
Physics of Organic Semiconductors

Edited by
Wolfgang Brütting





Innodata
File Attachment
3527606793.jpg





Physics of Organic Semiconductors

Edited by
W. Brütting





Physics of Organic Semiconductors

Edited by
Wolfgang Brütting



Editor

Prof. Dr. Wolfgang Brütting
Institute of Physics
University of Augsburg, Germany

Cover Picture
Courtesy of R.W.I. de Boer et al. (see Chapter 14)

& All books published by Wiley-VCH are carefully
produced. Nevertheless, authors, editors, and
publisher do not warrant the information contained in
these books, including this book, to be free of errors.
Readers are advised to keep in mind that statements,
data, illustrations, procedural details or other items
may inadvertently be inaccurate.

Library of Congress Card No.: Applied for

British Library Cataloguing-in-Publication Data:
A catalogue record for this book is available from the
British Library.

Bibliographic information published by
Die Deutsche Bibliothek
Die Deutsche Bibliothek lists this publication in the
Deutsche Nationalbibliografie; detailed bibliographic
data is available in the Internet at
<http://dnb.ddb.de>.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim

All rights reserved (including those of translation into
other languages). No part of this book may be repro-
duced in any form – nor transmitted or translated into
machine language without written permission from
the publishers. Registered names, trademarks, etc.
used in this book, even when not specifically marked
as such, are not to be considered unprotected by law.

Printed in the Federal Republic of Germany.
Printed on acid-free paper.

Composition Kühn & Weyh, Satz und Medien,
Freiburg
Printing Strauss GmbH, Mörlenbach
Bookbinding J. Schäffer GmbH i. G., Grünstadt

ISBN-13: 978-3-527-40550-3
ISBN-10: 3-527-40550-X



V

List of Contributors XV

Introduction to the Physics of Organic Semiconductors 1
W. Brütting

1 History 1

2 Materials 2

3 Basic Properties of Organic Semiconductors 4

3.1 Optical Properties 4

3.2 Charge Carrier Transport 6

3.3 Device Structures and Properties 9

4 Outline of this Book 12

Part I Growth and Interfaces 15

1 Organic Molecular Beam Deposition: Growth Studies

beyond the First Monolayer 17
F. Schreiber

1.1 Introduction 17

1.2 Organic molecular beam deposition 18

1.2.1 General concepts of thin film growth 18

1.2.2 Issues specific to organic thin film growth 20

1.2.3 Overview of popular OMBD systems 22

1.3 Films on oxidized silicon 24

1.3.1 PTCDA 24

1.3.2 DIP 24

1.3.3 Phthalocyanines 26

1.3.4 Pentacene 27

1.4 Films on aluminium oxide 27

1.4.1 PTCDA 28

1.4.2 DIP 28

1.4.3 Phthalocyanines 29

1.4.4 Pentacene 29

Contents



VI

1.5 Films on metals 30

1.5.1 PTCDA 30

1.5.1.1 Structure and epitaxy of PTCDA/Ag(111) 30

1.5.1.2 Comparison with other substrates 31

1.5.1.3 Dewetting and thermal properties 31

1.5.1.4 Real-time growth 31

1.5.2 DIP 33

1.5.3 Phthalocyanines 34

1.5.4 Pentacene 34

1.6 Films on other substrates 34

1.7 More complex heterostructures and technical interfaces 35

1.8 Summary and Conclusions 37

2 Electronic Properties of Interfaces between Model Organic Semiconductors

and Metals 41
M. Knupfer and H. Peisert

2.1 Introduction 41

2.2 Experimental methods 42

2.2.1 Photoemission spectroscopy 43

2.2.2 Polarization dependent XAS 45

2.3 Adsorption geometry and substrate roughness 46

2.4 Organic/metal interfaces: general properties and trends 50

2.5 Reactive surfaces: indium-tin oxide and PEDOT:PSS 58

2.6 Concluding remarks 64

3 Kelvin Probe Study of Band Bending at Organic Semiconductor/Metal Inter-

faces: Examination of Fermi Level Alignment 69
H. Ishii, N. Hayashi, E. Ito, Y. Washizu, K. Sugi, Y. Kimura, M. Niwano, O. Ouchi,

and K. Seki

3.1 Introduction 69

3.1.1 Energy level alignment at organic/metal interfaces 69

3.2 Basic aspects of band bending 74

3.2.1 Band bending in thermal equilibrium 74

3.2.2 Band bending in nonequilibrium 75

3.3 KP measurements for insulating surface 76

3.4 Experimental 78

3.5 Results ans Discussion 78

3.5.1 C60/metal interface: case of band bending 78

3.5.2 TPD/metal interface: case for no band bending 81

3.5.3 Potential gradient built in Alq3 film 84

3.5.4 Concluding Remarks 90

Contents



VII

4 Thermal and Structural Properties of the Organic Semiconductor Alq3 and

Characterization of its Excited Electronic Triplet State 95
M. Cölle and W. Brütting

4.1 Introduction 95

4.2 Crystalline Phases of Alq3 97

4.3 Thermal Properties of Alq3 100

4.4 The Molecular Structure of �-Alq3 106

4.4.1 High resolution powder diffraction using synchrotron radiation 106

4.2 Vibrational Analysis 111

4.5 Population and properties of the electronic excited triplet state 114

4.5.1 Population of the triplet states 114

4.2 Phosphorescence of Alq3 118

4.6 Summary 125

Part II Photophysics 129

5 Ultrafast Photophysics in Conjugated Polymers 131
G. Lanzani, G. Cerullo, D. Polli, A. Gambetta, M. Zavelani-Rossi, C. Gadermaier

5.1 Introduction 131

5.2 Femtosecond laser systems 132

5.3 The pump-probe experiment 135

5.4 Coherent vibrational spectroscopy 136

5.5 Vibrational relaxation 137

5.6 Electronic relaxation 139

5.6.1 Triplet and soliton pairs 140

5.6.2 Charge state dynamics 142

5.6.2.1 A brief overview about charge photogeneration 142

5.6.2.2 Field-assisted pump-probe spectroscopy 144

5.6.2.3 The role of higher-lying states 145

5.7 Conclusion 149

6 The Origin of the Green Emission Band in Polyfluorene Type Polymers 153
S. Gamerith, C. Gadermaier, U. Scherf, E. J. W. List

6.1 Introduction 153

6.2 Photo-physical Properties of Polyfluorene-type Polymers 155

6.2.1 Optical properties of pristine polyfluorenes 156

6.2.2 Optical properties of polyfluorenes in the �-phase 157

6.2.3 Fluorescent on chain defects in polyfluorene-type polymers 160

6.2.3.1 Formation of keto-type defects in PF-type polymers 160

6.2.3.2 The formation of keto defects during the synthesis 160

6.2.3.3 Formation of keto defects during thermal degradation 161

6.2.3.4 Formation of keto defects due to photo-oxidative degradation 165

6.2.4 The origin of the green emission band at 2.2-2.3 eV 166

Contents



6.2.5 Degradation in polyfluorene-based electroluminescent devices 176

6.3 Conclusion 178

7 Exciton Energy Relaxation and Dissociation in Pristine

and Doped Conjugated Polymers 183
V. I. Arkhipov and H. Bässler

7.1 Introduction 183

7.2 Field-induced exciton dissociation probed by luminescence
quenching 185

7.2.1 Steady state fluorescence quenching 185

7.2.2 Time resolved fluorescence quenching 188

7.2.3 A model of field-assisted dissociation of optical excitations 191

7.3 Exciton dissociation in doped conjugated polymers 195

7.3.1 Experiments on photoluminescence quenching in doped polymers 195

7.3.2 Exciton energy relaxation and quenching by Förster energy transfer 198

7.3.3 Exciton quenching at charge transfer centers 204

7.4 Photoconductivity in pristine and weakly doped polymers 208

7.4.1 Intrinsic photogeneration 210

7.4.2 Dopant assisted photogeneration 215

7.4.3 A model of dopant-assisted charge photogeneration 220

7.5 Photoconductivity in polymer donor/acceptor blends 224

7.5.1 Enhanced exciton dissociation at high concentration of electron
acceptors 224

7.5.2 A model of efficient exciton dissociation at a donor/acceptor
interface 226

7.6 Conclusions 230

8 Polarons in �-conjugated Semiconductors: Absorption Spectroscopy

and Spin-dependent Recombination 235
M. Wohlgenannt

8.1 Introduction 235

8.1.1 Polarons in �-conjugated polymers and oligomers 235

8.1.2 Organic electroluminescence 236

8.1.2.1 Spin dependent exciton formation cross-sections 239

8.2 Polaron absorption spectra 240

8.2.1 Experimental 240

8.2.2 Experimental results 241

8.2.2.1 Polaron absorption spectra in doped oligomers;
non-degenerate ground state systems 242

8.2.2.2 Polaron absorption spectra in doped oligomers;
degenerate ground state systems 242

8.2.2.3 Polaron absorption spectra in photodoped polymer films 244

8.3 Is polaron recombination (exciton formation) spin-dependent? 245

8.3.0.1 Experimental 245

ContentsVIII



8.3.0.2 Experimental Results 246

8.4 Conclusions 252

9 Phosphorescence as a Probe of Exciton Formation and Energy Transfer in

Organic Light Emitting Diodes 257
M. Baldo and M. Segal

9.1 Introduction 257

9.2 Phosphorescence, the Spin Dependence of Exciton Formation
and Triplet Energy Transfer 258

9.3 Phosphorescent Studies of Exciton Formation 260

9.4 Energy Transfer in Blue Phosphorescent OLEDs 264

9.5 Conclusions 267

Part III Transport and Devices 271

10 Electronic Traps in Organic Transport Layers 273
R. Schmechel and H. von Seggern

10.1 Introduction 273

10.2 Origin of trap states 275

10.3 Trap detection techniques 276

10.4 Traps in non-doped and doped small molecule semiconductors 279

10.4.1 Pristine traps and their electronic structure 279

10.4.2 Effect of doping on electronic traps 283

10.3.3 Doping Induced Electrical and Optical properties 288

10.3.4 Structure related traps and their influence on device performance 293

10.5 Traps in polymeric semiconductors 297

10.6 Conclusions 301

11 Charge Carrier Density Dependence of the Hole Mobility

in poly(p-phenylene vinylene) 305
C. Tanase, P. W. M. Blom, D. M. de Leeuw, E. J. Meijer

11.1 Introduction 305

11.2 Experimental results and Discussion 306

11.2.1 Charge carrier mobility in hole-only diodes 307

11.2.2 Local mobility versus field-effect mobility in FETs 309

11.2.3 Comparison of the hole mobility in LEDs and FETs 314

11.3 Conclusions 317

12 Analysis and Modeling of Organic Devices 319
Y. Roichman, Y. Preezant, N. Rappaport, and N. Tessler

12.1 Introduction 319

12.1.1 Motivation 320

12.2 Charge transport 321

Contents IX



12.2.1 The Gaussian DOS 322

12.2.2 The Equilibrium Charge Density 323

12.2.3 The diffusion coefficient 324

12.2.4 The mobility coefficient 324

12.3 The operation regime of organic devices 326

12.3.1 Contact workfunction 329

12.4 Organic Light-Emitting Diodes 330

12.4.1 Space charge regime 330

12.4.2 Contact limited regime 331

12.4.3 I-V Analysis of LEDs 333

12.5 Field Effect Transistors 334

12.6 Photo-Cells 339

13 Fabrication and Analysis of Polymer Field-effect Transistors 343
S. Scheinert and G. Paasch

13.1 Introduction 343

13.2 Models 345

13.2.1 The Shockley current characteristics 345

13.2.2 Material models 346

13.2.3 Drift-diffusion-model and numerical simulation 350

13.3 Analytical estimates 352

13.3.1 Basic dependencies 352

13.3.2 Interrelation between material and device properties 353

13.3.3 Cut-off frequency 356

13.4 Experimental 358

13.4.1 Preparation of transistors and capacitors 358

13.4.2 Measuring techniques 359

13.5 Device characterization and analyzes 360

13.5.1 Basic procedure: P3OT devices as an example 360

13.5.1.1 Layer characterization 360

13.5.1.2 MOS capacitor 360

13.5.1.3 Thin film transistors 363

13.5.2 Devices made from MEH-PPV 365

13.5.3 Further transistor designs 369

13.5.3.1 Finger structure 369

13.5.3.2 Short channel design 370

13.5.4 Subthreshold currents and trap recharging 373

13.5.5 Hysteresis 377

13.6 Selected simulation studies 379

13.6.1 Formation of inversion layers 379

13.6.2 Trap distributions in top and bottom contact transistors with different
source/drain work functions 381

13.6.3 Short-channel effects 383

13.7 Conclusions 385

ContentsX



A Non-degenerate approximation for the Gaussian distribution 387

B DDM with traps and trap distributions 388

14 Organic Single-Crystal Field-Effect Transistors 393
R. W. I. de Boer, M. E. Gershenson, A. F. Morpurgo, and V. Podzorov

14.1 Introduction 393

14.2 Fabrication of single-crystal organic FETs 395

14.2.1 Single-crystal growth 396

14.2.2 Crystal characterization 399

14.2.2.1 Polarized-light microscopy 400

14.2.2.2 The time-of-flight experiments 401

14.2.2.3 Space charge limited current spectroscopy 402

14.2.3 Fabrication of the field-effect structures 405

14.2.3.1 Electrostatic bonding technique 405

14.2.3.2 “Direct” FET fabrication on the crystal surface 409

14.3 Characteristics of single-crystals OFETs 412

14.3.1 Unipolar operation 413

14.3.2 Field-effect threshold 415

14.3.3 Sub-threshold slope 416

14.3.4 Double-gated rubrene FETs 417

14.3.5 Mobility 419

14.3.6 Mobility anisotropy on the surface of organic crystals. 422

14.3.7 Preliminary results for the OFETs with high-k dielectrics. 424

14.4 Conclusion 426

14.5 Acknowledgments 429

15 Charge Carrier Photogeneration and Transport in Polymer-fullerene

Bulk-heterojunction Solar Cells 433
I. Riedel, M. Pientka, and V. Dyakonov

15.1 Introduction 433

15.2 Experimental 434

15.3 Photoinduced charge transfer in polymer: fullerene composites 435

15.4 Photovoltaic characteristics and charge carrier photogeneration efficiency
of polymer-fullerene bulk heterojunction solar cells 439

15.5 Analysis of the electrical transport properties 442

15.5.1 Illumination intensity dependence 442

15.5.2 Temperature dependence 443

15.5.3 Bulk-heterojunction solar cells with increased absorber thickness 446

15.5.4 Dependence of IPCE on reverse bias 447

15.6 Conclusions 448

Contents XI



16 Modification of PEDOT:PSS as Hole Injection Layer in Polymer LEDs 451
M. M. de Kok, M. Buechel, S. I. E. Vulto, P. van de Weijer, E. A. Meulenkamp,

S. H. P. M. de Winter, A. J. G. Mank, H. J. M. Vorstenbosch, C. H. L. Weijtens,

and V. van Elsbergen

16.1 Introduction 451

16.2 Experimental 454

16.3 Results 456

16.3.1 Chemistry and bulk properties 456

16.3.2 Surface properties 460

16.3.3 Device performance 463

16.4 Discussion 466

16.4.1 Effect of NaOH on PEDOT:PSS properties 466

16.4.2 Effect of NaOH addition on PLED device performance 470

16.5 Conclusions 470

17 Insights into OLED Functioning Through Coordinated Experimental

Measurements and Numerical Model Simulations 475
D. Berner, H. Houili, W. Leo, and L. Zuppiroli

17.1 Introduction 475

17.2 Device Fabrication 477

17.3 The Model 479

17.3.1 Coulomb effects 480

17.3.2 Equations of motion and injection 480

17.3.3 Transport in the organic material 482

17.3.4 Recombination 484

17.3.5 Numerical procedure 484

17.4 Case Studies 486

17.4.1 Electrode effects 486

17.4.2 Time of flight simulations 487

17.4.3 Internal electric field 489

17.4.3.1 Experimental analysis 490

17.4.3.2 Discussion of Simulations 491

17.4.3.3 Charge and current distribution inside the device 492

17.4.3.4 Electric field density distribution 494

17.4.4 Dye doping 494

17.4.4.1 Experimental results: 494

17.4.4.2 Analysis Through Simulation 498

17.4.4.3 Mobility variation inside the doped part 499

17.4.4.4 Recombination rate distribution 502

17.4.4.5 Energy level shift inside the doped region 502

17.4.4.6 General recombination picture 505

17.4.4.7 Transport characteristics 505

17.5 Summary 507

ContentsXII



18 Optimizing OLED Structures for a-Si Display Applications via Combinatorial

Methods and Enhanced Outcoupling 511
W. Rieß, T. A. Beierlein, and H. Riel

18.1 Introduction 511

18.2 Experimental 512

18.3 Results and Discussion 514

18.3.1 Combinatorial Device Optimization 514

18.3.1.1 Layer-Thickness Variations: Charge-Carrier Balance 515

18.3.1.2 Layer-Thickness Variation: Optical Effects 518

18.3.2 Optical Outcoupling 519

18.3.3 20-inch a-Si AMOLED Display 524

18.4 Conclusions 525

Index 529

Contents XIII





V. I. Arkhipov

IMEC
Heverlee-Leuven, Belgium

M. Baldo

Department of Electrical Engineering
and Computer Science
Massachusetts Institute of Technology,
USA

H. Bäßler

Institute of Physical, Nuclear and
Macromolecular Chemistry
Universität Marburg, Germany

T. A. Beierlein

IBM Research GmbH
Rüschlikon, Switzerland

D. Berner

CFG S.A. Microelectronic
Morges, Switzerland

P. W. M. Blom

Materials Science Centre
University of Groningen,
The Netherlands

R. W. I. de Boer

Department of Nanoscience
Delft University of Technology,
The Netherlands

W. Brütting

Institute of Physics
University of Augsburg, Germany

M. Buechel

Philips Research Laboratories
Eindhoven, The Netherlands

G. Cerullo

National Laboratory of Ultrafast and
Ultraintense Optical Science and INFM
Politecnico di Milano, Italy

M. Cölle

Philips Research
Eindhoven, The Netherlands

V. Dyakonov

Experimental Physics
(Energy Research)
University of Würzburg, Germany

V. van Elsbergen

Philips Forschungslaboratorien
Aachen, Germany

C. Gadermaier

Nat’l Lab. of Ultrafast and Ultraintense
Optical Science – INFM, Milano, Italy

XV

List of Contributors



A. Gambetta

National Laboratory of Ultrafast and
Ultraintense Optical Science and
INFM
Politecnico di Milano, Italy

S. Gamerith

Christian-Doppler Laboratory
Advanced Functional Materials
Technische Universität Graz, Austria

M. E. Gershenson

Department of Physics and Astronomy
Rutgers University, Piscataway, USA

N. Hayashi

Venture Business Laboratory
Nagoya University, Japan

H. Houili

Laboratory of Optoelectronics of
Molecular Materials, EPFL
Lausanne, Switzerland

H. Ishii

Research Institute of Electrical
Communication
Tohoku University, Japan

E. Ito

Local Spatio-Temporal Functions
Laboratory
Wako, Japan

Y. Kimura

Research Institute of Electrical
Communication
Tohoku University, Japan

M. M. de Kok

Philips Research Laboratories
Eindhoven, The Netherlands

M. Knupfer

Leibniz Institute for Solid State and
Materials Research
Dresden, Germany

G. Lanzani

National Laboratory of Ultrafast and
Ultraintense Optical Science and
INFM
Politecnico di Milano, Italy

D. M. de Leeuw

Philips Research Laboratories
Eindhoven, The Netherlands

W. Leo

CFG S.A. Microelectronic
Morges, Switzerland

E. J. W. List

Christian-Doppler Laboratory
Advanced Functional Materials
Technische Universität Graz, Austria

A. J. G. Mank

Philips Centre for Manufacturing
Technology
Eindhoven, The Netherlands

E. J. Meijer

Philips Research Laboratories
Eindhoven, The Netherlands

E. A. Meulenkamp

Philips Research Laboratories
Eindhoven, The Netherlands

A. F. Morpurgo

Department of Nanoscience
Delft University of Technology,
The Netherlands

List of ContributorsXVI



M. Niwano

Research Institute of Electrical
Communication
Tohoku University, Japan

Y. Ouchi

Graduate School of Science
Nagoya University, Japan

G. Paasch

Leibniz Institute for Solid State and
Materials Research
Dresden, Germany

H. Peisert

Leibniz Institute for Solid State and
Materials Research
Dresden, Germany

M. Pientka

Energy- and Semiconductor Research
Laboratory
University of Oldenburg, Germany

V. Podzorov

Department of Physics and Astronomy
Rutgers University, Piscataway, USA

D. Polli

National Laboratory of Ultrafast and
Ultraintense Optical Science and INFM
Politecnico di Milano, Italy

Y. Preezant

Electrical Engineering Dept.
Nanoelectronic center, Technion,
Haifa, Israel

N. Rappaport

Electrical Engineering Dept.
Nanoelectronic center, Technion,
Haifa, Israel

I. Riedel

Energy- and Semiconductor Research
Laboratory
University of Oldenburg, Germany

H. Riel

IBM Research GmbH
Rüschlikon, Switzerland

W. Rieß

IBM Research GmbH
Rüschlikon, Switzerland

Y. Roichman

Electrical Engineering Dept.
Nanoelectronic center, Technion,
Haifa, Israel

S. Scheinert

Institute of Solid State Electronics
Ilmenau Technical University, Germany

U. Scherf

Makromolekulare Chemie
Bergische Universität Wuppertal,
Germany

R. Schmechel

Institut für Material- und
Geowissenschaften
Technische Universität Darmstadt,
Germany

H. von Seggern

Institut für Material- und
Geowissenschaften
Technische Universität Darmstadt,
Germany

F. Schreiber

Institut für Angewandte Physik
Universität Tübingen, Germany

List of Contributors XVII



M. Segal

Department of Electrical Engineering
and Computer Science
Massachusetts Institute of Technology,
USA

K. Seki

Research Center for Materials Science
Nagoya University, Japan

K. Sugi

Research Institute of Electrical
Communication
Tohoku University, Japan

C. Tanase

Materials Science Centre
University of Groningen,
The Netherlands

N. Tessler

Electrical Engineering Dept.
Nanoelectronic center, Technion,
Haifa, Israel

H. J. M. Vorstenbosch

Philips Centre for Manufacturing
Technology
Eindhoven, The Netherlands

S. I. E. Vulto

Philips Research Laboratories
Eindhoven, The Netherlands

Y. Washizu

Venture Business Laboratory
Nagoya University, Japan

P. van de Weijer

Philips Research Laboratories
Eindhoven, The Netherlands

C. H. L. Weijtens

Philips Forschungslaboratorien
Aachen, Germany

S. H. P. M. de Winter

Philips Research Laboratories
Eindhoven, The Netherlands

M. Wohlgenannt

Department of Physics and Astronomy
University of Iowa, USA

M. Zavelani-Rossi

National Laboratory of Ultrafast and
Ultraintense Optical Science and
INFM
Politecnico di Milano, Italy

L. Zuppiroli

Laboratory of Optoelectronics of
Molecular Materials, EPFL
Lausanne, Switzerland

List of ContributorsXVIII



1

1
History

With the invention of the transistor around the middle of the last century, inorganic
semiconductors like Si or Ge began to take over the role as dominant material in
electronics from the before prevailing metals. At the same time, the replacement of
vacuum tube based electronics by solid state devices initiated a development which
by the end of the 20th century has lead to the omnipresence of semiconductor micro-
electronics in our everyday life. Now at the beginning of the 21st century we are
facing a new electronics revolution that has become possible due to the development
and understanding of a new class of materials, commonly known as Organic Semi-
conductors. The enormous progress in this field has been driven by the expectation
to realize new applications, such as large area, flexible light sources and displays,
low-cost printed integrated circuits or plastic solar cells from these materials.
Strictly speaking organic semiconductors are not new. The first studies of the

dark and photoconductivity of anthracene crystals (a prototype organic semiconduc-
tor, see e.g. [1]) date back to the early 20th century [2,3]. Later on, triggered by the
discovery of electroluminescence in the 1960s [4,5], molecular crystals were inten-
sely investigated by many researchers. These investigations could establish the basic
processes involved in optical excitation and charge carrier transport (for a review see
e.g. [6,7]). Nevertheless, in spite of the principal demonstration of an organic electro-
luminescent diode incorporating even an encapsulation similar to the ones used in
nowadays commercial display applications [8], there were several draw-backs pre-
venting practical use of these early devices. For example, neither high enough cur-
rent densities and light output nor sufficient stability could be achieved. The main
obstacles were the high operating voltage as a consequence of the crystal thickness
in the micrometre to millimetre range together with the difficulties in scaling up
crystal growth as well as preparing stable and sufficiently well-injecting contacts to
them.
Since the 1970s the successful synthesis and controlled doping of conjugated

polymers [9] established the second important class of organic semiconductors
which was honoured with the Nobel Prize in Chemistry in the year 2000. Together
with organic photoconductors (molecularly doped polymers) these conducting poly-
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mers have initiated the first applications of organic materials as conductive coatings
[10] or photoreceptors in electrophotography [11].
The interest in undoped organic semiconductors revived in the 1980s due to the

demonstration of an efficient photovoltaic cell incorporating an organic hetero-junc-
tion of p- and n-conducting materials [12] as well as the first successful fabrication
of thin film transistors from conjugated polymers and oligomers [13-15]. The main
impetus, however, came from the demonstration of high-performance electrolumi-
nescent diodes from vacuum-evaporated molecular films [16,17] and from conjugat-
ed polymers [18,19]. Owing to the large efforts of both academic and industrial
research laboratories during the last 15 years, organic light-emitting devices
(OLEDs) have progressed rapidly and meanwhile lead to first commercial products
incorporating OLED displays [20]. Other applications of organic semiconductors e.g.
as logic circuits with organic field-effect transistors (OFETs) or organic photovoltaic
cells (OPVCs) are expected to follow in the near future (for an overview see e.g. [21]).

2
Materials

As already mentioned above, there are two major classes of organic semiconductors:
low molecular weight materials and polymers. Both have in common a conjugated
p-electron system being formed by the pz-orbitals of sp

2-hybridized C-atoms in the
molecules (see Fig. 1). As compared to the r-bonds forming the backbone of the
molecules, the p-bonding is significantly weaker. Therefore, the lowest electronic
excitations of conjugated molecules are the p-p*-transitions with an energy gap typi-
cally between 1.5 and 3 eV leading to light absorption or emission in the visible
spectral range. As shown in Table 1 for the family of the polyacenes the energy gap
can be controlled by the degree of conjugation in a molecule. Thus chemistry offers
a wide range of possibilities to tune the optoelectronic properties of organic semi-
conducting materials. Some prototype materials which are also discussed in this
book are given in Fig. 2.
An important difference between the two classes of materials lies in the way how

they are processed to form thin films. Whereas small molecules are usually depos-
ited from the gas phase by sublimation or evaporation, conjugated polymers can
only be processed from solution e.g. by spin-coating or printing techniques. Addi-
tionally, a number of low-molecular materials can be grown as single crystals allow-
ing intrinsic electronic properties to be studied on such model systems (see e.g. [23]
or [24] for an overview of the different classes of materials). The controlled growth of
highly ordered thin films either by vacuum deposition or solution processing is still
subject of ongoing research, but will be crucial for many applications (see e.g. [25]).
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Figure 1 Left: r- and p-bonds in ethene, as an example for the
simplest conjugated p-electron system. The right viewgraph
shows the energy levels of a p-conjugated molecule. The lowest
electronic excitation is between the bonding p-orbital and the
antibonding p*-orbital (adopted from [22]).

Table 1 Molecular structure of the first five polyacenes, together with the wavelength of the main
absorption peak (taken from [7]).

Molecule Structure Absorption Maximum

Benzene 255 nm

Naphthalene 315 nm

Anthracene 380 nm

Tetracene 480 nm

Pentacene 580nm
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PPV                                PFO                          P3AT

CuPc C60 Alq3 Pentacene

Figure 2 Molecular structure of some prototype organic
semiconductors: PPV: poly(p-phenylenevinylene),
PFO: polyfluorene, P3AT: poly(3-alkylthiophene),
Alq3: tris(8-hydroxyquinoline)aluminium, fullerene C60,
CuPc: Cu-phthalocyanine, pentacene.

3
Basic Properties of Organic Semiconductors

The nature of bonding in organic semiconductors is fundamentally different from
their inorganic counterparts. Organic molecular crystals are van der Waals bonded
solids implying a considerably weaker intermolecular bonding as compared to cova-
lently bonded semiconductors like Si or GaAs. The consequences are seen in me-
chanical and thermodynamic properties like reduced hardness or lower melting
point, but even more importantly in a much weaker delocalization of electronic
wavefunctions among neighbouring molecules, which has direct implications for
optical properties and charge carrier transport. The situation in polymers is some-
what different since the morphology of polymer chains can lead to improved me-
chanical properties. Nevertheless, the electronic interaction between adjacent chains
is usually also quite weak in this class of materials.

3.1
Optical Properties

Owing to the weak electronic delocalization, to first order the optical absorption and
luminescence spectra of organic molecular solids are very similar to the spectra in
the gas phase or in solution (apart from the trivial solvent shift). In particular, intra-
molecular vibrations play an important role in solid state spectra and often these
vibronic modes can be resolved even at room temperature. Thus the term “oriented
gas” is sometimes used for molecular crystals. Nevertheless, solid state spectra can
differ in detail with respect to selection rules, oscillator strength and energetic posi-

4
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tion; moreover, due to the crystal structure or the packing of polymer chains a pro-
nounced anisotropy can be found. Additionally disordered organic solids usually
show a considerable spectral broadening. This is schematically shown in Fig. 3.
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Figure 3 Schematical representation of optical spec-
tra of organic molecules in different surroundings.
D1 and D2 denote the respective solvent shift in solu-
tion and solid state.
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Figure 4 Energy level scheme of an organic
molecule (left: singlet manifold, right: triplet
manifold). Arrows with solid lines indicate
radiative transitions, those with broken lines
nonradiative transitions (taken from [7]).
Typical lifetimes of the S1 state are in the range

1...10 ns. Triplet lifetimes are usually in the
millisecond range for pure aromatic hydro-
carbons, but can be considerably shorter in
molecules incorporating heavy atoms, like e.g.
Pt or Ir.
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As a consequence of this weak electronic delocalization, organic semiconductors
have two important peculiarities as compared to their inorganic counterparts. One is
the existence of well-defined spin states (singlet and triplet) like in isolated molecules
which has important consequences for the photophysics of these materials (see Fig. 4).
However, since intersystem crossing is a weak process, this also sets an upper limit for
the electroluminescence quantum efficiency in OLEDs. A second important difference
originates from the fact that optical excitations (“excitons”) are usually localized on one
molecule and therefore have a considerable binding energy of typically 0.5 to 1 eV.
Thus in a photovoltaic cells this binding energy has to be overcome before a pair of
independent positive and negative charge carriers is generated (see Fig. 5).

3.2
Charge Carrier Transport

When transport of electrons or holes in an organic molecular solid is considered,
one has to bear in mind that this involves ionic molecular states. E.g. in order to
create a hole, an electron has to be removed to form a radical cation M+ out of a
neutral molecule M. This defect electron can then move from one molecule to the
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Figure 5 The energetic difference between an
excited state sitting on one molecule (some-
times called a Frenkel exciton) and a pair of
uncorrelated negative and positive carriers sit-
ting on different molecules far apart defines
the exciton binding energy. A simple estimation

as the Coulomb energy of an electron-hole pair
localized at a distance of about 10 � in a med-
ium with a dielectric constant of 3 yields a
value of about 0.5 eV for the exciton binding
energy.
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next. In the same way, electron transport involves negatively charged radical ions
M—. (Qualitatively, the same arguments hold for polymers, however, in this case
charged states are usually termed positive or negative polarons.) As compared to iso-
lated molecules in the gas phase, these ionic states are stabilized in the solid by po-
larization energies leading to an energy level scheme as shown in Fig. 6. From this
picture one can clearly see that due to the already mentioned exciton binding energy
the optical gap between the ground state and the first excited singlet state is consid-
erably less than the single particle gap to create an uncorrelated electron-hole pair.
In going from molecular crystals to disordered organic solids one also has to con-
sider locally varying polarization energies due to different molecular environments
which lead to a Gaussian density of states for the distribution of transport sites as
shown in Fig. 7.
Thus, depending on the degree of order the charge carrier transport mechanism

in organic semiconductors can fall between two extreme cases: band or hopping
transport. Band transport is typically observed in highly purified molecular crystals
at not too high temperatures. However, since electronic delocalization is weak the
bandwidth is only small as compared to inorganic semiconductors (typically a few
kT at room temperature only). Therefore room temperature mobilities in molecular
crystals reach only values in the range 1 to 10 cm2/Vs [27]. As a characteristic feature
of band transport the temperature dependence follows a power law behaviour

l / T
�n

with n ¼ 1 . . . 3 (1)
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Figure 6 Energy levels of an isolated molecule
(left) and a molecular crystal (right). Ig and Ag

denote the ionization potential and electron
affinity in the gas phase, Ic and Ac the respec-
tive quantites in the crystal. Due to the polari-
zation energies Ph and Pe charged states are

stabilized in the crystal. Eg is the single particle
gap being relevant for charge carrier genera-
tion, whereas Eopt denotes the optical gap
measured in absorption and luminescence.
Their difference is the so-called exciton binding
energy. (Figure adopted from [7]).
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upon going to lower temperature. However, in the presence of traps significant
deviations from such a behaviour are observed [28].
In the other extreme case of an amorphous organic solid hopping transport pre-

vails which leads to much lower mobility values (at best around 10–3 cm2/Vs, in
many cases however much less). Instead of a power law the temperature depen-
dence then shows an activated behaviour and the mobility also depends on the
applied electric field:

lðF;TÞ / expð�DE=kTÞ � expðb ffiffiffi

F
p

=kTÞ (2)

Depending on the model slightly different temperature dependencies for the mo-
bility have been suggested (for a review see [11]). Furthermore, space-charge and
trapping effects as well as details of the charge carrier injection mechanism have to
be considered for describing electrical transport in organic solids [29-33].
On a macroscopic level, the current through a material is given by the charge car-

rier density n and the carrier drift velocity v, where the latter can be expressed by the
mobility l and the electric field F:

j ¼ env ¼ enlF (3)

One has to bear in mind that in contrast to metals this is usually not a linear rela-
tion between j and F since both the carrier density and mobility can depend on the
applied field. According to this equation, apart from the field, the two parameters n
and l determine the magnitude of the current. Thus it is instructive to compare
their typical values with inorganic semiconductors and discuss different ways to
control them.

8

Eg

0

Ag

Ac

Ic

Ig

Ph

Pe

VB

CB

2σ

HOMO

LUMO

Gas Phase           Crystal          Amorphous Solid

Energy

N(E)

N(E)

Figure 7 Energy levels of an isolated molecule
(left), a molecular crystal (middle) and an
amorphous solid (right). The width of the
Gaussian density of states in an amorphous

solid is typically in the range of r = 80...120meV,
whereas the band width in molecular crystals is
less than 100 meV. (Figure adopted from [26]).
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As already discussed above, the mobility strongly depends on the degree of order
and purity in organic semiconductors and therefore to a great deal on the prepara-
tion and growth conditions. It can reach values of 1-10 cm2/Vs in molecular crystals
(see the contribution of de Boer et al. in this book), but values of only 10–5 cm2/Vs in
amorphous materials are also not unusual. The highest mobility values achievable
in thin films are nowadays comparable to amorphous silicon which is of course
orders of magnitude less than crystalline Si [34-36].
The second parameter is the charge carrier density n. The intrinsic carrier density

in a semiconductor with an energy gap Eg and an effective density of states N0
(which is strictly speaking the product of valence and conduction band densities) is
given by:

ni ¼ N0 � expð�Eg =2kTÞ (4)

Taking typical values for an organic semiconductor with Eg= 2.5 eV and
N0= 10

21 cm–3 leads to a hypothetical carrier density of ni= 1 cm
–3 at room tempera-

ture, which is of course never reachable since impurities will lead to much higher
densities in real materials. Nevertheless, the corresponding value for Si (Eg= 1.12 eV
and N0= 10

19 cm–3) is with ni= 10
10 cm–3 many orders of magnitude higher, which

demonstrates that organic semiconductors should have extremely low conductivity
if they are pure enough.
In order to overcome the limitations posed by the low intrinsic carrier density,

different means to increase the carrier density in organic semiconductors can be
applied:

1. (electro-)chemical doping,
2. carrier injection from contacts,
3. photo-generation of carriers, and
4. field-effect doping.

In the following section these methods will be briefly discussed together with
their realization in different device structures.

3.3
Device Structures and Properties

Controlled doping has been one of the keys for the success of semiconductor micro-
electronics. There have been efforts to use tools like ion implantation doping also
for organic semiconductors [37], however, due to the concomitant ion beam damag-
es and the need for sophisticated equipment this method is probably not compatible
with organic devices. Other techniques, like chemical doping by adding strong elec-
tron donors or acceptors as well as by electrochemical means have been successfully
applied [38,39]. At this point one should also mention that often unintentional dop-
ing of organic materials already occurs during the synthesis or handling of the mate-
rials since in many cases ambient oxygen causes p-type doping of organic materials.
Thus at present, controlled doping in organic semiconductors is still in its infancy
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and needs further investigations to employ it as a powerful tool for organic elec-
tronics.
Injection of charge carriers from contacts is essentially the process that governs

device operation in organic light-emitting devices (OLEDs) (see Fig. 8a). This
requires low energetic barriers at the metal-organic interfaces for both contacts to
inject equally high amounts of electrons and holes, which is required for a balanced
charge carrier flow. Thus the interface energetic structure plays a very crucial role
for achieving efficient OLEDs. Another process that comes into play is space-charge
limitation of the current. Due to relatively high electric fields being applied to
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Figure 8 Different types of organic semicon-
ductor devices are shown. (a) Organic light-
emitting diode (OLED): Typically, a heterolayer
structure is used, where HTL stands for hole
transport layer and ETL for electron transport
layer, EML denotes the emission layer. Instead
of the displayed combination of a triphenyl-
amine derivative and Alq3, polymeric OLEDs
usually employ a conductive polymer
(PEDOT:PSS) together with luminescent poly-
mers like PPV or PFO derivatives. (b) Organic

photovoltaic cell (OPVC): The so-called bulk-
heterojunction devices usually consist of a mix-
ture of soluble PPV (or P3AT) and fullerene
derivatives. Alternatively, mixed layers of evapo-
rated small molecules like CuPc and C60 can be
used. (c) Organic field-effect transistor
(OFET): Prototypical materials in p-channel
OFETs are pentacene as a low molecular
weight material and P3AT as a conjugated poly-
mer, respectively. Among others, e.g. C60 can
be employed in n-channel transistors.


