Electronics 2010, 11, 1974.

Organic Electronics for Sustainable Engineering

21

• organic electronics hold the promise for sustainable abundant data genera9on technology

• abundant sensing, tracking, data processing required for a data-driven circular economy 
• but what about the sustainability of the data genera+on technology layer itself?

transistor preparation requires substrates, smoothing lay-
ers when the substrate is rough, metal electrodes, gate
dielectrics and organic semiconductors. Fig. 1 illustrates

such a transistor with all the components employed in this
work presented in the schematic form. In the following, we
start discussing first substrates, then gate dielectrics and

Fig. 1. Natural materials or materials inspired by nature used for fabrication of environmentally sustainable organic field effect transistors. (a) Schematic of
bottom-gate, top-contact OFET employed in this work; (b) schematic of rosolic acid (aurin), used here as smoothener; (c) substrates investigated: Ecoflex
produced from potato and corn starch, hard gelatine capsule originating from collagen and caramelized glucose; (d) natural dielectrics materials in the
nucleobase and sugar families: adenine, guanine, cytosine, thymine glucose and lactose; (e) semiconductor materials: b-carotene and indigo are natural
p- and n-type organic semiconductors; indanthrene yellow G and indanthrene brilliant orange RF are semiconductors derived from natural anthraquinone
and perylene diimide, a cosmetic color. Glass, aluminium oxide, poly(vinyl alcohol), C60 and pentacene are examples of workhorse substrate, dielectric and
semiconductor materials widely employed in the field, used here for comparison. Transistors and integrated circuits produced from natural or nature
inspired materials may ultimately provide the basis for ‘‘sustainable green electronics”.

1978 M. Irimia-Vladu et al. / Organic Electronics 11 (2010) 1974–1990

2 n MRS ENERGY & SUSTAINABILITY // V O L U M E  7  // e 1 6  // www.mrs.org/energy-sustainability-journal

Only 20% of WEEE is currently recycled; the absence of collect-
ing schemes specific to e-waste and concerns about data secu-
rity are among the reasons for such an unsatisfactory 
percentage.2,4 On the one hand, robots that can dismantle a 
smart phone in a few minutes do exist.3 But on the other hand, 
manual sorting and dismantling still takes place in substandard 
working conditions in several countries.2,5 Informal recycling 
has an adverse impact both on the health of workers and on the 
environment.2,3,6,7 The Basel Convention, signed by 186 
nations, and other agreements at the regional level regulate the 
trade of e-waste.3 Yet, illegal transboundary trade still takes 
place.8,9

An electronic device can contain up to 60 elements of the 
periodic table.1 Precious metals, such as gold, and strategic 
materials, such as indium, can be present in e-waste.2 The 
pressing demand of elements for electronic devices can bring 
about a shortage of mineral resources10 and adoption of mining 
conditions that prioritize productivity over safety.11 For 
instance, it has been estimated that a shortage of indium (mostly 
used in indium tin oxide) and gallium (mostly used in GaN and 
GaAs compounds12) will present a serious threat in the next 20 
years.13 Shortages in mineral resources can contribute to 

geopolitical conflicts: some elements used for mobile phones 
(tin, gold, tungsten, and tantalum) have indeed already been 
called “conflict elements.”4 The European Chemical Society 
created a version of the periodic table to sensitize the public to 
the scarcity of elements used in the production of electrical and 
electronic equipment (Fig. 1).14

Need for a circular vision in the electronics sector
Considering the issues raised earlier, novel circular strate-

gies and approaches for the production, use, and disposal of 
electronic and electrical equipment are needed, as opposed to 
linear ones based on the paradigm “Take, Make and Dispose,” 
which is clearly unsuitable for a planet with finite resources and 
possibilities of waste management.2,5 Transition to a circular 
vision for electronics implies collaboration among designers, 
manufacturers, investors, traders, miners, raw material pro-
ducers, consumers, and policy-makers.2,15 Examples of initia-
tives aiming at promoting a circular vision in the electronics 
sector are as follows: designing products for durability, repara-
bility, and safe recycling; promoting closed-loop systems based 
on systematic collection; and reuse/refurbishment.5 Besides 
these, complementary initiatives to make electronics more 

Figure 1 Periodic table pointing out the relative scarcity of elements present in devices such as smart phones and TVs.14

8%%"$����!9 !#7��� �		���#5 ���� �

�!( �!1�5��6#!��8%%"$���((( 31�2#9�75 !#7�3!#5 �/0�1��#5$$����� �
� �	� ����! ����.52������1%�����
�����$C2:53%�%!�%85�,1�2#9�75�,!#5�%5#�$�!6�C$5��1D19�12�5�1%�8%%"$���((( 31�2#9�75 !#7�3!#5�%5#�$ 
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ers when the substrate is rough, metal electrodes, gate
dielectrics and organic semiconductors. Fig. 1 illustrates

such a transistor with all the components employed in this
work presented in the schematic form. In the following, we
start discussing first substrates, then gate dielectrics and

Fig. 1. Natural materials or materials inspired by nature used for fabrication of environmentally sustainable organic field effect transistors. (a) Schematic of
bottom-gate, top-contact OFET employed in this work; (b) schematic of rosolic acid (aurin), used here as smoothener; (c) substrates investigated: Ecoflex
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and perylene diimide, a cosmetic color. Glass, aluminium oxide, poly(vinyl alcohol), C60 and pentacene are examples of workhorse substrate, dielectric and
semiconductor materials widely employed in the field, used here for comparison. Transistors and integrated circuits produced from natural or nature
inspired materials may ultimately provide the basis for ‘‘sustainable green electronics”.
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Research Vision and Technology Plaxorms at the LMOM
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organic semiconductor 
nanostructures

hierarchically structured 
supramolecular materials

carbon nanomaterials 
at room temperature
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• control of the balance of order and disorder across length scales to tailor structure and func9on

• universal supramolecular approach to control diverse func+ons in different materials classes



From Molecular Design to Materials and Devices
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• control of order/disorder balance across mul9ple length scales to tailor structure and func9on

molecular design & synthesis
synthe+c chemistry, 

NMR, MS, MALDI

physicochemical characteriza9on
UV/vis/NIR, CD, fluorescence, 

IR, Raman, ESR, DLS, CV

materials processing
extrusion, drawing, blowing, 

injec+on molding, microfluidics

materials characteriza9on
AFM, TEM, SEM, SAXS, WAXD 

rheology, DMA, mechanical tes+ng

device fabrica9on
damping structures, railpads,  

food containers, OFETs 

device tes9ng & applica9ons
damping, acous+cs, barriers, 

packaging, recycling, degrada+on



Organic Semiconductor Nanostructures
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• Efficient supramolecular approach to prepare single stack of π-conjugated molecules 
• Photo-genera9on in aggregates of long-lived and air-stable radical ions in high densi9es 
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EPFL Laboratories with Research on Organic Electronics
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Clémence Corminboeuf (EPFL/LCMD) 
computa+onal organic electronics

Vanessa Wood (ETHZ/MADE) 
materials & device engineering

Vivek Subramanian (EPFL/LAFT) 
wearables & medical devices

Kevin Sivula (EPFL/LIMNO) 
organic photovoltaics
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1.2   Challenges in Organic Electronics



Typical Inorganic Semiconductors
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• elements or elemental compounds 
• important examples are silicon (crystalline or amorphous), germanium, gallium arsenide.  
• inorganic semiconductors are typically crystalline solids, some9mes glasses (amorphous) 
• semiconductors have an electrical conduc9vity between a conductor and an insulator 
• possibility to form junc9ons by having two differently doped regions. 
• behavior of charge carriers (electrons, holes, ions) at junc9ons defines the func9oning of diodes, 

transistors, and all other components of modern electronic devices



Band Forma9on in Inorganic Semiconductors
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• bands are described by solving the Bloch equa9on, that is, a varia9on of the Schrödinger equa9on 
for the boundary condi9on of a periodic lasce of atoms

• bands form when atomic or molecular orbitals interact 
• the more orbitals interact the more energy levels are created 
• the resul+ng states are macroscopic in dimension and the difference between energy levels 

becomes so small that they are a con+nuous band and not discreet levels anymore



Charge Genera9on and Transport in Inorganic Metallic Conductors
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no ac+va+on

+
–Fermi level

hole, q = +e, s = ½
electron, q = –e, s = ½

• par9ally filled (or overlapping) bands with infinitesimal difference between energy levels 
• all energy levels macroscopically delocalized 
• kBT = 0.025 eV (293 K); promo9on of a large number of charge carriers at room temperature

• band conduc+vity: charge transport in electric field at finite temperature without ac+va+on



Intrinsic (Undoped) Inorganic Semiconductors
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• energy bands delocalized, hole & electron transport in electric field via band conduc9vity 
• kBT = 0.025 eV (293 K); no thermal promo9on of charge carriers at room temperature 
• energy of visible light 3.1 eV (400 nm), 1.6 eV (800 nm); photocurrent genera9on even in NIR

• band gap between valence and conduc+on band; no “spontaneous” charge separa+on  
• charge separa+on by promo+on (excita+on) of electrons into conduc+on band

ΔT or h⋅ν

+

–

conduc+on band

valence band hole, q = +e, s = ½

electron, q = –e, s = ½

Si Si Si

Si Si Si

SiSiSi

Si Si Si

Si Si Si

SiSiSi
e

band width

band gap



Inorganic Semiconductors Doped with p-Type Impuri9es
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• p-type doped silicon shows mainly hole conduc9vity (posi9ve charge transport) 
• band width is related to for charge carrier mobility, hence high hole transport mobility 
• single energy level of anionic counter charge is located, not mobile

• doping with electron acceptor impuri+es (e.g., boron) creates extra hole energy levels 
• p-type doped silicon is electrically neutral (missing electron compensated by nucleic  charge)

+
–

Si Si Si

Si B Si

SiSiSi

hole, q = +e, s = ½

electron, q = –e, s = ½

Si Si Si

Si B Si

SiSiSi

ΔT or h⋅ν

conduc+on band

valence bandimpurity, q = 0, s = ½



Inorganic Semiconductors Doped with n-Type Impuri9es
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• n-type doped silicon shows mainly electron conduc9vity (nega9ve charge transport) 
• band width is related to charge carrier mobility, hence high electron transport mobility 
• single energy level of ca9onic counter charge is located, not mobile

• doping with electron donor impuri+es (e.g., phosphorus) creates extra electron energy levels 
• n-type doped silicon is electrically neutral (excess electron compensated by nucleic  charge)

–
+

Si Si Si

Si P Si

SiSiSi

hole, q = +e, s = ½

electron, q = –e, s = ½

ΔT or h⋅ν

conduc+on band

valence bandimpurity, q = 0, s = ½

Si Si Si

Si P SiH

SiSiSi
e



Electron Mobility versus Electric Conduc9vity
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• mobility µ does not have a systema9c rela9on to materials classes 
• conduc9vity σ = µ · n · e of insulators < semiconductors < metals, due to charge density n
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Typical Organic Materials
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• organic compounds are based on covalently bound molecules comprising C and H 

• they form amorphous (glassy) or crystalline so~ materials in the solid state 

• molecules are “bonded” by weak (Van der Waals and dipolar) intermolecular interac9ons 

• one must dis9nguish (at least) two structure levels: 

• strong bonding and electronic coupling of atoms within molecules 

• weak intermolecular bonding and electronic coupling 

• low molecular symmetry (compared to atoms) imparts low symmetry crystal unit cells 

• bulk proper+es hence strongly impacted by packing details as well as sta+c / dynamic disorder



Organic versus Inorganic Semiconductors
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Energy

Valence 
band

Conduction 
band

BG

BW

LUMO

HOMO

BG

Energy

BW

property inorganic semiconductors organic semiconductors

bond type covalent/ionic van der Waals

intermolecular bond energy 1–5 eV 0.1 eV

energy band width 1–4 eV 0.01–0.5 eV

charge transport band transport mostly incoherent transport

charge mobility 102–104 cm2/V s mostly <1 cm2/V s

dielectric constant 10–15 2–3

exciton (radius) & binding energy Wannier (100 Å), 5–10 meV Frenkel (10 Å), 500–1000 meV

Inorganic Semiconductors Organic Semiconductors



How to Design Organic Conductors and Semiconductors
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• requirements for conduc9ng and semiconduc9ng materials 

• (semi)conductors require macroscopically delocalized electron states 

• (semi)conductors require no or small bandgap 

• (semi)conductors require genera+on of stable charge carriers 

• challenge: organic solids are amorphous or crystalline molecular materials  

• molecules formed from localized covalent bonds between atoms 

• molecular materials from discrete molecules by weak Van der Waals forces 

• weak intermolecular electronic coupling  

• most organic molecules have large HOMO-LUMO gaps 

• genera+on of charged molecules difficult and typically results in reac+ve species 

• charged species confined on single molecules, cannot be easily transported 

• charge transport impacted by polymorphism defects



Course Overview
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Gate

Dielectric

Semiconductor

DrainSource

Substrate
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H

H

σ

π

CC

H

H

σ

π
(π)

σpz pz

pz pz

sp2 sp2 sp2 sp2

120°

H

120°H

electron delocaliza9on in 
organic molecules and materials

charge carriers in organic molecules  
and transport in organic materials

synthesis of molecular precursors and materials 
processing

structure and func9on of 
organic electronic devices

+

+



Learning Objec9ves of this Class
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• π-conjugated systems give rise to intramolecular electron delocaliza9on 
• extended π-conjugated systems have comparably small bandgap 

• π-conjugated systems are highly polarizable  

• supramolecular organiza9on of π-conjugated systems in the solid state 
• π-interac+ons result in (limited) intermolecular delocaliza+on 

• band-like states in single-crystalline systems 

• charge genera9on and transport in organic solids 
• extended π-conjugated systems can sustain charge carriers 

• typical charge carriers are self-localized radical ions (polarons) 

• vibronic coupling due to molecular nature of the materials 

• charge transport mostly involves hopping of discrete charge carriers 

• synthesis of precursors, processing into materials, fabrica9on of devices



Homework & Reading Assignments
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ORGANIC MATERIALS ARE POISED AS NEVER BEFORE TO TRANSFORM

the world of circuit and display technology. Major electronics firms such as Philips

and Pioneer, and smaller companies such as Cambridge Display Technology,

Universal Display, and Uniax, are betting that the future holds tremendous

opportunity for the low cost and sometimes surprisingly high performance offered

by organic electronic and optoelectronic devices. Using organic light-emitting

devices (OLEDs), organic full-color displays may eventually replace liquid-crystal

displays (LCDs) for use with laptop and even desktop computers. Such displays

can be deposited on flexible plastic foils [Fig. 1], eliminating the fragile and heavy

glass substrates used in LCDs, and can emit bright light without the pronounced

directionality inherent in LCD viewing, all with efficiencies higher than can be

obtained with incandescent light bulbs.

ORGANIC SEMICONDUCTORS
ARE STRONG CANDIDATES

FOR CREATING FLEXIBLE,
FULL-COLOR DISPLAYS AND

CIRCUITS ON PLASTIC

STEPHEN FORREST
Princeton University

PAUL BURROWS
Pacific Northwest National Laboratories

&
MARK THOMPSON

University of Southern California

solid state

The dawn of

organic
electronics

[1] An organic passive-
matrix display on a sub-
strate of polyethylene
terephthalate, a light-
weight plastic, will bend
around a diameter of less
than a centimeter. The
18-mm-thick, 5-by-10-cm
monochrome display con-
sists of 128 by 64 pixels,
each measuring 400 by
500 µm, and is being
operated at conventional
video brightness of
100 cd/m2. It was fabri-
cated by Universal Display
Corp., Ewing, N.J., with a
moisture barrier built into
the plastic that prevents
degradation of the pixels.
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Abstract
The field of organic electronics is entering its commercial phase. The recent market

introduction of the first prototypes based on organic transistors fabricated from solution
is set to augment the existing market presence of organic light-emitting diode
applications. Organic photovoltaic products are not far behind. In this article, we provide
a brief overview of these devices, with our main focus being organic transistor
applications. In particular, we examine some of the key performance requirements for
working devices. We also review some of the important advances in semiconductor
design and device fabrication techniques and discuss some of the technical challenges
that remain in the optimization of next-generation products.

Progress and
Challenges in
Commercialization
of Organic
Electronics

Yueh-Lin Loo and Iain McCulloch, Guest Editors

is especially intense in the transistor and
solar cell fields, where low cost is a strong
market driver.

A prerequisite for the molecular compo-
sition of both categories of semiconductor
is that they contain a conjugated π- electron
system, where the delocalized molecular
orbitals are energetically accessible and
typically less than 3.5 eV apart. Organic
transistors require that the organic semi-
conductor have a highly organized
microstructure, with the molecular orbital
systems closely packed together. Cur -
rently, most organic transistor’s exhibit 
p- characteristics, that is, they transport
holes rather than electrons. Work remains
to develop robust trap free interfaces in
organic transistors so the transport of elec-
trons is also possible.

The active layer in a solar cell com-
prises a light-absorbing semiconductor,
which typically is also the hole-transport
material. This component is typically
blended with organic semiconductors that
exhibit n-characteristics. Challenges remain

in optimizing transport within the layer,
absorbing more  photons, and separating
charge at the semiconductor interfaces.

Organic light-emitting diode (OLED)
devices, particularly small-molecule evap-
orated devices, are becoming increasingly
complex, requiring a range of injection,
transport, blocking, and emissive materi-
als. Both fluorescent and phosphorescent
electroluminescent semiconductors can be
used. Although phosphorescent dopants
exhibit excellent efficiencies in both red
and green, due in part to their ability to
harvest both singlet and triplet excitons,
deep blue emission remains a problem.
Current displays typically still use fluores-
cent blue emitters as a result. New doped
systems are reducing interfacial energy
barriers, leading to lower  voltage opera-
tion, and there are continual enhance-
ments in device lifetime and efficiency of
polymer emitters, as well as improve-
ments in solution printing  methods.

Commercial Status of Organic
Electronics

Organic light-emitting diode technology
is perhaps the most advanced organic
device platform. Sony currently markets
an 11-in. television based on OLED tech-
nology that boasts a 3-mm-thick panel and
178° viewing angle. In the display arena,
OLED technology promises to compete
with liquid-crystal and plasma technolo-
gies and offers unique attributes, such as
ultrabrilliant colors and low power con-
sumption in addition to the features men-
tioned previously. Individual OLED
devices, in their simplest form, consist of
organic active layers, an emissive layer
and transport layers, sandwiched between
two electrodes, a cathode and an anode.
When a voltage is applied across the elec-
trodes, the cathode injects electrons into
the emissive layer, whereas the anode
withdraws electrons, generating holes in
the whole transport layer. These electrons
and holes drift to the interface between the
emissive and transport layers under the
applied cell potential; it is the recombina-
tion of electron–hole pairs that generates
radiative emission. In organic semicon-
ductors, holes are more mobile than elec-
trons. Recombination thus frequently
happens within the emissive layer.

Although OLED technology has clearly
shifted from the research and development
phase to the scale-up phase, where primary
concerns now deal with processing yields,
fundamental science concerning the stabil-
ity of the active layer when exposed to high
current densities over extended periods
still remains to be resolved. OLED devices
can be fabricated from either polymer or
small-molecule materials. Recent scientific

Introduction
The basis of organic electronics is pred-

icated on the ability of a class of functional
organic molecules known as organic semi-
conductors to actively transport charge,
emit light, or absorb light under appropri-
ate conditions. Devices comprising these
organic semiconducting materials include
transistors, light-emitting diodes, and
photovoltaic cells, all of which are
reviewed in detail in this issue. From the
fabrication perspective, materials can be
broadly classified as processable either by
evaporation or by solution. Whereas poly-
meric semiconductors are clearly in the
solution-processable category, discrete
small-molecule organic semiconductors
can be functionalized to fall into either
group. Historically, evaporative process-
ing has led the development of most
devices and is therefore more advanced.
However, the potential to print at high
throughput and high resolution from
 formulated inks offers the greatest com-
mercial opportunity, driving solution-
processable material development. Interest
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