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Abstract

Organic thin-film transistors are promising candidates for novel electronics applications due
to the possibility of fabricating organic electronic devices at low temperatures on flexible
substrates like plastic or paper. This doctoral thesis deals with the development of a charge-
based compact model for the description of the capacitive behavior and the low-frequency
noise in organic thin-film transistors. Based on an existing DC model, expressions for the total
charges under quasistatic operation conditions are derived. Non-quasistatic effects are captured
by different methods such as the channel-segmentation approach or frequency-dependent scaling
functions of the areas in the transistor where charges are calculated. The model for the total
charges is verified by capacitance measurements of a staggered organic TFT and by numerical
simulations of organic TFTs in the staggered and coplanar architectures using the device
simulator Sentaurus TCAD. The non-quasistatic models are verified by frequency-dependent
admittance measurements of a staggered transistor and by scattering-parameter measurements
of coplanar and staggered transistors. The compact model is implemented in the hardware
description language Verilog-A and the simulation of a differential amplifier is compared to
measurements which shows a good agreement. The noise model is verified by measurements of
staggered organic thin-film transistors and by TCAD simulations. The compact model shows
an overall good agreement and flexibility with respect to the device architecture (e.g. staggered
or coplanar) and the used materials.

v

UNIVERSITAT ROVIRA I VIRGILI 
CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM 
TRANSISTORS 
Jakob Simon Leise 



vi

UNIVERSITAT ROVIRA I VIRGILI 
CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM 
TRANSISTORS 
Jakob Simon Leise 



Acknowledgments

I would like to acknowledge that the quality of this dissertation would not have reached this
level without the help of many people in both my professional and my private life. They all
supported me in my scientific and personal path.

First of all and foremost, I want to express my deepest gratitude to Prof. Dr.-Ing. Alexander
Klös for his empathetic and engaged guidance through the entire time of my PhD studies.
Discussions with him have always led me towards new insights and new ideas. Furthermore, I
am thankful that he always motivated me and created a working atmosphere which I enjoyed
very much.

In addition, I also want to thank Prof. Dr. Benjamín Iñíguez for his support and his ideas
that helped me to develop new modeling ideas. He always had good propositions about how to
complete my work and where to publish it.

Special thanks go to my former colleagues Dr. Anita Farokhnejad and Dr. Fabian Horst who
warmly welcomed me in the group when I started my Master’s studies. You really made this
section of my life a pleasure.

I would also like to express my thankfulness to my colleagues Jakob Prüfer, Christian Römer,
Aristeidis Nikolaou, Kerim Yilmaz and Dr. Ghader Darbandy for their good fellowship and
their good and fruitful discussions. I also want to acknowledge the help of Jakob Prüfer and
Christian Römer by proofreading my dissertation.

A successful work is always dependent on strong research partners. Therefore, I would like to
acknowledge the great help and corporation of Dr. Hagen Klauk and his team at the Max Planck
Institute for Solid State Research. They always assisted me in fabricating new transistors.
Additionally, I like to thank Dr. Hagen Klauk for intensively co-writing and proofreading all
the papers that we published together. I would like to acknowledge that he created Tab. B.1
showing a literature overview over high-frequency organic thin-film transistors. In addition, I
would like to thank Dr. James W. Borchert from the Georg August University of Goettingen

vii

UNIVERSITAT ROVIRA I VIRGILI 
CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM 
TRANSISTORS 
Jakob Simon Leise 



viii

for his good corporation. I would also like to acknowledge the corporation with Prof. Dr.
Yiannos Manoli and Masoud Seifaei from the Department of Microsystems Engineering of the
University of Freiburg.

I would like to thank Dr. Thomas Gneiting from the AdMOS GmbH in Frickenhausen, Ger-
many for the support of my work and for the possibility to use the noise measurement equipment.

Furthermore, I would like to express my deepest thanks to my parents Barbara and Roland.
You always helped me to stay confident whenever something did not work properly and you
always supported me in every situation in my life.

Finally, I want to express my gratitude to Katja, my partner in life. Thank you for your love
and all your emotional support. You always believed in me and helped me to stay focused and
confident. I enjoyed spending more than one year of my PhD studies together with you in our
home office.

This work was supported by the German Federal Ministry of Education and Research under
Grant 13FH015IX6 ("SOMOFLEX"); in part by EU H2020 Research and Innovation Staff
Exchange (RISE) under Grant 645760 ("DOMINO"); and in part by the German Research
Foundation (DFG) under Grant KL 1042/9-2, Grant KL 2223/6-1, and Grant KL 2223/6-2
(SPP FFlexCom-High Frequency Flexible Bendable Electronics for Wireless Communication
Systems).

UNIVERSITAT ROVIRA I VIRGILI 
CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM 
TRANSISTORS 
Jakob Simon Leise 



Für Katja

“Viel zu lernen du noch hast.”
Meister Yoda

UNIVERSITAT ROVIRA I VIRGILI 
CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM 
TRANSISTORS 
Jakob Simon Leise 



UNIVERSITAT ROVIRA I VIRGILI 
CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM 
TRANSISTORS 
Jakob Simon Leise 



Contents

List of Publications xv

List of Symbols xix

List of Acronyms xxxiii

1. Introduction 1
1.1. General Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2. Organization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3. Organic Chemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3.1. Atomic orbitals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3.2. Chemical bonds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.3.3. Carbon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.3.4. Organic semiconductors . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.4. Organic Transistors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.4.1. Architectures and Fabrication . . . . . . . . . . . . . . . . . . . . . . . . 12
1.4.2. Electronic Operation Principle . . . . . . . . . . . . . . . . . . . . . . . 15

1.5. Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2. Charge-Based DC Model 21
2.1. Simple DC Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.2. Workfunction Mismatch . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.3. Fringe Effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.4. Compensation of the Threshold-Voltage Shift and a Slope Change . . . . . . . 32

2.4.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.4.2. De-Coupling of the Sub-Threshold Swing from the Power-Law Mobility 33
2.4.3. De-Coupling of the Threshold Voltage from the Power-Law Mobility . . 37

3. Charges and Capacitances 43
3.1. Comparison to a Water System . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

xi

UNIVERSITAT ROVIRA I VIRGILI 
CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM 
TRANSISTORS 
Jakob Simon Leise 



xii Contents

3.2. Intrinsic Charges in Transistors . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.2.1. Introductory Information . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.2.2. The Meyer Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.2.3. Charge-Based Capacitance Models . . . . . . . . . . . . . . . . . . . . . 49

3.3. Extrinsic Charges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4. Modeling of the Total Charges 53
4.1. Intrinsic Charges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.2. Extrinsic Charges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.2.1. Coplanar Transistors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
4.2.2. Staggered Transistors . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

5. Modeling of Low-Frequency Noise 67
5.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
5.2. Flicker Noise . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

5.2.1. Mobility Fluctuations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
5.2.2. Charge-Carrier Number Fluctuations . . . . . . . . . . . . . . . . . . . . 70

5.3. Determining the Dominant Noise Mechanism . . . . . . . . . . . . . . . . . . . 72
5.4. Compact Modeling of the Noise . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

5.4.1. Normalization of the DC Model . . . . . . . . . . . . . . . . . . . . . . . 75
5.4.2. Preparational Steps for the Noise Model . . . . . . . . . . . . . . . . . . 76
5.4.3. Modeling of Carrier Number Fluctuations . . . . . . . . . . . . . . . . . 82
5.4.4. Modeling of Bulk Mobility Fluctuations . . . . . . . . . . . . . . . . . . 88

6. Model Verification and Discussion 91
6.1. Introductory Information . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
6.2. Fringe Current Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
6.3. Quasistatic Capacitances . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

6.3.1. Introductory Information . . . . . . . . . . . . . . . . . . . . . . . . . . 98
6.3.2. Staggered Transistors . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

6.3.2.1. TCAD Simulations . . . . . . . . . . . . . . . . . . . . . . . . 99
6.3.2.2. Capacitance Measurements . . . . . . . . . . . . . . . . . . . . 110
6.3.2.3. Differential Amplifiers . . . . . . . . . . . . . . . . . . . . . . . 114

6.3.3. Coplanar Transistors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
6.3.3.1. TCAD Simulations . . . . . . . . . . . . . . . . . . . . . . . . 118

6.4. Low-Frequency Noise . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
6.4.1. Transistors Fabricated at CEA-LITEN . . . . . . . . . . . . . . . . . . . 124
6.4.2. Transistors Fabricated at the MPI . . . . . . . . . . . . . . . . . . . . . 128
6.4.3. TCAD Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

UNIVERSITAT ROVIRA I VIRGILI 
CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM 
TRANSISTORS 
Jakob Simon Leise 



Contents xiii

7. Model Extensions 139
7.1. Introductory Information . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
7.2. Channel Segmentation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

7.2.1. Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
7.2.2. Implementation in Verilog-A . . . . . . . . . . . . . . . . . . . . . . . . 143
7.2.3. Verification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

7.2.3.1. AC Measurements . . . . . . . . . . . . . . . . . . . . . . . . . 146
7.2.3.2. AC TCAD Simulation . . . . . . . . . . . . . . . . . . . . . . . 148
7.2.3.3. Transient TCAD Simulation . . . . . . . . . . . . . . . . . . . 150

7.3. Capacitances in Short-Channel Transistors . . . . . . . . . . . . . . . . . . . . . 156
7.3.1. Observations Based on TCAD . . . . . . . . . . . . . . . . . . . . . . . 156
7.3.2. Derivation of the Model Equations . . . . . . . . . . . . . . . . . . . . . 160

7.3.2.1. Influence of the Contact Resistances . . . . . . . . . . . . . . . 161
7.3.2.2. Re-Engineering of the Charge-Partitioning Scheme . . . . . . . 167

7.3.3. Parameter Extraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172
7.4. High-Frequency Investigation of Short-Channel Transistors . . . . . . . . . . . 175

7.4.1. Basic discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175
7.4.2. Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178
7.4.3. Verification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183
7.4.4. Parameter Extraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 196

7.4.4.1. Staggered Transistors . . . . . . . . . . . . . . . . . . . . . . . 197
7.4.4.2. Coplanar Transistors . . . . . . . . . . . . . . . . . . . . . . . 200

7.5. Temperature Effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203
7.5.1. General Information . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203
7.5.2. Modeling of the Temperature Dependence . . . . . . . . . . . . . . . . . 206
7.5.3. Investigation of the Contact Resistance . . . . . . . . . . . . . . . . . . 209

8. State of the Art 213
8.1. Capacitance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213

8.1.1. Model by Castro-Carranza . . . . . . . . . . . . . . . . . . . . . . . . . 213
8.1.2. Model by Marinov and Deen . . . . . . . . . . . . . . . . . . . . . . . . 215
8.1.3. Model by Valletta . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216
8.1.4. Model by Torricelli . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219
8.1.5. Model by Colalongo . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220
8.1.6. Other Approaches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 222

8.2. Models for the Low-Frequency Noise . . . . . . . . . . . . . . . . . . . . . . . . 223
8.2.1. General Investigation of Noise Models . . . . . . . . . . . . . . . . . . . 223
8.2.2. Model by Han . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 224
8.2.3. Model by Marinov and Deen . . . . . . . . . . . . . . . . . . . . . . . . 224

UNIVERSITAT ROVIRA I VIRGILI 
CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM 
TRANSISTORS 
Jakob Simon Leise 



xiv Contents

9. Conclusion 227

A. Equation package 231

B. Additions to the Small-Signal Analysis 233
B.1. Literature Summary of High-Frequency Organic TFTs . . . . . . . . . . . . . . 233
B.2. TLM Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 235
B.3. Fitting Parameters of the Transistors . . . . . . . . . . . . . . . . . . . . . . . . 237

Bibliography 241

UNIVERSITAT ROVIRA I VIRGILI 
CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM 
TRANSISTORS 
Jakob Simon Leise 



List of Publications

Journals

• Jakob Leise, Jakob Prüfer, Ghader Darbandy, Aristeidis Nikolaou, Michele Giorgio, Mario
Caironi, Ute Zschieschang, Hagen Klauk, Alexander Kloes, Benjamín Iñíguez and James
W. Borchert “Flexible megahertz organic transistors and the critical role of the device
geometry on their dynamic performance,” in Journal of Applied Physics, vol. 130, 125501,
Sep. 2021.

DOI: 10.1063/5.0062146

• Jakob Leise, Jakob Prüfer, Aristeidis Nikolaou, Ghader Darbandy, Hagen Klauk, Benjamín
Iñíguez and Alexander Kloes “Macromodel for AC and Transient Simulations of Organic
Thin-Film Transistor Circuits Including Nonquasistatic Effects,” in IEEE Transactions
on Electron Devices, vol. 67, issue 11, pp. 4672–4676, Nov. 2020.

DOI: 10.1109/TED.2020.3018094

• Jakob Leise, Jakob Prüfer, Ghader Darbandy, Masoud Seifaei, Yiannos Manoli, Hagen
Klauk, Ute Zschieschang, Benjamín Iñíguez and Alexander Kloes “Charge-Based Compact
Modeling of Capacitances in Staggered Multi-Finger OTFTs,” in IEEE Journal of the
Electron Devices Society, vol. 8, pp. 396–406, Mar. 2020.

DOI: 10.1109/JEDS.2020.2978400

xv

UNIVERSITAT ROVIRA I VIRGILI 
CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM 
TRANSISTORS 
Jakob Simon Leise 

https://doi.org/10.1063/5.0062146
https://doi.org/10.1109/TED.2020.3018094
https://doi.org/10.1109/JEDS.2020.2978400


xvi List of Publications

Conferences

• Jakob Leise, Jakob Prüfer, Aristeidis Nikolaou, Ghader Darbandy, Hagen Klauk, Benjamín
Iñíguez and Alexander Kloes “Macromodel for AC and Transient Simulations of Organic
Thin-Film Transistor Circuits Including Nonquasistatic Effects,” in ESSDERC/ESSCIRC,
France (Virtual), 2021, Conference Proceedings published in IEEE Transactions on
Electron Devices, vol. 67, issue 11, pp. 4672–4676, Nov. 2020.

DOI: 10.1109/TED.2020.3018094

• Jakob Leise, Jakob Prüfer, Ghader Darbandy, and Alexander Kloes “Charge-Based
Compact Modeling of Capacitances in Staggered OTFTs,” in 2019 Latin American
Electron Devices Conference (LAEDC), pp. 1–4, Armenia, Colombia, Feb. 2019.

DOI: 10.1109/LAED.2019.8714746

Co-Authorship

• Jakob Prüfer, Jakob Leise, James W. Borchert, Hagen Klauk, Ghader Darbandy, Aristeidis
Nikolaou, Benjamín Iñíguez, Thomas Gneiting and Alexander Kloes, “Modeling of Short-
Channel Effects in Coplanar Organic Thin-Film Transistors,” in IEEE Transactions on
Electron Devices, submitted, reviewed and finally accepted; waiting for publication.

DOI: XXXX

• Jakob Prüfer, Jakob Leise, Aristeidis Nikolaou, James W. Borchert, Ghader Darbandy,
Hagen Klauk, Benjamín Iñíguez, Thomas Gneiting and Alexander Kloes, “Compact
Modeling of Nonlinear Contact Effects in Short-Channel Coplanar and Staggered Organic
Thin-Film Transistors,” in IEEE Transactions on Electron Devices, vol. 68, issue 8, pp.
3843–3850, Aug. 2021.

DOI: 10.1109/TED.2021.3088770

• Aristeidis Nikolaou, Jakob Leise, Jakob Prüfer, Ute Zschieschang, Hagen Klauk, Ghader
Darbandy, Benjamín Iñíguez and Alexander Kloes “Variability-Aware Characterization of
Current Mirrors Based on Organic Thin-Film Transistors on Flexible Substrates,” in 28th
International Conference on Mixed Design of Integrated Circuits and System (MIXDES),
pp 56–60, Jun. 2021.

DOI: 10.23919/MIXDES52406.2021.9497595

• Alexander Kloes, Jakob Prüfer, Jakob Leise, Aristeidis Nikolaou, Ghader Darbandy and
Hagen Klauk “Compact Model for Short-Channel Organic Thin-Film Transistors with
Extension for Non-Quasistatic Circuit Simulation and Variability Analysis,” in ECS
Meeting Abstracts, MA2021-01 1064, 2021.

DOI: 10.1149/MA2021-01321064mtgabs

UNIVERSITAT ROVIRA I VIRGILI 
CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM 
TRANSISTORS 
Jakob Simon Leise 

https://doi.org/10.1109/TED.2020.3018094
https://doi.org/10.1109/LAED.2019.8714746
https://doi.org/XXXX
https://doi.org/10.1109/TED.2021.3088770
https://doi.org/10.23919/MIXDES52406.2021.9497595
https://doi.org/10.1149/MA2021-01321064mtgabs


xvii

• Aristeidis Nikolaou, Jakob Leise, Jakob Prüfer, Ute Zschieschang, Hagen Klauk, Ghader
Darbandy, Benjamín Iñíguez and Alexander Kloes “Noise-Based Simulation Technique
for Circuit-Variability Analysis,” in IEEE Journal of the Electron Devices Society, vol. 9,
pp. 450–455, Dec. 2020.

DOI: 10.1109/JEDS.2020.3046301

• Jakob Prüfer, Jakob Leise, Ghader Darbandy, Aristeidis Nikolaou, Hagen Klauk, James
W. Borchert, Benjamín Iñíguez, Thomas Gneiting and Alexander Kloes, “Compact
Modeling of Short-Channel Effects in Staggered Organic Thin-Film Transistors,” in IEEE
Transactions on Electron Devices, vol. 67, issue 11, pp. 5082–5090, Nov. 2020.

DOI: 10.1109/TED.2020.3021368

• Aristeidis Nikolaou, Ghader Darbandy, Jakob Leise, Jakob Prüfer, James W. Borchert,
Michael Geiger, Hagen Klauk, Benjamín Iñíguez and Alexander Kloes “Charge-Based
Model for the Drain-Current Variability in Organic Thin-Film Transistors Due to Carrier-
Number and Correlated- Mobility Fluctuation,” in IEEE Transactions on Electron Devices,
vol. 67, issue 11, pp. 4667–4671, Nov. 2020.

DOI: 10.1109/TED.2020.3018694

• Aristeidis Nikolaou, Jakob Leise, Jakob Prüfer, Ute Zschieschang, Hagen Klauk, Ghader
Darbandy and Alexander Kloes “Noise Based Variability Approach for DC Statistical
Analysis of Organic TFT Based Circuits,” in 2020 IEEE Latin American Electron Devices
Conference (LAEDC), pp. 1–4, Feb. 2020.

DOI: 10.1109/LAEDC49063.2020.9073014

• Ghader Darbandy, Christian Römer, Jakob Leise, Jakob Prüfer, James W. Borchert,
Hagen Klauk and Alexander Kloes “Characterization of the Charge-Trap Dynamics
in Organic Thin-Film Transistors,” in International Conference on Mixed Design of
Integrated Circuits and Systems (MIXDES) 2019, pp. 76–80, Rzeszów, Poland, Jun. 2019.

DOI: 10.23919/MIXDES.2019.8787105

• Jakob Prüfer, Jakob Leise, Ghader Darbandy, James W. Borchert, Hagen Klauk, Benjamín
Iñíguez, Thomas Gneiting and Alexander Kloes “Analytical Model for Threshold-Voltage
Shift in Submicron Staggered Organic Thin-Film Transistors,” in International Conference
on Mixed Design of Integrated Circuits and Systems (MIXDES) 2019, pp. 71–75, Rzeszów,
Poland, Jun. 2019.

DOI: 10.23919/MIXDES.2019.8787083

UNIVERSITAT ROVIRA I VIRGILI 
CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM 
TRANSISTORS 
Jakob Simon Leise 

https://doi.org/10.1109/JEDS.2020.3046301
https://doi.org/10.1109/TED.2020.3021368
https://doi.org/10.1109/TED.2020.3018694
https://doi.org/10.1109/LAEDC49063.2020.9073014
https://doi.org/10.23919/MIXDES.2019.8787105
https://doi.org/10.23919/MIXDES.2019.8787083


xviii List of Publications

UNIVERSITAT ROVIRA I VIRGILI 
CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM 
TRANSISTORS 
Jakob Simon Leise 



List of Symbols

Latin Alphabet

Symbol Description Unit

A⋆ Effective Richardson constant [A m−2 K−2]

AAC Amplification of the differential amplifier [dB]

Av Fitting parameter of the model for the temperature-dependent
threshold-voltage shift

[V]

af...ff Coefficients for the polynomial smoothing function for the
case distinction of the total charges around Vds = 0 V

[−]

Bv Fitting parameter of the model for the temperature-dependent
threshold-voltage shift

[V]

C Capacitance [F]

C′
diel Gate dielectric capacitance per gate area [F cm−2]

C1 Auxiliary constant during the derivation of the decoupling of
the sub-threshold swing from the mobility

[A]

C′
ch Channel charge capacitance [F cm−2]

Cdiel,d Capacitance of the gate dielectric in the gate-to-drain overlap
region of a staggered OTFT

[F]

Cdiel,s Capacitance of the gate dielectric in the gate-to-source overlap
region of a staggered OTFT

[F]

Cdd Drain-drain capacitance [F]

Cdg Drain-gate capacitance [F]

Cds Drain-source capacitance [F]

Cgd Gate-drain capacitance [F]

Cgg Gate-gate capacitance [F]
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xx List of Symbols

Cgs Gate-source capacitance [F]

Cload Load capacitance at the output of the differential amplifier [F]

Cosc,d Capacitance of the depleted organic semiconductor in the
gate-to-drain overlap region of a staggered OTFT

[F]

Cosc,s Capacitance of the depleted organic semiconductor in the
gate-to-source overlap region of a staggered OTFT

[F]

Cscale Fitting function for the scaling of the charges in fringe regions [−]

Cscale2 Fitting function for the scaling of the charges in the channel
and the overlap regions

[−]

Cscale,high Value that Cscale assumes at very high frequencies [−]

Cscale2,high Value that Cscale2 assumes at very high frequencies [−]

Cscale,low Value that Cscale assumes at very low frequencies [−]

Cscale2,low Value that Cscale2 assumes at very low frequencies [−]

Csd Source-drain capacitance [F]

Csg Source-gate capacitance [F]

Css Source-source capacitance [F]

c1 Constant in the LCAO theory [−]

c2 Constant in the LCAO theory [−]

cmin Auxiliary capacitance that Cadence Virtuoso connects between
each node and ground

[F]

dB Distance from the gate dielectric to the position where the
representative barrier height is extracted

[m]

dfing Distance between two fingers in a multi-finger OTFT [m]

dm Thickness of the accumulation channel of the OTFT [m]

dV Voltage drop along the channel of the transistor [V]

dVg Change of the gate voltage with respect to a point in the
channel

[V]

E Energy [eV]

E0,DOS Center position of the Gaussian DOS [eV]

Ea Activation energy [eV]

EC Conduction band energy [eV]

EF Fermi energy [eV]

Eg Band gap energy [eV]

EHOMO Energy of the HOMO level [eV]
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xxi

ELUMO Energy of the LUMO level [eV]

Esb Electric field at the Schottky barrier [V m−1]

EV Valence band energy [eV]

Eµ Energy at which the states are regarded as mobile states [eV]

F Electric field in the TCAD simulations [V m−1]

f(E) Fermi distribution function [−]

fpoly(Vds) Polynomial function for the switching of the total charges
around Vds = 0 V

[−]

f Frequency [Hz]

fT Transit frequency [Hz]

G Conductance [S]

Gch(x) Local channel conductance in a transistor [S]

Gdg Drain-gate conductance [S]

Ggd Gate-drain conductance [S]

Ggg Gate-gate conductance [S]

Ggs Gate-source conductance [S]

Gd Conductance of the partial transistor closer to the drain ter-
minal

[S]

Gmd Local transconductance of the transistor at the drain end of
the channel

[S]

Gms Local transconductance of the transistor at the source end of
the channel

[S]

Gs Conductance of the partial transistor closer to the source
terminal

[S]

gdecision(Vds) Decision function for the case distinction of the total charges
around Vds = 0 V

[−]

gmin Auxiliary conductance that Cadence Virtuoso connects be-
tween each node and ground

[S]

gm Transconductance of the transistor [S]

H Hamilton operator [J]

h Planck constant [J s]

ℏ Reduced Planck constant [J s]

h21 Small-signal current gain of a transistor [−]

Ic Current flowing through a capacitor [A]
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xxii List of Symbols

ID,d Current through the Schottky barrier at the drain-to-
semiconductor junction

[A]

Id DC current flowing at the drain terminal of the transistor [A]

Id,DC Same as Id [A]

Ig DC current flowing at the gate terminal of the transistor [A]

Is DC current flowing at the source terminal of the transistor [A]

Is,DC Same as Is [A]

Ids Drain-source current [A]

Ids,off Drain-source current under sub-threshold operation conditions [A]

Is,d Reverse-bias saturation current of the drain-to-semiconductor
Schottky barrier

[A]

Is,s Reverse-bias saturation current of the source-to-semiconductor
Schottky barrier

[A]

Isp Specific current [A]

id Small-signal current flowing at the drain terminal of the tran-
sistor

[A]

ids Normalized drain-source current of the transistor [−]

ig Small-signal current flowing at the gate terminal of the tran-
sistor

[A]

ij Small-signal current flowing at a terminal with the index j [A]

is Small-signal current flowing at the source terminal of the
transistor

[A]

K1 Auxiliary parameter in the derivation of the carrier-number-
fluctuation noise model

[A2 Hz−1 m−1]

K2 Auxiliary parameter in the derivation of the carrier-number-
fluctuation noise model

[A2 Hz−1]

K3 Auxiliary parameter in the derivation of the bulk-mobility-
fluctuation noise model

[A2 Hz−1]

Kfit Fitting parameter for the short-channel capacitance model [−]

Kr Fitting parameter for the short-channel capacitance model [−]

kB Boltzmann constant [J K−1]

Lch Channel length [m]

Linj Injection Length [m]

Lov,GD Gate-to-drain overlap length [m]
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xxiii

Lov,GS Gate-to-source overlap length [m]

LT Transfer length [m]

l Secondary quantum number of an atom [−]

m Magnetic quantum number of an atom [−]

mparticle Mass of a particle [kg]

N Number of transistor connected in the channel-segmentation
model

[−]

N0,trap Total number of Gaussian-distributed deep traps in the
bandgap of the OSC

[cm−3 eV−1]

N ′(x) Number of charge carriers per gate area at position x in the
channel

[cm−2]

Nfing Number of source/drain electron pairs in a multi-finger OTFT [−]

Nst Equivalent density of shallow traps [cm−3]

N ′
t Density of traps per energy and volume in the gate dielectric

used for the noise calculation
[eV−1 cm−3]

N ′
tc Number of trapped charge carriers per gate area [cm−2]

Nt,DOS Maximum number of states in a Gaussian distribution [cm−3]

N ′
t,max Maximum number of filled deep bulk and interface traps per

gate area in the DC model
[cm−2]

Nv Effective density of states in a standard square-root distribu-
tion

[cm−3]

n Main quantum number of an atom [−]

nh Number of accumulated holes per volume in the organic semi-
conductor

[cm−3]

pscale Exponent of the denominator of the function Cscale [−]

pscale2 Exponent of the denominator of the function Cscale2 [−]

Qb Total charges associated with the bulk region of a transistor
(irrelevent for TFTs)

[A s]

Qc Total charges in the channel of the transistor [A s]

Qc,final Total charges in the channel of the transistor with a smooth
transition around Vds = 0 V

[A s]

Qc,nonzero Total charges in the channel of the transistor if Vds ̸= 0 V [A s]

Qc,zero Total charges in the channel of the transistor if Vds = 0 V [A s]

Q′
c(x) Charge density per gate area in the channel of the transistor [A s cm−2]
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xxiv List of Symbols

Qd Total charges associated with the drain terminal of the tran-
sistor

[A s]

Qd,final Total charges associated with the drain terminal of the tran-
sistor with a smooth transition around Vds = 0 V

[A s]

Qd,nonzero Total charges associated with the drain terminal of the tran-
sistor if Vds ̸= 0 V

[A s]

Qd,zero Total charges associated with the drain terminal of the tran-
sistor if Vds = 0 V

[A s]

Qex,D,copl Total extrinsic charges associated with the drain terminal of
a coplanar transistor

[A s]

Qex,S,copl Total extrinsic charges associated with the source terminal of
a coplanar transistor

[A s]

Qex,D,stag Total extrinsic charges associated with the drain terminal of
a staggered transistor

[A s]

Qex,D,stag,new Same as Qex,D,stag but including the influence of the new
charge partitioning

[A s]

Qex,S,stag Total extrinsic charges associated with the source terminal of
a staggered transistor

[A s]

Qex,S,stag,new Same as Qex,S,stag but including the influence of the new charge
partitioning

[A s]

Qg Total charges opposing the channel charge at the gate [A s]

Q′
i(x) Density of inversion charges per gate area in the channel of a

conventional MOSFET
[A s cm−2]

Qi Total charges associated with the terminal with index i [A s]

Qj Total charges associated with the terminal with index j [A s]

Q′
m Charge density per gate area [A s cm−2]

Q′
m(x) Charge density per gate area at a position x in the channel [A s cm−2]

Q′
ms Charge density per gate area at the source end of the channel [A s cm−2]

Q′
ms,off Charge density per gate area at the source end of the channel

under sub-threshold operation conditions
[A s cm−2]

Q′
md Charge density per gate area at the drain end of the channel [A s cm−2]

Q′
md,off Charge density per gate area at the drain end of the channel

under sub-threshold operation conditions
[A s cm−2]

Q′
md,barr Charge density per gate area at the drain end of the channel

taking into account the contact voltage drop
[A s cm−2]

UNIVERSITAT ROVIRA I VIRGILI 
CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM 
TRANSISTORS 
Jakob Simon Leise 



xxv

Qs Total charges associated with the source terminal of the tran-
sistor

[A s]

Qs,final Total charges associated with the source terminal of the tran-
sistor with a smooth transition around Vds = 0 V

[A s]

Qs,nonzero Total charges associated with the source terminal of the tran-
sistor if Vds ̸= 0 V

[A s]

Qs,zero Total charges associated with the source terminal of the tran-
sistor if Vds = 0 V

[A s]

Qsp Specific charge density [A s cm−2]

Q′
t Density of trapped charge carriers per gate area [A s cm−2]

q Elementary charge [A s]

qc Normalized charge density per gate area in the channel region
of the transistor

[−]

qd Normalized charge density per gate area at the drain end of
the channel

[−]

qm This is the same as qc [−]

qs Normalized charge density per gate area at the source end of
the channel

[−]

R · W Width-normalized total resistance between drain and source
of a transistor

[Ω cm]

Rn,l,m(r) Radial component of the wave function [m−3/2]

Rc Contact resistance in the TCAD simulation [Ω]

Rcontact Ohmic component of the contact resistance in the model [Ω]

RC Contact resistance as determined by the TLM analysis [Ω]

RCS Resistance for self-stabilization in a differential amplifier [Ω]

RC · W Width-normalized total contact resistance of a transistor [Ω cm]

RD Series resistance of each of the transistors in the differential
pair

[Ω]

Rnoise Auxiliary factor during the derivation of the noise model [−]

Rsb,s Contact resistance due to the Schottky barrier at the source [Ω]

Rsheet Sheet resistance of the semiconductor [Ω]

r Radius [m]

S300 Observable subthreshold swing at T = 300 K [mV/dec]
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xxvi List of Symbols

S∆I2
nD

Total power spectral density of the drain current noise as the
integral over SδI2

nD
. It is in principle the same as SI2

d
.

[A2 Hz−1]

SδI2
n

Power spectral density of the local noise current source in the
transistor channel

[A2 Hz−1]

SδI2
nD

Power spectral density of the contribution of the local noise
source to the total drain current noise

[A2 Hz−1]

SδQ2
t

Power spectral density of the fluctuation of the charge carriers [A2s2/m4/Hz]

SI2
d

Power spectral density of the total drain current noise [A2 Hz−1]

Smeas Measured sub-threshold swing extracted from transfer curves [mV/dec]

Snew New subthreshold swing calculated for a specific temperature [mV/dec]

Sobs Observable sub-threshold swing which the model really ex-
hibits

[mV/dec]

Ssth Sub-threshold swing of the model (non-compensated) [mV/dec]

SVfb Power spectral density of the fluctuation of the flatband voltage [V2 Hz−1]

s Spin quantum number of an atom [−]

T Temperature [K]

Tnew New temperature at which the new subthreshold swing is
calculated

[K]

t Time [s]

tdiel Thickness of the gate dielectric [m]

tosc Thickness of the organic-semiconductor layer [m]

V Potential energy of a system [eV]

Vc Voltage drop across a capacitor [V]

Vch Channel voltage [V]

Vd Potential at the drain electrode [V]

Vd,contact Explicitly calculated voltage drop across all contact elements
at the drain

[V]

Vdd Supply voltage for the differential amplifier [V]

Vds Drain-source voltage [V]

Vds,Vsbd,sat Maximum voltage drop over the drain-to-semiconductor Schot-
tky barrier

[V]

Vdsx Auxiliary voltage for the inclusion of the output-conductance
effect

[V]

Vfb Flat-band voltage [V]
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xxvii

Vg Potential at the gate electrode [V]

Vgd Gate-drain voltage [V]

Vgd′ Gate-drain voltage of the inner transistor comprising contact
resistances

[V]

V ′
gd Auxiliary voltage for the limitation of the voltage drop across

the series connection of capacitances at the gate-to-drain
overlap region of a staggered OTFT

[V]

Vgs Gate-source voltage [V]

Vgs′ Gate-source voltage of the inner transistor comprising contact
resistances

[V]

V ′
gs Auxiliary voltage for the limitation of the voltage drop across

the series connection of capacitances at the gate-to-source
overlap region of a staggered TFT

[V]

ViCM Common-mode input voltage for both transistors of the differ-
ential pair

[V]

Vi+ Input voltage at one of the transistors in the differential pair [V]

Vi- Input voltage at the other transistor in the differential pair [V]

Vj Potential at the transistor terminal with index j [V]

Vodr Gate-overdrive voltage [V]

V0+ Output voltage at one of the transistors in the differential pair [V]

V0- Output voltage at the other transistor in the differential pair [V]

Vp Pinch-off voltage [V]

Vs Potential at the source electrode [V]

Vsb,d Voltage drop across the drain-to-semiconductor Schottky bar-
rier

[V]

Vsb,s Estimated voltage drop across the source-to-semiconductor
Schottky barrier

[V]

Vs,contact Explicitly calculated voltage drop across all contact elements
at the source

[V]

Vth Thermal voltage [V]

VT0 Threshold voltage [V]

Vx Channel voltage at position x [V]

vAC Superimposed small-signal voltage at the differential amplifier [V]

vds Small-signal component of the drain-source voltage [V]

UNIVERSITAT ROVIRA I VIRGILI 
CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM 
TRANSISTORS 
Jakob Simon Leise 



xxviii List of Symbols

vgs Small-signal component of the gate-source voltage [V]

vparticle Velocity of a particle [m s−1]

Wch Channel width of the simple model [m]

Wch,eff Effective channel width including the effect of fringe currents [m]

Wch,G Total gate width of the transistor including all electrodes and
fringe regions

[m]

Wch,SD Sum of the geometric finger widths of a multi-finger OTFT [m]

Wcontact Width of one single source/drain contact [m]

wd(x) Weighting function for the charges associated with the drain [−]

wovl Symmetrical fringe width beyond the first and the last finger
of an OTFT

[m]

ws(x) Weighting function for the charges associated with the source [−]

wsat Fitting parameter controlling the saturation of the drain-to-
semiconductor Schottky barrier

[−]

x Position in the direction of the channel length [m]

Y11 Admittance parameter [S]

Yl,m(θ, ϕ) Angular component of the wave function [−]

Y Complex admittance [S]

Greek Alphabet

Symbol Description Unit

α Slope degradation factor [−]

α̃ Slope degradation factor that is used in the total charge equa-
tions

[−]

α⋆ Parameter related to the Coulomb scattering coefficient in the
noise model

[V s cm−2]

αc Coulomb scattering coefficient [V s C−1]

αcorr Correlation parameter linking a carrier-number fluctuation to
an induced mobility fluctuation in Ghibaudo’s model

[−]

αH Hooge constant for the mobility fluctuations [−]

αH,TCAD Hooge parameter which is set in TCAD [−]

β Exponent of the power-law mobility [−]
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xxix

βc Factor in the derivation of the noise model based on the
normalized DC model

[A V−2]

βPF Fitting parameter in the Poole-Frenkel mobility in TCAD [K
√

(m/V )]

Γ (E) Gaussian distribution function for the DOS [cm−3 eV−1]

γPF Fitting parameter in the Poole-Frenkel mobility in TCAD [
√

(m/V )]

∆R Resistance of a small noisy element in the channel of a tran-
sistor

[Ω]

∆t Time span in which the gate-voltage is swept during the
transient analysis

[s]

∆ΦB Amount by which the Schottky barrier is lowered due to image
charges

[eV]

∆V Change of the channel voltage [V]

∆Vcap Voltage change that is used for the numerical calculation of
the capacitances

[V]

∆VT0 Shift of the threshold voltage in order to compensate the
influence of the mobility

[V]

δID/ID Relative fluctuation of the current in a small segment of the
transistor channel

[−]

δIn Local noise current of the noisy element in the transistor
channel

[A]

δInD Contribution of the local noise current to the total fluctuation
in the drain current

[A]

δfit Fitting parameter for the fringe current model [−]

ε0 Vacuum permittivity [A s V−1 m−1]

εr,diel Relative dielectric permittivity of the gate dielectric material [−]

εr,osc Relative dielectric permittivity of the depleted organic semi-
conductor

[−]

η Fitting parameter for the reverse-bias saturation current of
the Schottky barriers at the metal-to-semiconductor junctions

[−]

Θ Polar angle of a spherical coordinate system [◦]

θ Non-ideality factor of the Schottky barriers at the metal-to-
semiconductor junctions

[−]

κ Low-field mobility in the power-law mobility model [cm2V−β−1s−1]

λ Channel-length modulation factor [V−1]

λTun Tunneling attenuation distance [m]
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xxx List of Symbols

λparticle De Broglie wave length of a particle [m]

µ Power-law charge-carrier mobility [cm2 V−1 s−1]

µ0 Constant mobility in case that the power-law mobility is not
used in the model

[cm2 V−1 s−1]

µArrh Mobility at very high temperatures in case that the Arrhenius
power-law is used

[cm2 V−1 s−1]

µoff Power-law charge-carrier mobility in a deep sub-threshold
operation point

[cm2 V−1 s−1]

µeff Effective mobility in the compact model including contact
resistances

[cm2 V−1 s−1]

µlow Low-field mobility appearing during the derivation of the noise
model

[cm2 V−1 s−1]

µn Constant mobility for electrons as set in the TCAD simulation [cm2 V−1 s−1]

µPF Poole-Frenkel mobility in the TCAD simulation [cm2 V−1 s−1]

µp Constant mobility for holes as set in the TCAD simulation [cm2 V−1 s−1]

ν Fitting parameter for the charge-partitioning scheme [−]

σ Exponent of the frequency in the noise models [−]

σDOS Standard deviation of the Gaussian DOS [eV]

σtrap Standard deviation of the Gaussian-distributed deep traps in
the bandgap of the OSC

[eV]

τ0 Time constant in the TCAD noise simulations [s]

τ1 Time constant in the TCAD noise simulations [s]

τscale Time constant of the function Cscale [s]

τscale2 Time constant of the function Cscale2 [s]

Φ Azimuthal angle of a spherical coordinate system [◦]

ϕAC Phase shift of the differential amplifier [◦]

ΦB0 Initial barrier height of a Schottky barrier [eV]

Φm,g Work function of the gate material [eV]

Φm,sd Work function of the source/drain electrodes [eV]

χosc Electron affinity of the organic semiconductor [eV]

Ψ(x,y,z) Wave function of an electron [m−3/2]

ΨAO Atomic orbital of a single atom [m−3/2]

ΨMO Molecular orbital [m−3/2]
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xxxi

Ψn,l,m Wave function of an electron depending on the quantum num-
bers

[m−3/2]

Ψs Surface potential in a transistor [V]

ω Angular frequency [s−1]

Other

Symbol Description Unit

∇ Nabla operator [−]

∂ Partial differential operator [−]

L First branch of the Lambert W function [−]
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List of Acronyms

Symbol Description
2D Two-dimensional
3D Three-dimensional
AC Alternating current
BC Bottom-contact
CEA Commissariat à l’Énergie Atomique et aux Énergies Alternatives
CMOS Complementary metal oxide semiconductor
CPU Central processing unit
DC Direct current
DIBL Dain-induced barrier lowering
DNTT Dinaphto[2,3-b:2’,3’-f]thieno[3,2-b]thiophene
DPh-DNTT 2,9-diphenyl-dinaphtho[2,3-b:2’,3’-f]thieno[3,2-b]thiophene
DOS Density of states
EDA Electronic design automation
HOMO Highest occupied molecular orbital
LCAO Linear combination of atomic orbitals
LCR Formula symbols for the inductance (L), the capacitance (C), and the

resistance (R)
LITEN Laboratoire d’Innovation pour les Technologies des Energies Nouvelles

et les Nanomatériaux
LUMO Lowest unoccupied molecular orbital
MIM Metal-insulator-metal
MISM Metal-insulator-semiconductor-metal
MOS Metal oxide semiconductor
MOSFET Metal oxide semiconductor field-effect transistor
MPI Max Planck Institute
OSC Organic semiconductor

xxxiii
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OTFT Organic thin-film transistor
PEN Polyethylenenaphtalate
PFBT Pentafluorobenzenethiol
PhD Philosophiae Doctor
PSD Power spectral density
SAM Self-assembling monolayer
SEM Scanning electron microscopy
SPICE Simulation Program with Integrated Circuit Emphasis
TC Top-contact
TCAD Technology Computer Aided Design
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TH Technische Hochschule
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UMEM Unified model and parameter extraction method
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CHAPTER 1

Introduction

1.1 General Introduction

Daily life is nearly unimaginable without electronic devices such as computers or smartphones.
The fundamental building block of nearly every complex electric circuit is the transistor which
has been extensively studied and developed over the last few decades. Already in 1926, Julius
Edgar Lilienfeld was granted a patent for a device controlling the current between two terminals
by the application of a potential at a third terminal [1]. However, it was impossible to fabricate
such a device at that time. In the following decades, transistors were subject to intense research.
To mention some milestones, in 1951, Schockley proposed a p-n junction bipolar transistor [2].
In 1958, the first integrated circuit was demonstrated by Kilby [3]. Nowadays, most of the
integrated circuits are based on the metal oxide semiconductor field-effect transistor (MOSFET)
which was invented in 1959 [4]. By means of doping, transistors with different majority carriers
(p or n) can be fabricated. In comparison to n-type transistors, p-type transistors conduct
negative currents and need negative voltages [5]. Combining n-type and p-type transistors leads
to the so-called complementary MOS (CMOS) process which has been introduced in 1963 [6].
In 1971, the first microprocessor was developed by Intel [7].

Nowadays, the research of semiconductor devices focuses on the improvement of the device
switching behavior in order to reduce the power consumption of electric circuits. For this
purpose, for example, tunnel field-effect transistors are investigated [8] which allow for a steeper
and faster switching from the off-state to the on-state.

In contrast to the bulk MOSFETs, another technology evolved over time: the thin-film
transistor (TFT). In 1979, a thin-film transistor based on hydrogenated amorphous silicon was
presented [9]. In contrast to the bulk MOSFET, a thin-film transistor only contains a thin film
of the semiconductor and does not have a bulk region. Even if the first TFTs were regarded
as useless, they evolved over time to be the most important transistors used in active-matrix

1
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2 1. Introduction

displays [9]. With increasing interest in TFTs, the materials used as the active region were
studied. In the 1980s, organic semiconductors were looked at more intensively [9]. As the name
implies, organic semiconductors (OSCs) are based on molecules containing carbon [10]. The
interest in organic semiconductors is increasing since organic electronics can be fabricated at
room temperature on flexible substrates, such as plastic foils or paper [11–14] which makes them
interesting for the fabrication of novel electronics like flexible displays. Furthermore, in contrast
to the silicon-based semiconductors the organic semiconductors can be solution-processed which
simplifies the production of electronic devices [9]. From the 1980s until today, many organic
semiconductors have been investigated and employed as the active region in OTFTs. There
exists a variety of organic semiconductors with different molecule sizes ranging from long-chain
polymers to small-molecule semiconductors [9]. In contrast to their silicon counterparts, the
carrier mobilities of organic semiconductors are still low and only range up to 20 cm2 V−1 s−1

for holes [9]. Furthermore, contact resistances play a key role in the limitation of overall OTFT
performance [9, 15–18]. However, due to the development of new materials [19, 20] and novel
fabrication approaches [21], the overall TFT performance has been improved.

1.2 Organization

In the following, the organization of this thesis is explained. To start with, in this first chapter,
an overview over the field of organic chemistry is given which is necessary in order to understand
the functional principles of organic transistors. Furthermore, the aim of this work is defined.
In this context, the term "compact model" is introduced and the basic concepts behind such
models are highlighted.

In Chap. 2, a charge-based DC compact model serving as the basis for this work is reviewed.
The concept of the compact model is explained and minor model extensions and improvements
are presented.

In Chap. 3, a general introduction into the concept of intrinsic and extrinsic charges in transis-
tors is presented. Based on the standard theory for MOSFETs, the charges and their importance
for a proper device model are outlined.

In Chap. 4, the development of a charge-based compact model for the total charges is presented.
Analytical equations for the total charges associated with the source, drain, and gate terminals
of the transistor are derived including both the intrinsic channel components and the extrinsic
components arising from fringe regions and gate-to-contact overlap regions. Thereby, the two
device geometries "staggered" and "coplanar" are investigated in detail.
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1.3. Organic Chemistry 3

In Chap. 5, a compact modeling scheme for the calculation of low-frequency noise in organic
thin-film transistors is presented. This modeling scheme can include different types of noise
such as mobility fluctuations or charge-carrier number fluctuations. Closed-form equations for
both types of noise are developed.

In Chap. 6, the compact models for the total charges and the low-frequency noise are veri-
fied. Measurements of transistors and a simple circuit representing a differential amplifier are
compared to the compact model. Furthermore, finite-element simulations are used in order
to simulate the quasistatic and non-quasistatic behavior of organic thin-film transistors. The
noise model is verified by measurement data and finite-element simulations.

The compact model has some limitations with regard to the non-quasistatic behavior and
short-channel effects. Therefore, in Chap. 7, model extensions are presented. First, the
channel-segmentation model is explained which allows for a non-quasistatic modeling of long-
channel transistors. This model is verified by measurements and simulations. Next, based on
finite-element simulations, a semi-empirical description for the total charges in short-channel
transistors is developed. In the next section, a comprehensive model for the description of
the small-signal gain in short-channel transistors operated under high-frequency conditions is
presented. The last section deals with a small investigation on the influence of temperature
effects on the transistor behavior.

In Chap. 8, a summary of literature covering the capacitive behavior and the low-frequency
noise in organic transistors is presented.

Finally, in Chap. 9, the work is summed up and conclusions are drawn.

1.3 Organic Chemistry

1.3.1 Atomic orbitals

In this section, the most important concepts of the organic chemistry are summarized based on
ref. [10]. The term "organic" refers to molecules containing the element carbon which is the sixth
element in the periodic table of elements and is located in the fourth main group. According to
Bohr’s atomic model, the chemical elements are characterized by positively charged cores with
electrons moving around them. However, in the concept of quantum physics, small particles
may behave in parallel like a classical particle obeying the conventional laws of movement
according to Newton and also like a wave [22]. If electrons are accelerated and sent towards
a small double-slit with a screen behind, then a behavior can be observed which from the
classical point of view is only known for waves: the electrons create an interference pattern
meaning that the density of electrons behind the double-slit has several minima and maxima.
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4 1. Introduction

Furthermore, the electrons appear on the screen at positions where they could not go according
to the classical description of particles [22]. Because of this, De Broglie defined that small
particles obey a wave-particle dualism and that every particle can be assigned a wavelength
which is denoted as the De Broglie wavelength [22]:

λparticle = h

mparticle · vparticle
(1.1)

where h is the Planck constant, mparticle is the mass of the particle, and vparticle is the velocity
of the particle. Extending Bohr’s atomic model with the concept of the particle-wave dualism,
the atom is now regarded as a positively charged core where electrons form standing waves
around the core. The wave function of an electron is denoted as Ψ(x,y,z) which is dependent
on the three coordinates of the three-dimensional (3D) space. This function Ψ(x,y,z) does not
have a descriptive meaning. However, the value Ψ2(x,y,z) · dx · dy · dz can be interpreted as the
probability to find the electron in the volume dx · dy · dz [10]. In the literature, it is debated
whether a probability of residence is a figurative way of interpreting the function Ψ2(x,y,z)
or whether it makes more sense to interpret electrons only by their wave functions without
calling the square of Ψ a probability [22]. In 1926, Erwin Schrödinger developed the well-known
differential equation linking the wave function of a system like the electron to the energy [10]:

HΨ = EΨ (1.2)

where H is the so-called Hamilton operator and E is the energy. The Hamilton operator is
defined as [22]:

H = −
(

ℏ2

2mparticle

)
∇2 + V (1.3)

where ℏ is the Planck constant divided by 2π, ∇2 = ∂2/∂x2 + ∂2/∂y2 + ∂2/∂z2 is the Nabla
operator squared (which is also denoted as the Laplace operator), and V is the potential energy.
Functions fulfilling the Schrödinger equation are denoted as eigenfunctions and the energies
corresponding to these eigenfunctions are denoted as eigenvalues.

The theory according to the Schrödinger equation can be transferred to the atomic model.
The basic concept of quantum physics is that the electrons in atoms can only assume discrete
energy levels which are described by four quantum numbers. The first quantum number is
n and it is denoted as the main quantum number. The second quantum number is l and it
is denoted as the secondary quantum number. The third quantum number, m, is denoted as
the magnetic quantum number and the fourth quantum number, s, is called the electron spin.
Some of the quantum numbers are dependent on each other and only certain integer values are
allowed. The range for the quantum numbers is defined as follows [10, 22]:
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1.3. Organic Chemistry 5

• n = 1, 2, 3, ..., ∞. The value indicates the shells which are also denoted as K, L, M, ...

• l = 0, 1, 2, ..., n − 1: This quantum number defines the atomic orbitals. The values of this
quantum number are denoted as (in ascending order) s, p, d, f , ...

• m = +l, +(l − 1), ...0, ... − (l − 1), −l

• s = +1/2 or −1/2.

As can be seen, the quantum number s only has two values which are allowed. The quantum
numbers and their interdependence leads to the periodic table of elements. As explained above,
the energy of an electron in an atom may only assume discrete values in dependence on the
quantum numbers. As a consequence, there only exist discrete wave functions with certain sets
of quantum numbers for which the Schrödinger equation can be solved.

In general, the wave function of an electron can be expressed as a product of two functions in
spherical coordinates which depend on the quantum numbers n, l, and m [10]:

Ψn,l,m = Rn,l(r) · Yl,m(Θ, Φ) (1.4)

where Rn,l(r) is denoted as the radial component and Yl,m(Θ, Φ) is denoted as the angular
component. As can be seen, the radial component is only dependent on the radius r and
the angular component is dependent only on the angles Θ and Φ. The two components of Ψ

are usually regarded separately. On the one hand, the absolute value of the angular function
Yl,m(Θ, Φ) is plotted in a 3D coordinate system. The endpoints of the vectors form a 3D surface
enclosing the spatial region in which the electrons can reside. On the other hand, the value of
Ψ2 can be plotted in dependence on the radius r in order to depict the probability of residence
in a certain distance from the atomic core.

x

y
z

+

(a)

r

Core

(b)

Figure 1.1.: (a) Visualization of the angular function Yl,m(Θ, Φ) for l = 0. This is denoted as
the s orbital. (b) Visualization of the squared wave function Ψ2 for l = 0 showing the probabil-
ity of residence of an electron in a certain distance r from the core of the atom. These pictures
are inspired by ref. [10].
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6 1. Introduction

If l = 0, the quantum number m can only assume one value which is zero. Therefore, there exists
only one orbital. This s orbital is a sphere which is depicted in Fig. 1.1(a). The probability
function Ψ2 is visualized in Fig. 1.1(b). If, by contrast, l = 1, there are three values which

x

y
z

+-

(a)

x

y
z

+
-

(b)

x

y
z

+

-

(c)

r

Core

(d)

Figure 1.2.: Visualization of the angular function Yl,m(Θ, Φ) for l = 0 and (a) m = +1, (b)
m = −1, and (c) m = 0. The orbitals are denoted as px, py, and pz orbitals, depending on the
axis that they are symmetric to. (d) Visualization of the squared wave function Ψ2 for l = 1
showing the probability of residence of an electron in a certain distance r from the core of the
atom. These pictures are inspired by ref. [10].

the quantum number m can take: -1, 0, and +1. Depending on the value of m, the p orbitals
have different shapes. In Fig. 1.2(a)-(c), the angular function Yl,m(Θ, Φ) is shown for the three
different values of m where the plus and minus signs are a consequence of the mathematical
description of the wave function [10]. In Fig. 1.2(d), the probability function is shown in
dependence on the radius.

As soon as a system contains more than one electron, the Schrödinger equation cannot be
solved analytically any longer [10] because of the interaction of electrons [22]. However, the
orbitals of a multi-electron atom can be approximated by expressing them as modified hydrogen
orbitals. According to Pauli’s principle, one orbital can be occupied by a maximum number of
two electrons which then have different electron spins. Based on this theoretical framework, for
each single atom of the periodic table the orbitals can be determined.

1.3.2 Chemical bonds

When two or more atoms get into connection and form a chemical bonding, a molecule results.
Since the atoms are in connection their single atomic orbitals are no longer present. There exist
different theories for the approximation of the Schrödinger equation: the theory of molecular
orbitals and the valence bond theory. Both are in principle equivalent but are based on different
model views [10].

According to the theory of molecular orbitals, due to the bonding of the single atoms their
single atomic orbitals are no longer present and they merge into orbitals belonging to the
whole molecule. These molecular orbitals can be described by a mathematical superposition of
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1.3. Organic Chemistry 7

single atomic orbitals. A common method for this is the linear combination of atomic orbitals
(LCAO) which is also employed in commercial quantum-chemical simulation software such as
QuantumATK [23]. In the LCAO method, the resulting molecular orbital ΨMO based on two
identical single atomic orbitals is expressed as [10]:

ΨMO = c1 · ΨAO ∓ c2 · ΨAO (1.5)

where ΨAO is the atomic orbital of a single atom and c1 and c2 are constants the values of which
are determined numerically in such a way that the resulting energy has its minimum value
corresponding to a stable state [10]. As can be seen, the superposition of the atomic orbitals
occurs once by adding and once by subtracting the single atomic orbitals. Figure 1.3 depicts

Energy

anti-bonding

bonding

atomic 

orbital

molecular 

orbital

atomic 

orbital

II

I

Figure 1.3.: Energy diagram of the molecular orbitals of the H2 molecule. Each of the single
hydrogen atoms has an atomic orbital which are superposed according to the LCAO method.
The result is a bonding and an anti-bonding molecular orbital. The blue arrows represent
electrons occupying the states where the direction of the arrow shows the electron spin. This
picture is inspired by ref. [10].

an energy diagram of an H2 molecule. Each of the single hydrogen atoms has an atomic orbital
which are combined by the LCAO method. As a consequence, the molecule has two molecular
orbitals denoted as I and II. Adding the two atomic orbitals leads to the molecular orbital I
which has a lower energy than the original atomic orbitals. By contrast, when subtracting the
single atomic orbitals the resulting molecular orbital II has a higher energy [10]. The electrons
of the hydrogen atoms now occupy the molecular orbitals. According to Pauli’s principle, the
lowest energetic states are occupied first. Thus, the two electrons now occupy the molecular
orbital I with the lower energy. Since the energy of the molecular orbital I is lower than that of
the original atomic orbitals the connection of the two hydrogen atoms is stable. Breaking the
bond between the two atoms would require energy to lift the electrons in their original states
again. Therefore, the molecular orbital I is denoted as a bonding orbital. By contrast, since
the energy of the molecular orbital II is higher than that of the original atomic orbitals it is
denoted as anti-bonding, which is often marked by an asterisk (⋆). An electron occupying an
anti-bonding orbital is not part of the atomic bond and it can be regarded as a free electron [10].
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8 1. Introduction

Directly linked to the theory of the molecular orbitals, the valence bond theory has a slightly
different view on atomic bonds. According to the valence bond theory, the atomic orbitals
which are characterized as charge clouds are overlapping. This effectively means that the
electrons of the single atoms are now part of the connection between the atoms [10]. Most
often, two electrons (one from each atom) are part of the connection. There may be electrons
or pairs of electrons that are not part of the chemical bond which are then denoted as free
electrons. These thoughts lead to the well known valence structure that is used to note down
chemical bonds. For example, the H2 molecule is written down as [10]:

H − H (1.6)

where the dash (−) represents a pair of electrons.

1.3.3 Carbon

Carbon is the sixth element in the periodic table of elements. In its basic state, two electrons
occupy the s orbital of the first shell, two electrons occupy the s orbital of the second shell,
and two electrons occupy the p orbital of the second shell. Written in abbreviated form, this
electron configuration is: 1s22s22p2. The electron configuration of the carbon atom in its basic
state is depicted in Fig. 1.4(a). It might be assumed that carbon is only capable of forming two

Energy

C (basic state)

(a)

Energy

C* (excited state)

(b)

Energy

C (hybridized state)

(c)

Figure 1.4.: Energy diagram of carbon. (a) Basic state. (b) Excited state where one electron
from the 2s orbital is lifted in the 2p orbital. (c) Hybridized state where the 2s orbital and the
three 2p orbitals form four identical sp3 hybrid orbitals which are occupied by the electrons.
This picture is inspired by ref. [10].

equal bonds with other atoms since only two 2p orbitals are occupied by a solitary electron. In
order to form four bonds, one electron occupying the 2s orbital would have to be lifted in the
third 2p orbital which is visualized in Fig. 1.4(b). As a consequence, the carbon atom would
form unequal bonds with other atoms since three of the electrons are in the same energetic
state while one is in a lower energetic state. However, it was discovered that the methane
molecule (CH4) has the shape of a tetrahedron where the four hydrogen atoms have equal
distances to the carbon atom. Based only on the theory of atomic and molecular orbitals, these
four equal connections of carbon to the hydrogen atoms could not be explained [10].
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1.3. Organic Chemistry 9

As a consequence, an extension of the orbital theory has been developed: the hybridization.
The concept of hybridization is a mathematical mixing of atomic orbitals [10].Mixing one s

orbital and three p orbitals, four sp3 hybrid orbitals with equal energy can be created. This is
shown in Fig. 1.4(c). With the hybridization model, the properties of the methane molecule
can be explained. Chemical bonds where in both atoms either two s orbitals or an s and a p

orbital or two p orbitals are combined are denoted as σ bonds [10]. Such bonds are tight and
the electrons are bound in these states. If a molecule forms the maximum possible number of σ

bonds, it is called a saturated molecule [10]. In case that atoms in a molecule do not form the
maximum possible number of σ bonds (and consequently not all atomic orbitals of the second
shell are hybridized), the molecule is denoted as unsaturated. The atomic p orbitals which are
not hybridized remain as they are and may also overlap with the other non-hybridized orbitals
of the other atoms. Bonds of these non-hybridized p orbitals are denoted as π bonds, which are
weaker than the σ bonds [10]. In Fig. 1.5, an ethene molecule is shown. On the left, the valence
structure is shown. In the middle, the double bond between the two carbon atoms is shown
as a σ bond and the two remaining non-hybridized pz orbitals are visualized. On the right,
the connection of the two pz orbitals is shown which leads to a π bond. The ethene molecule
contains σ and π bonds.

Figure 1.5.: Valence structure and visualization of the orbitals of an ethene molecule. The pz
orbitals which are not hybridized can form a π bond as shown in the sub-picture to the right.
This picture is taken from ref. [10].

Energy

LUMO

HOMO

Figure 1.6.: Energy diagram of the ethene molecule in the basic state. This picture is inspired
by ref. [10].

In Fig. 1.6, the energy diagram of the ethene molecule in the basic energetic state is depicted.
According to the theory of molecular orbitals, there are several bonding and several anti-bonding
molecular orbitals. The bonding molecular orbitals are drawn below the dashed horizontal
line and the anti-bonding molecular orbitals are shown above. According to Pauli’s principle,
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10 1. Introduction

energetic states are filled in ascending order [10]. The highest bonding orbital with energy E1

is a π orbital and since it is the highest orbital which is occupied in the basic energetic state, it
is denoted as the highest occupied molecular orbital (HOMO). By contrast, the first energetic
state E2 which is anti-bonding and which is not occupied in the basic state is denoted as lowest
unoccupied molecular orbital (LUMO). Electrons occupying states above the LUMO are not
tightly bound and can be characterized as mobile charges [10].

1.3.4 Organic semiconductors

For organic electronics, molecules with alternating double and single bonds between the adjacent
carbon atoms are of interest. Such molecules are denoted as π-conjugated molecules [10]. A
special property of such π-conjugated systems is that the carbon atoms are located in one
plane. As a consequence, the non-hybridized p orbitals are located normal to the molecule plane
and they can overlap. In π-conjugated systems, the electrons in the p orbitals are delocalized
which means that they can be imaged as an electron cloud which is distributed around the
molecule [10]. If an electron is located in a π bond, it can either behave like a bound electron or
like a freely movable electron depending on whether it is located in a bonding or an anti-bonding
molecular orbital. In Fig. 1.7, the σ and the π orbitals of such a π-conjugated system are shown:

(a) (b)

Figure 1.7.: Visualization of the molecular orbitals of the molecule benzene. (a) σ orbitals
that are part of the connection between the atoms. (b) π orbitals. The graphics are created
using the software IBOview as described in ref. [24].

the benzene molecule. In this molecule, the phenomenon of mesomery becomes important.
Mesomery describes the fact that the alternating single and double bonds can occur in several
positions in the molecule so that the exact structure of the molecule cannot be determined.
Expressed in other words: mesomeric structures can assume several forms. In such a system, the
electrons in π orbitals are completely delocalized which means that they can move around the
molecule in a kind of cloud. If electrons have enough energy so that they can be excited from
the HOMO to the LUMO, they can thus be regarded as chemically unbound and completely
mobile charge carriers which are able to leave the molecule. In principle, the molecule is ionized
then since the electron has left its original position in the atomic bond. Thus, one can say that
an electron-hole pair has been created since the electron can easily leave the molecule now and
another electron entering the molecule could occupy the original state [10].
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1.3. Organic Chemistry 11

If several molecules are located close to each other, there is the possibility for an electron to
move to an adjacent molecule. There are some parallels to conventional crystalline semicon-
ductors since also in these materials, a charge carrier is able to leave its original position in
the crystal if it has a sufficiently high energy [25]. Thus, a bunch of π-conjugated organic
molecules shows a behavior similar to a semiconductor. However, in contrast to crystalline
semiconductors, organic molecules can hardly be arranged so that they form perfect crystals
but they rather have a certain degree of spatial (and thus also energetic) disorder [26–29]. This
has an influence on the density of states (DOS) of the material. Due to the non-crystallinity
the single organic molecules are disordered and their energy diagrams are slightly shifted
with respect to adjacent molecules. Therefore, in contrast to a crystalline semiconductor like
silicon [25], there is no band-like energetic structure. The density of states for quasi-mobile
charges in organic semiconductors is debated in the literature [30]. Often for disordered systems,
a Gaussian-distributed density of states (DOS) is assumed [26, 30–33]. In Fig. 1.8(a), the

Energy

DOS

HOMO LUMO

Bandgap

(a)

Energy

DOS

Bandgap

(b)

Figure 1.8.: (a) Visualization of a Gaussian DOS which occurs in disordered semiconductors.
(b) Visualization of a square-root DOS which is typical in crystalline semiconductors.

DOS of an organic semiconductor is visualized as a Gaussian distribution. Since there is an
energetic distance between the HOMO and the LUMO, the organic semiconductor has the
typical property that is one of the prerequisites in order to denote a material as semiconducting:
an energetic gap between conducting and bounding states with a distance not too high [25]
and a forbidden zone in between. In Fig. 1.8(b), for the purpose of comparison, the DOS
in a crystalline semiconductor such as silicon is depicted. The DOS can be described as a
square-root function of the energy [25]. In the bandgap, there are no energetic states. Thus,
an electron can either be in a state below the valence band edge EV, where it behaves like
a bound electron, or it can be in an energetic state above the conduction band edge EC,
where it can be treated as a mobile charge carrier that can move through the whole crystal.
As indicated by Fig. 1.8(a), in organic semiconductors, there is the difficulty of defining the
bandgap properly. For a single molecule, the energy distance between HOMO and LUMO is
defined by the molecular orbitals. However, due to the non-crystallinity of the organic material,
the LUMO and HOMO levels of the organic semiconductor are not aligned, as mentioned above.
Thus, the effective bandgap of the semiconductor is smaller than that of a single molecule.
Consequently, there exist different interpretations of the bandgap in such disordered materials
such that either the distance between the peaks of the Gaussian distributions are taken or a
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12 1. Introduction

value smaller than that [33]. In the following course of the dissertation, the band diagram of the
organic thin-film transistors (OTFTs) will be treated like the band diagram of a conventional
semiconductor. The HOMO energy level is regarded equivalently as the valence band edge EV

and the LUMO energy level is regarded equivalently as the conduction band edge EC.

Energy

Position

Figure 1.9.: Illustration of the variable-range-hopping transport in organic semiconductors.
This picture is inspired by ref. [34].

There are various models describing the charge transport in organic materials [35] such as
the mobility-edge model, the multiple-trap-and-release model, the variable-range-hopping
(VRH) model, or the percolation model [29]. The applicability of these models to an organic
semiconductor depends on the degree of disorder. In Fig. 1.9, the charge transport according
to the VRH is depicted. The dashes represent energetic states above the LUMO in which the
charge carriers behave like quasi-mobile charges. In the VRH model, it is assumed that the
charge transport occurs mainly by the hopping of charge carriers from molecule to molecule.
This is in principle a tunneling process from one molecule to an adjacent one. Although the
charge transport in organic materials is quite different from that in crystalline semiconductors, it
is possible to describe the current assuming a band-like transport with a very low mobility [36].
A model accounting for the hopping transport can then be adapted in terms of an effective
mobility [37], as will be explained later.

1.4 Organic Transistors

1.4.1 Architectures and Fabrication

The above-described properties of π-conjugated materials allow them to be employed as the
active layer in field-effect transistors. The transistor is the most important building block
in modern electronics and there exists a huge variety of literature in which the operational
principles of transistors of various types are described [5, 25, 38, 39]. In this section, a short
overview over the fabrication and operation principles of OTFTs are presented. In principle,
there are several ways of fabricating organic transistors such as a vacuum deposition using
silicon stencil lithography [17, 40] or by printing and spin-coating [41]. In this section, the
explanation of the transistor architectures is based on the process as conducted by the Max
Planck Institute for Solid State Research [17, 40, 42, 43]. Figure 1.10 shows the layout of an
OTFT fabricated in the bottom-gate top-contact architecture. Since the different layers of
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Figure 1.10.: Organic thin-film transistor fabricated in the bottom-gate top-contact architec-
ture which is also denoted as the staggered architecture. The different layers of the transistor
are stacked above each other.

S

S

GateSubstrate

Figure 1.11.: Organic thin-film transistor fabricated in the bottom-gate bottom-contact
architecture which is also denoted as the coplanar architecture. The channel region of the
organic semiconductor is in the same plane as the source/drain electrodes.

this transistor are stacked above each other this architecture is also denoted as the staggered
architecture. By contrast, in Fig. 1.11, a transistor fabricated in the coplanar architecture is
depicted. In this architecture, the channel region of the organic semiconductor is located in the
same plane as the source/drain electrodes which gives this architecture the name "coplanar".
Both architectures can be fabricated in the same process which will briefly be described.

The transistors according to refs. [17, 40, 42, 43] are fabricated on flexible plastic substrates.
In a vacuum chamber, interconnects for the gate, source, and drain terminals are patterned by
thermal sublimation of gold through a mask that is attached above the substrate. The intercon-
nects are not shown in Figs. 1.10 and 1.11. After this process step, the mask is changed and a
gate consisting of aluminum is patterned. Subsequently, the substrate is exposed to an oxygen
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14 1. Introduction

plasma which forms a layer of aluminum oxide on top of the aluminum. This is the first part of
the gate insulator. In order to improve the quality of the gate insulator and to reduce leakage
current, the substrate is then immersed into a liquid containing e.g. n-tetradecylphosphonic acid.
The special property of these molecules is that they form a self-assembling monolayer (SAM) on
top of the aluminum oxide, i.e. they form one single layer and all molecules are oriented in the
same direction. Such hybrid gate dielectrics consisting of aluminum oxide and a SAM show good
dielectric properties and they assist in a formation of an organic-semiconductor film of good
quality. As explained above, the quality of an organic semiconductor is dependent on the degree
of disorder. Employing a SAM helps in the reduction of this disorder. After the formation of the
SAM, the substrate is put in the vacuum chamber again. Until this step, the fabrication of stag-
gered and coplanar transistors is equal but from now on the order of the fabrication steps differs.

Staggered:
An organic semiconductor is evaporated by thermal sublimation. In Fig. 1.10, the material 2,9-
diphenyl-dinaphtho[2,3-b:2’,3’-f]thieno[3,2-b]thiophene (DPh-DNTT) is shown as the organic
semiconductor. After the evaporation of the semiconductor, the substrate is taken out of the
vacuum and a mask for the source/drain electrodes is attached. In the last process step, the
source/drain electrodes are patterned by thermal evaporation of gold. The reason for choosing
gold as the source/drain material will be explained later.

Coplanar:
The source/drain contacts are evaporated by thermal sublimation directly on top of the SAM.
In the next step, in principle, the organic semiconductor could be evaporated. However, in order
to improve the current injection at the source-to-semiconductor interface, a good connection
between the source electrode and the organic semiconductor is needed. Therefore, similar
to the SAM that is used on top of the aluminum oxide, a SAM can be formed around the
source/drain contacts [44]. This helps for a better attachment of the organic molecules. The
SAM is formed by immersing the substrate in a liquid containing the desired molecules such
as pentafluorobenzenethiol (PFBT). After this process step, the organic semiconductor is
evaporated in the vacuum chamber.

Figure 1.12 shows the four most important architectures that these OTFTs are fabricated in. In
principle, the two architectures in Figs. 1.12(a) and (c) are equal. The horizontal flipping of the
transistor does not change its electric properties. Similarly, the two structures in Figs. 1.12(b)
and (d) are equal. The only factor governing the difference between the architecture is whether
the source/drain electrodes are in the same plane as the organic semiconductor or whether they
are stacked above each other. However, the order of the deposition of the different layers may
change the interface qualities and thus, the inverted structure might exhibit a slightly different
behavior than the non-inverted structure.
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Figure 1.12.: Four different architectures of OTFTs. (a) Top-gate top-contact transistor, also
denoted as coplanar. (b) Top-gate bottom-contact transistor, also denoted as staggered. (c)
Bottom-gate bottom-contact transistor, also denoted as inverted coplanar. This case is identical
to (a) but horizontally flipped. (d) Bottom-gate top-contact transistor, also denoted as inverted
staggered. This case is identical to (b) but horizontally flipped.

1.4.2 Electronic Operation Principle

The operation principle of OTFTs has many similarities with the operation of a MOSFET [5,
25, 38]. As shown in Fig. 1.12, the OTFTs comprise metal-to-organic-semiconductor junctions.
In this regard, they resemble Schottky-barrier field-effect transistors [45]. As usual for TFTs,
the OTFTs have three connection terminals which are the gate, the drain, and the source.
The basic idea is that charge carriers can move from the source to the drain terminal but the
resistivity of the channel can be modulated by the gate-source voltage. Thus, the OTFT, just as
every transistor, is an electronic device that can control the current flow between two terminals
by a third terminal. In Fig. 1.13, the band diagram of an OTFT along a cutline normal to

Gate

Diel.

Figure 1.13.: Band structure of an OTFT along a cutline normal to the gate plane. Here the
gate-source voltage is set to the flatband voltage.

UNIVERSITAT ROVIRA I VIRGILI 
CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM 
TRANSISTORS 
Jakob Simon Leise 
 
 



16 1. Introduction

the gate plane is depicted. The bands are shown at an arbitrary position in the channel. As
can be seen, the transistor has a positive flatband voltage in this case since the Fermi level of
the gate electrode is shifted down with respect to the Fermi level of the organic semiconductor
in order to obtain flat bands. Since the organic semiconductor is not doped the Fermi level
without any outer influences is approximately in the mid-bandgap. The reason for a non-zero
flatband voltage is a difference in the work functions between the gate material and the organic
semiconductor. The work function is defined as the difference between the vacuum energy level
and the Fermi level. In Fig. 1.14, the band diagram of the OTFT is shown along a cutline in

Source Drain

+

Figure 1.14.: Band structure of an OTFT along a cutline in the direction of the channel.
Here the gate-source voltage is set to the flatband voltage and the drain-source voltage is zero.
The work function of the source/drain metal is aligned with the HOMO of the organic semicon-
ductor.

the direction of the channel from source to drain. Also here, the flatband voltage is applied as
the gate-source voltage. Due to the electrostatic influence of the source/drain electrodes there
occurs a band bending [46]. As can be seen in Fig. 1.14, the HOMO level matches the Fermi
level at the source-to-semiconductor and drain-to-semiconductor junctions. The reason for this
is that the work function of the source/drain material is chosen to match the HOMO level of
the organic semiconductor. The consequence is that at the metal-to-semiconductor junctions
no Schottky barriers for holes are present. If, by contrast, the work function of the source/drain

Source Drain

+

Figure 1.15.: Band structure of an OTFT along a cutline in the direction of the channel.
Here the gate-source voltage is set to the flatband voltage and the drain-source voltage is zero.
The work function of the source/drain metal is different from the HOMO of the organic semi-
conductor. Thus, a Schottky barrier of height ΦB0 is present.

material is different from the HOMO level of the organic semiconductor, there are Schottky
barriers which play an important role for the current injection at the source-to-semiconductor
interface and will result in parasitic contact resistances [18, 33, 47]. In Fig. 1.15, the band
diagram along the channel cutline is depicted again, but this time, a Schottky barrier of height
ΦB0 is present.
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Source

Drain
+

+

Figure 1.16.: Band structure of an OTFT along a cutline in the direction of the channel.
Here, the gate-source voltage is set to a voltage smaller than the flatband voltage and the
source-drain voltage is set to a negative value. The work function of the source/drain metal is
aligned with the HOMO of the organic semiconductor.

In order to allow a current flow from source to drain, charge carriers need to be injected at
the source-to-semiconductor junction so that they can flow to the drain. Under the conditions
shown in Fig. 1.14 no significant current can flow because the bands in the channel region form
a barrier for the charge carriers. This is indicated by the hole that is repelled at the junction.
Therefore, the barrier in the channel needs to be lowered so that charge carriers can surmount
it and flow to the drain. Furthermore, a drain-source voltage needs to be applied. In Fig. 1.16,
the band diagram of the OTFT is shown for the case that a gate-source voltage smaller than
the flatband voltage is applied. Furthermore, a negative drain-source voltage is applied. As a
consequence, holes can be injected from the source into the channel and they can flow towards
the drain.

As explained above, the organic semiconductor is undoped so that under equilibrium conditions
the Fermi level equals the intrinsic Fermi level which is approximately in the middle of the
bandgap. From this, there arises an interesting consequence: whether an OTFT is an n-type
or a p-type transistor depends on the work function of the source/drain metal in relation
to the bands of the organic semiconductor [48]. Typical semiconductors such as pentacene
or Dinaphto[2,3-b:2’,3’-f]thieno[3,2-b]thiophene (DNTT) have HOMO levels of approximately
5 eV [40, 48]. The work function of gold is approximately 5.1 eV [25] and thus, there is only a
small Schottky barrier at the gold-to-semiconductor junction. Since organic semiconductors
such as DNTT have very large bandgaps in the range of 3 eV [40] it is difficult to find a
metal with a sufficiently small work function so that the transistor could be used as an n-type
transistor. Typical metals such as gold, aluminum and silver have work functions between
4 eV and 5.1 eV which means that the resulting transistor will show the behavior of a p-type
transistor. The organic transistors investigated in this work are all p-type transistors. However,
in order to facilitate the understanding of the equations the compact models will be derived for
n-type devices which can easily be transferred to p-type devices by negating the polarity of the
voltages, currents and charges.
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18 1. Introduction

1.5 Outline

This PhD thesis targets on the development of a charge-based compact model for the capacitive
behavior and the low-frequency noise in organic thin-film transistors of both the staggered and
the coplanar architectures. In this section, the aim of developing a compact model will be
outlined.

When developing an electric circuit, it is of utmost importance that the circuit behaves properly
before the mass production can start. For this purpose, in earlier times the electric circuits
were theoretically planned and then built on test boards. The behavior of the test circuit was
evaluated and in case of unsatisfactory results, the discrete circuit elements such as resistors,
capacitors, inductors or transistors were exchanged or the topology of the circuit was altered.
This method is denoted as breadboarding [49]. Having adapted the circuit and the circuit
elements in such a way that the circuit behaves properly the circuit could then be fabricated.
However, when it comes to the design of integrated circuits the method of breadboarding is no
longer suitable. The reason is that the circuit components that are fabricated on a substrate
show a different behavior than discrete elements used in a macroscopic circuit since in an
integrated circuit there are additional effects such as parasitic capacitances with respect to
adjacent elements [49]. Furthermore, the lengths of the interconnects of the circuit elements are
quite different when comparing a macroscopic circuit to an integrated one. As a consequence,
simulation programs with integrated circuit emphasis (SPICE) are nowadays used in order to
simulate an integrated circuit rather than constructing it on a test board [49].

In order to use a computer-aided circuit simulation tool, the circuit simulator needs to know
how the single components behave. For this purpose, mathematical equations linking the
voltages to the steady-state and capacitive charging currents in the devices are necessary and
a description of the noise behavior of the devices is needed. The behavior of a single device
could in principle be obtained by a numerical device simulation, for example, by employing the
finite element method. While these physical device simulators such as Sentaurus Technology
Computer Aided Design (TCAD) [50] may show a very accurate reproduction of real devices
they impose a high computational load on the central processing unit (CPU) of the computer
resulting in long execution times. It may take hours or even days until one single device is
simulated in a finite-element simulation. However, integrated circuits may contain hundreds of
thousands of transistors or even more [49] so that conducting a physics-based device simulation
for every single transistor would be impossible to solve. For this purpose, compact models are
needed. A compact model is a set of mathematical equations that describes the properties of a
single device in an accurate but computationally efficient manner [49, 51, 52]. Such compact
models are the key components of modern electronic design automation (EDA) tools [51].
There exist different types of compact models which will briefly be explained in the following
according to ref. [49].
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1.5. Outline 19

Physics-based models
A physics-based compact model is derived based on an analytical description of the device
physics, preferably in a closed-form description. The great benefit of such models is that
the parameters of the equations are entirely motivated by the device physics and allow for a
scaling of the device with respect to the dimensions or the materials. Often, it is impossible
to find completely closed-form descriptions so that approximations are necessary which in
turn diminish the accuracy of the model. The development of such compact models is rather
complicated and may take several man-years [49].

Table-lookup models
Instead of deriving physics-based equations for the model description, a very simple method is
the creation of a lookup-table. The values for the lookup table can be obtained by measur-
ing fabricated devices or by finite-element simulations. Between the values in the table, an
interpolation, for example, by cubic splines is necessary. The advantage of such a table-lookup
model is that it is very easy to solve and extremely quick to execute since only an interpolation
between adjacent points is necessary. If, however, large numbers of values are stored in the
tables the model will have huge memory requirements. Furthermore, the disadvantage is that
the model is not scalable, i.e. as soon as a different device geometry is used or other material
parameters are used the lookup-table needs to be filled again by finite-element simulations or
measurements. Furthermore, the model is only valid for the voltage range stored in the table.
The model cannot safely predict any values beyond its scope [49].

Empirical models
Empirical models are somehow comparable to table-lookup models but with the difference
that they do not consist of value pairs stored in a table but rather of empirical functions
that provide a description of the values. An empirical model can thus be characterized as a
mathematics-based modeling where the parameters of the functions are tuned such that the
model agrees well with measured curves or with the results of finite-element simulations. The
advantage of such models is that they have much smaller storage requirements than table-lookup
models but they may be less accurate.

In the reality, physics-based models and empirical models are often mixed. A model can be
motivated by the physics but in order to capture certain effects, empirical fitting functions
or fitting parameters may be introduced [49]. Nevertheless, if the model is physics-based and
includes some empirical fitting or correction methods it is still denoted as a physics-based model.

For a good compact model, the following requirements can be formulated [49, 51, 52]:

• Fast execution time

• High accuracy with respect to measurements or finite-element simulations
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20 1. Introduction

• Close link to the physics and consequently a possibly low number of empirical fitting
parameters

• Scalability with respect to the device geometry and the materials

• Deterministic way of parameter extraction

• Numerical stability, i.e. continuity of the equations and of the derivatives

• Stable behavior for bias points far away from the normal operation since the simulator
may apply voltages beyond the normal scope during the iterations of the non-linear circuit
solver

Observing these claims, it can be said that some of them are mutually exclusive. The higher
the accuracy of a model is the more side effects need to be taken into account which may result
in the necessity of defining more fitting functions or parameters. In turn, a higher number of
equations will lead to a larger execution time. Thus, there is no "perfect" compact model in the
regard that it fulfills all claims completely. However, it is important to ensure that a numeri-
cal stability of the model is given since otherwise the model may be useless in a circuit simulator.

In the device modeling and research group at the TH Mittelhessen, such compact models for
different transistors are developed. Among them is also a physics-based compact model for the
static direct current (DC) behavior of OTFTs with large channel lengths [36]. This compact
model is able to reproduce measured DC characteristics of OTFTs but it does not contain a
description of the capacitive behavior and the noise. Thus, this PhD thesis is an advancement
of the existing DC compact model. The DC equations are extended by the quasistatic and
non-quasistatic charging currents arising from the charging and discharging of intrinsic and
extrinsic capacitances. Furthermore, a model for the quantification of the low-frequency noise
is developed. The compact model developed in this work is a physics-based model which at
some points needs to be extended by empirical fitting functions.
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CHAPTER 2

Charge-Based DC Model

For the description of the static DC characteristics of the OTFTs, a compact model has already
been developed at the TH Mittelhessen group [36]. The DC model has been extended by
Pruefer et al. in order to capture contact effects and short-channel effects, i.e. the non-linear
injection of the current at the source-to-semiconductor junction and the voltage drop across the
drain-to-semiconductor junction [47], as well as the effects of a drain-induced barrier lowering
(DIBL), and a shift of the threshold voltage due to short channels [53].

In addition to that, the DC model in ref. [36] has been extended in order to capture the 3D
effect of fringe currents in the transistors [54] and some corrections to the DC model have been
performed which were published in ref. [55].

Although this thesis is dedicated to the modeling of the dynamic behavior of OTFTs, it is
essential to give an overview over some aspects of the DC compact model since the dynamic
model is based on the DC model and thus has a close link to the DC equations. In this chapter,
a review of the most important points of the DC model will be presented.

2.1 Simple DC Model

In this section, the original version of the DC model according to ref. [36] will be reviewed.
The starting point of the derivation is the density of states which is described as:

Γ (E) = Nt,DOS√
2πσDOS

exp
(

− (E − E0,DOS)2

2σ2
DOS

)
(2.1)

where Nt,DOS is the maximum number of states, σDOS is the standard deviation, and E0,DOS is
the center of the distribution. It has been discussed in the literature, whether it makes sense to
assume the center of the Gaussian DOS exactly at the HOMO or whether it should be shifted
in order to more precisely capture the effect that the states are more likely to be found beyond
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22 2. Charge-Based DC Model

the HOMO and not in the bandgap [33]. However, for the compact model, this does not play
such a critical role since a shift of the Gaussian DOS results in a shift of the resulting transfer
curves along the Vgs-axis which can be compensated later. Thus, it is now assumed that the
center of the Gaussian DOS equals the valence band edge (EV). In Fig. 2.1, a diagram of

Figure 2.1.: Diagram of the Gaussian DOS which is assumed in the DC model. This pic-
ture is taken from ref. [36]. The shallow traps correspond to states in which the quasi-mobile
charges are found. The deep bulk and interface states correspond to traps in the bandgap that
do not contribute to the DC current but have an influence on the electrostatics.

different energetic states is shown as published in ref. [36]. The shallow traps can be observed
which are the energetic states in which the charge carriers behave like quasi-mobile charges.
These shallow traps are Gaussian-distributed. Furthermore, the deep bulk and interface traps
are shown. Charge carriers can get trapped there but it is unlikely that they jump to adjacent
traps and contribute to the DC current. However, charges in these traps influence the de-
vice electrostatics and have an influence on the threshold voltage and the sub-threshold behavior.

The density of quasi-mobile charges for an arbitrary energy is then calculated as follows:

Q′
m = qdm

∞∫
Eµ

Γ (E)f(E)dE (2.2)

where q is the elementary charge, dm is the thickness of the accumulation channel, Eµ is the
energy at which the charge carriers are treated as quasi-mobile carriers, and f(E) is the function
describing the Fermi statistics. Based on this equation, it is possible to calculate the amount of
charge that will be available for transport and thus contribute to the current. However, the
difficulty is that the Fermi level has to be known in order to correctly relate the Fermi statistics
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2.1. Simple DC Model 23

to the band diagram. Furthermore, the Fermi statistics are complicated to treat in combination
with a Gaussian DOS. Therefore, in ref. [36], the Fermi statistics are approximated by the
Boltzmann statistics. Performing several steps, the model yields a differential that links the
amount of accumulated charge to the channel voltage. Originally, in ref. [36], the equation
is presented for the charges at the source end of the channel but it can be formulated more
general for any arbitrary point in the channel:

dQ′
m

dVg
= 1

αVth
Q′

m
+ 1

C′
diel

(2.3)

where Vg is the gate potential, α is the slope degradation factor with respect to the ideal slope
of ≈ 60 mV/dec at room temperature, Vth = kBT/q is the thermal voltage with kB as the
Boltzmann constant and T as the temperature, and C′

diel is the capacitance of the gate dielectric
per gate area. This differential will become important later when the model for the total charges
is derived. Based on the differential, the DC model in ref. [36] finally comes to closed-form
equations for the charge densities at the source end and the drain end of the channel. The
charge density can only be calculated at the endpoints of the channel. Originally, a definition
of the charge densities based on the trap densities and the parameters of the Gaussian DOS is
derived. However, due to the assumption of the Boltzmann statistics and due to some further
fitting parameters, this trap-based formulation of the DC model is unhandy to use. In order to
give a closer link to the parameters that are known to circuit designers, an equivalent threshold
voltage and the sub-threshold swing are defined. Based on these parameters, the charge density
equation reads as follows:

Q′
ms/d = Ssth

ln(10) · C′
diel · L

{
exp
(

Vgs/d − VT0

Ssth/ ln(10)

)}
(2.4)

where L is the first branch of the Lambert W function, Ssth is the sub-threshold swing, VT0 is the
threshold voltage, and Vgs and Vgd is the gate-to-source and gate-to-drain voltage, respectively.
The DC current is finally based on an integration over the drift-diffusion model which leads to:

Ids = µWch ·
(

kBT

q
· Q′

ms − Q′
md

Lch
+ Q′2

ms − Q′2
md

2LchC′
diel

)
(2.5)

where Wch and Lch are the channel width and length, respectively, and µ is the charge-carrier
mobility. It has to be noted that this equation is only true if the slope degradation factor α is
equal to one. Performing the integration over the drift-diffusion model, in principle α has to
be included as a factor in the diffusion component of the current in Eq. (2.5). However, since
the overall influence of the diffusion current on the total current is comparatively small, the
equation presented here will be utilized and not the version incorporating α as a pre-factor in
the diffusion current.
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24 2. Charge-Based DC Model

The charge-carrier mobility is described as a power-law which is often done for OTFTs [28, 29,
56, 57]. The mobility then reads as:

µ = κ ·
(

Q′
ms

C′
diel

)β

(2.6)

where κ [cm2V−β−1s−1] is the so-called low-field mobility and β is the unitless exponent of the
power-law. The next step is the inclusion of a channel-length modulation in order to represent
the effect that the transistor does not show a perfectly constant current with respect to the
drain-source voltage Vds when operated in saturation. An auxiliary voltage controlling the
saturation is defined as follows:

Vdsx = 1
C′

diel
·
(
Q′

ms − Q′
md,barr

)
(2.7)

where Q′
md,barr is the charge density per gate area at the drain end of the channel after the

reduction of the drain-source voltage by the voltage drop over the Schottky barrier at the drain
as presented in Eq. (2.17) later. Finally, the model allows the inclusion of a contact resistance.
Following the principle in ref. [58], a contact resistance is included in terms of an effective
mobility:

µeff = µ

1 + µ· Wch
Lch

·(Rcontact + Rsb,s)·Q′ms
(2.8)

where Rcontact and Rsb,s are the series resistances to be included. With these definitions, the
drain current of the simple model finally reads as follows:

Ids = µeff ·Wch ·
(

kB ·T
q

· Q′
ms−Q′

md,barr

Lch
+

Q′2
ms−Q′2

md,barr

2·Lch ·C′
diel

)
· (1+λ·(Vds−Vdsx)) (2.9)

where λ is the channel length modulation factor. The contact resistance consists of two
components. One of these is a constant Ohmic contact resistance denoted as Rcontact which
depends on the transistor structure. In coplanar transistors, Rcontact is simply constant but
in staggered transistors, the situation is a little more difficult. Figure 2.2 shows a staggered
OTFT in which the current injection in the source overlap region is shown. The current has

OSC

Dielectric

Gate

Source Drain

Current Injection

Figure 2.2.: Sketch of a staggered OTFT where the current injection is depicted. This prin-
ciple is adapted from ref. [59]. The density of the injected current is higher in proximity to the
source end of the channel which is emphasized by the different thicknesses of the cyan-colored
arrows. The transfer length LT is defined as the length in which 63 % of the current is injected.
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2.2. Workfunction Mismatch 25

to travel from the electrode normal to the channel direction and is diverted close to the gate
dielectric towards the channel direction. The density of the injected current varies along the
gate-to-source overlap length and is significantly reduced farther away from the source end of
the channel. This principle is taken from ref. [59] where the contact resistance is described
based on the sheet resistance (Rsheet) of the organic semiconductor layer, the transfer length
(LT) in which 63 % of the current is injected, and the gate-to-source overlap length (Lov,GS):

Rcontact = 2· Rsheet

Wch
·LT ·coth

(
Lov,GS

LT

)
. (2.10)

In addition to the constant resistance Rcontact, the contact resistance also includes the effect of
a non-linear current injection at the source-to-semiconductor junction which will be reviewed
in the following section.

2.2 Workfunction Mismatch

The metal-to-semiconductor junctions in OTFTs behave like Schottky barriers. In ref. [47], the
influence of the Schottky barriers on the static drain current characteristics are investigated
in detail. If the transistor is operated in a normal operation point (e.g. the above-threshold
regime), the Schottky barrier at the source end of the channel is operated in reverse direction
whereas the Schottky barrier at the drain is operated in forward direction. Both of the Schottky
barriers are non-linear, parasitic contact resistances and can have a major influence on the
current-voltage characteristics of the transistor. Due to the reverse operation of the source
Schottky barrier its resistance will be much higher than the resistance of the drain barrier. The
model in ref. [47] provides closed-form equations for the non-linear resistance of the source
Schottky barrier and the estimated voltage drop over the drain Schottky barrier. The effect of
a Schottky barrier lowering due to image charges [46] is taken into account which allows for
a description of the S-shape effect in the linear regime of operation of the transistor. A full
review of ref. [47] will not be presented here but some of the equations are needed later for the
short-channel extension of the dynamic model. Therefore, a short overview over some of the

Vgs = Vds = 0 V

Vgs < 0 V, Vds < 0 V

Source

LUMO

HOMO

Semiconductor

LUMO

HOMO

Figure 2.3.: Band diagram of the transistor at the source-to-semiconductor junction of the or-
ganic transistor. Due to an electric field Esb the height of the Schottky barrier can be lowered.
This figure is taken from ref. [47].
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26 2. Charge-Based DC Model

concepts presented there will be given. Figure 2.3 shows the band diagram of an OTFT at the
source-to-semiconductor junction. An electric field can lead to the already mentioned effect
of a Schottky barrier lowering. Applying a conformal mapping technique, the electric field
in both transistor architectures (staggered and coplanar) is calculated. The model describes
the influence of the reversely operated Schottky barrier at the source by means of a contact
resistance (Rsb,s) which is added to the Ohmic component of the contact resistance in Eq. (2.8).

The resistance of the source Schottky barrier is denoted as Rsb,s which is a function of the
applied voltages and the device geometry and materials. The model in ref. [47] estimates
the voltage drop over the source Schottky barrier but this voltage drop cannot be calculated
precisely. In principle, the current through a series connection of a transistor and a reversely
driven Schottky barrier at the source terminal would have to be calculated numerically, e.g.
by making use of the Newton algorithm. However, the model in [47] circumvents this by the
definition of the barrier resistance Rsb,s:

Rsb,s = Vsb,s

−Is,s ·
(

exp
(

−qVsb,s
θkBT

)
− 1
) (2.11)

where Vsb,s is the estimated voltage drop over the Schottky barrier, Is,s is the reverse-bias
saturation current of the diode, and θ is a fitting parameter describing the non-ideality of the
diode. The estimated voltage drop Vsb,s is very similar to the voltage Vdsx but here the charge
density Q′

md is used before the voltage is reduced due to the drain contact:

Vsb,s = Q′
ms − Q′

md
C′

diel
. (2.12)

The reverse-bias saturation current of the diode is defined as follows:

Is,s = WchLinjA
⋆T 2 exp

(
−q (ΦB0 − ∆ΦB)

ηkBT

)
(2.13)

where Linj is the injection length in which the main part of the current is injected, A⋆ is the
effective Richardson constant, η is a fitting-parameter, ΦB0 is the initial barrier height, and
∆ΦB is the amount by which the Schottky barrier is lowered. This amount is dependent on the
electric field across the barrier and varies between the two transistor architectures. A detailed
review of ref. [47] will not be presented here. The injection length Linj is also dependent on
the transistor architecture. In staggered transistors, Linj is equal to the transfer length LT in
which 63 % of the current is injected. By contrast, in coplanar transistors, the injection length
is equal to the thickness of the charge-carrier channel.
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2.2. Workfunction Mismatch 27

Since the Schottky barrier at the drain is operated in forward direction it has a lower resistance
compared to the Schottky barrier at the source. Furthermore, there is an interesting property:
For higher voltages, a forward-driven Schottky diode becomes increasingly conductive. By
contrast, a transistor is driven into saturation as the drain-source voltage is increased. Conse-
quently, at very high drain-source voltages, the series connection of an inner transistor and a
forward-driven drain Schottky barrier saturates to the same current as a transistor without
barrier would do. However, the saturation sets on a little bit later under the presence of a
drain Schottky barrier which can be verified by observing Fig. 6 (b) in ref. [47]. It proved to
be sufficient to model the voltage drop over the drain Schottky barrier in the linear operation
regime of the transistor as a linear function of Vds until at a certain voltage the saturation sets
on. Generally, the investigation of the drain barrier starts at a similar point as the investigation
of the source barrier. Theoretically, the drain barrier could not analytically be included in
a compact model but would require the numerical calculation by a method like the Newton
algorithm. However, a closed form description with good accuracy is derived in ref. [47]. The
current through the drain barrier can be described as follows:

ID,d = Is,d ·
(

exp
(

qVsb,d

θkBT

)
− 1
)

(2.14)

where Is,d is the reverse-bias saturation current of the diode and Vsb,d is the voltage drop across
the drain barrier. Is,d is very similar to that of the source diode but here the effect of the
Schottky barrier lowering does not have to be taken into account:

Is,d = WchLinjA
⋆T 2 exp

(
−qΦB0

ηkBT

)
. (2.15)

As explained above, in deep saturation, a transistor with a drain Schottky barrier will conduct
the same current as a transistor without such a barrier. Making use of this, the voltage drop
Vds,Vsbd,sat over the Schottky barrier can be calculated in the saturation regime of operation.
The voltage drop Vsb,d is then calculated as a linear function of Q′

ms until it finally saturates to
a value defined as

Vds,Vsbd,sat = wsat
Q′

ms
C′

diel
(2.16)

where wsat is a fitting parameter that controls at which point the saturation starts. The final
equation for Vsb,d is not presented here. The reader is kindly asked to refer to ref. [47]. In
contrast to the source Schottky barrier, the barrier at the drain is included in the compact
model by the voltage drop Vsb,d. Accordingly, the charge density at the drain end of the channel
has to be recalculated taking into account Vsb,d:

Q′
md,barr = Ssth

ln(10)C′
dielL

{
exp
(

Vgs − VT0 − Vds + Vsb,d

Ssth/ ln(10)

)}
. (2.17)

In the final current equation, instead of Q′
md, the new charge density Q′

md,barr is used.
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28 2. Charge-Based DC Model

2.3 Fringe Effects

The equations presented so far are based on a quite simple two-dimensional view on the
transistors. However, there are three-dimensional effects to be taken into account. Due to the
fabrication process, the organic semiconductor layer extends beyond the intrinsic transistor
and constitutes so-called fringe regions. Furthermore, in order to provide stability to the
silicon stencil masks used for patterning, the openings in the mask are often chosen to be
comparatively small [42]. This would limit the channel width that could be fabricated. Even if
the performance of OTFTs is continuously increasing, the mobility of organic semiconductors
is still small in comparison to that of common crystalline semiconductors [9]. Therefore, in
order to achieve a sufficiently high current in an OTFT, the channel width has to be increased.
Since in the silicon stencil lithography the width of one electrode is limited the transistors can
be fabricated in a multi-finger structure. This is in principle a parallel connection of several
identical transistors. Special emphasis has been put on such multi-finger structures as presented
in [54, 55]. The modeling thoughts will be reviewed here.

D

OSC

D

S S

G

Figure 2.4.: Three-dimensional sketch of a staggered OTFT as simulated in Sentaurus
TCAD [50]. This picture was published in ref. [54] and was extended by some labels. Due
to the fabrication process there are regions between and beyond the source/drain electrodes
and the intrinsic channel regions. These are denoted as fringe regions.

Figure 2.4 shows a three-dimensional sketch of a staggered OTFT as simulated in Sentaurus
TCAD [50]. Here, a transistor comprising two source and two drain electrodes is shown. The
little pictogram in the top right corner shows the orientation of the coordinate system. The
width of a single finger is denoted as Wcontact. Between two fingers, there is an unpatterned
region of width dfing. Beyond the first and the last finger, the organic semiconductor layer is
also marginally extended. The width of this region is denoted as wovl. For the modeling, this
width is assumed to be symmetrically present at both ends of the transistor. The complete
width of the transistor is denoted as the gate width Wch,G. This width will be important for
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2.3. Fringe Effects 29

the calculation of the total charges since charges are accumulated at every position where the
gate stack consisting of the gate electrode and the gate dielectric is in contact with the organic
semiconductor.
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(b)

Figure 2.5.: 3D Sentaurus TCAD simulation of a coplanar OTFT. (a) The current density in
a cutplane close to the gate dielectric is shown. (b) Current density along the cutline C1. The
current density decreases beyond the channel center.

The presence of fringe regions opens further current paths. Figure 2.5 shows the results of a 3D
Sentaurus TCAD simulation of a coplanar OTFT. It can be seen that a current flows beyond
the channel center but the current density is reduced farther away from the channel. The effect
of the current spreading is schematically depicted in Fig. 2.6 where two cutplanes of coplanar
single-finger transistor geometries with an identical finger width Wcontact but different fringe
widths wovl are shown. The dark-blue arrows indicate the part of the current that flows in the
center of the intrinsic transistor. The cyan-colored arrows indicate the fringe currents that
flow beyond the channel center. It is obvious that the amount of fringe currents is dependent
on the fringe width wovl. The same principles apply to both kinds of geometries (staggered
and coplanar). The difficulty is that from a static DC measurement the contributions from
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30 2. Charge-Based DC Model

z

x

(a) (b)

Figure 2.6.: Current paths in a cutplane in a coplanar transistor comprising fringe regions.
A transistor with one finger is shown. (a) The fringe width wovl is large and a huge amount of
current can flow beyond the channel center. However, the amount of fringe current is limited
because the current paths farther away from the intrinsic channel center are longer and have
higher resistances. (b) The fringe width wovl is rather small and only a little amount of current
flows beyond the center of the intrinsic transistor.

the intrinsic transistor current and the fringe currents cannot be separated from each other. If
compact models are fitted to such measurements it often leads to a mobility overestimation [60].
In the literature, the fringe part is sometimes accounted for by defining it as a certain percentage
of the intrinsic DC current [40, 61]. Other researchers also considered these fringe currents [41]
and proposed analytical methods for its calculation by a conformal mapping technique [62].
A quite simple and empirical model has been developed which despite its simplicity creates
the necessary basis for the calculation of the total charges later. The model concept that was
presented in refs. [54, 55] will be reviewed here.

Looking at the fringe currents from a practical point of view, a pre-factor before the current
equation is needed that increases the current. As stated before, the mobility could be overesti-
mated in order to fit the current [60] but it was decided to incorporate the fringe currents in
the model by defining an effective channel width. First, some geometric dimensions are defined.
The total gate width Wch,G is the width of the whole transistor consisting of all regions:

Wch,G = Nfing · Wcontact + 2 · wovl + (Nfing − 1) · dfing (2.18)

where Nfing is the number of fingers. The sum of the geometric finger widths is defined as

Wch,SD = Nfing · Wcontact. (2.19)
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2.3. Fringe Effects 31

Without any fringe model, this width Wch,SD would be used as the channel width in the compact
model. For the inclusion of the fringe effects, an effective channel width is defined:

Wch,eff = δfit · (Wch,G − Wch,SD) + Wch,SD (2.20)

where δfit ∈ [0, 1] is an empirical fitting parameter. Figuratively speaking, if δfit is set to zero,
the effective channel width equals the sum of the electrode widths. If δfit is set to one, the
whole width of the transistor is used as the channel width. It is worth noting that this method
is not capable of predicting the fringe part of the current of an arbitrary transistor geometry.
Based on a TCAD simulation, it is possible to determine meaningful values of δfit. However, as
will be seen later in the derivation of the charge model, the value assigned to δfit does not have
any influence on the total charges and capacitances. It is, however, necessary to define the gate
width Wch,G and the sum of the electrode widths Wch,SD separately.

The formulation of the effective channel width used in this work implies that each of the single
fingers of the transistor can be regarded as independent single-finger transistors where the
total current results from their superposition. Thus, in the region between two fingers, the
currents of both adjacent fingers flows which when superposed yields the total current flowing
in this region. With the definition of the effective channel width, the DC compact model is
reformulated:

Ids = µeff ·Wch,eff ·
(

kB ·T
q

· Q′
ms−Q′

md,barr

Lch
+

Q′2
ms−Q′2

md,barr

2·Lch ·C′
diel

)
· (1+λ·(Vds−Vdsx)) . (2.21)

Furthermore, the effective channel width is also used in the mobility which leads to

µeff = µ

1 + µ· Wch,eff
Lch

·(Rcontact + Rsb,s)·Q′ms
. (2.22)

As a last point, it has to be mentioned that the Ohmic part of the contact resistance in staggered
OTFTs has to be reformulated as well:

Rcontact = 2· Rsheet

Wch,SD
·LT ·coth

(
Lov,GS

LT

)
. (2.23)

Since the injection of the current occurs only in those regions where the source electrode is in
direct contact with the organic semiconductor the geometric channel width Wch,SD, which is
the sum of all of the finger widths, is used in this equation.
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32 2. Charge-Based DC Model

2.4 Compensation of the Threshold-Voltage Shift and a Slope Change

2.4.1 Introduction

The charge-based DC model incorporates a power-law mobility model according to Eq. (2.6).
In the literature, such power-law mobility models are also reported [57, 63]. Theoretically, this
power-law mobility should have an influence only on the above-threshold regime of operation.
However, an investigation of the compact DC model [36] has shown that there is an undesired and
non-negligible influence of the power-law mobility on the sub-threshold regime of operation. The
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Vgs[V]

Observable inverse slope:
Sobs = 100 mV/dec
Sobs = 66.67 mV/dec
Sobs = 50 mV/dec

β = 0 ; 0.5 ; 1

Figure 2.7.: Transfer curves of a staggered OTFT as calculated by the compact model for
three different values of the power-law exponent β at Vds = −1 V. The sub-threshold swing is
set to Ssth = 100 mV/dec but it is clearly visible that with a change in β the model exhibits
different sub-threshold swings. The legend shows the sub-threshold swing that the curves really
exhibit. The remaining compact model parameters are equal for every curve. Since the problem
is not dependent on the other fitting parameters, they are not listed here. This figure was
published in ref. [55] and slightly modified.

problem can be visualized by plotting the transfer curves of the compact model in a logarithmic
scale at the current axis for different values of β and then observing the sub-threshold behavior,
see Fig. 2.7. Even if the sub-threshold swing is set to a value of Ssth = 100 mV/dec, it can be
seen that only for β = 0 the model really exhibits a swing of 100 mV/dec. As β is increased, the
sub-threshold swing that the model really exhibits is significantly reduced which is of course an
undesired behavior. Furthermore, which will become visible in the course of this section, the
threshold voltage is also affected by the power-law mobility. In the next paragraphs, equations
that compensate the influence of the power-law mobility on the sub-threshold swing and the
threshold voltage will be derived. These equations were published in ref. [55].
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2.4. Compensation of the Threshold-Voltage Shift and a Slope Change 33

2.4.2 De-Coupling of the Sub-Threshold Swing from the Power-Law Mobility

The first step is to derive an equation for the de-coupling of the sub-threshold swing from the
power-law mobility. The starting point of this derivation is the mobility. As explained above,
the mobility incorporates contact effects which leads to the formulation of an effective mobility
according to Eq. (2.22). Since for this investigation a sub-threshold operation point is assumed
the mobility can be simplified: In the sub-threshold regime of operation, the charge density
Q′

ms is very low. Consequently, the second summand in the denominator of Eq. (2.22) becomes
notably smaller than the first summand and the mobility reduces to the power-law mobility
according to Eq. (2.6). This makes sense from a practical point of view: When operated in the
sub-threshold regime of operation, the depleted transistor channel has a high Ohmic resistance.
The channel resistance can become orders of magnitude larger than the contact resistance
and hence, the contact resistance does not have a notable influence on the total current. The
mobility in the off-state reads as:

µoff = κ ·
(

Q′
ms,off

C′
diel

)β

(2.24)

where Q′
ms,off is the charge density per gate area at the source end of the channel in the off-state

of the transistor, i.e. in a sub-threshold operation point. Next, it is desired to find a simplified
expression for the off-state charge densities. The charge density at the source/drain end of the
channel is given by Eq. (2.4) which is presented here again in order to improve the reading flow:

Q′
ms/d = Ssth

ln(10) · C′
diel · L

{
exp
(

Vgs/d − VT0

Ssth/ ln(10)

)}
.

The Lambert W function is the inverse function of the problem

y = x · exp(x). (2.25)

This equation cannot analytically be rearranged for x but by means of the Lambert W function,
which can be solved by e.g. a Taylor series, it can anyhow be rearranged for x:

x = L(y). (2.26)

Suppose that the value of x is close to zero. Then, in Eq. (2.25), the exponential function is
nearly one and the equation simplifies to

y ≈ x. (2.27)

Substituting this simple result in Eq. (2.26) leads to

L(x) ≈ x. (2.28)
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34 2. Charge-Based DC Model

In other words: For very small arguments, the Lambert W function nearly behaves as a linear
function. This fact is useful with regard to Eq. (2.4): When operated in the sub-threshold
regime, the numerator of the exponential function within the Lambert W function becomes
negative. The value of the exponential function is thus close to zero and as a consequence, the
Lambert W function almost returns the value of its argument. Thus, the charge densities can
be written in this greatly simplified form:

Q′
ms/d,off = Ssth

ln(10) · C′
diel · exp

(
Vgs/d − VT0

Ssth/ ln(10)

)
. (2.29)

Having performed these simplifications, the off-state charge density Q′
ms,off can be incorporated

into the off-state mobility (Eq. (2.24)) which leads to:

µoff = κ ·
(

Ssth

ln(10) · exp
(

Vgs − VT0

Ssth/ ln(10)

))β

= κ ·
(

Ssth

ln(10)

)β

· exp
(

β · Vgs − VT0

Ssth/ ln(10)

)
. (2.30)

The next step is to observe the current equation. For convenience, the current equation
(Eq. (2.21)) is shown again:

Ids = µeff ·Wch,eff ·
(

kB ·T
q

· Q′
ms−Q′

md,barr

Lch
+

Q′2
ms−Q′2

md,barr

2·Lch ·C′
diel

)
· (1+λ·(Vds−Vdsx)) .

In order to simplify the further derivation, this equation is also simplified. First, one can
say that since the transistor is operated in the sub-threshold regime of operation, the contact
resistances will have a minor influence. Therefore, the charge density at the drain end of
the channel can be calculated without considering the voltage drop across the drain Schottky
barrier: Q′

md,barr ≈ Q′
md. The validity of this assumption can be verified by simulating two

transistors of which one has a barrier at the drain-to-semiconductor junction and one has no
barrier, and showing that the currents in the sub-threshold regime are equal [47]. Furthermore,
in the sub-threshold regime of operation, the channel-length modulation is not of interest and
it is neglected here. A third simplification concerns the different components that the current
consists of: The summands where Q′

ms and Q′
md are contained to the power of one represent a

diffusion current whereas the summands containing Q′
ms and Q′

md to the power of two represent
a drift current. Since Q′

ms and Q′
md are small in the sub-threshold regime of operation their

quadrature yields even smaller values. Consequently, in accordance with the theory [39], the
diffusion current dominates the overall current in the sub-threshold regime of operation and
the drift current can be neglected. These three assumptions lead to the following expression for
the off-state drain current:

Ids,off = µoff · Wch,eff

Lch
· kBT

q

(
Q′

ms,off − Q′
md,off

)
. (2.31)
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2.4. Compensation of the Threshold-Voltage Shift and a Slope Change 35

Subsequently, the off-state mobility (Eq. (2.30)) and the off-state charge densities (Eq. (2.29))
are inserted in this equation which leads to

Ids,off =κ · Wch,eff

Lch
· kBT

q
·
(

Ssth

ln(10)

)β

· exp
(

β · Vgs − VT0

Ssth/ ln(10)

)
×
(

Ssth

ln(10) · C′
diel · exp

(
Vgs − VT0

Ssth/ ln(10)

)
− Ssth

ln(10) · C′
diel · exp

(
Vgs − Vds − VT0

Ssth/ ln(10)

))
.

(2.32)

This equation can be rearranged and the exponential laws can be applied which leads to the
following expression:

Ids,off =κ · Wch,eff

Lch
· kBT

q
·
(

Ssth

ln(10)

)β+1

· C′
diel

× exp
(

(β + 1) Vgs − VT0

Ssth/ ln(10)

)
·
(

1 − exp
(

−Vds

Ssth/ ln(10)

))
. (2.33)

Please recall that this equation represents the off-state current of the DC model. All the
simplifications and assumptions do not diminish the validity of the equations so long as the
model is operated in the deep sub-threshold regime. Observing Eq. (2.33), an interesting effect
becomes visible: The off-state current has a dependence on the drain-source voltage Vds. This
can lead to a behavior in the transfer curves of the transistor which resembles the DIBL effect
as reported in ref. [36]. It can be seen that this effect is exponentially depending on −Vds which
means that with higher values of Vds (in the context of an n-type transistor) the influence
becomes smaller until finally, at very high Vds, the effect is no longer visible. Furthermore, in
the exponential function, −Vds is divided by the sub-threshold swing Ssth. The consequence of
this is that a transistor with a large sub-threshold swing needs a larger Vds in order to achieve a
sufficiently large negative argument for the exponential function. Hence, the quasi-DIBL effect is
more pronounced in transistors with large sub-threshold swings. This is in accordance with the
findings in ref. [36]. The effect mentioned here must not be mistaken with the real DIBL effect
which is the lowering of the barrier between source and drain due to the drain-source voltage [53].

Now, the derivation of the compensation equation for the influence of the power-law exponent
on the sub-threshold swing will be resumed. In order to simplify the readability, a constant
C1 is defined containing all those factors of Eq. (2.33) that are independent of the gate-source
voltage:

C1 = κ · Wch,eff

Lch
· kBT

q
·
(

Ssth

ln(10)

)β+1

· C′
diel ·

(
1 − exp

(
−Vds

Ssth/ ln(10)

))
. (2.34)
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Figure 2.8.: Transfer curves of a staggered OTFT as calculated by the compact model for
three different values of the power-law exponent β at Vds = −1 V. The sub-threshold swing
is set to Sobs = 100 mV/dec and the de-coupling equation Eq. (2.39) is used. The model now
exhibits a constant sub-threshold swing for all different values of β. However, the curves are
shifted along the Vgs axis. This figure was published in ref. [55] and slightly modified.

With this definition, Eq. (2.33) can be written as

Ids,off = C1 · exp
(

(β + 1) Vgs − VT0

Ssth/ ln(10)

)
. (2.35)

The goal of the derivations so far is to calculate the observable sub-threshold swing Sobs that
the model really exhibits. From Fig. 2.7 it is known that the model obviously exhibits a different
measurable sub-threshold swing Sobs than the value Ssth which is set as a model parameter. In
order to provide a de-coupling equation, Sobs needs to be known in dependence of Ssth and β.
For this purpose, the logarithm to base 10 of Eq. (2.35) is calculated leading to

log10 (Ids,off) = log10 (C1) + log10

(
exp
(

(β + 1) Vgs − VT0

Ssth/ ln(10)

))
= log10 (C1) +

(
(β + 1) Vgs − VT0

Ssth/ ln(10)

)
· log10(e) (2.36)

where it can be made use of the fact that log10(e) = 1/ ln(10) which leads to

log10 (Ids,off) = log10 (C1) + (β + 1) Vgs − VT0

Ssth
. (2.37)

Now, the sub-threshold swing Sobs that the model exhibits can be calculated by deriving the
current in logarithmic scale with respect to the voltage and taking the inverse value of that:

Sobs = dVgs

d log10 (Ids,off) = Ssth

(β + 1) . (2.38)
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2.4. Compensation of the Threshold-Voltage Shift and a Slope Change 37

The essence of this equation is that only for the case that β = 0, the compact model exhibits
the sub-threshold swing that is entered in the model parameters. If, for example, β = 1, the
model will show a swing that is only half of the swing entered in the model parameters. This
is exactly the behavior that can be observed in Fig. 2.7. Now, a de-coupling equation for
the sub-threshold swing from the power-law exponent has been derived. The user enters the
sub-threshold swing Sobs that the model should exhibit but internally the value is multiplied
by (β + 1):

Ssth = Sobs · (β + 1) . (2.39)

The charge densities at the source/drain end of the channel are now expressed as follows:

Q′
ms/d = (β + 1) · Sobs

ln(10) · C′
diel · L

{
exp
(

Vgs/d − VT0

(β + 1) · Sobs/ ln(10)

)}
. (2.40)

Figure 2.8 shows the results of the compact model where this de-coupling equation is used.
It can be seen that the model now shows a constant sub-threshold swing independent of β.
However, a new problem appears: The three curves are shifted along the Vgs axis in the deep
sub-threshold regime. From the circuit designer’s perspective, this behavior is undesired because
a tuning of β should only lead to a change in the shape of the above-threshold current but not
in the threshold voltage. Therefore, in the next section, a de-coupling function of the threshold
voltage from the power-law exponent will be developed.

2.4.3 De-Coupling of the Threshold Voltage from the Power-Law Mobility

As explained in the section before, the threshold voltage should be independent of the exponent
of the power-law mobility. The goal is to define a shift of the threshold voltage depending on
the power-law exponent:

∆VT0 = f(β) (2.41)

which can then be incorporated into the charge densities at the source/drain end of the channel.
The charge densities at the source/drain end of the channel are then expressed as follows:

Q′
ms/d = (β + 1) · Sobs

ln(10) · C′
diel · L

{
exp
(

Vgs/d − VT0 − ∆VT0

(β + 1) · Sobs/ ln(10)

)}
. (2.42)

Making again use of the fact that in the sub-threshold regime of operation the Lambert W
function approximately returns its argument, this equation can be simplified:

Q′
ms/d,off = (β + 1) · Sobs

ln(10) · C′
diel · exp

(
Vgs/d − VT0 − ∆VT0

(β + 1) · Sobs/ ln(10)

)
. (2.43)

The starting point of the derivations is the following claim: The compact model should always
lead to the same off-state current, independent of whether β = 0 or β ̸= 0. If β = 0, ∆VT0

is defined to be zero. By contrast, if β ≠ 0, VT0 shall be used in order to fulfill the claim.
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38 2. Charge-Based DC Model

Formulated in terms of an equation, the claim reads as:

Ids,off

∣∣∣∣
β=0,∆VT0=0

= Ids,off

∣∣∣∣
β ̸=0,∆VT0 ̸=0

. (2.44)

First, the new expression for the charge densities (Eq. (2.43)) needs to be inserted into the
off-state power-law mobility (Eq. (2.24)) which leads to:

µoff = κ ·
(

(β + 1) · Sobs

ln(10)

)β

· exp
(

β · Vgs − VT0 − ∆VT0

(β + 1) · Sobs/ ln(10)

)
. (2.45)

Next, Eqs. (2.43) and (2.45) can be inserted into the claim in Eq. (2.44). In order to increase
the readability of the next steps, the left-hand side and right-hand side of this equation will be
regarded separately. For the current, Eq. (2.31) is used. After the insertion of the off-state
mobility and the modified off-state charge densities, the right-hand side of Eq. (2.44) reads as
follows:

Ids,off

∣∣∣∣
β ̸=0,∆VT0 ̸=0

= κ · Wch,eff

Lch
· kBT

q
·
(

(β + 1) · Sobs

ln(10)

)β

· exp
(

β · Vgs − VT0 − ∆VT0

(β + 1) · Sobs/ ln(10)

)
×
(

(β + 1) · Sobs

ln(10) · C′
diel · exp

(
Vgs − VT0 − ∆VT0

(β + 1) · Sobs/ ln(10)

)
− (β + 1) · Sobs

ln(10) · C′
diel · exp

(
Vgs − Vds − VT0 − ∆VT0

(β + 1) · Sobs/ ln(10)

))
(2.46)

which can be rearranged by factoring out some terms and making use of the exponential laws:

Ids,off

∣∣∣∣
β ̸=0,∆VT0 ̸=0

= κ · Wch,eff

Lch
· kBT

q
·
(

(β + 1) · Sobs

ln(10)

)β+1

· C′
diel

×
(

exp
(

(β + 1) Vgs − VT0 − ∆VT0

(β + 1) · Sobs/ ln(10)

)
− exp

(
(β + 1) Vgs − VT0 − ∆VT0

(β + 1) · Sobs/ ln(10) − Vds

(β + 1) · Sobs/ ln(10)

))
(2.47)

which can be further simplified to

Ids,off

∣∣∣∣
β ̸=0,∆VT0 ̸=0

= κ · Wch,eff

Lch
· kBT

q
·
(

(β + 1) · Sobs

ln(10)

)β+1

· C′
diel

× exp
(

Vgs − VT0 − ∆VT0

Sobs/ ln(10)

)
·
(

1 − exp
(

−Vds

(β + 1) · Sobs/ ln(10)

))
.

(2.48)
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2.4. Compensation of the Threshold-Voltage Shift and a Slope Change 39

This is the final version of the right-hand side of Eq. (2.44). Before continuing with the left-hand
side of the claim, one interesting fact about this equation will be discussed. It can be seen
that, similar to Eq. (2.33), this equation contains a term depending on Vds. Please recall
that Eq. (2.48) is in principle the off-state current of a transistor where the correction function
for the sub-threshold swing has already been performed. What is striking is that now, in the
denominator of the term containing Vds, the pre-factor (β + 1) appears before Sobs whereas this
pre-factor does not appear in Eq. (2.33). As was already discussed in the context of Eq. (2.33),
the Vds term causes the model to exhibit a shift of the sub-threshold current that resembles the
DIBL effect. As in the Vds term, the new pre-factor before Sobs is contained, the consequence
is that the transistor incorporating the compensation function exhibits a different quasi-DIBL
behavior than a transistor without the compensation function. In principle, this change is
undesired but it is inevitable.

Next, the left-hand side where β = 0 and ∆VT0 = 0 will be dealt with. This case is much easier
to treat since the power-law mobility reduces simply to the constant κ and since no shift of the
threshold voltage needs to be looked at. The left-hand side reads as follows:

Ids,off

∣∣∣∣
β=0,∆VT0=0

=κ · Wch,eff

Lch
· kBT

q
· Sobs

ln(10) · C′
diel

×
(

exp
(

Vgs − VT0

Sobs/ ln(10)

)
− exp

(
Vgs − Vds − VT0

Sobs/ ln(10)

))
, (2.49)

which is simplified by factoring out the exponential function:

Ids,off

∣∣∣∣
β=0,∆VT0=0

=κ · Wch,eff

Lch
· kBT

q
· Sobs

ln(10) · C′
diel · exp

(
Vgs − VT0

Sobs/ ln(10)

)
×
(

1 − exp
(

−Vds

Sobs/ ln(10)

))
. (2.50)

After these preparations, Eq. (2.48) and Eq. (2.50) can be equated leading to the following
rather unhandy expression:

κ · Wch,eff

Lch
· kBT

q
·
(

(β + 1) · Sobs

ln(10)

)β+1

· C′
diel

× exp
(

Vgs − VT0 − ∆VT0

Sobs/ ln(10)

)
·
(

1 − exp
(

−Vds

(β + 1) · Sobs/ ln(10)

))
= κ · Wch,eff

Lch
· kBT

q
· Sobs

ln(10) · C′
diel · exp

(
Vgs − VT0

Sobs/ ln(10)

)
·
(

1 − exp
(

−Vds

Sobs/ ln(10)

))
. (2.51)

This expression can be drastically simplified by dividing both sides by

κ · Wch,eff

Lch
· kBT

q
· C′

diel · exp
(

Vgs − VT0

Sobs/ ln(10)

)
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40 2. Charge-Based DC Model

which is allowed from the mathematical perspective since none of the factors of this equation
can become zero. This division leads to:(

(β + 1) · Sobs

ln(10)

)β+1

· exp
(

−∆VT0

Sobs/ ln(10)

)
·
(

1 − exp
(

−Vds

(β + 1) · Sobs/ ln(10)

))
= Sobs

ln(10) ·
(

1 − exp
(

−Vds

Sobs/ ln(10)

))
. (2.52)

This equation will be rearranged for ∆VT0 in the next steps:

exp
(

−∆VT0

Sobs/ ln(10)

)
=

Sobs
ln(10) ·

(
1 − exp

(
−Vds

Sobs/ ln(10)

))
(

(β+1)·Sobs
ln(10)

)β+1
·
(

1 − exp
(

−Vds
(β+1)·Sobs/ ln(10)

)) . (2.53)

Making use of the exponential laws, this can be further rearranged to

exp
(

−∆VT0

Sobs/ ln(10)

)
=

Sobs
ln(10) ·

(
1 − exp

(
−Vds

Sobs/ ln(10)

))
(β + 1)(β+1) ·

(
Sobs

ln(10)

)β+1
·
(

1 − exp
(

−Vds
(β+1)·Sobs/ ln(10)

)) (2.54)

where one term cancels out leading to

exp
(

−∆VT0

Sobs/ ln(10)

)
=

(
1 − exp

(
−Vds

Sobs/ ln(10)

))
(β + 1)(β+1) ·

(
Sobs

ln(10)

)β

·
(

1 − exp
(

−Vds
(β+1)·Sobs/ ln(10)

)) . (2.55)

Observing this equation, there can be deduced some interesting consequences for the compact
model. On the one hand, it can be seen that the necessary shift ∆VT0 is dependent on the
the power-law exponent β. On the other hand, ∆VT0 is also dependent on the drain-source
voltage Vds. As can be seen, in the numerator and the denominator of the fraction almost the
same expression containing Vds is present but the denominator contains (β + 1) as a pre-factor
before Sobs whereas the term in the numerator does not contain a pre-factor before Sobs. So,
unfortunately, the two terms do not cancel out. As discussed in the context of Eq. (2.48), the
consequence of this is that a transistor incorporating the compensation method for the sub-
threshold swing reacts differently to a change in Vds than a transistor without the compensation
would do. Theoretically, the influences of β and Vds in Eq. (2.55) could be separated from each
other by defining separate compensations. However, as already explained before, the quasi-DIBL
effect is only important for transistors with very bad sub-threshold swings. Furthermore, it is
desired that the model only contains bias-independent model parameters. If the shift VT0 was
defined to be dependent on Vds, this would, for example, result in changes in the output curves
of the transistor. In order to come to a solution, it is mandatory to define a simplification. It
is assumed that the drain-source voltage is sufficiently high so that the exponential functions
tend to zero. It is not intended to compensate for the different influences of Vds on the curves.
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Figure 2.9.: Transfer curves of a staggered OTFT as calculated by the compact model for
three different values of the power-law exponent β at Vds = −1 V. The sub-threshold swing
is set to Sobs = 100 mV/dec and the complete de-coupling equation is used in order to elim-
inate the influence of the power-law exponent on the sub-threshold swing and the threshold
voltage. The three curves are equal in the sub-threshold regime now. This figure was published
in ref. [55] and slightly modified.

This leads to the following simplified form of the equation:

exp
(

−∆VT0

Sobs/ ln(10)

)
= 1

(β + 1)(β+1) ·
(

Sobs
ln(10)

)β
(2.56)

which can be rearranged for ∆VT0:

∆VT0 = Sobs

ln(10) · ln

(
(β + 1)(β+1) ·

(
Sobs

ln(10)

)β
)

. (2.57)

This is the final equation. Now, there is a comprehensive model for the correction of the
sub-threshold swing and the threshold voltage which in the earlier version of the model were
subject to a change due to the power-law exponent β. The final equation for the charge density
at the source end of the channel reads as follows:

Q′
ms = (β + 1) · Sobs

ln(10) · C′
diel · L

{
exp
(

Vgs − VT0 − ∆VT0

(β + 1) · Sobs/ ln(10)

)}
. (2.58)

The final equation for the charge density at the drain end of the channel reads as follows:

Q′
md,barr = (β + 1) · Sobs

ln(10) · C′
diel · L

{
exp
(

Vgs − VT0 − Vds + Vsb,d − ∆VT0

(β + 1) · Sobs/ ln(10)

)}
. (2.59)

Figure 2.9 proves that the de-coupling works well when implemented into the model.
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CHAPTER 3

Charges and Capacitances

In this chapter, an overview over the topic of charges in transistors will be given. As explained
in the former sections, every transistor contains intrinsic and extrinsic charges. Depending on
the applied terminal voltages the amount of charges in the transistor varies. However, charges
cannot be created or disappear, they have to leave or enter the device through the source, drain
or gate terminals [38].

3.1 Comparison to a Water System

In order to give a more figurative explanation of the importance of charges in transistors, the
transistor is compared to a controllable valve in a water circuit. As can be seen in Fig. 3.1, the

Water Reservoir

Pump

Source Drain

Gate

(a)
Water Reservoir

Pump

Source Drain

Gate

(b)

Figure 3.1.: (a) Model of a transistor as a controllable valve in a water circuit. Here the valve
is closed and hence no water is contained in the valve. (b) Here the valve is opened allowing for
a flow of water. In addition to the flow, there is an amount of water within the valve that had
to enter the valve during the opening process.

transistor could be imagined as two plates that can be moved by a button. In Fig. 3.1(a), the
valve is closed. Consequently, no water can flow even if the pump creates pressure. When the
plates are moved away from each other they provide a conductive path for the water which can
be seen in Fig. 3.1(b). Furthermore, it can be seen that in the region between the plates there
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44 3. Charges and Capacitances

is a certain amount of water. This water has to enter the construction through the connections
which in analogy to a transistor are denoted as source and drain. After the opening of the
valve it will obviously take some time until it is filled with water and a steady-state water flow
is established. This imagination can be compared to a transistor where the water plays the role
of charges. It has to be noted that the water model is just a very figurative way of describing
something which in reality is more complicated. In Fig. 3.2, the opening process of the valve

Source Drain

Gate

(a)

Source Drain

Gate

(b)

Source Drain

Gate

(c)

Source Drain

Gate

(d)

Source Drain

Gate

(e)

Figure 3.2.: Model of the transistor as a valve in a water circuit. An overview over the open-
ing process of the valve is shown. The line thickness of the blue arrows indicates the amount of
the water flow. Subfigures (a) to (e) show the system in subsequent time points.

is illustrated. The thickness of the blue arrows indicates the water flow in the corresponding
terminal. As shown in Fig. 3.2(a), the valve is still closed and no water flow is visible. In (b),
the valve has already been opened to a certain degree. It can be seen that a little vacuum
is created and the water starts entering the device. Since the pressure at the source side is
higher (due to the water pump) the water flow is a little bit higher here than at the drain. It
can be observed at the drain terminal that there is also some water flowing in the direction of
the device because there is water everywhere in the pipe system allowing the vacuum in the
device to be filled to a certain degree by water molecules in the drain pipe. In (c), the valve is
shown opened completely. However, still not the whole amount of water as under steady-state
conditions is in the valve. Since the pressure at the source side is higher than at the drain
the current will later flow from source to drain. It can be seen in (c) that already much more
water is flowing in the source terminal than in the drain terminal. As can be seen in (d) the
direction of the water flow at the drain terminal has reversed. There is only a little vacuum left
in the valve that needs to be charged and there is already some of the water coming from the
source that leaves the drain terminal. More physically speaking: The capacitive water charging
current of the drain terminal is lower than the steady-state DC current at this time. Subfigure
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3.2. Intrinsic Charges in Transistors 45

(e) finally shows the steady-state operation. Since no vacuum is left in the valve the same water
flow that enters the device through the source terminal leaves it through the drain. It shall be
emphasized again that the water system described above is just a very simplified picture which
can, however, be useful to understand the transient behavior of the transistor which will be
elaborated on in Chap. 7.

3.2 Intrinsic Charges in Transistors

3.2.1 Introductory Information

Similarly as in the water system, a transistor contains varying amounts of charges depending
on the terminal voltages. In Fig. 3.3, the sketch of a coplanar transistor which contains
accumulation charges in the channel is shown. The transistor shown here is operated in a linear
operation point since the charges are equally distributed along the channel. In this section, a

Metal

Drain

Aluminum
Dielectric

OSC

Source

Gate

Metal

Accumulation Charges

Figure 3.3.: Sketch of a coplanar transistor containing accumulation charges in the channel.

more theoretical background on the charges in transistors is given. The principles which will
be described in the following are a review of ref. [38]. First, the intrinsic charges are dealt
with and subsequently, a more complete picture will be drawn including different extrinsic
contributions to the capacitive behavior.

The current flowing through a transistor is a composition of the steady-state current and the
charging currents flowing in order to charge or discharge the intrinsic and extrinsic capacitances
of the transistor. The charges in the transistor are distributed along the channel and they
are attributed to be under control of the source and drain terminals to a certain degree. The
total amount of charges in the channel is denoted as Qc whereas the total amount of charges
belonging to the drain and the source side of the channel are defined as Qs and Qd, respectively.
In a four-terminal transistor, there also exists a bulk charge Qb but in this work, only thin-film
transistors comprising three terminals (gate, source and drain) are dealt with. The amount of
total charges at every terminal is dependent on all of the terminal voltages Vg, Vs and Vd. The
steady-state currents flowing through the transistor terminals are described in capital letters:
Ig, Is, Id where the subscript corresponds to the gate, source and drain terminals. In addition,
the time-dependent transient currents flowing through these terminals are written in small
letters: ig, is, id. In the following, a quasistatic operation is assumed which means that the
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46 3. Charges and Capacitances

intrinsic capacitances of the transistor can be charged arbitrarily fast so that the amount of
total charge in every alternating current (AC) operation point is the same as it would be under
DC conditions. With this assumption the transient currents at the three transistor terminals
can be defined as follows [38]:

is(t) = −Is(Vg(t), Vd(t), Vs(t)) + dQs

dt
(3.1)

id(t) = Id(Vg(t), Vd(t), Vs(t)) + dQd

dt
(3.2)

ig(t) = dQg

dt
= −dQc

dt
. (3.3)

The minus sign before the DC current in Eq. (3.1) originates from the fact that the capitalized
currents are defined as the currents entering the transistor terminals. However, the DC currents
at the source and the drain are flowing in opposite directions. Thus, by defining the drain
current to be positive, the source current needs to be negative. Due to the charge conservation
principle, in transistors, equal amounts of charges are opposing in the gate electrode and
the channel. Consequently, it can be concluded that the total gate charge Qg is the same as
the total channel charge Qc but with an opposite sign. Furthermore, the sum of the charges
associated with the source and the drain terminal is equal to the total channel charge. This
leads to the expression for the charge conservation:

Qg + Qs + Qd = 0. (3.4)

In order to solve the time-dependent current equations presented here, the total charges
associated with drain and source would be required. However, they are not known explicitly. By
contrast, it is possible to calculate the total amount of charges in the channel (and accordingly
in the gate). Therefore, it is at least possible to define the sum of the source and drain transient
currents:

is + id = Ids(Vg(t), Vd(t), Vs(t)) + dQc

dt
(3.5)

where Ids is the steady-state drain-source current. Generally speaking, the total amount of
charges in the channel (Qc) can be obtained by an integration over the charge density per gate
area along the channel:

Qc = Wch

Lch∫
0

Q′
c(x) dx (3.6)

where x points in the direction of the channel length, Wch is the channel width, and Lch is
the channel length. For standard MOSFETs, the total charge Qc can be calculated based on
the transistor and material parameters and the applied voltages. In the next section, a short
overview over the well-known Meyer model is presented which is an easy but imprecise way of
calculating the transistor capacitances.
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3.2. Intrinsic Charges in Transistors 47

3.2.2 The Meyer Model

As can be seen in Fig. 3.3, the charges in the transistor are distributed along the channel.
However, such a distributed capacitance is hard to treat and to calculate since for that, the
channel would have to be treated as a distributed transmission line consisting of small portions
of the intrinsic channel resistance and the intrinsic channel capacitance [64]. In order to come
to an easy solution that is sufficient for circuit simulation, the simplified approach according to
the Meyer model can be used as presented in ref. [38].

= =

G

DS

Figure 3.4.: Equivalent circuit of a MOSFET showing the capacitances as lumped elements.

In the Meyer model, the transistor capacitances are assumed to be lumped elements that can
be found between the gate and the other terminals. The transistor is imagined as an equivalent
circuit as shown in Fig. 3.4. The Meyer model defines the capacitances as the change of the
total gate charges with respect to a change in the voltages:

Cgs = ∂Qg

∂Vgs
(3.7)

Cgd = ∂Qg

∂Vgd
. (3.8)

This definition of the capacitances circumvents the necessity of calculating the charges Qs and
Qd separately. Furthermore, the capacitances are assumed to be reciprocal, i.e. a change in
the charge stored in Cgs can be induced either by a change in the gate potential or by the
same change in the source potential. Although it is simple, the Meyer model has drawbacks
that diminish its usefulness. On the one hand, the Meyer model often leads to charge-non-
conversation. This is because during the integration in two subsequent time steps t1 and t2 in
a SPICE simulator the capacitances Cgs and Cgd are only known at the discrete time points t1

and t2. In the time between t1 and t2, the capacitances can, for example, be averaged between
those two values. However, this implementation may lead to a non-conversation of the charges,
i.e. that after some time in a transient simulation, the sum of the charges that entered and left
the transistor can be imbalanced. If the time step in a SPICE simulator is chosen very small,
then the charge-non-conversation will not be noticeable [38].
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48 3. Charges and Capacitances

A further and quite critical aspect is that the Meyer model assumes the transistor capacitances
to be reciprocal. However, in a real transistor the capacitances are non-reciprocal. One might
ask the question why this is the case. In a normal plate capacitor, it is not of importance
at which plate the potential is changed. The capacitor will respond equally to a potential
change on each of the two plates. A figurative way of understanding the non-reciprocity of the

OSC

Dielectric

Gate

Source Drain
Accumulation Charges

Aluminum

Figure 3.5.: Sketch of a staggered transistor containing accumulation charges in the channel.
The charge density varies along the channel.

capacitances can be done by again having a look at a sketch of the transistor. In Fig. 3.5, a
staggered transistor is depicted. This transistor structure is essentially the same as the coplanar
structure shown in Fig. 3.3 but here the OSC separates the electrodes and the gate insulator
from each other. It is now assumed that the transistor in Fig. 3.5 is operated in a certain DC
operation point which leads to a charge density varying along the channel as depicted by the
blue wedge-shaped area. From this DC operation point the potential of the gate electrode is
slightly changed and the resulting changes of the charges are observed. The result is that both
the gate-source voltage Vgs and the gate-drain voltage Vgd are altered a little bit whereas Vds is
kept constant. By contrast, if the gate and drain potentials remain constant and a little change
on the source potential is imposed it effectively means that Vgs and Vds are altered whereas Vgd

is kept constant. It is obvious that the change in the total charge in the transistor is different
in both cases. It will now be expressed in a more mathematics-based way that the reciprocity
of the capacitances is actually not true. For this purpose, Eq. (3.4) is derived once with respect
to Vgs and once with respect to Vgd:

∂Qg

∂Vgs
+ ∂Qs

∂Vgs
+ ∂Qd

∂Vgs
= 0 (3.9)

∂Qg

∂Vgd
+ ∂Qs

∂Vgd
+ ∂Qd

∂Vgd
= 0. (3.10)

Assuming reciprocity of the capacitances (Cij = Cji, where i, j represent the terminals g, s, or
d) it can be said that

Cgs = ∂Qg

∂Vgs
≡ Csg = ∂Qs

∂Vsg
= − ∂Qs

∂Vgs
(3.11)

Cgd = ∂Qg

∂Vgd
≡ Cdg = ∂Qd

∂Vdg
= − ∂Qd

∂Vgd
. (3.12)
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3.2. Intrinsic Charges in Transistors 49

Now, Eq. (3.11) is inserted into Eq. (3.9) and Eq. (3.12) into Eq. (3.10) which results in:

∂Qd

∂Vgs
= 0 (3.13)

∂Qs

∂Vgd
= 0. (3.14)

The consequence from this is that the drain charge would not change if the gate-source voltage
was altered. Furthermore, the source charge would not change if the gate-drain voltage was
altered. However, this is not true. Observing Fig. 3.5, it can be see that the charge is distributed
along the channel and does not consist of two distinct portions that can be attributed ultimately
to each of the terminals. Assuming, for example, that the gate-source voltage is increased by
a certain amount, the charge density per gate area at the source end of the channel would
increase. The charge density per gate area at the drain end of the channel would stay the same.
The thickness of the blue wedge-shaped area in Fig. 3.5 represents the charge density. It is
obvious that with the charge density at the source end being increased the whole blue area
would be changed. Also in direct proximity to the drain terminal, an increase in Vgs would lead
to a small increase in the charge density. As will be discussed in the next section, charges in the
channel are under control of both the source and the drain terminals to a certain degree. Even
those charge carriers that are closer to the drain terminal are influenced by the source terminal
to a small extent. Thus, an increase in Vgs alters the amount of charges that is attributed
to the drain terminal. The same consideration holds true for the charges associated with the
source which is also under control of the drain terminal to a small extent. Thus, the reciprocity
of the capacitances is a wrong assumption. Due to these drawbacks of the Meyer model new
kinds of models were developed: the so-called charge-based models. The final equations of the
Meyer model will not be presented here.

3.2.3 Charge-Based Capacitance Models

As explained in the previous section, the small-signal current at each terminal of the transistor
is a function of the terminal voltages and of the capacitances of the transistor. In general, each
terminal has a capacitive coupling to the remaining terminals. Hence, the small-signal part of
the current at an arbitrary terminal with index j reads as [38]:

ij = dQj

dt
= ∂Qj

∂Vg

∂Vg

∂t
+ ∂Qj

∂Vs

∂Vs

∂t
+ ∂Qj

∂Vd

∂Vd

∂t
. (3.15)

In this equation, it becomes evident that the charges at each terminal j are derived with respect
to the voltages at all three terminals. These derivatives are now defined as the capacitances of
the transistor. A capacitance Cij is generally defined as:

Cij =

{
− ∂Qi

∂Vj
i ̸= j i,j = g,s,d

∂Qi
∂Vj

, i = j
. (3.16)
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50 3. Charges and Capacitances

The capacitances where the two indices are different from each other are called the internodal
capacitances or trans-capacitances or intrinsic capacitances. By contrast, the capacitances
with equal indices are denoted as self capacitances. As shown in the equation the internodal
capacitances have a minus sign. This minus sign is a convention and its purpose is that the
capacitances behave "normal" which means that the amount of charge increases if the voltage
at that terminal is increased and that it decreases if any of the voltages at any other terminal
is increased. As an example, the capacitance

Cgs = −∂Qg

∂Vs
(3.17)

will be observed. This equation is rewritten as

∂Qg = −Cgs · ∂Vs. (3.18)

It can now be imagined that the potential Vs at the source terminal is slightly increased. Conse-
quently, the potential difference Vgs between gate and source becomes smaller. A "well-behaved"
device now shows the behavior that the total amount of gate charge will decrease marginally.
Without the minus sign the gate charge would, however, increase.

A transistor with three terminals will have nine capacitances which can be compiled in a
capacitance matrix [38]:

Cij =

 Cgg −Cgd −Cgs

−Cdg Cdd −Cds

−Csg −Csd Css

 . (3.19)

This very general view on the transistor’s capacitances has the advantage that the capacitances
are not treated as reciprocal. The capacitance matrix has some properties which make the use
of the capacitances easier. Each row and each column of the matrix has to sum up to zero in
order to ensure reference-independence and charge-conversation. This rather theoretical aspect
gains more figurativeness if two examples are regarded. At first, the first row of the matrix is
observed. The claim is that the row sums up to zero, i.e.

Cgg = Cgd + Cgs. (3.20)

This makes sense from the practical point of view: Cgg is the amount of charges that change at
the gate electrode when the gate potential is slightly changed (and consequently Vgs and Vgd

are changed by the same amount). Accordingly, Cgd is the amount of gate charges that change
when only the drain terminal is modulated around its steady-sate value, and Cgs is the amount
of gate charges that change when only the source terminal is modulated a little bit. Assuming
that both the drain and the source terminal are modulated by the same amount, it obviously
has the same effect as if the gate potential was altered by the same amount.
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3.2. Intrinsic Charges in Transistors 51

Secondly, the first column of the matrix is taken and the claim that it has to sum up to zero is
formulated:

Cgg = Cdg + Csg. (3.21)

The validity of this equation is even clearer than the validity of the first claim. The three
capacitances in Eq. (3.21) all have in common that their second index is the gate potential, i.e.
they all reflect changes of charges when the gate potential is altered. The principle of charge
conversation says that the total gate charges Qg consist of the sum of Qs and Qd:

Qg + Qs + Qd = 0. (3.22)

Deriving the three summands in this equation with respect to Vg and making use of the fact
that Qg = −Qc directly leads to the condition that the first column of the matrix sums up to zero.

The advantage of such a charge-based approach is that a completely consistent and well-behaving
model can be derived. The question which remains is how to attribute the charges in the
channel either to the source side or the drain side. Ward and Dutton proposed a partitioning
scheme for the charges [65] which has been widely accepted in the modeling community and
has been used for different transistor technologies, and as well for OTFTs [30, 32, 38, 66]. The
partitioning scheme according to Ward and Dutton [65] introduces simple weighting functions
that attribute the charges to belong to a certain degree to both the drain and the source
terminals depending on their position in the channel. In general, one can say that charges are
more under control of the terminal to which they are closer to. This is visualized in Fig. 3.6

Factor

For Source

For Drain

OSC

Dielectric

Gate

Source Drain

Insulator

Aluminum

Figure 3.6.: Weighting functions of the partitioning scheme according to Ward and Dut-
ton [65]. The total channel charges are multiplied by the functions that are plotted below the
sketch of the transistor.

where the trends of the linear weighting functions are shown depending on the position in the
channel. If, for example, the total charges associated with the source terminal are calculated
the charge density in the channel is multiplied at every point by the blue function which gives

UNIVERSITAT ROVIRA I VIRGILI 
CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM 
TRANSISTORS 
Jakob Simon Leise 
 
 



52 3. Charges and Capacitances

a weight to it. The advantage of this partitioning scheme is that there is no sharp border at
which the charges are attributed to either the source or the drain terminal. Rather, as it would
happen in reality, the charges are always under control of both terminals.

3.3 Extrinsic Charges

The charges and capacitances that were described in the former subsections are all intrinsic
charges. This means that they are located in the active region of the transistor, i.e. the channel
region. However, a real transistor always has additional capacitances which are located in the
peripheral regions. These capacitances are referred to as extrinsic capacitances. In Fig. 3.7,
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Overlap Regions
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(b)

Figure 3.7.: Schematic sketches of OTFTs where the gate-to-contact overlap regions are
highlighted. (a) A coplanar transistor is shown. (b) A staggered transistor is shown.

two transistors in the coplanar and staggered architecture are shown. Due to the fabrication
process, it is inevitable that there is a certain overlap between the gate electrode and the
source/drain electrodes. In case of coplanar transistors, the overlap capacitances show a very
easily predictable behavior because they behave to a first approximation as parallel-plate
capacitors. By contrast, a more sophisticated approach has to be used to characterize the
overlap capacitances in staggered transistors. Here, in the overlap regions, a stack of the
organic semiconductor and the gate dielectric is present. As long as the channel length of the
transistor is much longer than the gate-to-contact overlap lengths the extrinsic capacitances only
make a small contribution to the overall capacitances. However, if short-channel transistors
are fabricated, the gate-to-contact overlap lengths may be even longer than the intrinsic
channel lengths [55]. In this case, the extrinsic capacitances are even larger than the intrinsic
capacitances. This emphasizes that the treatment of the extrinsic charges will be important for
a well-working compact model.
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CHAPTER 4

Modeling of the Total Charges

This chapter is dedicated to the compact modeling of total charges. A compact model for the
description of the total charges that are stored in the OTFT is derived. Depending on the
transistor architecture (staggered or coplanar), the compact model is extended to properly
describe the charges in overlap regions. In addition, the charges in fringing regions will be
treated in more detail.

4.1 Intrinsic Charges

In this section, equations for the intrinsic channel charges in OTFTs are derived. Based on
the charge-based compact DC model [36], a comparatively simple model can be obtained.
This model was published in refs. [54, 55, 67] and will be presented in detail here. The
derivation is based on an n-type transistor and can easily be transferred to p-type transistors
by exchanging the sign of the charges. In Fig. 4.1, schematic sketches of a coplanar and a
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(a)
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Figure 4.1.: (a) Sketch of a coplanar transistor where the intrinsic capacitances are shown as
lumped elements. In reality, the capacitances are neither lumped elements nor reciprocal but
this figure shall help to imagine the capacitances. (b) Sketch of a staggered transistor where
the intrinsic capacitances are as well shown as lumped elements.

staggered OTFT are shown where the intrinsic capacitances are shown as lumped elements. It
has to be emphasized that the capacitances in reality are distributed capacitances which are
non-reciprocal as explained in Chap. 3. The intrinsic charges are derived following the well-
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54 4. Modeling of the Total Charges

known principles which have been used for other transistor technologies or OTFTs [38, 68, 69]
by combining the drift-diffusion model with charge-based expressions for the charge densities at
the source and drain end of the channel. These principles will be used in the following sections
in order to derive the model. Before presenting the derivation, special attention has to be
paid to three-dimensional effects in the OTFTs. In ref. [54], charge equations including the
charges in fringe regions were presented. Figure 4.2 shows the results of a 3D Sentaurus TCAD
simulation where a staggered OTFT comprising fringe regions was simulated.
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of cut
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Figure 4.2.: Three-dimensional Sentaurus TCAD simulation of a staggered OTFT. The pic-
tures were published in ref. [54] and were slightly modified. The voltages are Vgs = −4 V,
Vds = −1 V. (a) shows the structure of the transistor. The OSC layer has a thickness of
tosc = 25 nm. Please note that the y axis is scaled tremendously larger than the other axes.
(b) shows the density of quasi-mobile accumulated holes in a cutplane in the organic semicon-
ductor close to the gate dielectric at the height indicated in (a). As a guide for the eye, the
projections of the source and drain electrodes onto the cutplane are shown.
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4.1. Intrinsic Charges 55

In Fig. 4.2(a), the simulated structure can be observed while in Fig. 4.2(b), the density of
quasi-mobile accumulated holes in a cutplane close to the gate dielectric is shown. In the
channel region, the charge density is nearly equal for every z position. Furthermore, in the
electrode regions, the charge density varies only marginally with the z direction. From these
observations, some important information can be deduced for the charge model:

• Charges are accumulated everywhere where the gate stack is in contact with the organic
semiconductor.

• The density of quasi-mobile accumulation charges is nearly independent of the z position
of the transistor. It is thus not of importance whether a point in the geometric channel
center is observed or a point in the fringe regions.

• The density of accumulated charges is obviously independent of the current density. As
previously shown in Fig. 2.5, the current density differs between points in the channel
center and the fringe regions.

Very generally speaking, the total charges in the channel can be calculated by performing an
integration over the charge density per gate area along the channel. The charges associated
with the source and drain terminals are calculated by applying weighting functions according
to Ward and Dutton [65]. As shown in Fig. 4.2(b), the density of quasi-mobile charges is

Probe
z

x

Figure 4.3.: Schematic of a cutplane in a coplanar transistor where the effect of current
spreading is shown. The probe point is located far from the channel center. Therefore, the cur-
rent density is low there. However, the density of accumulated quasi-mobile charges is nearly
the same as in the channel center at the same x coordinate. This picture was published in
ref. [54] and was slightly modified.

nearly the same for every position in the direction of the channel width even if points beyond
the geometric channel center are regarded. This shall be emphasized by looking at Fig. 4.3
where again a cutplane in a coplanar transistor comprising fringe regions is shown. The probe
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56 4. Modeling of the Total Charges

point is located beyond the channel center. Therefore, the current density in this point will
be low. However, as explained before, the density of accumulated quasi-mobile charges is the
same as in the channel center for that x position. Therefore, the total gate width Wch,G of the
transistor has to be used for the total charge calculation. The following three integrals serve as
the starting point for the derivation:

Qc = Wch,G

Lch∫
0

Q′
m(x) dx, (4.1)

Qd = Wch,G

Lch∫
0

x

Lch
Q′

m(x) dx, (4.2)

Qs = Wch,G

Lch∫
0

(
1 − x

Lch

)
Q′

m(x) dx (4.3)

where Wch,G is the geometric width of the transistor including all fringe regions, Lch is the
channel length, and Q′

m(x) is the charge density per gate area at position x in the channel. The
difficulty about these equations is that the charge density Q′

m is not known for every arbitrary
position in the channel. Only at the source end of the channel (x = 0) and at the drain end of
the channel (x = Lch), the charge densities are known from the compact DC model. Therefore,
in order to find a solution, some substitutions have to be performed. According to the drift
diffusion model, the drain current can be calculated in every point of the channel by the charge
density and the electric field at that position [39]:

Ids = µeffWch,effQ′
m(x)dV

dx
(4.4)

where in comparison to ref. [39], the effective mobility and channel width are used. dx is a
small segment of the channel in the direction of the channel length and dV is the voltage
drop in the direction of the channel. It shall be emphasized here that dV is a change in the
quasi-Fermi potential and not in the electrostatic potential [39]. Here, no minus sign is added,
because the drain-source current is defined to be positive if a positive Vds is applied. In the
next step, Eq. (4.4) is rearranged for dx:

dx =
(

Wch,eff · µeff

Ids
· Q′

m(x)
)

dV. (4.5)

The goal is to reformulate the charge integrals in such a way that the integration variable
changes from x to Q′

m. Equation 4.5 already allows for a substitution of the integration variable
x by V . The next step is to link the drift-diffusion differential to the differential according
to Eq. (2.3). The latter links a change in the gate potential to a change in the density of
accumulated quasi-mobile charges. Some additional thoughts are necessary in order to combine
the two differentials. Figure 4.4 shows a sketch of a coplanar OTFT where two points A and B
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4.1. Intrinsic Charges 57

Source Drain

Gate

A B

Figure 4.4.: Sketch of a coplanar OTFT. When moving from point A to point B the quasi-
Fermi potential changes by an amount dVA,B. The voltage drops dVg,A and dVg,B are the po-
tential differences between the gate electrode and points A and B, respectively.

in the intrinsic charge-carrier channel are shown. An application of a gate-source voltage and a
gate-drain voltage leads to the propagation of a channel voltage varying monotonically along
the channel so that the quasi-Fermi potentials at the source/drain ends of the channel are
aligned with the Fermi-levels at the electrodes [39]. Assuming that when moving from point A
to point B in Fig. 4.4, the channel voltage increases, the change of the voltage drops from the
gate to the corresponding points change, as well. Since the gate potential is the same for every
x-position in the channel, dVg,B will be lower than dVg,A by an amount of dVA,B. Switching to
figurative speech: When walking up some stairs, the distance to the ceiling is decreasing by
the same amount. Here, each stair step represents an increase in the channel voltage and the
distance to the ceiling represents the voltage drop from the gate electrode to the channel. For
the density of accumulated quasi-mobile charges, it is not of importance whether a change in
the electrostatics is due to a change in the channel potential or due to a change in the gate
potential. It has to be emphasized that the potential applied to the gate electrode is in fact
constant but a change in the channel potential by an amount of dV has the same effect on the
density of accumulated charges as an equivalent change −dVg in the gate potential would have.
These theoretical thoughts allow for a linking of the two voltage changes:

dV = −dVg. (4.6)

Considering this, the two differentials in Eqs. (4.5) and (2.3) can be linked which leads to

dx = −
(

Wch,eff · µeff

Ids
· Q′

m(x)
)

·
(

α̃ · Vth

Q′m(x) + 1
C′

diel

)
· dQ′

m (4.7)

where Vth = kBT/q is the thermal voltage. Please note that originally the differential in Eq. (2.3)
contains the slope degradation factor α whereas here α̃ is used. The reason for this is that
the model shows a slightly unstable behavior for transistors exhibiting a sub-threshold swing
notably larger than ≈ 60 mV/dec at room temperature. It proved out that setting α̃ = 1 leads
to good and stable results. The differential in Eq. (4.7) is now substituted in the three charge
integrals in Eqs. (4.1), (4.2), and (4.3). Since the integration variable changes from x to Q′

m,
the integration limits need to be exchanged. The former integration limit 0 representing the
source end of the channel is replaced by the charge density at the source end which is Q′

ms.
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58 4. Modeling of the Total Charges

Accordingly, the former integration limit Lch is replaced by Q′
md. Hence, the charge integral for

the total channel charge according to Eq. (4.1) can already be calculated analytically. However,
for the total charges associated with the source and the drain (Qs and Qd), the variable x

appears because of the Ward-Dutton partitioning scheme [65]. In order so solve Eqs. (4.2) and
(4.3), the variable x needs to be expressed as a function of the new integration variable Q′

m.
For this purpose, a simple integration is performed. In general, x can be expressed as

x =
x∫

0

dx (4.8)

where again the substitution according to Eq. (4.7) is performed which leads to

x = −
Q′

m(x)∫
Q′

ms

(
Wch,eff · µeff

Ids
· Q′

m(x)
)

·
(

α̃ · Vth

Q′m(x) + 1
C′

diel

)
· dQ′

m. (4.9)

Rearranging this equation yields

x = −Wch,eff · µeff

Ids

Q′
m(x)∫

Q′
ms

(
α̃ · Vth + Q′

m(x)
C′

diel

)
· dQ′

m. (4.10)

This simple integration can be carried out which results in

x = −Wch,eff · µeff

Ids

[
α̃ · Vth · Q′

m(x) + Q′2
m(x)

2C′
diel

]Q′
m(x)

Q′
ms

(4.11)

which can finally be written as

x = Wch,eff · µeff

Ids

(
α̃ · Vth · Q′

ms + Q′2
ms

2C′
diel

− α̃ · Vth · Q′
m(x) − Q′2

m(x)
2C′

diel

)
. (4.12)

Based on this, the charges associated with the channel, the source, and the drain can be
calculated analytically. The solution of the three integrals in Eqs. (4.1), (4.2), and (4.3) is
presented in Appendix A. Observing these final equations, an interesting fact becomes visible:
The effective channel width Wch,eff and the drain current Ids both appear in the charge equations
to the same power but on opposite sides of the fraction. Please recall that the current is linearly
dependent on the effective channel width (see Eq. (2.21)) and has the following form:

Ids = Wch,eff · f
(
Q′

ms, ...
)

. (4.13)

Consequently, in the fraction Wch,eff/Ids, the effective channel width is canceled. Thus, the
choice of δfit does not have any influence on the final charge equations, and a distinction between
intrinsic channel currents and fringe currents is not necessary for a well-working model.
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4.1. Intrinsic Charges 59

If the drain source voltage (Vds) is close to zero, the drain current becomes zero and the charge
densities at the source end and the drain end of the channel become equal. In this case, the
charge equations are no longer valid since a division by the drain current is performed. If Vds is
exactly zero the total channel charge is perfectly evenly distributed so that Qs = Qd = 0.5Qc.
The charge equations would result in expressions where zero is divided by zero. In order to
circumvent this problem, the following thoughts lead to a much simpler solution: If the charges
are totally evenly distributed, it means that Q′

ms = Q′
md. There is no gradient of the charges

in the direction of the channel and hence, the charge density Q′
ms is present everywhere in the

entire plane of the transistor. Thus, the charge integral for the total channel charge (Eq. (4.1))
greatly reduces to:

Qc,zero = Wch,G · Q′
ms

Lch∫
0

dx

= Wch,G · Lch · Q′
ms. (4.14)

The charges at the source and the drain are expressed as:

Qd,zero = 1
2Qc = 1

2 · Wch,G · Lch · Q′
ms, (4.15)

Qs,zero = 1
2Qc = 1

2 · Wch,G · Lch · Q′
ms. (4.16)

When implementing the model in a programming language, in principle, a simple case distinction
could be performed. If Vds equals zero, the asymptotic case according to Eqs. (4.14), (4.15) and
(4.16) is used. Otherwise, the derived equations as presented in Appendix A are used. Even if
the equations in Appendix A converge to the asymptotic case presented here, the procedure
using a case distinction may produce numerical instabilities if the model is implemented in a
hardware description language such as Verilog-A. A compact model should ideally not have
any discontinuities in its functions or in the derivatives [49]. If the asymptotic switching is
used, however, this results in a little discontinuity. In order to overcome this problem, a
transition function gdecision(Vds) is defined which smoothly switches between the zero-case and
the non-zero-case:

Qc,final = Qc,nonzero · gdecision(Vds) + Qc,zero · (1 − gdecision(Vds)) , (4.17)

Qd,final = Qd,nonzero · gdecision(Vds) + Qd,zero · (1 − gdecision(Vds)) , (4.18)

Qs,final = Qs,nonzero · gdecision(Vds) + Qs,zero · (1 − gdecision(Vds)) . (4.19)

It shall be emphasized that the Qc,nonzero, Qd,nonzero and Qs,nonzero are the equations for the
total charges as defined in Eqs. (4.1), (4.2) and (4.3). However, in order to improve the reading
flow, the charges are not denoted as non-zero-case charges before.
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60 4. Modeling of the Total Charges

Based on experiments with the simulator Spectre by Cadence Virtuoso [70], the following
requirements are formulated for the switching process:

• In a region between −1 µV < Vds < 1 µV, constantly the zero-case charges shall be used
and the change of the charge distribution with respect to Vds shall be ignored.

• In the ranges −2 µV < Vds ≤ −1 µV and 1 µV ≤ Vds < 2 µV, the total charges shall
transit from the zero-case charges to the non-zero-case charges.

• If the absolute value of Vds is greater than or equal to 2 µV, the non-zero-case charges
shall be used.

• The transition function has to provide a smooth transition so that there are no disconti-
nuities.

As implied above, in the decision function gdecision still a case distinction is used in order to
determine whether Vds is

(i) in the range of ∓1 µV around zero or

(ii) in the range between absolute values of 1 µV and 2 µV or

(iii) in the range of absolute values greater than or equal to 2 µV.

The requirement is now that the transition function which is active during condition (ii)
continuously connects the two regimes in points (i) and (iii) so that there are no discontinuities
in the points where the case decision is performed. The following requirements need to be
fulfilled by the function gdecision:

(a) The function value at Vds = 1 µV is zero.

(b) The first and the second derivatives of the function at Vds = 1 µV have to be zero.

(c) The function value at Vds = 2 µV is equal to one.

(d) The first and the second derivatives of the function at Vds = 2 µV have to be zero. In
principle, it could also be required that more than just the first two derivatives are set to
zero but experiments with Cadence Virtuoso have shown that it is sufficient to set the
first two derivatives to zero.

As can be seen, there are six requirements which the function has to fulfill. It is decided to use
a polynomial function fpoly and since six requirements need to be incorporated, a polynomial
of degree five is used which has six constants to be determined:

fpoly(Vds) = af · |Vds|5
1 V5 + bf · |Vds|4

1 V4 + cf · |Vds|3
1 V3 + df · |Vds|2

1 V2 + ef · |Vds|
1 V + ff (4.20)

where |Vds| is divided by a value of 1 with the unit of volt to the respective power in order
to make the function unitless. Here, the absolute value of Vds is used so that the function

UNIVERSITAT ROVIRA I VIRGILI 
CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM 
TRANSISTORS 
Jakob Simon Leise 
 
 



4.1. Intrinsic Charges 61

is symmetric for negative and positive values of Vds. The determination of the coefficients
af to ff is straightforward by formulating the six above-mentioned conditions in terms of
equations which leads to a system of six linear equations which can be solved using the software
Matlab [71]. The results for the coefficients are:

af = 6 · 1030 bf = −4.5 · 1025 cf = 1.3 · 1020

df = −1.8 · 1014 ef = 1.2 · 108 ff = −31.
(4.21)

Since the function fpoly smoothly connects the two cases there is no discontinuity at the
switching points up to the second derivative. The final decision function gdecision(Vds) is defined
as:

gdecision =



1 for Vds ≤ −2 µV
fpoly(Vds) for −2 µV < Vds ≤ −1 µV
0 for −1 µV < Vds < 1 µV
fpoly(Vds) for 1 µV ≤ Vds < 2 µV
1 for Vds ≥ 2 µV.

. (4.22)

The function gdecision is plotted in Fig. 4.5 over a small range of Vds values around zero.
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Figure 4.5.: Decision function gdecision(Vds) shown over Vds in a small range.
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62 4. Modeling of the Total Charges

4.2 Extrinsic Charges

In addition to the intrinsic charges presented in the section before, a transistor will usually have
additional charges that are stored in the periphery, for instance in the gate-to-contact overlap
regions. These charges are referred to as extrinsic charges. In organic thin-film transistors, the
overlap regions can be large in comparison to the intrinsic channel length [55]. Consequently,
the charges in overlap regions will have a major influence on the overall capacitive behavior
of the transistor. In this section, analytical equations for the charges in the gate-to-contact
overlap regions will be derived for the two transistor architectures.

4.2.1 Coplanar Transistors

The gate-to-contact overlap capacitances are comparatively easy to treat. Figure 4.6 depicts a
coplanar structure where special emphasis is put on the overlap regions. Since the gate electrode
is separated from the source/drain electrodes by the gate dielectric, the overlap regions behave
to a first approximation as simple parallel-plate capacitors. The lengths of the overlap regions
(Lov,GS, Lov,GD) of fabricated OTFTs are usually some orders of magnitude larger than the
thickness of the gate dielectric [40, 43, 59]. Therefore, the additional field lines beyond the
parallel plates will not have a major influence on the capacitance.

Source Drain

Gate

Dielectric

OSC

Figure 4.6.: Structure of a coplanar OTFT, similar as in ref. [55]. The gate-to-contact overlap
regions behave to a first approximation like simple plate capacitors.

In addition to the overlap charges, attention has to be paid to the charges in fringe regions.
In Fig. 4.7, a cutplane in an OTFT comprising two source/drain electrodes is shown where fringe
regions are present. For simplicity, the compact model assumes that the charge density at the
source end of the channel is present everywhere in the fringe regions next to the source electrode
which is emphasized by the cyan/red-hashed area. Similar thoughts hold true for the drain side
where the charge density Q′

md is assumed to be present in the entire yellow/red-hashed region.
The extrinsic charges in coplanar transistors can be described by a sum of the following two
components:

1. Charges stored in the parallel-plate capacitors originating from the gate-to-contact overlap
lengths.

2. Charges that are accumulated in the fringe regions between the fingers and beyond the
first and the last finger.
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4.2. Extrinsic Charges 63

Source
Region

Channel
Region

Drain
Region

Figure 4.7.: Cutplane in a two-finger coplanar OTFT. In the electrode regions which are
the fringe regions next to the source/drain electrodes charges are accumulated. It is assumed
that the charge density at the source end of the channel is present everywhere in the electrode
region at the source. Similar considerations hold true at the drain side. This picture was pub-
lished in ref. [55].

The extrinsic charges in coplanar transistors can be calculated as follows:

Qex,S,copl = VgsC
′
dielLov,GSNfingWcontact + (2wovl + (Nfing − 1) dfing) Lov,GSQ′

ms (4.23)

Qex,D,copl = VgdC′
dielLov,GDNfingWcontact + (2wovl + (Nfing − 1) dfing) Lov,GDQ′

md. (4.24)

4.2.2 Staggered Transistors

In staggered transistors, the gate electrode is separated from the source/drain electrodes by
a stack consisting of the gate dielectric and the organic semiconductor as shown in Fig. 4.8.
Depending on the applied voltages such a structure shows different behaviors. If the organic

OSC

Dielectric

Gate

Source Drain

=
=

=
=

Figure 4.8.: Structure of a staggered OTFT similar as published in ref. [55]. The gate-to-
contact overlap regions behave like series connections of two capacitors when the organic semi-
conductor is operated in depletion. In accumulation, the charge density Q′

ms is present in the
whole overlap region at the source. Similar considerations hold true for the drain side.

semiconductor is depleted, it has the properties of an insulator with a dielectric constant εr,osc.
Then, the overlap regions can be treated to a first approximation as a series connection of two
parallel-plate capacitors. However, as the organic semiconductor is driven into accumulation
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64 4. Modeling of the Total Charges

its overall behavior changes towards a conductor. The accumulated charges greatly influence
the electrostatics and the imagination of a series connection of two capacitors is no longer
valid. This is visualized in Fig. 4.9 where the electrostatic potential in one point within the
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Ψs,TCAD + offset
V ′

gs = Vgs − Q′
ms

C′
diel

Figure 4.9.: 2D Sentaurus TCAD simulation of the electrostatic potential in the gate-to-
source overlap region of a staggered OTFT (solid black line). As depicted by the inset, the
potential is probed in direct proximity to the gate dielectric and is thus denoted as the sur-
face potential Ψs. An offset is added to the simulated potential. In addition, the shape of the
function V ′

gs is shown which is similar to Ψs. In the TCAD simulation, a Gaussian DOS with a
maximum number of states of Nt,DOS = 1 × 1021 cm−3, a standard deviation of σDOS = 0.05 eV,
and an energy shift of (EV − E0,DOS) = 0.05 eV is used. The relative dielectric permittivities
of the gate dielectric and the depleted organic semiconductor are εr,diel = 3.9 and εr,osc = 3,
respectively. The work functions of the source/drain electrodes are aligned with the highest
occupied molecular orbital of the organic semiconductor and a constant mobility for holes and
electrons of µn = µp = 1 cm2 V−1 s−1 is set.

organic semiconductor in the gate-to-source overlap region is shown. Since the potential is
probed in direct proximity to the gate dielectric it is denoted as the surface potential Ψs. It
can be seen that in the voltage range from Vgs = 0 V to Vgs = −1 V, the surface potential
linearly follows the gate-source voltage. Furthermore, it can be seen that with the gate voltage
changing by an absolute amount of ∆Vgs = 1 V, the surface potential only exhibits a change
of ∆Ψs = 0.8 V. This makes sense since the probe point is located between the two capaci-
tors consisting of the depleted organic semiconductor and the gate dielectric. The voltage Vgs

is split up at these two capacitors so that the voltage drop across each of them is smaller than Vgs.

With the gate voltage increasing to absolute values greater than 1 V, the organic semiconductor
is driven into accumulation. It can be seen in Fig. 4.9 that the surface potential reaches some
kind of saturation which is in agreement with the literature [31]. In this operation regime, it
would lead to incorrect results if the organic semiconductor and the gate dielectric were still
treated as a series connection of two capacitors. Therefore, the following requirements for the
gate-to-source overlap region as modeled by the compact model can be formulated:
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4.2. Extrinsic Charges 65

• In the sub-threshold regime of operation, the organic semiconductor is depleted. The
charges stored in the gate-to-source overlap region have to be calculated by the product
of the series capacitance and the gate-to-source voltage.

• At the transition to the above-threshold regime, the voltage drop over the series connection
of the two capacitances has to start saturating.

• In the above-threshold regime of operation, the voltage drop across the series connection
has to nearly saturate. The additional accumulation charges that are present now have
to be added to the charges in the series connection of capacitances.

Similar thoughts can be made for the gate-to-drain overlap region where the saturation of the
surface potential starts when Vgd surmounts the threshold voltage. Regarding the source side,
the problem is solved by the definition of a voltage V ′

gs that fulfills the requirements. Generally,
in the above-threshold regime of operation, the density of quasi-mobile charges at the source
end of the channel can be approximated as a function of the gate dielectric capacitance, the
gate-source voltage, and the threshold voltage of the transistor [36]:

Q′
ms = C′

diel (Vgs − VT0) (4.25)

where (Vgs − VT0) is denoted as the gate-overdrive voltage [5]. In the compact model, the
charge density is not calculated based on this equation but based on the charge-based expression
in Eq. (2.58). However, in strong accumulation, the charge-based expression in Eq. (2.58) will
exhibit a similar trend as Eq. (4.25). Based on these thoughts, an effective gate voltage V ′

gs is
defined for the series connection of the capacitances at the gate-to-source overlap region:

V ′
gs = Vgs − Q′

ms
C′

diel
. (4.26)

In the sub-threshold regime of operation, nearly no accumulation charges are present and hence,
the charge density Q′

ms according to Eq. (2.58) is nearly zero. As a consequence, it can be said:

V ′
gs ≈ Vgs. (4.27)

For gate-source voltages close to the threshold voltage, the charge density Q′
ms starts increasing

rapidly, thus leading to a reduction of V ′
gs. In the above-threshold regime, Q′

ms follows
approximately the trend in Eq. (4.25). The consequence is the following:

V ′
gs ≈ Vgs − C′

diel (Vgs − VT0)
C′

diel

V ′
gs ≈ VT0. (4.28)
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66 4. Modeling of the Total Charges

It can be seen that V ′
gs approximately saturates to VT0. The validity of this is proven in Fig. 4.9

where the trend of V ′
gs is shown accompanied by the TCAD-simulated surface potential in the

gate-to-source overlap region. As can be seen, both curves exhibit a similar form.

If the organic semiconductor is driven into accumulation, the charge density along the gate-to-
source overlap length is nearly constant since at every position the electric field between the
gate and the source electrode is equal. Therefore, the charge density Q′

ms that is present at
the source end of the channel will be accumulated in the whole overlap region. Furthermore,
as explained for the coplanar transistors, it is as well assumed that the charge density Q′

ms is
present in the regions between the fingers and beyond the first and the last finger, similarly as
depicted in Fig. 4.7.

The same explanation as presented for the source side is in principle also valid for the gate-
to-drain overlap region. Here, the voltage Vgd determines the state in which the organic
semiconductor is and the charge density Q′

md needs to be considered. A voltage V ′
gd is defined:

V ′
gd = Vgs − Vds − Q′

md
C′

diel
. (4.29)

Finally, the extrinsic charges in staggered transistors can be expressed as follows:

Qex,S,stag = V ′
gs

Cdiel,sCosc,s

Cdiel,s + Cosc,s
+ Q′

msLov,GSWch,G, (4.30)

Qex,D,stag = V ′
gd

Cdiel,dCosc,d

Cdiel,d + Cosc,d
+ Q′

mdLov,GDWch,G (4.31)

where Wch,G is the total gate width as defined by Eq. (2.18) and the capacitances are defined
as follows:

Cdiel,s = εr,diel · ε0

tdiel
NfingWcontactLov,GS, (4.32)

Cdiel,d = εr,diel · ε0

tdiel
NfingWcontactLov,GD, (4.33)

Cosc,s = εr,osc · ε0

tosc
NfingWcontactLov,GS, (4.34)

Cosc,d = εr,osc · ε0

tosc
NfingWcontactLov,GD (4.35)

where ε0 is the electric field constant and εr,diel and εr,osc are the relative dielectric permittivities
of the gate dielectric and of the organic semiconductor, respectively.
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CHAPTER 5

Modeling of Low-Frequency Noise

5.1 Introduction

In every transistor, there occurs a phenomenon denoted as noise. This means that the drain
current of a transistor operated under steady-state conditions is effectively not constant but
fluctuates around a mean value [46]. Figure 5.1 shows the measured drain current of a transistor
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Figure 5.1.: Drain current of a staggered OTFT fabricated by the Max Planck Institute for
Solid State Research and measured at the AdMOS GmbH. The current has been measured with
the AdMOS noise measurement system. A small period of 5 ms is shown here. The transistor
has been measured at two different voltages. The current exhibits the typical noisy shape.

over time where the noisy trend of the drain current versus time can be observed. In this chapter,
a brief overview over the noise mechanisms are presented and subsequently, a charge-based
compact noise model is derived.
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68 5. Modeling of Low-Frequency Noise

From the plot of the noisy current, there arises the question of how to quantify the noise. The
answer to this is a frequency-domain investigation of the noise [39]. A time-continuous signal
which is sampled and converted to a digital signal (like the noisy current of the transistor) can
be transformed into the frequency domain by means of a discrete Fourier transform [72, 73].
The result of the discrete Fourier transform is a frequency spectrum showing the amplitudes
and phases of the sine waves with different frequencies that when being superposed yield the
original signal. In the context of noise, usually the so-called power spectral density (PSD) is
calculated [39] which shows the power of the signal components with the different frequencies
that are contained in the original signal [74].

There exists a variety of different types of noise depending on the electronic device that is
investigated. Here, the focus is put on the type of noise that is the most important for transistors
which is the low-frequency or flicker noise [39]. The special property of this flicker noise is that
its amplitude is inversely proportional to the frequency which means that the noise components
with lower frequencies have higher amplitudes. This is the reason why this kind of noise is
denoted as low-frequency noise. The PSD of a coplanar OTFT is shown in Fig. 5.2. As a guide
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Figure 5.2.: PSD of a coplanar OTFT with a W/L ratio of 100 µm/20 µm measured at differ-
ent voltages. The solid black line is a 1/f curve serving as a reference.

for the eye, a reference curve with a 1/f behavior is shown proving that the measured PSDs
follow approximately the 1/f trend, as predicted. Often, the PSD is normalized with respect to
the mean value of the DC current under the respective DC operation conditions. This is shown
in Fig. 5.3 where the PSD values are divided by the drain current squared in the respective
operation point.
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Figure 5.3.: PSD of a coplanar OTFT with a W/L ratio of 100 µm/20 µm measured at dif-
ferent voltages. This figure shows the same as Fig. 5.2, but here, the PSD is normalized with
respect to the DC current in the respective operation points.

5.2 Flicker Noise

In transistors, there are basically two types of flicker noise that can occur in the intrinsic carrier
channel which are the bulk mobility fluctuations and the carrier number fluctuations [75]. Both
of these noise types lead to a 1/f behavior in the PSD and from this perspective, they are not
distinguishable from each other. However, they show a different dependence of the noise on the
drain current level. The main aspects of these two noise types will be outlined and it will be
explained how to determine, based on measurement data, which noise type is dominant.

5.2.1 Mobility Fluctuations

The empirical Hooge model attributes the noise of the drain current to a fluctuation in the
charge-carrier mobility [39, 75], which will briefly be reviewed in this section. According to [75],
the drain-current normalized noise in a MOS transistor due to mobility fluctuations can be
expressed as follows:

SI2
d

I2
ds

= αH

fWchL2
ch

Lch∫
0

dx

Q′
i(x)/q

(5.1)

where αH is the Hooge constant which serves as a fitting parameter, f is the frequency, Wch

is the channel width, Lch is the channel length, Q′
i(x) is the mobile inversion charge per gate

area, and q is the elementary charge. Please note that here, in the subscript of the PSD (SI2
d
),

the current is written with an exponent of 2. This does not mean that the noise in reality is
the squared noise but it shows that in order to normalize the PSD, it has to be divided by the
drain current squared and not by the current to the power of one. Originally, in ref. [75], the
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70 5. Modeling of Low-Frequency Noise

noise is written without the current exponent of 2, i.e. it is denoted as SId . In other pieces
of literature, such as ref. [39], the exponent of 2 is contained. Applying the gradual-channel
approximation and assuming a constant mobility µ0, the drain-current normalized PSD of a
MOS transistor reads as follows [75]:

SI2
d

I2
ds

= αHqµ0Vds

fL2
chIds

. (5.2)

It can be assumed that in principle, this theory is also valid for organic transistors. In contrast
to the MOS transistor, the inversion charge is an accumulation charge but the fact that a
fluctuation in the effective mobility leads to a fluctuation in the drain-source current can easily
be verified by observing the current equation for the organic TFTs Eq. (2.21). From Eq. (5.2),
it can be concluded that the drain-current normalized PSD is inversely proportional to the
drain current. Consequently, when probing the noise at a fixed frequency, a 1/Ids slope will be
visible.

5.2.2 Charge-Carrier Number Fluctuations

Another phenomenon leading to a flicker noise are charge-carrier number fluctuations. It can
happen that a charge carrier in the intrinsic carrier channel gets trapped in an oxide trap [75–77].
Due to this trapping action, the carrier does not contribute to the drain current anymore until
finally, it gets released from the oxide trap. If a charge carrier gets trapped in an oxide trap,
it behaves like a fixed oxide charge. According to the theory, oxide charges impose changes
on the flat band voltage Vfb [46]. Please recall that the flatband voltage is the gate voltage
that needs to be applied in order to have fully flat bands in the semiconductor along a cutline
normal to the gate electrode. In case of a change in the flatband voltage, e.g. because of a
charge that gets trapped in the gate dielectric, the gate voltage would have to change by the
same amount in order to compensate for this. Assuming that the gate voltage is kept constant,
such as in a steady-state operation point, then a fluctuation in the flatband voltage due to a
trapping action is not compensated which leads to a fluctuation in the drain current. This
fluctuation has the same magnitude independent of whether the flatband voltage fluctuates or
the gate voltage fluctuates by the same amount (but with an opposite sign). The fluctuation in
the drain current due to a fluctuation in the flatband voltage is then expressed as follows [75]:

δIds = dIds

dVfb
· δVfb (5.3)

where δVfb is a fluctuation in the flatband voltage. It becomes evident that here the drain
current has been derived with respect to the flatband voltage. This is reasonable since this
derivative expresses the change in the drain current with respect to a change in the flatband
voltage which multiplied by a change in Vfb yields the absolute change in the drain current.
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5.2. Flicker Noise 71

Making use of the above-mentioned effect that δVfb = −δVgs, this equation can be rewritten as:

δIds =
(

− dIds

dVgs

)
δVfb. (5.4)

It can be made use of the fact that the derivative of the drain current with respect to the gate
potential is called the transconductance of the transistor:

gm = dIds

dVgs
. (5.5)

After some steps that will not be reviewed here, the current-normalized PSD of the noise can
be expressed as follows [75, 76]:

SI2
d

I2
ds

=
(

gm

Ids

)2
· SVfb (5.6)

where SVfb is the PSD of the flat band voltage which is assumed to be independent of the
applied terminal voltages at the transistor. Furthermore, SVfb is inversely proportional to the
frequency [76]. Even if this equation is valid for a conventional MOS transistor, it is assumed
that the basic theory behind it is also valid for organic transistors. From Eq. (5.6), an interesting
fact becomes visible: The noise when probed at a fixed frequency is proportional to (gm/Ids)2.
This is in contrast to the noise due to mobility fluctuations which according to Eq. (5.2) is
proportional to 1/Ids. This can be used as a criterion to decide which type of noise is dominant
in a transistor. Since both the mobility-fluctuation noise and the carrier-number-fluctuation
noise are inversely proportional to the frequency, the dominant noise mechanism in a transistor
cannot be determined by observing its PSD over frequency. A plot of the PSD at a fixed
frequency over the drain current is necessary and based on this, it can be observed whether the
noise follows a 1/Ids trend or a (gm/Ids)2 trend.

In the literature, there has been proposed an approach taking into account the effect that a
trapping action of a charge carrier can induce a fluctuation of the scattering rate which leads
to a fluctuation in the effective mobility [77]. The PSD of the noise including this correlated
mobility fluctuation is given by the following equation [77]:

SI2
d

I2
ds

=
(

1 ∓ αcorrµeffC′
diel

Ids

gm

)2

·
(

gm

Ids

)2
· SVfb (5.7)

where αcorr is a fitting parameter controlling the correlation between a trapping action and
the induced mobility fluctuation. It becomes evident that the effect of a correlated mobility
fluctuation is higher if Ids/gm is larger. This is actually the case for high currents [39]. Therefore
at lower currents, this noise model shows a similar behavior as the noise model taking into
account only the charge-carrier-number fluctuations without correlated mobility fluctuations.
Consequently, the noise according to Eq. (5.7) cannot unintentionally be mistaken with the
bulk mobility fluctuation noise (Eq. (5.2)).
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72 5. Modeling of Low-Frequency Noise

5.3 Determining the Dominant Noise Mechanism

In this section, the measured noise of fabricated organic TFTs will be shown and it will be
evaluated which is the dominant noise mechanism. The measurements under investigation
in this work were presented by Muhea et al. in ref. [76]. The transistors are bottom-contact
top-gate transistors (staggered) and were fabricated at the Laboratoire d’Innovation pour
les Technologies des Energies Nouvelles et les Nanomatériaux (LITEN) at the Commissariat
à l’Énergie Atomique et aux Énergies Alternatives (CEA). Transistors with various channel
lengths were fabricated on a flexible plastic substrate using a spin-coating process for the
organic semiconductor.
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Figure 5.4.: PSD of a staggered OTFT with a W/L ratio of 1000 µm/10 µm measured at
different voltages. The measurements are taken from ref. [76]. The dashed green line is a 1/f
curve serving as a reference. The dotted lines show the measurements while the solid lines
represent regression functions which were calculated for each curve in the frequency range
20 Hz < f < 400 Hz.

In Fig. 5.4, the measured PSD of one transistor of the set is depicted for various combinations of
the gate-source and the drain-source voltages. As usual, the measurements exhibit a noisy shape
which makes the extraction of the noise at a fixed frequency inaccurate. In order to improve the
noise extraction at a fixed frequency, regression functions are calculated by Matlab [71]. When
extracting the noise at a fixed frequency, these regression functions are probed rather than the
noisy shape of the measured PSD. In the figure, a reference slope with a 1/f behavior is plotted
which proves the adherence of the measurements to this slope. Except for the measurements at
the lowest Vgs and Vds, all data follow approximately a 1/f trend.
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Figure 5.5.: Drain-current normalized noise of the staggered organic TFTs presented in
ref. [76] plotted against the drain current. The transistors have a channel width of Wch,SD =
1000 µm and different channel lengths as shown in the legend. The noise is extracted from the
plot versus frequency by probing the regression functions shown in Fig. 5.4 at a frequency of
f = 46 Hz. The drain-source voltage is Vds = −1 V. The measurements (symbols) are shown in
comparison to the transconductance ratio (gm/Ids)2 multiplied by an individual constant A for
each curve. For comparison purposes, a curve proportional to 1/Ids is shown.

In Figs. 5.5 and 5.6, the drain-current normalized noise of several transistors of the set is
shown versus the drain current. These plots are generated from the noise PSDs by probing
the regression functions at a fixed frequency of f = 46 Hz. In the plots, the measured noise is
shown in comparison to (gm/Ids)2 which is multiplied by an individual constant A for each
transistor. Furthermore, a function exhibiting a 1/Ids slope is shown. As stated above, the
dominant noise mechanism can be determined by comparing the measured noise to (gm/Ids)2

and to 1/Ids. In this case, as can be seen well in Fig. 5.6, the measured noise has a larger
agreement with (gm/Ids)2 than with 1/Ids. This reveals that the dominant noise mechanism in
these transistors is the charge-carrier number fluctuation. Thus, in the following sections, a
compact model for this kind of noise is presented. For the sake of completeness, a compact
model describing the bulk mobility fluctuations will be derived as well.
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Figure 5.6.: Drain-current normalized noise of the staggered organic TFTs presented in
ref. [76] plotted against the drain current. The plot shows the same as Fig. 5.5 but at a drain-
source voltage of Vds = −9 V. The measurements (symbols) are shown in comparison to the
transconductance ratio (gm/Ids)2 multiplied by an individual constant A for each curve. For
comparison purposes, a curve proportional to 1/Ids is shown.

5.4 Compact Modeling of the Noise

In this chapter, a charge-based compact model for the description of the noise in the intrin-
sic carrier-channel is derived. In the literature, many noise models for different transistor
types have been proposed such as for MOSFETs [52, 75, 77–79] or different types of thin-film
transistors [80, 81]. The origin of noise in OTFTs has been investigated in the literature and
different standard approaches originally developed for MOSFETs or other types of TFTs are
used in order to quantify the noise [76, 82–85]. A comprehensive model for the description
of the noise in OTFTs originating from trapping of charge carriers in the gate dielectric and
the organic semiconductor was developed by Han et al. [85]. In this section, a charge-based
compact model for the low-frequency noise will be derived. The advantage of this model is
that it provides a full description of both the charge-carrier number fluctuations and bulk
mobility fluctuations and that it is entirely charge-based. The derivation of this model is based
on the procedure in ref. [39]. There, the noise model is derived for conventional MOSFETs
incorporating a charge-based DC model that serves as a basis. Reference [39] will not be cited
after each paragraph but it shall be noted that the complete derivation process is based on it.

UNIVERSITAT ROVIRA I VIRGILI 
CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM 
TRANSISTORS 
Jakob Simon Leise 
 
 



5.4. Compact Modeling of the Noise 75

5.4.1 Normalization of the DC Model

The charge-based compact DC model [36] that serves as a basis for the noise model is explained
in Chap. 2. In ref. [39], the charge densities and the drain current are normalized with respect to
a specific charge and a specific current, respectively. The advantage of working with normalized
currents and charges is that the derivation is easier and that it can easily be transferred to
other models that also use normalizations. In the following, the normalizations that are used
for the model are presented. For this purpose, some of the equations of the DC model are
depicted again. To start with, the charge density at the source end of the channel according
to Eq. (2.58) is reviewed:

Q′
ms = (β + 1) · Sobs

ln(10) · C′
diel · L

{
exp
(

Vgs − VT0 − ∆VT0

(β + 1) · Sobs/ ln(10)

)}
. (5.8)

The charge density at the drain end of the channel according to Eq. (2.59) reads as follows:

Q′
md,barr = (β + 1) · Sobs

ln(10) · C′
diel · L

{
exp
(

Vgs − VT0 − Vds + Vsb,d − ∆VT0

(β + 1) · Sobs/ ln(10)

)}
. (5.9)

In these two equations, the Lambert W function returns a unitless value and the prefactors
then provide the unit. Therefore, a specific charge Qsp is defined as follows:

Qsp = (β + 1) · Sobs

ln(10) · C′
diel = (β + 1) · α · kBT

q
· C′

diel
[
A s cm−2] (5.10)

where α is the slope degradation factor as defined in ref. [36]. With this specific charge, the
charge densities are normalized. By convention, the normalized charges are now written in
small letters. Furthermore, in order to simplify the subsequent derivation, the subscript barr

in the charge density at the drain is omitted. The normalized charges are defined as follows:

qm = qc = Q′
m

Qsp
, (5.11)

qs = Q′
ms

Qsp
, (5.12)

qd =
Q′

md,barr

Qsp
(5.13)

where the mobile charge qm is also denoted as the channel charge qc. The two values are
identical. For convenience, the drain-current equation of the DC model according to Eq. (2.21)
is reviewed here as well:

Ids = µeff ·Wch,eff ·
(

kB ·T
q

· Q′
ms−Q′

md,barr

Lch
+

Q′2
ms−Q′2

md,barr

2·Lch ·C′
diel

)
· (1+λ·(Vds−Vdsx)) .
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76 5. Modeling of Low-Frequency Noise

Similarly as the specific charge, a specific current is defined as follows:

Isp = µeff · (β + 1)2 · α2 ·
(

kBT

q

)2

· C′
diel

Wch,eff

Lch
[A] (5.14)

and with this, the drain current is normalized:

ids = Ids

Isp
. (5.15)

Therefore, the drain current can be formulated in terms of the following expression:

ids =
(

1
2
(
q2

s − q2
d
)

+ 1
(β + 1) · α

(qs − qd)
)

(5.16)

where the channel-length modulation is omitted because the noise model will be derived only
for transistors with longer channels. If the current and the charge densities are denormalized,
the standard current equation according to ref. [36] is yielded again.

Now, the DC model has been transformed into a normalized version which will simplify the
further derivation process. It shall be noted that in spite of using the charge density Q′

md,barr,
which is reduced by a voltage drop across the drain barrier, the derivation steps in the following
section are performed without a closer look at short-channel effects.

5.4.2 Preparational Steps for the Noise Model

In this section, some preparational steps for the calculation of noise in a transistor are explained.
This section is valid for every type of noise that can occur along the intrinsic carrier channel.
After the preparational steps, the equations for the carrier-number-fluctuation noise or for the
bulk mobility fluctuations can be incorporated. The starting point in ref. [39] is to imagine the

Dielectric

Gate

Source Drain

Noisy element

M1 M2

Figure 5.7.: Schematic of a staggered OTFT containing a small noise element in the channel
at position x. The channel segment to the left and to the right of this noisy element is regarded
as a new transistor of channel length x and Lch − x, respectively. This picture is drawn in
analogy to ref. [39].

noise as a contribution of an infinite number of infinitesimally small noise elements distributed
along the channel. One of these noisy elements is depicted in Fig. 5.7 which is located at
position x and has a length ∆x. It is assumed that this noisy element is a little current source
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5.4. Compact Modeling of the Noise 77

causing local fluctuations of the channel current. However, the local fluctuation does not
directly propagate to the transistor terminals but has to travel through the channel segments
to the left and the right. The channel segment to the left of the noisy element is of length x

and is supposed to behave like a transistor denoted as M1. Accordingly, the channel segment
to the right is of length Lch − x and is denoted as M2. The influence of the local noisy element
is then translated by the transistors M1 and M2 into a fluctuation of the total drain current.
The equivalent circuit of the small noise element located between the two transistors M1 and

S

M1

R

In

M2

D InD

G

(a)

S
Gs

R

In

Gd
D InD

(b)

Figure 5.8.: (a) Equivalent circuit of a noisy element located between two transistors. The
local noise current is denoted as δIn and its contribution to the total drain current is denoted
as δInD. (b) Simplification of the circuit by linearization of the transistors in the operation
point and describing them by their channel conductances. Both circuits are drawn in analogy
to ref. [39].

M2 is depicted in Fig. 5.8(a). In accordance with ref. [39], the noisy element is modeled as a
current source in parallel to a resistance ∆R. The local noise current is denoted as δIn. The
fluctuation of the drain current that is induced due to the small noisy element is denoted as
δInD. It is now assumed that the voltage that is induced in the channel due to δIn is very
small in comparison to the thermal voltage (kBT/q) so that the transistors M1 and M2 can be
linearized in their DC operation points. This is depicted in Fig. 5.8(b) where the two transistors
are only represented by their channel conductances Gs and Gd. Now, the current δInD has to
be calculated. This can be done, for example, by converting the noisy current source with its
parallel resistance ∆R into an equivalent voltage source and then calculating the total current
in the series connection of ∆R and the two transistors. Now, another assumption is made: ∆R

is very small in comparison to 1/Gs and 1/Gd. Therefore, when summing up all three values,
∆R is negligible. Consequently, the contribution of δIn to δInD can be expressed as follows:

δInD = Gch(x) · ∆R · δIn (5.17)

where
1

Gch(x) = 1
Gs(x) + 1

Gd(x) . (5.18)
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78 5. Modeling of Low-Frequency Noise

It shall be emphasized that the quantities depend on the position x in the channel. Next, the
PSD of δInD is calculated as follows [39]:

SδI2
nD

(ω, x) = G2
ch(x) · ∆R2(x) · SδI2

n
(ω, x) (5.19)

where ω is the angular frequency of the noise. As mentioned above, it is a convention that the
current in the subscript of the PSDs appears in a squared form. SδI2

nD
is the PSD of the drain

current that originates from the small noisy current source in the channel. However, the goal is
to calculate the PSD of the total drain current. For this purpose, the contributions of all the
noisy elements in the channel have to be summed up by an integration:

S∆I2
nD

(ω) =
Lch∫
0

G2
ch(x)∆R2(x)

SδI2
n
(ω,x)

∆x
dx (5.20)

where SδI2
n

is divided by ∆x so that it is a contribution per unit length. In order to come closer
towards a solution of this equation, a long-channel simplification is performed. In general, the
resistance of a channel element can be expressed as

∆R = ∆V

Ids
(5.21)

where ∆V is a voltage drop in the direction of the channel. Adapting the drift-diffusion model
similarly as in Eq. (4.4), it can be written

Ids = µeff · Wch,eff · Q′
m(x)∆V

∆x
(5.22)

which can be rearranged for ∆R:

∆R = ∆V

Ids
= ∆x

µeff · Wch,eff · Q′m(x) . (5.23)

The next step is to find expressions for the local channel conductances. For this, a step back is
taken and the equations for the density of quasi-mobile charges are observed again (Eqs. (5.8),
(5.9)). For the further derivation, the voltage drop Vsb,d across the drain-to-semiconductor
junction is omitted because the noise model presented here is valid only for long-channel devices.
The two aforementioned equations allow for a calculation of the density of quasi-mobile charges
at the source and drain end of the channel, respectively. It would be desirable to be able
to calculate the charge densities at any arbitrary position along the channel but the exact
propagation of the applied drain-source voltage Vds is not known. Only at the source and drain
electrodes, the boundary conditions are known. However, the charge densities can also be
expressed for any arbitrary position in the channel by defining a channel voltage Vch which
reflects the quasi-Fermi potential. With the definition of the channel voltage, the charge density
is expressed as follows:
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5.4. Compact Modeling of the Noise 79

Q′
m = (β + 1) · Sobs

ln(10) · C′
diel · L

{
exp
(

Vgs − Vch − VT0 − ∆VT0

(β + 1) · Sobs/ ln(10)

)}
. (5.24)

Now, the charge is normalized with respect to Qsp:

qm = L
{

exp
(

Vgs − Vch − VT0 − ∆VT0

(β + 1) · Sobs/ ln(10)

)}
. (5.25)

Recalling the definition of the Lambert W function

x = L(y) (5.26)

as the inverse of the problem according to Eq. (2.25)

y = x · exp(x), (5.27)

Eq. (5.25) can be reformulated as follows:

exp
(

Vgs − Vch − VT0 − ∆VT0

(β + 1) · Sobs/ ln(10)

)
= qm · exp(qm). (5.28)

Calculating the natural logarithm of both sides of the equations leads to:

Vgs − Vch − VT0 − ∆VT0

(β + 1) · Sobs/ ln(10) = ln(qm) + qm. (5.29)

In strong inversion, the linear qm term dominates over the logarithmic term and therefore, the
strong inversion approximation is used leading to

Vgs − Vch − VT0 − ∆VT0

(β + 1) · Sobs/ ln(10) ≈ qm. (5.30)

Finally, the charges are denormalized again with respect to Qsp and the equation is rearranged.
The result is:

Vgs − Vch − VT0 − ∆VT0 = Q′
m

C′
diel

. (5.31)

All the equations presented so far are just a result of some assumptions in combination with
rearrangements of the original charge density equation. The benefit of Eq. (5.31) is that for
the case of strong inversion, the charge density divided by C′

diel can schematically be plotted
versus the channel voltage which is useful for the further derivation of the noise model.

In Fig. 5.9, Q′
m(x)/C′

diel is plotted over Vch. In this plot, the function hits the Vch-axis
at a voltage called the pinch-off voltage Vp. In reality, the charge density does not really
become zero but converges to zero. Since the strong inversion approximation is depicted here
the function is only linear and the logarithmic term is neglected. An interesting fact is that
the area below the curve is proportional to the drain current [39] which is a consequence
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80 5. Modeling of Low-Frequency Noise

Figure 5.9.: Schematic plot of Q′
m(x)/C′

diel vs. the channel voltage Vch. It is possible to
calculate the charge densities explicitly only at the source and drain end of the channel where
the potentials Vs and Vd are present, respectively. The function Q′

m(x)/C′
diel is pinched off at

a voltage Vp. The drain current is proportional to the area below the curve. The factor βc is
defined as: βc = µeff · C′

diel · Wch,eff/Lch. This picture is drawn in analogy to ref. [39].

of the drift-diffusion model. With this knowledge, the channel conductance at an arbitrary
channel voltage Vch can be calculated: Small variations of the source and drain potentials
result in a change of the area below the curve. Hence, multiplying a change in Vs and Vd

by the corresponding value Q′
m(x)/C′

diel yields this change in the area. Theoretically, the
change of the area would have to be calculated by taking into account the slope of the function
Q′

m(x)/C′
diel but here, the slope is disregarded. This is done because it is assumed that the

voltage change is only small so that a rectangular approximation of the areal change, which is in
fact a rectangle with a small triangular top, is regarded as sufficient. The following expressions
for the transconductances at the source and drain end of the channel can be obtained:

Gms = βc · Q′
ms

C′
diel

(5.32)

Gmd = βc · Q′
md

C′
diel

(5.33)

where
βc = µeff · C′

diel · Wch,eff

Lch
. (5.34)

Now, there arises the question of how to calculate the channel conductance Gch(x) based on
the transconductances of the transistors M1 and M2 in Fig. 5.8(a). The series connection of
the two transistors is visualized in Fig. 5.10. They are interfacing each other at position x in
the channel where the channel voltage has a value of Vx. A variation of the voltage Vx leads to
a change in the areas below the Q′

m(x)/C′
diel curve and hence to change in the current.
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5.4. Compact Modeling of the Noise 81

Figure 5.10.: Schematic plot of Q′
m(x)/C′

diel vs. the channel voltage Vch. The two transistors
M1 and M2 are interfacing each other at the position x in the channel, where the voltage Vx

can be found. βc = µeff · C′
diel · Wch,eff/Lch. This picture is drawn in analogy to ref. [39].

At position x, the conductances of the two transistors M1 and M2 are expressed as:

Gmd1 = βc1 · Q′
md1

C′
diel

= µeff · Wch,eff

x
· Q′

md1 (5.35)

Gms2 = βc2 · Q′
ms2

C′
diel

= µeff · Wch,eff

Lch − x
· Q′

ms2. (5.36)

As can be seen in Fig. 5.10, the charge density at the drain end of transistor M1 equals the
charge density at the source end of transistor M2: Q′

md1 = Q′
ms2 = Q′

m(x). Based on this,
the channel conductance Gch(x) which is needed for the calculation of the noise according
to Eq. (5.20) can be calculated:

Gch(x) = 1
1

Gmd1
+ 1

Gms2

= µeff · Wch,eff · Q′
m(x) · 1

x + Lch − x

= µeff · Wch,eff · Q′
m(x)

Lch
. (5.37)

This equation is in accordance with ref. [39]. A short summary will be drawn now: In the last
paragraphs, analytical equations for the resistance of a small channel segment (∆R) and for the
channel conductance as seen from point x in the channel (Gch(x)) were derived. The purpose
of this is that the noise equation (Eq. (5.20)) also includes the product ∆R · Gch(x). Based on
the equations derived above, this product can be evaluated as:

Gch(x) · ∆R = µeff · Wch,eff · Q′
m(x)

Lch
· ∆x

µeff · Wch,eff · Q′m(x) = ∆x

Lch
. (5.38)
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82 5. Modeling of Low-Frequency Noise

Incorporating this into Eq. (5.20) leads to

S∆I2
nD

(ω) =
Lch∫
0

(
∆x

Lch

)2 SδI2
n
(ω,x)

∆x
dx

= 1
L2

ch
·

Lch∫
0

∆xSδI2
n
(ω,x)dx. (5.39)

Now, all preparational steps have been performed. As can be seen, a solution of Eq. (5.39)
requires an analytical description of the PSDs of the local noise sources which are distributed
along the channel. In principle, every arbitrary type of noise which is distributed along the
channel and causes local fluctuations can be incorporated into the above-mentioned equation.

5.4.3 Modeling of Carrier Number Fluctuations

In this section, an analytical description of the local PSD due to carrier-number fluctuations is
presented. The starting point is again the drift-diffusion model which, even if already presented
before, will be shown here again:

Ids = µeffWch,effQ′
m(x)dV

dx
= µeffWch,effqN ′(x)dV

dx
(5.40)

where N ′(x) = Q′
m(x)/q is the number of charge carriers per gate area which is simply the

charge density per gate area divided by the elementary charge q. If a charge carrier gets trapped
in an interface or gate dielectric trap or if it gets released from such a trap, the density of charge
carriers (N ′(x)) is slightly reduced or increased, resulting in a small change in the local current
according to Eq. (5.40). Furthermore, it is assumed that a trapping or a detrapping action has
an influence on the scattering mechanism in that area and causes a carrier-trapping-induced
mobility fluctuation [77]. This mobility fluctuation may not be confused with the mobility
fluctuations according to the Hooge model for flicker noise [75]. The drain-current fluctuation
due to the carrier trapping and the correlated mobility fluctuation is defined as [39]:

δID

ID
= δN ′

N ′ + δµeff

µeff
. (5.41)

Instead of using the charge-carrier number per gate area, this equation can also be written
based on the charge density:

δID

ID
= δQ′

m
Q′m

+ δµeff

µeff
. (5.42)

The correlation of the trapping actions and the mobility is expressed by the following equation:

1
µeff

= 1
µlow

+ α̃c · N ′
tc = 1

µlow
+ αc · Q′

t (5.43)
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5.4. Compact Modeling of the Noise 83

where N ′
tc is the number of trapped charge carriers per gate area, Q′

t is accordingly the amount
of trapped charges per gate area, µeff is the effective mobility from the DC model, αc = α̃c/q

is called the Coulomb scattering coefficient, and µlow is denoted as the low-field mobility in
ref. [39]. However, it cannot directly be related to the low-field mobility κ from the DC model.
Hence, µlow is regarded as a fitting parameter. Nevertheless, this is uncritical since no value
for µlow needs to be provided. αc characterizes the influence of a certain amount of trapped
charges on the mobility. In the model, it will be regarded as a fitting parameter. In the next
step, Eq. (5.43) is rearranged for µeff:

µeff = µlow

1 + αc · Q′
t · µlow

. (5.44)

Deriving µeff with respect to Q′
t leads to

δµeff

δQ′
t

= − αc · µ2
low

(1 + αc · Q′
t · µlow)2 (5.45)

where it can be observed that the right-hand side of Eq. (5.44) appears again. With this, Eq. (5.45)
can be rewritten:

δµeff

δQ′
t

= −αc · µ2
eff. (5.46)

After these preparational steps, Eq. (5.42) is expanded by δQ′
t/δQ′

t:

δID

ID
=
(

1
Q′m

· δQ′
m

δQ′
t

+ 1
µeff

· δµeff

δQ′
t

)
· δQ′

t. (5.47)

Now, Eq. (5.46) is substituted in Eq. (5.47) which leads to

δID

ID
=
(

1
Q′m

· δQ′
m

δQ′
t

− 1
µeff

· αc · µ2
eff

)
· δQ′

t

δID

ID
=
(

1
Q′m

· δQ′
m

δQ′
t

− αc · µeff

)
· δQ′

t. (5.48)

In order to solve this equation, the change of the channel charge density due to a change in the
trapped charge density has to be found. In ref. [39], the following thoughts lead to such an
expression: It is assumed that a trapping action and accordingly a change in Q′

t induces a small
variation δΨs of the surface potential. Such a variation directly influences all other charges
that directly depend on the surface potential. In ref. [39], the calculations are shown for a
bulk MOSFET comprising a bulk terminal but here, the results for a three-terminal transistor
are shown. According to the principle of charge conservation, the change in Q′

t will directly
result in a change in the gate charge Q′

g and the channel charge Q′
m. The charge conversation

principle reads as:
δQ′

g + δQ′
m = −δQ′

t. (5.49)
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84 5. Modeling of Low-Frequency Noise

The changes in the gate and channel charges are now linked to the changes in the surface
potential:

δQ′
g = −C′

diel · δΨs (5.50)

δQ′
m = −C′

ch · δΨs, (5.51)

where C′
ch is the channel charge capacitance. Next, the charge conservation equation (Eq. (5.49))

is rearranged:

− δQ′
t

δQ′m
=

δQ′
g

δQ′m
+ 1

δQ′
m

δQ′
t

= −1
δQ′

g
δQ′

m
+ 1

δQ′
m

δQ′
t

= −1
δQ′

g
δQ′

m
+ δQ′

m
δQ′

m

δQ′
m

δQ′
t

= −δQ′
m

δQ′g + δQ′m
. (5.52)

Now, Eqs. (5.50) and (5.51) are inserted in this equation, which leads to

δQ′
m

δQ′
t

= C′
ch · δΨs

−C′
diel · δΨs − C′

ch · δΨs

δQ′
m

δQ′
t

= C′
ch

−C′
diel − C′

ch
(5.53)

where now the minus sign is ignored by defining a factor Rnoise as follows:

Rnoise =
∣∣∣∣δQ′

m
δQ′

t

∣∣∣∣ = C′
ch

C′
diel + C′

ch
. (5.54)

The next step is to find an expression for the channel charge capacitance C′
ch. In Chap. 4, a

model for the total charges associated with the channel, the drain, and the source terminals is
derived. In principle, the capacitance of the channel regarded as a whole can be expressed based
on the total charge Qc which could be derived with respect to the gate potential. However,
this is not what is needed here. The channel charge capacitance rather describes the capacitive
behavior of the channel at a certain position x in dependence on the surface potential Ψs. In
order to come to the same expression as presented in ref. [39], the following thoughts are made:
According to ref. [36], the density of quasi-mobile accumulation charges Q′

m is given by

Q′
m = q · dm · Nst · exp

(
q · (Ψs − Vch) − Eg

2
kBT

)
(5.55)
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5.4. Compact Modeling of the Noise 85

where dm is the thickness of the accumulation channel, Nst is a fitting parameter, Ψs is the
channel mid-gap potential representing the difference between the actual Fermi level and the
mid of the bandgap, Vch is the channel voltage, and Eg is the bandgap. Originally, the the
channel-midgap potential is denoted as Φc in ref. [36] but it is in principle equal to the surface
potential in ref. [39]. Therefore, these two quantities are treated equivalently. Deriving the
charge density in Eq. (5.55) with respect to the surface potential leads to the channel charge
capacitance:

C′
ch = dQ′

m
dΨs

= q

kBT
· q · dm · Nst · exp

(
q · (Ψs − Vch) − Eg

2
kBT

)
. (5.56)

Due to the nature of the exponential function, the equation is nearly completely reproduced
during the derivation and the only change is that the pre-factor of the surface potential appears
now as a pre-factor of the whole equation. Thus, the following can be written:

C′
ch = dQ′

m
dΨs

= q

kBT
· Q′

m. (5.57)

This result is now incorporated into the factor Rnoise (Eq. (5.54)) which leads to:

Rnoise =
q

kBT
· Q′

m

C′
diel + q

kBT
· Q′m

= Q′
m

kBT
q

· C′
diel + Q′m

. (5.58)

Now, it is made use of the fact that (kBT/q) · C′
diel is also contained in the specific charge

according to Eq. (5.10). With this, the factor Rnoise is rewritten as follows:

Rnoise = Q′
m

Qsp
(β+1)·α + Q′m

=
Q′

m
Qsp

1
(β+1)·α + Q′

m
Qsp

(5.59)

where the fraction Q′
m/Qsp can be expressed as the normalized charge qm:

Rnoise = qm
1

(β+1)·α + qm
. (5.60)

Recalling that Rnoise = |δQ′
m/δQ′

t|, Eq. (5.60) can be inserted into Eq. (5.48):

δID

ID
=

(
1

Q′m
· qm

1
(β+1)·α + qm

− αc · µeff

)
· δQ′

t

=

(
1

Qsp · qm
· qm

1
(β+1)·α + qm

− αc · µeff

)
· δQ′

t

=

(
1

1
(β+1)·α + qm

+ α⋆ · µeff

)
· δQ′

t
Qsp

(5.61)

UNIVERSITAT ROVIRA I VIRGILI 
CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM 
TRANSISTORS 
Jakob Simon Leise 
 
 



86 5. Modeling of Low-Frequency Noise

where α⋆ = −Qsp · αc. It shall be emphasized again that this equation provides information
about the relative local fluctuation of the drain current in dependence on a change in the amount
of trapped charge carriers which induces a correlated mobility fluctuation. For the next steps,
rather than the relative fluctuation, the PSD of this local fluctuation is used. Since the local
fluctuation of the drain current is equal to the noisy current δIn which is depicted in Fig. 5.8
in the following δIn will be used instead of δID. Following the principles in ref. [39], the
current-normalized PSD of the relative local fluctuation can easily be obtained from Eq. (5.61)
by squaring it and taking the PSD of δQ′

t:

SδI2
n

I2
ds

=

(
1

1
(β+1)·α + qm

+ α⋆ · µeff

)2

·
SδQ2

t

Q2sp
. (5.62)

From theory, the PSD of the trapping charge density fluctuation is known. Charge carriers
within the organic semiconductor can tunnel to traps in the gate dielectric and can be released
again which causes the fluctuation of the carriers. The PSD expressed in terms of the charges
and not in terms of the charge-carrier number reads as [39]:

SδQ2
t

= kB · T · q2 · λTun · N ′
t

Wch,eff · ∆x · (f/1 Hz)σ · 1 Hz (5.63)

where λTun is the tunneling attenuation distance, N ′
t is the density of traps in the gate dielectric

close to the interface to the OSC, and f is the frequency. Here, it becomes visible that the
noise follows a 1/fσ behavior. Please note that an exponent σ has been added to the frequency.
The reason for this is that the measured PSD of a transistor may deviate from the ideal 1/f

behavior which may be corrected by σ. This equation is now inserted into Eq. (5.62) which
yields

SδI2
n

I2
ds

=

(
1

1
(β+1)·α + qm

+ α⋆ · µeff

)2

· 1
Q2sp

· kB · T · q2 · λTun · N ′
t

Wch,eff · ∆x · (f/1 Hz)σ · 1 Hz . (5.64)

Next, the PSD of the local fluctuation can be used in the long-channel simplification of the total
noise of the drain current according to Eq. (5.39). For simplification purposes, this equation is
presented here again:

S∆I2
nD

(ω) = 1
L2

ch
·

Lch∫
0

∆x · SδI2
n
(ω,x)dx.

Now, both sides of this equation are divided by the drain current squared in order to represent
the drain-current-normalized noise:

S∆I2
nD

(ω)
I2

ds
= 1

L2
ch

·
Lch∫
0

∆x · SδI2
n
(ω,x)

I2
ds

dx. (5.65)
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5.4. Compact Modeling of the Noise 87

Finally, the PSD of the local fluctuation (Eq. (5.64)) is inserted in this total PSD leading to:

S∆I2
nD

(ω)
I2

ds
= 1

L2
ch

·
Lch∫
0

(
1

1
(β+1)·α + qm

+ α⋆ · µeff

)2

· 1
Q2sp

· kB · T · q2 · λTun · N ′
t

Wch,eff · (f/1 Hz)σ · 1 Hzdx. (5.66)

Every factor that is independent of the position x is now factored out of the integral:

S∆I2
nD

(ω)
I2

ds
= kB · T · q2 · λTun · N ′

t
Q2sp · Wch,eff · L2

ch · (f/1 Hz)σ · 1 Hz ·
Lch∫
0

(
1

1
(β+1)·α + qm

+ α⋆ · µeff

)2

dx. (5.67)

In order to improve the readability, a factor K1 is defined:

K1 = kB · T · q2 · λTun · N ′
t

Q2sp · Wch,eff · L2
ch · (f/1 Hz)σ · 1 Hz (5.68)

and with this, Eq. (5.67) is written as

S∆I2
nD

(ω)
I2

ds
= K1 ·

Lch∫
0

(
1

1
(β+1)·α + qm

+ α⋆ · µeff

)2

dx. (5.69)

In order to solve this equation, the integration variable needs to be changed so that an integration
over the charges rather than the channel length is conducted. A similar substitution is already
incorporated for the modeling approach of the total charges in Eq. (4.7). This substitution
approach is used again but instead of α̃ the original α is taken. Furthermore, the de-coupling of
the sub-threshold swing from the power-law mobility is included by multiplying α by (β + 1):

dx = −Wch,eff · µeff

Ids
·
(

(β + 1) · α · kBT

q
+ Q′

m
C′

diel

)
· dQ′

m. (5.70)

However, before this equation can be used in the noise model the normalizations have to be
performed:

dx = −Wch,eff · µeff

Isp · ids
·
(

(β + 1) · α · kBT

q
+ Qsp · qm

C′
diel

)
· Qsp · dqm (5.71)

where the definitions of Qsp and Isp are inserted according to Eq. (5.10) and Eq. (5.14),
respectively:

dx = − Wch,eff · µeff

µeff · (β + 1)2 · α2 ·
(

kBT
q

)2 · C′
diel

Wch,eff
Lch

· ids

×
(

(β + 1) α · kBT

q
+

(β + 1) · α · kBT
q

· C′
diel · qm

C′
diel

)
· (β + 1) · α · kBT

q
· C′

diel · dqm

(5.72)

UNIVERSITAT ROVIRA I VIRGILI 
CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM 
TRANSISTORS 
Jakob Simon Leise 
 
 



88 5. Modeling of Low-Frequency Noise

which after several simplification steps leads to

dx = −Lch

ids
· (1 + qm) · dqm. (5.73)

This equation is now substituted in Eq. (5.69) and the limits of integration are changed to qs

and qd so that a charge-based integral results:

S∆I2
nD

(ω)
I2

ds
= −K1 ·

qd∫
qs

(
1

1
(β+1)·α + qm

+ α⋆ · µeff

)2

· Lch

ids
· (1 + qm) · dqm. (5.74)

A factor K2 is defined in order to again improve the readability:

K2 = −Lch · K1 = − kB · T · q2 · λTun · N ′
t

Q2sp · Wch,eff · Lch · (f/1 Hz)σ · 1 Hz (5.75)

which then allows for a slightly easier way of writing Eq. (5.74):

S∆I2
nD

(ω)
I2

ds
= K2

ids
·

qd∫
qs

(
1

1
(β+1)·α + qm

+ α⋆ · µeff

)2

· (1 + qm) · dqm. (5.76)

Carrying out the integration using Wolfram Alpha [86] leads to:

S∆I2
nD

(ω)
I2

ds
=K2

ids
·
((

1 + 2 · α⋆ · µeff · ((β + 1) · α − 1)
(β + 1) · α

)
· ln
(

1 + (β + 1) · α · qd

1 + (β + 1) · α · qs

)
+ (1 − (β + 1) · α) ·

(
1

1 + (β + 1) · α · qd
− 1

1 + (β + 1) · α · qs

)
+1

2 · (α⋆ · µeff)2 ·
(
q2

d + 2 · qd − q2
s − 2 · qs

)
+ 2 · α⋆ · µeff · (qd − qs)

)
. (5.77)

Please note that in this equation, α and α⋆ appear. These two quantities may not be confused
with each other. α is the slope degradation factor with respect to an ideal slope of ≈ 60 mV/dec
at room temperature while α⋆ = −Qsp · αc is a parameter related to the Coulomb scattering
coefficient. The benefit of Eq. (5.77) is that it is a fully charge-based model incorporating only
a small number of fitting parameters.

5.4.4 Modeling of Bulk Mobility Fluctuations

In Sec. 5.3, it has been revealed that the dominant noise mechanism in the transistors under
investigation is the fluctuation of the charge-carrier number. However, in order to provide a full
picture, a model describing the bulk mobility fluctuations of organic TFTs is derived, as well.
The starting point for the compact model is the same as for the model of the charge-carrier-
number fluctuations: the integral that sums up the contributions of the local noise sources
along the channel incorporating the long-channel simplification. This equation is Eq. (5.39)
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5.4. Compact Modeling of the Noise 89

but divided by the drain current squared which leads to Eq. (5.65). For a better readability of
this work, this equation is presented here again:

S∆I2
nD

(ω)
I2

ds
= 1

L2
ch

·
Lch∫
0

∆x · SδI2
n
(ω,x)

I2
ds

dx. (5.78)

The difference between the carrier-number fluctuation model and the fluctuation of the bulk
mobility is the PSD of the local noise sources. Whereas in the carrier-number fluctuation model,
the local PSD was derived based on the trapping and de-trapping of charge carriers inducing a
correlated mobility fluctuation in the bulk-mobility fluctuation model, the local PSD is given
by the empirical Hooge model [39]:

SδI2
n

I2
ds

= αH · q

Wch,eff · ∆x · Q′m(x) · (f/1 Hz)σ · 1 Hz (5.79)

where αH is the empirical Hooge parameter. Originally, the frequency is only contained with
an exponent of σ = 1 but in order to reproduce the results of measured devices which may
exhibit frequency slopes slightly different from unity, σ is defined as a fitting parameter. The
local PSD is now inserted into Eq. (5.78) which leads to:

S∆I2
nD

(ω)
I2

ds
= 1

L2
ch

·
Lch∫
0

∆x · αH · q

Wch,eff · ∆x · Q′m(x) · (f/1 Hz)σ · 1 Hz (5.80)

which can be rearranged to

S∆I2
nD

(ω)
I2

ds
= αH · q

L2
ch · Wch,eff · (f/1 Hz)σ · 1 Hz ·

Lch∫
0

1
Q′m(x)dx. (5.81)

Now, the same procedure as for the carrier-number fluctuations is used: The charge density
Q′

m(x) is normalized according to Eq. (5.11) and the integration variable is changed to qm by
applying the substitution according to Eq. (5.73) which leads to:

S∆I2
nD

(ω)
I2

ds
= αH · q

L2
ch · Wch,eff · (f/1 Hz)σ · 1 Hz ·

qd∫
qs

1
qm · Qsp

· −Lch

ids
· (1 + qm) dqm. (5.82)

After some rearrangements, this leads to:

S∆I2
nD

(ω)
I2

ds
= − αH · q

Lch · Wch,eff · (f/1 Hz)σ · 1 Hz · Qsp
· 1

ids
·

qd∫
qs

(
1

qm
+ 1
)

dqm. (5.83)
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90 5. Modeling of Low-Frequency Noise

In order to improve the readability of this equation, a factor K3 is defined as follows:

K3 = − αH · q

Lch · Wch,eff · (f/1 Hz)σ · 1 Hz · Qsp
. (5.84)

With this definition and after carrying out the simple integration in Eq. (5.83), the final result
is obtained:

S∆I2
nD

(ω)
I2

ds
= K3

ids
·
(

ln
(

qd

qs

)
+ qd − qs

)
. (5.85)
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CHAPTER 6

Model Verification and Discussion

6.1 Introductory Information

This chapter is dedicated to the verification of the models presented in the previous chapters.
The chapter is organized as follows: First, the extension to the DC model incorporating
fringe currents is verified for staggered transistors by means of a TCAD Sentaurus simulation.
Subsequently, the quasistatic capacitance models are verified with respect to TCAD Sentaurus
simulations and measurements of staggered long-channel transistors. The next step is the
verification of a simple circuit simulation of staggered transistors incorporating the quasistatic
capacitance model. After the verification of the staggered geometry, coplanar transistors are
investigated. For this architecture, only TCAD simulations of the quasistatic capacitances are
available.

During the verification, several issues of the compact model will be revealed: the equations
presented so far are only valid for a quasistatic operation of the model and furthermore,
transistors with high contact resistances (which are the transistors comprising shorter channel
lengths) cannot be described properly by the model. This will eventually lead to extensions of
the model which will be explained and verified in Chap. 7.

The last step of this chapter is the verification of the noise model. The compact model will be
verified with respect to measurements an TCAD simulation results.

6.2 Fringe Current Model

In this section, the fringe current model presented in Chap. 2 is verified by means of a TCAD
Sentaurus simulation. To start with, the TCAD simulation setup is introduced. Different
transistors were simulated and their corresponding parameters are listed in Tab. 6.1 where
χosc is the electron affinity of the organic semiconductor, Eg is the band gap of the organic
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92 6. Model Verification and Discussion

Table 6.1.: Parameters of TCAD simulations of staggered transistors. Column (a) corre-
sponds to the 2D simulation of a staggered OTFT using a standard square-root DOS. Column
(b) corresponds to the 2D simulation of a staggered OTFT using a Gaussian DOS. Column (c)
corresponds to a 3D simulation of a staggered OTFT consisting of one source/drain finger. Col-
umn (d) corresponds to a 3D simulation of a staggered OTFT consisting of two source/drain
fingers.

TCAD Param. (a) 2D sqrt. (b) 2D Gauss. (c) 3D single (d) 3D double

χosc[eV] 1.81 1.81 1.81 1.81

Eg[eV] 3.38 3.38 3.38 3.38

µn[cm2 V−1 s−1] 1 1 1e-10 1e-10

µp[cm2 V−1 s−1] 1 1 1 1

εr,osc[−] 3 3 3 3

εr,diel[−] 3.9 3.9 3.9 3.9

Φm,g[eV] 4.1 4.1 4.1 4.1

Φm,sd[eV] 5.19 5.19 5 5

Lch[µm] 200 200 20 20

Wcontact[µm] 1 1 1 1

Lov,GS[µm] 10 10 5 5

Lov,GD[µm] 10 10 5 5

tdiel[nm] 5.3 5.3 5.3 5.3

tosc[nm] 25 25 25 25

wovl[µm] 0 0 variable variable

Nfing[−] 1 1 1 2

dfing[µm] - - - variable

semiconductor, µn and µp are the mobilities for electrons and holes, εr,osc is the relative
dielectric permittivity of the depleted organic semiconductor, εr,diel is the relative dielectric
permittivity of the gate dielectric, Φm,g is the work function of the gate metal, Φm,sd is the work
function of the source/drain electrode metal, Lch is the channel length, Wcontact is the width of
one source/drain contact, Lov,GS and Lov,GD are the gate-to-source and gate-to-drain overlap
lengths, tdiel is the gate dielectric thickness, tosc is the thickness of the organic-semiconductor
layer, wovl is the fringe width beyond the first and the last finger in case of a 3D simulation,
Nfing is the number of parallel source/drain fingers, and dfing is the distance between two fingers.

In order to simulate the fringe effects, a 3D simulation was necessary. Such a simulation
imposes a high computational load on the computer on which the simulation is executed and
the probability of getting convergent results is smaller than for a 2D simulation. Therefore,
the simulation was kept as simple as possible. As explained in Chap. 2, DOS in organic
semiconductors is assumed to be Gaussian-shaped. However, it turned out that setting up
a Gaussian DOS for a 3D simulation leads to a quite unstable behavior of the simulator.
Therefore, a standard square-root DOS is assumed. In Fig. 6.1, the simulated transfer curves
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6.2. Fringe Current Model 93

of three 2D simulations are shown where one simulation exhibits a standard square-root DOS
and the other two exhibit Gaussian densities of states with different standard deviations and
shifts of the center position of the DOS. Apart from the differences in the DOS, the three
2D simulations use the same simulation setup as listed in Tab. 6.1. It can be seen that for
high absolute values of Vgs the three curves look very similar. However, the steepnesses of
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Figure 6.1.: Transfer curves of a staggered OTFT as simulated by Sentaurus TCAD at
Vds = −1 V. All important settings of the simulations are equal and listed in Tab. 6.1. The
only difference is that for one transistor a standard square-root DOS with an effective hole
density of Nv = 1 × 1021 cm−3 has been used (solid red line) whereas for the other transistors,
Gaussian-distributed densities of states with different standard deviations are assumed. The
total number of Nt,DOS = 1 × 1021 cm−3 is equal for both transistors. A standard deviation
of σDOS = 0.05 eV, and a center position of E0,DOS = EV − 0.05 eV is used (blue dotted
line). For the other transistor, a standard deviation of σDOS = 0.1 eV, and a center position
of E0,DOS = EV − 0.1 eV i used (green circles). The currents are plotted both in linear and
logarithmic scale. For high absolute values of Vgs, the curves are very similar except for slightly
different steepnesses. For Vgs values close to zero, the curve where σDOS is large exhibits a
longer transition from the sub-threshold to the above-threshold regime.

the curves becomes slightly smaller for higher σDOS. The differences between the curves are
more pronounced in the transition regime from sub-threshold to above-threshold. Whereas
the simulation with σDOS = 0.05 eV is almost perfectly aligned with the simulation using a
standard square-root DOS, the curve with σDOS = 0.1 eV deviates from that. It seems as if the
threshold voltage of the curve is shifted closer to zero. However, this is in contradiction to the
fact that in the above-threshold regime the curve is almost aligned with the other two curves.
An extraction of the threshold voltage based on the on-state current would not lead to such a
pronounced shift as the curves exhibit in the sub-threshold regime. The DC compact model
can also be used to fit the simulation with σDOS = 0.1 eV by assuming a threshold voltage such
that the sub-threshold curves match and then adjusting the on-state characteristics using the
power-law mobility model. Based on these observations, the usage of a square-root DOS for
the complex 3D simulations is justified because the basic results will not be diminished by
this assumption. Furthermore, in the literature it is described that organic transistors with
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94 6. Model Verification and Discussion

long channels often adhere to a more crystalline-like behavior which effectively means that
the exponent of the power-law mobility can be set to values close to zero [28]. Thus, for the
verification of long-channel transistors, the influence of the Gaussian DOS on the current-voltage
characteristics will be of minor importance.
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Figure 6.2.: Transfer curves of a staggered OTFT as simulated in a 3D simulation by Sen-
taurus TCAD at Vds = −0.1 V (blue symbols) in comparison to the compact model (solid red
lines). The transistor consists of one source/drain finger and a varying overlap width wovl be-
yond the finger. The compact model is fitted to the different overlap widths only by a variation
of δfit. The parameters of the simulation are listed in column (c) of Tab. 6.1. The mobility in
the compact model is set to κ = 0.93 cm2V−β−1s−1 with β = 0. This picture was published in
ref. [54] and was slightly modified.
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Figure 6.3.: Transfer curves of a staggered OTFT as simulated in a 3D simulation by Sen-
taurus TCAD at Vds = −0.1 V (blue symbols) in comparison to the compact model (solid red
lines). This figure shows the same as Fig. 6.2 but the current is plotted in logarithmic scale.
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Figure 6.4.: Drain current of a staggered OTFT as simulated in a 3D simulation by Sen-
taurus TCAD at Vds = −0.1 V (red circles) and at Vds = −1 V (green triangles). In every
simulation, Vgs = −4 V. The transistor consists of one source/drain finger and a varying over-
lap width wovl beyond the finger. The current is normalized with respect to the current of a
transistor with wovl = 0 µm for each of the two drain-source voltages. For each wovl, a value for
the fitting parameter δfit is determined by the compact model. These extracted values are plot-
ted (blue squares). Since δfit is bias-independent the same values for both drain-source voltages
are valid. The parameters of the simulation are listed in column (c) of Tab. 6.1. This figure was
published in ref. [54] and was slightly modified.

After this evaluation, it will be proceeded with the fringe current model. Due to the massive
amount of time that the 3D simulations need only transfer curves have been simulated. The
fringe current model was investigated by means of the following simulations: A transistor with
one finger of width Wcontact comprising a variable fringe width wovl ranging between 0 µm
and 50 µm was simulated. This fringe width is symmetrically present to both sides of the
source/drain finger. The fitting process is conducted as follows:

1. The DC model is fitted to the transistor where wovl = 0 µm. From this, the mobility, the
threshold voltage and the sub-threshold swing are extracted.

2. A simulation where wovl ̸= 0 µm is taken. The correct wovl is entered in the model
parameters while all other fitting parameters are kept to the values extracted in point 1.
Only the fitting parameter δfit is used in order to manually adjust the current so that
model and simulation agree.

3. Step 2 is repeated for every simulated wovl and the resulting values are noted down.
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96 6. Model Verification and Discussion

As explained in Chap. 2, the fringe model is an empirical approach. The consequence is that
the parameter δfit cannot be calculated analytically but serves as a fitting parameter. There
might arise the question why such a model is used whereas the effect of the fringe currents
could simply be captured by a higher mobility such as described in ref. [60]. The reason
why the fringe current model is used is that the parameter δfit does not have an influence
on the model for the total charges and capacitances, as explained in Chap. 4. However,
the exact geometry of the transistor consisting of all intrinsic channel regions and extrinsic
regions is necessary. This information would be lost if the fringe regions were ignored in
the model equations. In Fig. 6.2, the compact model is shown in comparison to the results
of a 3D TCAD simulation of a transistor comprising one source/drain finger with varying
fringe widths wovl. Figure 6.3 shows the same but here the current is plotted in logarith-
mic scale. The compact model is fitted according to the procedure explained above by only
adjusting the fitting parameter δfit in order to capture the current for the different fringe widths.

As can be seen in Figs. 6.2 and 6.3, the empirical model agrees well with the TCAD simulations.
This proves that the model assumption of an effective channel width Wch,eff is sufficient to
capture the effect of current spreading. Please note that in the TCAD simulation setup a
small Schottky barrier between the source electrode and the organic semiconductor is present.
The effect of a Schottky barrier lowering is not taken into account in the simulation. Hence,
the reversely operated Schottky barrier at the source behaves similar as an Ohmic contact
resistance. This contact resistance is the reason why the mobility in the compact model is set
to a value which is slightly smaller than the value which is set in the TCAD simulation.

Figure 6.4 shows the drain currents of the 3D TCAD simulation of the staggered single-finger
OTFT versus the overlap width wovl. The currents are probed at one gate-source voltage and
at two drain-source voltages. Furthermore, the current is normalized with respect to the current
of a transistor without any fringe regions (wovl = 0 µm) at each of the two drain-source voltages.
It is clearly visible that the current spreading is independent of the chosen drain-source voltage
since in both cases the normalized current is the same. Furthermore, the plot shows the
extracted δfit which is needed in order to fit the compact model to the simulated data. Since
the current spreading is independent of the drain-source voltages, δfit is the same for both Vds.
Furthermore, it can be verified that the current spreading is also independent of the gate-source
voltage. In Fig. 6.5, the current vectors of a 3D staggered transistor are shown in a fringe region
for two different gate-source voltages. The current vectors are probed in a cutplane in the
organic semiconductor close to the gate-dielectric interface, as indicated in Fig. 6.5(c). It can
be seen that due to the increased gate-source voltage the length of the current vectors increases
which results in a higher current (as usual when Vgs is increased). However, the direction of
the vectors is not altered due to the higher voltage. This proves that the paths that charge
carriers travel in the fringe region are independent of the gate-source voltage. From the observa-
tions presented so far, it can be concluded that the current spreading is entirely bias-independent.
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(a) (b)
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Figure 6.5.: Electric field vectors in a fringe region in a small cutplane close to the interface
between OSC and the gate dielectric of a single-finger staggered OTFT. The simulation has
been carried out with Sentaurus TCAD. The parameters of the simulation are listed in column
(c) of Tab. 6.1. (a) Vgs = −1.333 V and (b) Vgs = −4 V. The drain voltage is Vds = −1 V in (a)
and (b). In (c), the location of the probed cutplane is depicted. For both gate voltages, the
arrows point in the same directions but their lengths are different. This shows that a higher
gate bias does not influence the orientation of the field lines. The two pictures in (a) and (b)
were published in ref. [54].

The verification presented so far only covers transistors comprising one single source/drain
finger and fringe regions next to this finger. However, in the fringe model presented in Chap. 2,
it is postulated that the model is also applicable to multi-finger transistors. In Fig. 6.6, the
results of a 3D TCAD simulation of a staggered transistor comprising two source/drain fingers
are shown. The current is normalized with respect to a transistor with no distance between the
fingers (dfing = 0 µm) and no fringe regions beyond the first and the last finger (wovl = 0 µm).
Just as for the transistor comprising one single finger, the compact model is fitted to the TCAD
simulation of this two-finger transistor by only adapting the parameter δfit. The extracted
values for δfit are also plotted. By comparing Fig. 6.6 to Fig. 6.4, it can be seen that the
two-finger transistor behaves similarly as the single-finger transistor.
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Figure 6.6.: Drain current of a staggered OTFT as simulated in a 3D simulation by Sentau-
rus TCAD at the operation point Vds = −0.1 V and Vgs = −4 V. The current is normalized
with respect to the current of a transistor with wovl = dfing = 0 µm. The transistor consists of
two source/drain fingers with a varying distance dfing between the fingers and a varying overlap
width wovl beyond the first finger and the last finger. dfing and wovl are varied simultaneously
in this simulation. For each wovl, a value for the fitting parameter δfit is determined by the
compact model. These extracted values are plotted (blue squares). The parameters of the sim-
ulation are listed in column (d) of Tab. 6.1. This picture was published in ref. [54] and was
slightly modified.

6.3 Quasistatic Capacitances

6.3.1 Introductory Information

In this section, the quasistatic capacitance model is verified with respect to both coplanar and
staggered architectures. The staggered transistors are verified by the measured quasistatic
capacitances presented by Zaki et al. in ref. [40] and by Sentaurus TCAD simulation results.
For the verification of the coplanar architecture, only simulations are available. In Chap. 4,
a compact model for the calculation of the total charges in organic transistors is presented.
More precisely speaking, the model analytically calculates the total amount of charge Qc which
is stored in the channel region of the transistor and it applies the Ward-Dutton partitioning
scheme [65] allowing for a calculation of the charges Qs and Qd which are under control by
the source and drain terminal, respectively. Furthermore, the charges which are stored in the
gate-to-contact overlap regions and fringe areas are calculated and added to the corresponding
intrinsic charges. However, when transistors are characterized, usually the capacitances are
measured and plotted [38]. In principle, the equations for the total charges (Eqs. (A.1), (A.2),
and (A.3) in the Appendix) could be derived with respect to the terminal voltages. However, the
results would be rather large equations. Furthermore, for an implementation in the hardware
description language Verilog-A, only equations for the total charges are needed. Therefore, the
analytical derivation of the charge equations with respect to the voltages is circumvented by a
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6.3. Quasistatic Capacitances 99

numerical approximation of the capacitances. Please recall that the capacitance Cij where i,j

represent the drain, source, or gate terminals can be calculated according to Eq. (3.16) as

Cij =

{
− ∂Qi

∂Vj
i ̸= j i,j = g,s,d

∂Qi
∂Vj

, i = j
. (6.1)

If, for example, the capacitance Csg has to be calculated, it is defined as

Csg = −∂Qs

∂Vg
. (6.2)

The charge Qs is dependent on the three terminal potentials Vg, Vs and Vd. As a numerical
approximation, the gate potential is altered by a certain amount around its DC value and the
source charge is calculated in both cases. Then, the difference of these charges is divided by
the voltage change:

Csg ≈ −Qs(Vg + 0.5 · ∆Vcap, Vs, Vd) − Qs(Vg − 0.5 · ∆Vcap, Vs, Vd)
∆Vcap

. (6.3)

Provided that ∆Vcap is sufficiently small (e.g. 1 mV), this approximation is very precise. For
the verification of the compact model, this procedure is used in order to calculate the nine
capacitances.

6.3.2 Staggered Transistors

In this section, the verification for staggered transistors is presented. Since the quasistatic
charge and capacitance model is dependent on the underlying compact DC model, the first
step is a fitting of the DC curves. Subsequently, the capacitances can be verified without the
need of tuning other parameters. The model will be verified with respect to TCAD simulation
data and measurements. In this section, only long-channel transistors with negligible contact
resistances are regarded.

6.3.2.1 TCAD Simulations

2D and 3D Sentaurus TCAD simulations were conducted for transistors with different geometries.
In order to obtain quasistatic capacitances, the frequency of the AC analysis was set to a very
low value of f = 0.01 Hz.

2D simulation with a long channel
First, the fitting of the DC model is shown. In Fig. 6.7, the transfer curves as a result of a 2D
TCAD simulation of a long-channel transistor (Lch = 200 µm) are compared to the compact
model. The parameters of the TCAD simulation setup and the chosen parameter values for
the compact model are listed in column (a) of Tab. 6.2. Figure 6.8 shows the corresponding
transconductances of the same simulation. Finally, Fig. 6.9 shows the output curves of the
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100 6. Model Verification and Discussion

Table 6.2.: Parameters of TCAD simulations of staggered OTFTs and fitting parameters of
the compact model. (a) 2D simulation of a long-channel transistor. (b) 2D simulation of a
transistor with a shorter channel. (c) 3D simulation of a transistor comprising one source/drain
electrode. (d) 3D simulation of a transistor consisting of two drain/source electrodes. For (a)
and (b), a Gaussian DOS with a total number of Nt,DOS = 1 × 1021 cm−3, a standard deviation
of σDOS = 0.05 eV, and a center position of E0,DOS = EV − 0.05 eV is used. For (c) and (d), a
square-root DOS with an effective hole density of Nv = 1 × 1021 cm−3 is used.

TCAD Param. (a) 2D long (b) 2D short (c) 3D single (d) 3D double

χosc[eV] 1.81 1.81 1.81 1.81

Eg[eV] 3.38 3.38 3.38 3.38

µn[cm2 V−1 s−1] 1 1 1e-10 1e-10

µp[cm2 V−1 s−1] 1 1 1 1

εr,osc[−] 3 3 3 3

εr,diel[−] 3.9 3.9 3.9 3.9

Φm,g[eV] 4.1 4.1 4.1 4.1

Φm,sd[eV] 5.19 5.19 5 5

Lch[µm] 200 20 20 20

Wcontact[µm] 1 1 1 1

Lov,GS[µm] 10 10 5 5

Lov,GD[µm] 10 10 5 5

tdiel[nm] 5.3 5.3 5.3 5.3

tosc[nm] 25 25 25 25

wovl[µm] 0 0 variable variable

Nfing[−] 1 1 1 2

dfing[µm] - - - variable

Compact Param.

Sobs[mV/dec] 60 60 60 60

VT0[V] -0.86 -0.86 -0.86 -0.86

κ[cm2V−β−1s−1] 0.9 0.91 0.93 0.93

β[−] 0.035 0.04 0 0

λ[V−1] 0 8e-3 0 0

same simulation. As can be seen, the overall agreement is good which was to be expected since
the transistor has a long channel and the basic DC model in ref. [36] is proven to reproduce
the characteristics of long-channel transistors with good accuracy.

Figures 6.10, 6.11 and 6.12 show the results of the quasistatic capacitances. Again, the
TCAD simulation is compared to the compact model. The capacitances are numerically calcu-
lated in the compact model using a voltage difference of ∆Vcap = 1 mV. The plots prove that
there is a good overall agreement between the compact model and the TCAD simulation results.
As explained in Chap. 3, a transistor comprising three terminals (gate, source and drain) has
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Figure 6.7.: Transfer curves of a staggered OTFT as simulated in a 2D simulation by Sen-
taurus TCAD (blue circles) at Vds = −0.1 V and at Vds = −1 V in comparison to the compact
model (solid red lines). The transistor has a channel length of Lch = 200 µm. A Gaussian DOS
with a total number of Nt,DOS = 1 × 1021 cm−3, a standard deviation of σDOS = 0.05 eV,
and a center position of E0,DOS = EV − 0.05 eV is used. The TCAD simulation setup and the
parameters of the compact model are depicted in column (a) of Tab. 6.2.

nine capacitances (Eq. (3.19)). However, due to the charge conservation principle some of
these capacitances are dependent on each other. With the knowledge of only six of the nine
capacitances, the remaining three capacitances can be calculated. Therefore, in the following
only the trans-capacitances where the two indices are different will be plotted. However, for
the sake of completeness, in Fig. 6.11 the three self-capacitances (i.e. the capacitances where
the two indices are equal) are shown.

In Fig. 6.10, it becomes evident that the capacitances Cgs, Cgd, Csg and Cdg are a little bit too
steep in the voltage range −2 V ≤ Vgs ≤ −1 V but the overall agreement is very good. The
transistor under investigation here has a comparatively long channel length of Lch = 200 µm
and in comparison to that small gate-to-contact overlap lengths of Lov,GS = Lov,GD = 10 µm.
Consequently, a larger amount of charge is stored in the intrinsic carrier channel in comparison
to the charges in the overlap regions. Therefore, the overall capacitive behavior of that transistor
is dominated by the intrinsic carrier channel.

The simulated capacitances agree with the results that can be expected from theory [38] and
they will briefly be discussed in the following. To start with, the quasistatic capacitances as
plotted versus the gate-source voltage Vgs (Fig. 6.10) are observed. In order to simplify the
discussion, the absolute values of the capacitances are referred to. At gate-source voltages close
to zero, the transistor is turned off and the organic semiconductor is operated in depletion,
i.e. there is no remarkable amount of accumulated charge carriers. Hence, even a change in
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Figure 6.8.: Transconductance of the Sentaurus TCAD simulation (blue circles) in compar-
ison to the compact model (solid red lines). These are the results of the same simulation and
compact model setup as in Fig. 6.7.
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Figure 6.9.: Output curves of the Sentaurus TCAD simulation (blue circles) in comparison to
the compact model (solid red lines) at different gate-source voltages as indicated in the figure.
These are the results of the same simulation and compact model setup as in Fig. 6.7.

the surface potential does not lead to a notable change in the density of charge carriers, either.
Consequently, the capacitances are nearly zero in this region. Only extrinsic capacitances are
of importance then. However, as explained before, the extrinsic components (which are the
overlap capacitances) are small in comparison to the intrinsic channel capacitances.
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Figure 6.10.: Quasistatic trans-capacitances of a staggered OTFT with Lch = 200 µm. 2D
Sentaurus TCAD simulation results (dashed lines) are shown in comparison to the compact
model (solid lines). These are the results of the same simulation and compact model setup as
in Fig. 6.7. The capacitances are plotted versus Vgs at a fixed drain voltage of Vds = −1 V.

If the absolute value of Vgs becomes greater, charges are accumulated in the organic semicon-
ductor and a conductive channel is formed. The transistor leaves the sub-threshold regime
and transits to the on-state. The drain-source voltage is Vds = −1 V in this simulation. Please
recall that the condition for a p-type transistor to be operated in the saturation regime of
operation is the following [5]:

Vds ≤ (Vgs − VT0) . (6.4)

Looking at the voltages in Fig. 6.10, it can be concluded that the transistor is operated in
the saturation regime approximately in the range −2 V ≤ Vgs ≤ −1 V. It can be observed
that the capacitance Cgd is still zero in this region whereas Cgs quickly reaches its maximum
absolute value. This makes sense from the perspective that Cgd is the amount of charges at
the gate which is altered due to a change in the drain potential. If a transistor is operated
in saturation, the carrier-channel is pinched off somewhere in the channel before the drain
electrode [39]. It is known that then, a change in Vds does not lead to a further change in the
current of the transistor which becomes visible in the output characteristics of a transistor at
high absolute values of Vds. There may occur short-channel effects such as a channel-length
modulation [5] but they are neglected here. Similarly as the drain current is not under con-
trol of the drain terminal in this operation regime, the total charges in the device are not
under control of the drain, either. In other words: A change in the drain potential does not
change the amount of charges in the carrier channel. Since the charges are entirely under
control of the source terminal the capacitance Cgs has its maximum value in the saturation
regime of operation. Furthermore, it becomes evident that in the saturation regime of opera-
tion, the capacitances are non-reciprocal. For instance, Cgs has a larger absolute value than Csg.
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Figure 6.11.: Quasistatic self-capacitances of a staggered OTFT with Lch = 200 µm. 2D
Sentaurus TCAD simulation results (dashed lines) are shown in comparison to the compact
model (solid lines). These are the results of the same simulation and compact model setup as
in Fig. 6.7. The capacitances are plotted versus Vgs at a fixed drain voltage of Vds = −1 V.

With the absolute value of Vgs further increasing beyond 2 V, the saturation regime of operation
is left and the transistor enters the linear regime. In this regime, the channel is no longer
pinched off before the drain electrode. Due to the influence of Vds, there is still a gradient
of the charge-carrier density in the channel. This is reflected in Fig. 6.10 by the fact that
still Cgs is larger than Cgd. A change in the drain potential obviously does not alter the
amount of total charges in the transistor as much as a change in the source potential does.
If Vgs eventually becomes much larger than Vds, the charges in the channel are nearly evenly
distributed along the channel. In this operation regime, the total charges in the transistor are
altered almost equally by a change in the drain potential or the source potential which can be
seen in Fig. 6.10: The four capacitances Cgs, Csg, Cgd and Cdg all converge to the same value.
The trans-capacitances now show a nearly reciprocal behavior. According to the theory [38],
the maximum capacitance that occurs in a transistor without extrinsic capacitances is the gate
dielectric capacitance. When operated in the completely linear regime of operation, the four
aforementioned capacitances then converge to C′

diel · Wch,G · Lch/2. This can easily be proven
by a comparison to the setup values: According to column (a) of Tab. 6.2 and with the help
of the electric field constant ε0, the absolute value of the gate dielectric capacitance can be
calculated as

C′
diel · Wch,G · Lch = ε0 · εr,diel

tdiel
· Wch,G · Lch (6.5)
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Figure 6.12.: Quasistatic trans-capacitances of a staggered OTFT with Lch = 200 µm. 2D
Sentaurus TCAD simulation results (dashed lines) are shown in comparison to the compact
model (solid lines). These are the results of the same simulation and compact model setup as
in Fig. 6.7. The capacitances are plotted versus Vds at a fixed gate voltage of Vgs = −3 V.

where the specific values for that transistor can be entered. Since there are no fringe regions in
this 2D simulation it can be said that Wch,G = Wch,SD:

C′
diel · Wch,G · Lch = 8.854 188 × 10−12 A s V−1 m−1 · 3.9

5.3 × 10−9 m · 1 × 10−6 m · 200 × 10−6 m = 1.303 pF.

(6.6)
It can be verified by Fig. 6.10 that the four capacitances Cgs, Csg, Cgd and Cdg really converge
to the half of this value. It shall be emphasized again that the extrinsic gate-to-contact overlap
capacitances have to be added to these intrinsic capacitances. However, as mentioned before,
the extrinsic part is small in comparison to the intrinsic part in this transistor.

An interesting conclusion from Fig. 6.10 is that the capacitances are non-reciprocal, as outlined
above. Especially in the saturation regime of operation, there are huge differences between the
three pairs of trans-capacitances. Only in case of a completely linear point of operation, the
trans-capacitances show a reciprocal behavior. This proves that the Meyer model [87] assuming
the capacitances as lumped elements and thus neglecting any non-reciprocity is not sufficient
for a proper AC characterization of long-channel OTFTs. The discussion of the capacitances
also holds true for the plot of the trans-capacitances versus Vds (Fig. 6.12). At the chosen
gate-source voltage of Vgs = −3 V, the transistor is operated in the linear regime in the range
−2 V ≤ Vds ≤ 0 V. It can be seen that for Vds converging to zero the four capacitances Cgs,
Csg, Cgd and Cdg tend to the same value. If the transistor is operated in saturation, the drain
potential does not have any control over the charges, which can be proven by the fact that
both capacitances with "d" as the second index converge to zero.
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106 6. Model Verification and Discussion

2D simulation with a shorter channel
As explained above, the transistor with a long channel and in comparison to that small gate-to-
contact overlap lengths is dominated by its intrinsic channel capacitances. However, organic
transistors fabricated for a high-frequency operation are usually scaled down with respect
to their channel length. Furthermore, the gate-to-contact overlap lengths are often process-
related and in case of staggered transistors, they are important for the current injection [59].
Therefore, even with a tremendous down-scaling of the channel length, the gate-to-contact
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Figure 6.13.: Quasistatic trans-capacitances of a staggered OTFT with Lch = 20 µm. 2D Sen-
taurus TCAD simulation results (dashed lines) are shown in comparison to the compact model
(solid lines). The capacitances are plotted versus Vgs at a fixed drain voltage of Vds = −1 V.
The TCAD simulation setup and the fitting parameters of the compact model are depicted in
column (b) of Tab. 6.2.

overlap lengths cannot be reduced beyond certain limits. Organic transistors for high-frequency
operation which are reported in the literature often have gate-to-contact overlap lengths which
are in the same order of magnitude as the channel lengths or even larger than the channel
length [13, 43, 59, 88, 89]. Consequently, the gate-to-contact-overlap capacitances will become
very important in comparison to the intrinsic channel capacitances, as was outlined in ref. [55].
In order to verify the correct implementation, a transistor with a shorter channel length of
Lch = 20 µm and comparatively large gate-to-contact overlaps of Lov,GS = Lov,GD = 10 µm is
simulated in Sentaurus TCAD. The fitting procedure of this transistor is the same as for the
transistor with the longer channel presented in the section before. The DC fitting will not be
shown here.

Figures 6.13 and 6.14 show the quasistatic trans-capacitances of the transistor plotted versus
Vgs and Vds. The results are similar to those of the transistor with the longer channel length but
they will be discussed briefly. Again, the absolute values of the capacitances will be referred to.
In Fig. 6.13, it can be observed that in the off-state (−1 V ≤ Vgs ≤ 0 V) the four capacitances
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Figure 6.14.: Quasistatic trans-capacitances of a staggered OTFT with Lch = 20 µm. 2D
Sentaurus TCAD simulation results (dashed lines) are shown in comparison to the compact
model (solid lines). These are the results of the same simulation and compact model setup as
in Fig. 6.13. The capacitances are plotted versus Vds at a fixed gate voltage of Vgs = −3 V.

Cgs, Csg, Cgd and Cdg do not converge to zero but to a value larger than that. Since the
organic semiconductor is operated in depletion it behaves like an insulator with a certain
dielectric permittivity. The gate-to-contact overlap region then behaves as a series connection
of the gate dielectric and the depleted organic semiconductor. With the transistor transiting
to the saturation regime of operation (−2 V ≤ Vgs ≤ −1 V), the capacitance Cgd remains at
its constant value whereas Cgs rapidly increases. Finally, the four capacitances Cgs, Csg, Cgd

and Cdg converge to the same value in the very linear regime of operation. Since the organic
semiconductor is operated completely in accumulation the gate dielectric capacitance is the
only capacitance that can be measured then. However, which is quite important: The area in
the gate-to-contact overlap regions has to be taken into account because here the charges are
accumulated as well.

It can be seen that the overall agreement between the TCAD-simulated capacitances and the
compact model is good but the deviations are higher in comparison to the long-channel transistor.

3D Simulation with one Finger
The verification of the fringe current model has already been shown above. In this section, the
capacitance model is shown at the basis of the capacitance Cgs. The quasistatic capacitances
of the transistor comprising different fringe widths wovl were simulated at two different Vds.
The fitting procedure for the capacitance model is the same as for the 2D transistors. First, a
proper DC fitting is performed. In Fig. 6.4, the value for the fringe-current fitting parameter
that is used for each of the overlap widths is depicted. As outlined before, δfit does not
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108 6. Model Verification and Discussion

have an influence on the quasistatic capacitances since it effectively cancels out in the final
charge equations. Figures 6.15 and 6.16 show the capacitance Cgs as simulated in a 3D TCAD
simulation in comparison to the compact model for varying overlap widths wovl. As can be seen,
a good overall agreement is achievable. This proves that the equations for the total charges
really have to be calculated based on the total gate width (Wch,G) and not only on the width
of the electrodes (Wch,SD).
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Figure 6.15.: Quasistatic capacitance Cgs of a staggered single-finger OTFT. 3D Sentaurus
TCAD simulation results (blue circles) are shown in comparison to the compact model (solid
red lines) where the fringe width wovl is varied. The capacitances are plotted versus Vgs at a
fixed drain voltage of Vds = −0.1 V. The channel length is Lch = 20 µm. The TCAD simulation
setup and the fitting parameters of the compact model are depicted in column (c) of Tab. 6.2.
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Figure 6.16.: Quasistatic capacitance Cgs of a staggered single-finger OTFT. 3D Sentaurus
TCAD simulation results (blue circles) are shown in comparison to the compact model (solid
red lines) where the fringe width wovl is varied. The capacitances are plotted versus Vgs at a
fixed drain voltage of Vds = −1 V. These results correspond to the results depicted in Fig. 6.15.
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In Fig. 6.16, it is observable that at high Vds the compact model slightly underestimates the
capacitance Cgs if the fringe width is large. This inaccuracy is attributed to a simplification
in the compact model. Observing the plot where the charge distribution in a cutplane of a
staggered OTFT is shown (Fig. 4.2), it can be concluded that in the electrode regions (i.e. the
regions next to the gate-to-contact-overlap regions) the charge density is in part dependent on
the z position. For reasons of simplicity, in the compact model the charge density is assumed
constant for every z position in the whole gate plane. Whereas this assumption may hold true
in the channel region, it is not completely correct in the electrode region. If wovl is short, the
z dependence of the charge density in the electrode regions is not pronounced. However, for
large wovl, a more sophisticated approach for the calculation of the spatial distribution of the
charges around the electrodes could be developed. Anyway, the agreement shown in Fig. 6.16
is regarded as sufficient.

3D Simulation with two Fingers
Similarly as the simulation of a transistor comprising one single source/drain finger and fringe
regions next to it, the simulation of a transistor consisting of two source/drain fingers with
fringe regions between them and beyond the first and the second finger has been fitted by the
compact model. As shown in Sec. 6.2, the fringe current model works properly also for this
architecture by assuming the two fingers as a parallel connection of two independent fingers.
As shown in Fig. 6.6, the parameter δfit can be used to fit the current of the compact model to
the TCAD-simulated current.
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Figure 6.17.: Quasistatic capacitance Cgs of a staggered double-finger OTFT. 3D Sentaurus
TCAD simulation results (blue circles) are shown in comparison to the compact model (solid
red lines) where the fringe width wovl is varied simultaneously with the distance dfing between
the two source/drain fingers. The capacitances are plotted versus Vgs at a fixed drain voltage of
Vds = −0.1 V. The channel length is Lch = 20 µm. The TCAD simulation setup and the fitting
parameters of the compact model are depicted in column (d) of Tab. 6.2.
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110 6. Model Verification and Discussion

Due to the high complexity of the 3D TCAD simulations the capacitances of the double-finger
transistor are simulated versus Vgs only at a small drain-source voltage of Vds = −0.1 V.
In Fig. 6.17, the TCAD-simulated quasistatic capacitance Cgs is shown in comparison to the
compact model. As can be seen, there is an excellent agreement. Also here, it can be proven
that the assumption of the total gate width Wch,G is correct for the calculation of the total
charges.

6.3.2.2 Capacitance Measurements

In this section, the capacitances will be verified by quasistatic measurements. The data used
for verification are the measured results published by Zaki et al. in ref. [40]. OTFTs based on
the small-molecule semiconductor dinaphto[2,3-b:2’,3’-f]thieno[3,2-b]thiophene (DNTT) were
fabricated by vacuum deposition of the different layers and by creating a hybrid gate-dielectric
by an oxidization of the gate-metal (aluminum) and subsequently allowing a self-assembling
monolayer of n-tedradecylphosphonic acid to form on top of the aluminum oxide. The geometric
values and parameters of the transistor including some fitting parameters of the compact model
are shown in Tab. 6.3.

Table 6.3.: Geometry values and parameters of the transistor presented by Zaki et al. in
ref. [40]. Some fitting parameters of the compact model are shown as well.

Device Param. Value

Lch[µm] 200

Wcontact[µm] 400

Lov,GS[µm] 10

Lov,GD[µm] 10

tdiel[nm] 5.3

tosc[nm] 11

wovl[µm] 30

Nfing[−] 1

dfing[µm] -

εr,osc[−] 2.84

εr,diel[−] 3.37

Compact Param.

Sobs[mV/dec] 70

κ[cm2V−β−1s−1] 2.05

β[−] 0.03

λ[V−1] 0

δfit[−] 0.27
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Figure 6.18.: Transfer curves of a staggered OTFT at Vds = −0.1 V and at Vds = −2 V. The
measurement results of a single-finger OTFT presented in ref. [40] (blue circles) are shown in
comparison to the compact model (solid red lines). The parameters of the transistor are listed
in Tab. 6.3. Here, a threshold voltage of VT0 = −0.94 V is used.
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Figure 6.19.: Output curves of a staggered OTFT at different gate-source voltages. The
measurement results of a single-finger OTFT presented in ref. [40] (blue circles) are shown in
comparison to the compact model (solid red lines). The parameters of the transistor are listed
in ref. Tab. 6.3. Due to a bias-stressed-induced threshold voltage shift a different threshold
voltage than for the transfer curves has to be assumed. Here, a value of VT0 = −1.07 V is set.

The transistor under investigation is a long-channel transistor (Lch = 200 µm). DC measure-
ments were conducted and subsequently, the capacitances Cgs and Cgd were measured using
an LCR meter which can measure the complex admittance between two terminals. Since this
measurement system is able to measure inductive, capacitive and resistive circuit components
the three formula symbols of the inductance (L), the capacitance (C) and the resistance (R)
are used to describe its name. The LCR meter applies a DC bias and superimposes an AC
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Figure 6.20.: Internodal capacitances of a staggered OTFT at Vds = −1 V plotted versus
Vgs. The low-frequency (f = 500 Hz) measurement results of a single-finger OTFT presented
in ref. [40] (dotted lines with symbols) are shown in comparison to the compact model (solid
lines). The parameters of the transistor are listed in Tab. 6.3. Due to a bias-stressed-induced
threshold voltage shift a different threshold voltage than for the transfer curves has to be as-
sumed. Here, a value of VT0 = −1.2 V is set.

signal with a small magnitude and varying frequencies. Then, the complex admittance between
the two terminals of the LCR meter is measured. During the measurement, the gate electrode
is connected to the low-potential connector of the LCR meter while the source and drain
electrodes - dependent on whether Cgs or Cgd is measured - are connected to the high-potential
connector or to a DC voltage source. Based on the measured admittance Y , the following
calculations are performed:

C = Im (Y /ω) (6.7)

G = Re (Y ) (6.8)

where ω is the angular frequency of the applied signal. C is the capacitance between the two
terminals and G is the conductance. Similarly as explained in the section before, the AC model
is verified by previously fitting the DC compact model to the measured transfer and output
curves. Figures 6.18 and 6.19 depict these curves in comparison to the compact model. OTFTs
are sensitive to bias stress which is the application of terminal voltages for a certain amount
of time. A prolonged application of a gate-source and a drain-source voltage causes a filling
or emptying of mid-term and long-term traps in the organic semiconductor which results in
a shift of the threshold voltage [90]. These trapping effects occur also during the sweeps of
the voltages which leads to a hysteresis effect in the measured curves. Furthermore, Vgs and
Vds have different influences on the trapping behavior. The consequence of this is that the
measured curves will look different depending on which curves are recorded first. Therefore,
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Figure 6.21.: Internodal capacitances of a staggered OTFT at Vgs = −2 V plotted versus
Vds. The low-frequency (f = 500 Hz) measurement results of a single-finger TFT presented
in ref. [40] (dotted lines with symbols) are shown in comparison to the compact model (solid
lines). The parameters of the transistors are the same as in Fig. 6.18. Due to a bias-stressed-
induced threshold voltage shift a different threshold voltage than for the transfer curves has to
be assumed. Here, a value of VT0 = −1.2 V is set.

the threshold voltage of the transistor is regarded as a fitting parameter which may vary by
some hundreds of millivolts. Please note that in order to fit both the transfer and the output
curves, slightly different threshold voltages VT0 have to be assumed.

As depicted in Tab. 6.3, the power-law exponent β has a value close to zero. According to theory,
the power-law mobility is used to describe the degree of crystallinity of the semiconductor [91].
If the semiconductor is quite disordered (non-crystalline) and has thus a Gaussian DOS with
a high standard deviation, this leads to a non-linear behavior in the transfer curves. The
power-law mobility is then used as an empirical correction in order to represent this non-linear
trend [28].

After the fitting of the charge-based DC model, the results of the capacitance model are
compared. Also here, the threshold voltage is assumed to fluctuate a little bit due to the
charge trap dynamics [90]. The capacitances were measured at a low frequency of f = 500 Hz,
which is a quasistatic operation. In Fig. 6.20, the two internodal capacitances Cgs and Cgd

are plotted versus Vgs for a fixed Vds. As can be seen, a good agreement is obtainable. Due
to the effects already mentioned, the charge-trapping dynamics will cause threshold voltage
shifts. It is thus possible that the threshold voltage of the transistor is different for both of the
curves depicted here. However, one constant threshold voltage is assumed for both curves. The
overall agreement of the measured versus modeled quasistatic capacitances is very high. Since
the transistor has fringe regions beyond the source/drain electrodes and since the agreement is
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114 6. Model Verification and Discussion

good it can be concluded that it is the proper way to use the total gate width Wch,G for the
calculation of the total charges. In Fig. 6.21, the quasistatic capacitances are shown versus Vds

for a fixed Vgs. Also here, a high level of agreement is obtainable proving the validity of the
model for a quasistatic operation.

6.3.2.3 Differential Amplifiers

In ref. [92], two differential amplifiers based on organic thin-film transistors are presented by
Seifaei et al. The transistors are fabricated in the same manner and based on the same materials
as the transistors in the former section for which the quasistatic capacitances have been shown.
In Fig. 6.22, the circuit schematic of a differential amplifier is shown and in Tab. 6.4, the pa-

Figure 6.22.: Circuit schematic of a differential amplifier. This image is taken from ref. [92].

rameters of the transistors in that circuit are shown. The parameters where no special reference
to some of the transistors is made are valid for all transistors in the circuit. Furthermore, in
the table some fitting parameters of the compact model are shown which will be used for the
simulation of the circuits.

Transistors M3 and M4 are equal and so are M1 and M2. Transistor M4 stabilizes itself by
the resistance RCS. In case that the DC current flowing through the transistor is reduced
by a bias-stress-induced threshold-voltage shift or a mobility degradation, the voltage drop
across RCS decreases and pulls down the gate potential. Consequently, the absolute value
of the gate-source voltage of M4 increases which leads to an increase in the current. This
principle is used in ref. [92] in order to achieve a self-stabilizing effect. As can be seen, the
gates of transistors M3 and M4 are interconnected and furthermore the source terminals of
both transistors are connected to the same DC voltage Vdd. Consequently, the gate-source
voltage of M4 is mirrored to transistor M3. Thus, M3 and M4 constitute a current mirror
provided that both are operated in the saturation regime of operation. A differential pair
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6.3. Quasistatic Capacitances 115

consisting of transistors M1 and M2 is used as the amplifying part of the circuit. The geometric
channel width of M1 and M2 is chosen to be half the geometric channel width of M3 and
M4. Transistors M1 and M2 are biased by a common DC voltage denoted as ViCM and a
superimposed AC voltage:

Vi+ = ViCM + vAC (6.9)

where vAC is the AC signal. Since a differential amplifier is regarded the voltage difference at
the two inputs of the transistors M1 and M2 shall be amplified. Thus, the voltage difference
between the gates of M1 and M2 is regarded as the input of the amplifier. The AC stimulus is
added positively to the gate of M1 and negatively (i.e. with a phase shift of 180◦) at the gate
of M2. The output voltage of the amplifier is defined as the voltage difference between V0- and
V0+. As can be seen, the voltage drop depends on the resistance RD of the series resistors. The
outputs of the two differential amplifiers are loaded by a load capacitance of 20 pF. However,
the connector cables and the external circuitry also have a capacitance which is not known
from measurements. Therefore, the load capacitance of the amplifiers is regarded as a fitting
parameter.

In ref. [92], the differential amplifiers are measured by means of an AC analysis. Fixed DC
voltages Vdd and ViCM are applied and an AC signal with a small amplitude is applied. Then,
an AC sweep over a range of frequencies is conducted. The authors of ref. [92] use the compact
model by Marinov and Deen [66] in order to reproduce the results. Even if this compact model
only provides a quasistatic description of the OTFTs, it is capable of reproducing the measured
results at least with a certain accuracy. In order to test the compact model developed in
this dissertation, the model equations are implemented in the hardware description language
Verilog-A and the model is executed in the analog design environment Cadence Virtuoso [70].
The circuit of the differential amplifier is reproduced and an AC sweep is conducted. Since
only AC measurements of the fabricated circuits are available the DC characteristics of the
transistors cannot be fitted prior to conducting the AC simulation. Therefore, the fitting
parameters of the DC model are used in order to tune the simulated AC results. In Cadence
Virtuoso, the magnitude of the output signal (AAC) is calculated based on the magnitudes of
the small-signal voltages of the input in relation to the output:

AAC = 20 · lg
(

|V0+|
|vAC|

)
(6.10)

where lg is the logarithm to base 10. Please note that here only the voltage V0+ is set in
relation to vAC. In principle, the voltage difference between V0+ and V0- could have been set in
relation to the voltage difference of Vi+ and Vi-. However, this would result in the same gain.
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116 6. Model Verification and Discussion

Table 6.4.: Parameters of the two differential amplifiers. The parameters of the transistors are
shown along with fitting parameters of the compact model.

Device Param. Diff. Amp. 1 Diff. Amp. 2

Wch,SD,M3/M4[µm] 2000 1000

Wch,SD,M1/M2[µm] 1000 500

wovl[µm] 50 50

Nfing,M3/M4[−] 20 10

Nfing,M1/M2[−] 10 5

dfing[µm] 50 50

Lov,GS[µm] 30 30

Lov,GD[µm] 30 30

RD[MΩ] 22 4

RCS[MΩ] 22 4

Lch[µm] 20 20

tdiel[nm] 5.3 5.3

tosc[nm] 25 25

εr,diel[−] 3.9 3.9

εr,osc[−] 5.5 5.5

Compact Param.

δfit[−] 0.215 0.215

Sobs[mV/dec] 140 160

κ[cm2V−β−1s−1] 2 2

β[−] 0 0

Rcontact[kΩ] 20 25

Cload[pF] 95 105

The phase shift of the amplifier (ϕAC) is determined by relating the phase of the signal V0+

to the phase of the input signal Vi+:

ϕAC = ϕ (V0+) − ϕ (Vi+) . (6.11)

Based on these definitions, the AC sweep can be conducted in Cadence Virtuoso. Figures 6.23
and 6.24 show the measured results of ref. [92] in comparison to the AC simulation of the
compact model in Cadence Virtuoso. It should be noted that, as indicated by Tab. 6.4,
a constant Ohmic contact resistance has been used. The sheet resistance model according
to Eq. (2.10) is not used. It can be seen that there is an excellent agreement between measured
and simulated curves, even better than the agreement that was obtained in ref. [92] based
on the Marinov-Deen model [66]. It is an interesting fact that the compact model provides
a good agreement, even though it is only a quasistatic compact model without the coverage
of non-quasistatic effects. An explanation for this behavior is that the differential amplifier
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6.3. Quasistatic Capacitances 117

consists of several transistors and of the fixed resistances RCS and RD. As a consequence, the
simulator has to account for the correct charging and discharging of the transistor capacitances
through adjacent circuit elements. If, for example, the gate voltage of transistor M1 in Fig. 6.22
is slightly increased due to the AC stimulus, the total amount of charge in the channel increases.
Since charges cannot be created or disappear but have to enter or leave the device through
the gate, source and drain ports the charging current of M1 has to flow through transistor M3
and through the series resistor RD. Even if the time-dependent distribution of the charges in
the channel of M1 is neglected, the effect of charging currents flowing through adjacent circuit
elements seems to be sufficient to capture the non-quasistatic effects that occur in the circuit.
However, in Chap. 7, a more sophisticated macro model accounting for the charge distribution
in the channel of a transistor will be derived.
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Figure 6.23.: Magnitude and phase response of the differential amplifier 1. The measure-
ments [92] (dotted lines) are compared to the compact model (solid lines). The parameters of
the transistors and the compact model are depicted in Tab. 6.4. The operation voltage of the
circuit is Vdd = 5 V and the common-mode voltage is set to ViCM = 2 V. The magnitude of the
AC signal is set to vAC = 100 mV. This picture was published in [54] and was slightly modified.
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Figure 6.24.: Magnitude and phase response of the differential amplifier 2. The measure-
ments [92] (dotted lines) are compared to the compact model (solid lines). The parameters of
the transistors and the compact model are depicted in Tab. 6.4. The operation voltage of the
circuit is Vdd = 5 V and the common-mode voltage is set to ViCM = 2 V. The magnitude of the
AC signal is set to vAC = 100 mV. This picture was published in [54] and was slightly modified.

6.3.3 Coplanar Transistors

6.3.3.1 TCAD Simulations

Transistors in the coplanar device architecture were simulated in Sentaurus TCAD. The
verification is very similar as for the staggered transistors. In Tab. 6.5, the parameters of the
TCAD simulations are depicted and in addition the fitting parameters of the compact model
are shown.

The charges in the intrinsic carrier channel and in the fringe regions are calculated in the same
manner for staggered and coplanar transistors. The difference between both architectures is
only the way that charges in the gate-to-contact overlap regions are calculated. In order to
visualize the influence of the overlap regions, a transistor with a a mid-long channel length of
Lch = 20 µm and comparatively large gate-to-contact overlap lengths of Lov,GS = Lov,GD =
10 µm is considered. Prior to the simulation of the quasistatic capacitances the DC model is
fitted. Figures 6.25 and 6.26 show the DC fitting of the compact model in comparison to the
TCAD simulation results.

UNIVERSITAT ROVIRA I VIRGILI 
CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM 
TRANSISTORS 
Jakob Simon Leise 
 
 



6.3. Quasistatic Capacitances 119

Table 6.5.: Parameters of TCAD simulations of a coplanar transistor and fitting parameters
of the compact model. Column (a) shows the parameters of a 2D-simulation where a Gaussian
DOS with a total number of Nt,DOS = 1 × 1021 cm−3, a standard deviation of σDOS = 0.05 eV,
and a center position of E0,DOS = EV − 0.05 eV is used and column (b) shows the parameters of
a 3D-simulation where a square-root DOS with an effective hole density of Nv = 1 × 1021 cm−3

is used.

TCAD Param. (a) 2D Gauss. (b) 3D sqrt.

χosc[eV] 1.81 1.81

Eg[eV] 3.38 3.38

µn[cm2 V−1 s−1] 1e-10 1e-10

µp[cm2 V−1 s−1] 1 3

εr,osc[−] 3 3

εr,diel[−] 3.9 4

Φm,g[eV] 4.1 4.1

Φm,sd[eV] 5.19 5.19

Lch[µm] 20 20

Wcontact[µm] 1 1

Lov,GS[µm] 10 5

Lov,GD[µm] 10 5

tdiel[nm] 5.3 5.3

tosc[nm] 1 25

wovl[µm] 0 variable

Nfing[−] 1 1

dfing[µm] - -

Compact Param.

Sobs[mV/dec] 60 60

VT0[V] -0.86 -0.84

κ[cm2V−β−1s−1] 0.97 2.8

β[−] 0 0.03

λ[V−1] 0 0

As can be seen, there is a good agreement. The fitting of the quasistatic capacitance model
is depicted in Figs. 6.27 and 6.28. Also here, the agreement is good. Deviations between
measured and simulated curves occur in the same voltage ranges as for the staggered transistor.
Observing the capacitances versus Vgs in the sub-threshold regime of operation (Fig. 6.27), an
interesting difference between the coplanar and the staggered architecture becomes visible: The
absolute values of the off-state capacitances Cgs, Csg, Cgd and Cdg are much larger than the
capacitances of the corresponding staggered transistor (Fig. 6.13). This fact is explainable by
the differences in the gate-to-contact overlap regions. In a coplanar transistor, these regions
show a behavior comparable to a parallel-plate capacitor. In staggered transistors, by contrast,
the gate-to-contact overlap region can be regarded as a series connection of two capacitors
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Figure 6.25.: Transfer curves of a coplanar OTFT as simulated in a 2D simulation by Sen-
taurus TCAD (blue circles) at Vds = −0.1 V and at Vds = −1 V in comparison to the compact
model (solid red lines). The transistor has a channel length of Lch = 20 µm. The setup of the
TCAD simulation and the chosen values of the fitting parameters of the compact model are
depicted in column (a) of Tab. 6.5.

if the organic semiconductor is depleted. Since the gate dielectric capacitance is equal for
the simulation of the staggered and the coplanar transistor it makes sense that the off-state
capacitance of the staggered transistor is smaller than that of the coplanar transistor.

In addition to the 2D simulations, coplanar OTFTs were simulated in a 3D simulation in order
to verify the model for the extrinsic charges including fringe regions as presented in Sec. 4.2.1.
In a similar manner as for the staggered transistors, the capacitances in the 3D coplanar
transistors were verified by first fitting the DC characteristics of the compact model to the
simulation results. In Fig. 6.29, the transfer curves at Vds = −1 V of two coplanar OTFTs with
different fringe widths are shown. By means of the fitting parameter δfit, the current can be
fitted well for the transistor comprising a fringe region. As mentioned before for the staggered
transistors, in the 3D TCAD simulation a square-root DOS has been assumed in order to
improve the numerical stability of the simulation. As can be seen in Tab. 6.5, a power-law
mobility with β = 0.03 is assumed even if the DOS is square-root shaped and no mobility
models are turned on. In principle, the power-law exponent could be chosen as zero but the
agreement is a little better when using the value of 0.03. In Fig. 6.30, the capacitance Cgs is
compared for the two transistors comprising different fringe widths. It can be seen that at
wovl = 10 µm the compact model does not perfectly agree with the simulation results. This
behavior can be attributed to the fact that the charge distribution in the direction of the
channel width next to the source/drain electrodes is not perfectly constant which is, however,
one of the assumptions in the compact model.
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Figure 6.26.: Output curves of the Sentaurus TCAD simulation of a coplanar OTFT with
Lch = 20 µm (blue circles) in comparison to the compact model (solid red lines) at different
gate-source voltages as indicated in the figure. These are the results of the same simulation and
compact model setup as in Fig. 6.25.
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Figure 6.27.: Quasistatic trans-capacitances of a coplanar OTFT with Lch = 20 µm. 2D
Sentaurus TCAD simulation results (dashed lines) are shown in comparison to the compact
model (solid lines). These are the results of the same simulation and compact model setup as
in Fig. 6.25. The capacitances are plotted versus Vgs at a fixed drain voltage of Vds = −1 V.
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Figure 6.28.: Quasistatic trans-capacitances of a coplanar OTFT with Lch = 20 µm. 2D
Sentaurus TCAD simulation results (dashed lines) are shown in comparison to the compact
model (solid lines). These are the results of the same simulation and compact model setup as
in Fig. 6.25. The capacitances are plotted versus Vds at a fixed gate voltage of Vgs = −3 V.
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Figure 6.29.: Transfer curves of a coplanar OTFT as simulated in a 3D simulation by Sen-
taurus TCAD at Vds = −1 V (blue symbols) in comparison to the compact model (solid red
lines). The transistor has a channel length of Lch = 20 µm and consists of one source/drain
finger and a varying overlap width wovl beyond the finger. The compact model is fitted to the
different overlap widths only by a variation of δfit. For wovl = 10 µm, a value of δfit = 0.65 is
assumed. The setup of the TCAD simulation and the chosen values of the fitting parameters of
the compact model are depicted in column (b) of Tab. 6.5.
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Figure 6.30.: Quasistatic capacitance Cgs of a coplanar single-finger OTFT. 3D Sentaurus
TCAD simulation results (blue circles) are shown in comparison to the compact model (solid
red lines) where the fringe width wovl is varied. The transistor has a channel length of Lch =
20 µm. The capacitances are plotted versus Vgs at a fixed drain voltage of Vds = −1 V. This
plot corresponds to Fig. 6.29.
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124 6. Model Verification and Discussion

6.4 Low-Frequency Noise

6.4.1 Transistors Fabricated at CEA-LITEN

In this section, the noise model will be verified. Similarly as for the capacitance model, the
first step is a fitting of the static DC curves. The verification is done based on bottom-contact
top-gate transistors (staggered) as presented by Muhea et al. in ref. [76] which were fabricated
at the Innovation Laboratory for New Energy Technologies and Nanomaterials (LITEN) at
the Commissariat à l’Énergie Atomique et aux Énergies Alternatives (CEA) as explained
in Chap. 5. Transistors with different channel lengths were fabricated. In Fig. 6.31, the transfer
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Figure 6.31.: Transfer curves of a staggered OTFT. The measurements (symbols) are com-
pared to the results of the compact model (solid lines). The transistor has a channel length of
Lch = 20 µm. The measurements are taken from ref. [76].

curves of one of the transistors comprising a channel length of Lch = 20 µm are depicted.
The measurements are compared to the compact model. It can be seen that a reasonable
agreement is obtainable. Due to the large gate-dielectric thickness of approx. 800 nm the
electrostatic control of the gate over the channel is poor. The transistors exhibit sub-threshold
swings of about 2500 mV/dec which might be unacceptable for practical applications but for
the noise study, the transistor exhibit excellent characteristics. In Fig. 6.32, the output curves
of the same transistor as mentioned before are shown. It can be seen that the output and the
transfer curves are consistent with each other meaning that they can both be fitted using one
parameter set. Obviously, no pronounced hysteresis or short-term degradation effects took place.

In Tab. 6.6, some structural parameters of the transistors and the fitting parameters of the
compact model are listed. In ref. [76], not every parameter of the transistors is reported. For
example, the information about the gate-to-contact overlap length is missing. However, this
is not of importance since the contact resistances are not pronounced in these transistors so
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Figure 6.32.: Output curves of a staggered OTFT. The measurements (symbols) are com-
pared to the results of the compact model (solid lines). The transistor has a channel length of
Lch = 20 µm. The measurements are taken from ref. [76].

that no sheet resistance has to be assumed. Furthermore, for the noise model no capacitances
or total charges are needed. Thus, the gate-to-contact overlap lengths are not important.
Furthermore, some other information like the gate dielectric constant or the presence of fringe
regions is not reported. However, this is not of importance either since by assuming a constant
εr,diel and neglecting fringe currents, the DC characteristics can be fitted tuning the mobility.
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Figure 6.33.: Drain-current normalized noise of the staggered OTFTs presented in ref. [76]
plotted against the drain current. The transistors have a channel width of Wch,SD = 1000 µm
and different channel lengths, as shown in the legend. The noise has been extracted from the
plot versus frequency by probing the regression functions shown in Fig. 5.4 at a frequency of
f = 46 Hz. The drain-source voltage is Vds = −1 V. The measurements (symbols) are shown in
comparison to the compact model (dashed lines).
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126 6. Model Verification and Discussion

Table 6.6.: Geometry values and parameters of the transistors presented in ref. [76]. The
fitting parameters of compact model are shown as well.

Device Param. Lch = 10 µm Lch = 20 µm Lch = 40 µm Lch = 80 µm

Wcontact[µm] 1000 1000 1000 1000

Lov,GS[µm] N/A N/A N/A N/A

Lov,GD[µm] N/A N/A N/A N/A

tdiel[nm] 800 800 800 800

tosc[nm] 60 60 60 60

wovl[µm] N/A N/A N/A N/A

Nfing[−] 1 1 1 1

dfing[µm] - - - -

εr,osc[−] 3 3 3 3

εr,diel[−] 2.2 2.2 2.2 2.2

Compact Param.

VT0[V] -2.1 -2.1 -2.5 -2.6

Sobs[mV/dec] 2500 2500 2500 2500

κ[cm2V−β−1s−1] 1.05 1.05 1.05 1.07

β[−] 0 0 0 0

λ[V−1] 0.06 0.04 0.04 0.04

λTun[nm] 0.1 0.1 0.1 0.1

N ′
t [eV−1 cm−3] 2 · 1015 2 · 1015 2 · 1015 2 · 1015

αc[V s C−1] 1.6 · 109 1.6 · 109 1.6 · 109 1.6 · 109

σ[−] 0.97 0.97 0.97 0.97

In Fig. 6.33, the drain-current-normalized noise is depicted at a drain-source voltage of Vds =
−1 V which causes the transistors to be operated mainly in the linear regime of operation.
The measurement results are compared to the results of the compact model. As described
in Sec. 5.3, the noise is extracted from the frequency spectrum by applying regression functions
for the various bias points at which the noise has been measured. Then, the regression functions
are probed at a fixed frequency. It can be seen in Fig. 6.33 that the compact model has a
reasonable agreement with the measurement data. However, there are deviations in the medium
current regime. The achievable agreement is better when comparing the compact model to
the measurements at Vds = −9 V which is depicted in Fig. 6.34. In principle, the compact
model follows the trend (gm/Ids)2 but since the transistors have a poor sub-threshold swing
of Sobs = 2500 mV/dec the compact model slightly deviates from this behavior. This is the
reason why especially at low currents the compact-modeled noise does not exhibit the plateau
that (gm/Ids)2 forms in Figs. 5.5 and 5.6. For all four transistors under investigation, the same
fitting parameters of the noise model are used. This shows that the noise model scales well
with the channel length.
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Figure 6.34.: Drain-current normalized noise of the staggered OTFTs presented in ref. [76]
plotted against the drain current. The plot shows the same as Fig. 6.33 but at Vds = −9 V.
The measurements (symbols) are compared to the compact model (dashed lines).
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Figure 6.35.: Drain-current normalized noise of the staggered OTFT with Lch = 10 µm
presented in ref. [76] plotted against the frequency. The measurements (dotted lines) are shown
in comparison to the compact model results (solid lines) at different gate-source and drain-
source voltages. The exponent of the frequency is assumed as 0.97 such that the noise follows a
1/fσ trend. Such a reference curve is depicted (dashed line).

In Fig. 6.35, the noise is shown versus the frequency for one arbitrary transistor of the set.
The noise is not normalized with respect to the drain current in this plot. Since the noise does
not exhibit a perfect 1/f trend, the frequency is taken to the power of the exponent σ so that
the noise follows a 1/fσ trend. However, σ is very close to unity. In the compact model, a
value of σ = 0.97 is assumed. The figure also shows a slope of this function as a reference. It
can be seen that the slope agrees well with the measured slope. As explained in Chap. 5, the
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128 6. Model Verification and Discussion

compact model describes the noise as a charge-carrier-number fluctuation including correlated
mobility fluctuations. In agreement with [39], these correlated mobility fluctuations are mainly
dominant at higher drain-source currents. Thus, the Coulomb scattering coefficient can be used
to tune the shape of the model curve at high currents.

6.4.2 Transistors Fabricated at the MPI

In this section, the noise model is verified for transistors fabricated at the Max Planck Institute
(MPI) for Solid State Research. Anticipating the results, it can be said that the transistors
show an unexpected noise behavior which cannot be captured by a model, yet. OTFTs were
fabricated in the bottom-gate bottom-contact (coplanar) device architecture using the process
described in Sec. 1.4.1. Prior to the verification of the noise model, the DC characteristics
were fitted using the charge-based DC model incorporating the non-linear contact resistances
at the source and the drain [47]. DPh-DNTT is employed as the organic semiconductor. The
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Figure 6.36.: Drain-current normalized noise of coplanar OTFTs with a Wch,SD/Lch ratio
of 100 µm/40 µm plotted against the drain current. The average of 19 measured transistors
is shown. The noise is plotted at a drain-source voltage of Vds = −3 V. The measurements
(solid red line with symbols) are shown in comparison to (gm/Ids)2 (dotted blue line) and 1/Ids
(dotted black line), each multiplied by a constant. The results of the compact model are shown
as well (dashed magenta-colored line).

flexible substrate contains several areas in which the TFTs are grouped. Among them are 130
nominally identical transistors with a Wch,SD/Lch ratio of 100 µm/40 µm and 130 nominally
identical transistors with a Wch,SD/Lch ratio of 100 µm/20 µm. The transistors consist of one
single source/drain finger. Fringe regions are not paid special attention to and their influence
is captured in terms of an increased mobility [60]. In each of the two areas, several transistors
were measured. Static DC transfer and output characteristics were measured and the noise was
determined using the noise measurement equipment by the AdMOS GmbH in Frickenhausen,
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6.4. Low-Frequency Noise 129

Table 6.7.: Geometry values and parameters of the fabricated coplanar organic transistors.
The fitting parameters of compact model are shown as well.

Param. Lch = 20 µm Lch = 40 µm

Wcontact[µm] 100 100

Lov,GS[µm] 5 5

Lov,GD[µm] 5 5

tdiel[nm] 7 7

tosc[nm] 20 20

wovl[µm] N/A N/A

Nfing[−] 1 1

dfing[µm] - -

εr,osc[−] 9 9

εr,diel[−] 5.37 5.37

Compact Param.

VT0[V] -1.02 -1.02

Sobs[mV/dec] 80 90

κ[cm2V−β−1s−1] 1.5 1.75

β[−] 0.85 0.78

λ[V−1] 0.03 0.03

η[−] 1.07 1.06

θ[−] 1.5 1.5

dm[nm] 2 2

dB[nm] 0.6 0.6

λTun[nm] 0.1 0.1

N ′
t [eV−1 cm−3] 3 · 1022 3 · 1022

αc[V s C−1] 5 · 105 5 · 105

σ[−] 0.97 0.97

Germany. The geometric and material parameters of the transistors as well as the fitting
parameters of the compact model are depicted in Tab. 6.7 where dm is the thickness of the
accumulation channel and dB is a fitting parameter in the non-linear injection model for
coplanar transistors representing the distance from the gate dielectric to the position where the
representative barrier is located [47]. Similarly as for the CEA-LITEN devices presented above,
the noise versus the current is obtained by converting the noise spectrum versus frequency.
The noisy shape of the power spectral density (PSD) is smoothed by removing outliers and
the noise is multiplied by the frequency at each data point. Then, the noise is averaged over a
frequency range of 10 Hz < f < 20 Hz. Due to the multiplication by the frequency the resulting
average can be interpreted as the noise at a frequency of f = 1 Hz. This procedure is slightly
different from the method using regression functions but it leads to qualitatively similar results.
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Figure 6.37.: Drain-current normalized noise of coplanar OTFTs with a Wch,SD/Lch ratio
of 100 µm/20 µm plotted against the drain current. The average of 21 measured transistors
is shown. The noise is plotted at a drain-source voltage of Vds = −3 V. The measurements
(solid red line with symbols) are shown in comparison to (gm/Ids)2 (dotted blue line) and 1/Ids
(dotted black line), each multiplied by a constant. The results of the compact model are shown
as well (dashed magenta-colored line).
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Figure 6.38.: Drain-current normalized noise of coplanar OTFTs with a Wch,SD/Lch of
100 µm/40 µm (red line) and Wch,SD/Lch of 100 µm/20 µm (blue line) plotted against the drain
current. The average of 19 (21) measured transistors is shown. The noise is plotted at a drain-
source voltage of Vds = −0.1 V.

In Fig. 6.36, the drain-current normalized noise of the transistors with the Wch,SD/Lch ratio
of 100 µm/40 µm is depicted at Vds = −3 V. The average noise of the 19 measured transistors
was calculated and divided by the average current squared. Furthermore, the plot shows the
trends (gm/Ids)2 and 1/Ids, each multiplied by a constant. As explained in Sec. 5.3, such a plot
can assist in determining the dominant noise mechanism. It can be seen that the measured
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6.4. Low-Frequency Noise 131

noise does not follow the (gm/Ids)2 or the 1/Ids trends. The measured noise does not meet the
expectations in the sense that it exhibits an inflection point at moderate currents. The plot
also shows the results of the compact model which assumes the carrier-number fluctuations. It
can be seen that the model follows a similar trend as the (gm/Ids)2 curve and cannot reproduce
the pronounced non-linearity of the measured noise. The same behavior is revealed when
investigating the transistors with the shorter channel lengths as depicted in Fig. 6.37. Here, the
non-linear behavior of the noise-versus-current curve is even more pronounced. The problematic
behavior occurs not only at large absolute values of Vds but also at small values. In Fig. 6.38,
the drain-current-normalized noise of the transistors of the two different areas on the substrate
is shown in comparison to each other at Vds = −0.1 V. It can be seen that the noise exhibits a
highly non-linear shape. As explained before, the noise model cannot capture such a trend.

The observations so far show that the noise in these transistors cannot be captured by the
standard theory. As a consequence, a full compact model for the noise description of these
transistors cannot be provided, yet. In the following, possible reasons for the trends are
discussed by observing the DC characteristics of the transistors and identifying deviations from
the expected behavior. Since the two sets of transistors with the different Wch,SD/Lch ratios
show the same kind of behavior, the analysis will be performed based on the transistors with
the Wch,SD/Lch ratio of 100 µm/40 µm.

Output characteristics
A first and important investigation targets on the current output characteristics of the OTFTs.
The shape of the output characteristics provides information on whether contact resistances are
important [47]. In Fig. 6.39, the measured output curves of the transistors with the Wch,SD/Lch
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Figure 6.39.: Output characteristics of coplanar OTFTs with a Wch,SD/Lch ratio of
100 µm/40 µm. The average of 19 measured transistors (blue circles) is shown at different gate-
source voltages in comparison to the compact model results (solid red lines).
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132 6. Model Verification and Discussion

ratio of 100 µm/40 µm are depicted in comparison to the results of the compact model. It can
be seen that the curves exhibit a non-linear behavior at low absolute values of the drain-source
voltage. This S-shape effect is a hint for the presence of non-negligible contact resistances [47].
It might be expected that the contact resistances are of importance only at transistors with
small channel lengths but the measurements reveal that these coplanar transistors obviously
suffer from comparatively high contact resistances which are, however, more pronounced in the
linear regime of operation [47]. The presence of contact resistances will lead to additional noise
components [93, 94].

Transfer Characteristics
Another investigation targets on the transfer characteristics. In Fig. 6.40, the transfer character-
istics of the transistors are shown in logarithmic and linear scale. Measurements are compared
to the compact model. The transistors exhibit sub-threshold swings of approx. 90 mV/dec
which can be understood as a hint for a comparatively low number of traps.
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Figure 6.40.: Transfer characteristics of coplanar OTFTs with a Wch,SD/Lch of
100 µm/40 µm. The average of 19 measured transistors (blue circles) is shown at different gate-
source voltages in comparison to the compact model results (solid red line).
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6.4. Low-Frequency Noise 133

While the transfer curves recorded at Vds = −3 V show a behavior as can be expected the
transfer curves at Vds = −0.1 V show an unusual behavior. Observing the curves in logarithmic
scale, it can be seen that the transfer curve at low absolute value of Vds shows a nearly linear
trend in a range of −2.5 V ≤ Vgs ≤ −1.5 V. A curve exhibiting a linear shape in a diagram with
logarithmic y-axis has an exponential shape when plotted in the linear scale. The observed
behavior is untypical since in the Vgs range mentioned, it could be expected that the transistor
shows a linear current-voltage dependence. It can be seen that the compact model only agrees
well with the measurements ar large absolute values of Vds.

Transconductance
An observation of the transfer characteristics alone does not provide a full picture of the
transistors’ behavior. The derivative of the transfer curve, i.e. the transconductance is of
importance, as well. In Fig. 6.41, the transconductance at a low absolute value of Vds is shown.
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Figure 6.41.: Transconductance of coplanar OTFTs with a Wch,SD/Lch ratio of
100 µm/40 µm at Vds = −0.1 V. The average transfer curves of 19 measured transistors as
shown in Fig. 6.40 are smoothed using a filter function in Matlab [71] and then, the transcon-
ductance is numerically calculated. The measurements (blue circles) are compared to the com-
pact model (solid red lines). The compact model fails to reproduce the measurements.

The transconductance as extracted from the measurements is compared to that of the compact
model. Since the measured transfer curves exhibit several non-linearities and humps, the
average transfer curve was smoothed by a filter function in Matlab. The transconductance was
then calculated based on the smoothed transfer curve. It can be seen that the transconductance
at Vds = −0.1 V exhibits a rather untypical behavior which cannot be captured at all by
the compact DC model. With Vgs increasing from zero towards larger absolute values, the
transconductance exhibits several non-linearities. When leaving the sub-threshold regime at
approx. Vgs = −0.9 V, the transconductance sharply increases and then it forms a plateau.
However, at approx. Vgs = −1.5 V, the transconductance starts increasing again. This be-
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Figure 6.42.: Transconductance of coplanar OTFTs with a Wch,SD/Lch ratio of
100 µm/40 µm at Vds = −3 V. The average transfer curves of 19 measured transistors as shown
in Fig. 6.40 are smoothed using a filter function in Matlab [71] and then, the transconductance
is numerically calculated. The measurements (blue circles) are compared to the compact model
(solid red lines). The black lines are guides for the eye in order to emphasize the different slopes
of the measurement curve.

havior is unusual since a conventional long-channel OTFT would exhibit a rather constant
transconductance in the entire linear regime of operation such as depicted in Fig. 6.8. A similar
behavior of the transconductance has been reported in refs. [95, 96] for nanocrystalline silicon
TFTs. The authors explain the behavior by means of a high density of defect states (traps) in
the semiconductor. Utilizing finite-element simulations they show that a high density of trap
states in the bandgap of the semiconductor causes a continuous filling of the trap states with
increasing gate-source voltage. If the density of trap states is large in comparison to the density
of mobile states, an increase in the gate-source voltage results in an increase of both the density
of free and trapped charge carriers. If the gate-source voltage is chosen so high that all of the
trap states are filled, the transconductance will follow the expected trend again and saturate to
a constant value in the linear regime of operation. Even if the transistors under investigation
in this thesis are different from the nanocrystalline silicon TFTs presented in refs. [95, 96],
the conclusions drawn by the authors may also be correct for the OTFTs. The problematic
behavior of the transistors in the transconductance and the noise is likely related to traps.

In Fig. 6.42, the transconductance at a large absolute value of Vds is depicted. Also in this case,
the average transfer curve of the 19 transistors was calculated, smoothed out by a filter function
and afterwards numerically derived with respect to Vgs. It can be seen that in the on-state,
the transconductance exhibits two different slopes. In the range −2 V ≤ Vgs ≤ −1 V which
corresponds to the saturation regime of operation, the slope is less steep than in the range
−3 V ≤ Vgs ≤ −2 V which corresponds to the linear regime. According to the standard MOS-
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6.4. Low-Frequency Noise 135

FET model, an ideal transistor can be expected to have a quadratic dependence on Vgs in the
saturation regime and a linear dependence on Vgs in the linear regime of operation [5, 25]. Thus,
the transconductance of this standard model shows a linear trend in the saturation regime of
operation and is simply constant in the linear regime of operation. This theory agrees well with
the findings of the long-channel TCAD simulations as shown in Fig. 6.8. There, the transcon-
ductance at large absolute values of Vds is indeed linear in the Vgs range where the transistor is
operated in saturation and it saturates to a constant value. However, it can be observed that
the transconductance shown in Fig. 6.42 does not obey this theory. By contrast, the slope of the
transconductance becomes even steeper when the transistor enters the linear regime of operation.
The compact model does not capture the two different slopes but the overall agreement between
compact model and measurements is much better than at the plot at a low absolute value of Vds.

Discussion
The above-explained investigations reveal that the transistors do not show a typical behavior.
A possible explanation for this behavior may be non-linear contact resistances [97]. However, it
can be expected that the influence of these contact resistances is more pronounced in the linear
regime of operation, i.e. at low absolute values of Vds [97]. In the OTFTs investigated in this
work, the non-linear behavior of the noise-versus-Ids curves occurs also at large absolute values
of Vds. Furthermore, OTFTs exhibit slightly exponentially-shaped transfer characteristics due
to the disorder of the molecules of the organic semiconductor [28]. This degree of disorder can
be incorporated into a transistor model by defining a voltage-dependent power-law mobility [28]
which is also performed in the DC model that serves as a basis for the work presented here [36].
In order to fit the DC characteristics of the transistors under investigation in this section,
comparatively high values have to be assumed for the power-law exponent β. This could
be interpreted in such a way that there is a high degree of energetic disorder in the organic
semiconductor [28] or that there is a high field-dependence of the mobility such as described in
ref. [98] as a Poole-Frenkel mobility.

In the literature, there have been reported other types of transistors that exhibit a non-linear
trend in the noise-versus-Ids curves. In ref. [99], the noise in cadmium-selenide TFTs is
investigated. Two sets of transistors are fabricated: one set on a silicon substrate and one
set on a glass substrate. Whereas the TFTs fabricated on the silicon substrate show a more
textbook-like noise the transistors fabricated on the glass substrate exhibit a non-linear trend
in the noise-versus-Ids curves. The curves resemble the noise spectra of the transistors under
investigation in this thesis to a certain degree. The authors of ref. [99] assume that local states
(i.e. traps) are the reason for this behavior. Observing the transconductance of the transistors
under investigation in this work, it is reasonable to assume traps as one of the main contributors
to the observed behavior [95, 96].
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136 6. Model Verification and Discussion

6.4.3 TCAD Simulation

In Sec. 5.4.4, a compact model for the calculation of the noise originating from bulk mobility fluc-
tuations is presented. The fabricated transistors under investigation do not exhibit this type of
noise but by means of a TCAD simulation, the bulk mobility fluctuations can be verified, as well.

Staggered Transistors
The TCAD simulation of a staggered OTFT comprising a channel length of 20 µm as depicted in
column (b) of Tab. 6.2 was extended by the setup of a bulk flicker noise. In TCAD, this noise is
also denoted as flicker generation-recombination noise and it is the type of noise that resembles
the bulk mobility fluctuations [50]. A fitting parameter similar as the Hooge parameter [39]
can be set and two time constants. This Hooge parameter is set to αH,TCAD = 2 · 10−3 and
the time constants are set to τ0 = 1 × 10−6 s and τ1 = 1 s, respectively. With increasing
frequency, the noise transits from a constant behavior to a 1/f behavior and afterwards to a
1/f2 behavior. The time constants determine the transition frequencies. The time constants
are chosen such that in the observed frequency range, the noise follows a 1/f trend. The Hooge
parameter in the TCAD setup does not represent exactly the Hooge parameter in the compact
model since the noise in TCAD is described by an expression slightly different from the Hooge
mobility-fluctuation noise [50]. In Fig. 6.43, the noise as simulated by Sentaurus TCAD is
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Figure 6.43.: Drain-current normalized noise of a staggered OTFT at a drain-source voltage
of Vds = −0.1 V and a frequency of f = 20.69 Hz. The results of a TCAD simulation (dotted
blue line) are compared to the results of the compact model (solid red line). The transistor has
a channel length of Lch = 20 µm. The setup of the TCAD simulation and the fitting parame-
ters of the DC compact model are depicted in column (b) of Tab. 6.2. In the compact model,
the empirical Hooge parameter is set to αH = 3 · 10−4.

compared to the compact model at a drain-source voltage of Vds = −0.1 V. It can be seen
that there is a good overall agreement. The slope of the two curves slightly deviate but the
agreement over the entire range of drain-source voltages is good. Furthermore, it can be seen
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6.4. Low-Frequency Noise 137

that the compact model follows a 1/Ids trend since with every decade of increase in the drain
current, the noise is decreased by one decade. This is in agreement with the postulation that
the bulk mobility noise follows a 1/Ids trend [76]. In Fig. 6.44, the TCAD-simulated noise is
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Figure 6.44.: Drain-current normalized noise of a staggered OTFT at a drain-source voltage
of Vds = −3 V and a frequency of f = 20.69 Hz. The results of a TCAD simulation (dotted blue
line) are compared to the results of the compact model (solid red line). The transistor has a
channel length of Lch = 20 µm. The setup of the TCAD simulation and the fitting parameters
of the DC compact model are depicted in column (b) of Tab. 6.2. In the compact model, the
empirical Hooge parameter is set to αH = 2 · 10−5.

compared to the compact model for the case of a drain-source voltage of Vds = −3 V. At low
currents, the agreement between the compact model and the TCAD simulation results is good
but at higher currents, the TACD simulation results do not follow a clear 1/Ids trend.

Coplanar Transistors
Equally as for the staggered transistors, a TCAD simulation of a coplanar OTFT was conducted.
The transistor has a channel length of Lch = 20 µm and the setup of the simulation along
with the fitting parameters of the DC compact model is depicted in Tab. 6.5. The TCAD
simulation of the noise was set up just as for the staggered transistors. In Fig. 6.45, the
drain-current-normalized noise of the coplanar transistor is shown at a drain-source voltage
of Vds = −0.1 V. The TCAD simulation results are compared to the compact model. It can
be seen that there is a very good agreement. However, as can be seen at Fig. 6.46, at large
currents, the noise at a drain-source voltage of Vds = −3 V does not follow the 1/Ids trend any
longer, similarly as for the staggered OTFTs.

Even if the noise model describing the bulk mobility fluctuations cannot be verified by means
of measurements, it can at least be shown that the noise model indeed follows the proclaimed
1/Ids trend. Furthermore, a reasonable agreement with TCAD simulations in both transistor
architectures is achievable. However, it has to be emphasized that this type of noise simulation
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138 6. Model Verification and Discussion

in TCAD is not a physical simulation and does not perfectly represent the bulk mobility
fluctuations described by the Hooge model. Thus, it is regarded as legitimate to choose different
values for the Hooge parameter in the compact model for the different drain-source voltages. In
principle, it could be expected to have a voltage-independent Hooge parameter in the model.

10−12

10−10

10−8

10−6

10−4

10−2

S
I2 d

/
I

2 ds
[H

z−
1 ]

10−18 10−16 10−14 10−12 10−10 10−8

|Ids|[A]

Compact
TCAD

f = 20.69 Hz
Vds = −0.1 V

Figure 6.45.: Drain-current normalized noise of a coplanar OTFT at a drain-source voltage of
Vds = −0.1 V and a frequency of f = 20.69 Hz. The results of a TCAD simulation (dotted blue
line) are compared to the results of the compact model (solid red line). The transistor has a
channel length of Lch = 20 µm. The setup of the TCAD simulation and the fitting parameters
of the DC compact model are depicted in column (a) of Tab. 6.5. In the compact model, the
empirical Hooge parameter is set to αH = 2 · 10−4.
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Figure 6.46.: Drain-current normalized noise of a coplanar OTFT at a drain-source voltage of
Vds = −3 V and a frequency of f = 20.69 Hz. The results of a TCAD simulation (dotted blue
line) are compared to the results of the compact model (solid red line). The transistor has a
channel length of Lch = 20 µm. The setup of the TCAD simulation and the fitting parameters
of the DC compact model are depicted in column (a) of Tab. 6.5. In the compact model, the
empirical Hooge parameter is set to αH = 1 · 10−5.
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CHAPTER 7

Model Extensions

7.1 Introductory Information

In this chapter, extensions to the quasistatic charge and capacitance model are described. The
model described in Chap. 4 allows for an accurate reproduction of the measured and simulated
quasistatic capacitances of staggered and coplanar transistors which are subject to the following
restrictions:

• The frequencies of the applied AC signals are small so that the charges in the transistor
respond immediately to a change in the voltages. This is the condition for a quasistatic
operation [38].

• The contact resistances have to be much smaller than the intrinsic channel resistance so
that they can be neglected. This is typically the case for long-channel transistors since
the DC current of the intrinsic carrier channel is inversely proportional to Lch as can be
seen in the DC equation of the model (Eq. (2.21)). If the channel lengths are decreased,
the intrinsic carrier channel could conduct a larger current and thus the role of contact
resistances becomes more important [18].

These conditions will not be fulfilled for every use case. For instance, real electric circuits such
as amplifiers consisting of transistors are not limited to only low frequencies. Furthermore,
the contact resistance cannot be neglected in transistors the channel lengths of which are
significantly decreased in order to achieve a higher switching speed. Such a channel-length
reduction leads to a reduction of the total gate area and thus to a smaller amount of charges that
are stored in the transistor which is a pre-requisite for a transistor with high-speed capabilities.
Furthermore, which will be shown in the course of this chapter, contact resistance alter the
density of accumulated charges at the source/drain end of the transistor. In this chapter,
different approaches are provided to include those effects. The chapter is organized in the
following way: Firstly, the high-frequency behavior of long-channel transistors is described by
the channel segmentation approach which is valid for transistors comprising relatively small
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140 7. Model Extensions

contact resistances. Secondly, the model for the total charges in the quasistatic case is enhanced
to capture the influence of contact resistances on the AC behavior of the transistors. Thirdly,
an empirical closed-form model for the high-frequency behavior of short-channel transistors
is shown. In addition to the frequency and short-channel models, this chapter contains an
investigation of the influence of the temperature on the DC behavior of the transistors.

7.2 Channel Segmentation

In this section, the channel segmentation model is presented and verified by means of measure-
ments and TCAD simulation results.

7.2.1 Modeling

The assumption of a quasistatic operation is only valid at comparatively low frequencies. Tran-
sistors with large channel lengths suffer from a low channel conductivity and high capacitances.
Hence, the propagation of charges along the channel is much slower for long-channel transis-
tors in comparison to their short-channel counterparts. In ref. [40], the frequency-dependent
capacitances of transistors with different channel lengths were measured. The measurement
procedure is similar as described in Sec. 6.3.2.2. However, during this measurement the source
and drain terminals were shorted and connected to the low-potential connector of the LCR
meter while the gate electrode was connected to the high-potential connector. In Figs. 7.1 and
7.2, the measured capacitance Cgg and the conductance Ggg divided by the frequency, which is
denoted as the loss, are displayed.
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Figure 7.1.: Measured capacitance characteristics of transistors with different channel lengths
versus frequency as presented in ref. [40]. The capacitance is extracted at a gate-source volt-
age of Vgs = −3 V. Due to the shorting of the drain and source terminals, Vds = 0 V. The
amplitude of the superimposed AC signal is 100 mV. The transistors have a channel width of
Wch,SD = 400 µm.
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Figure 7.2.: Measured loss Ggg/ω, where ω is the angular frequency, of the same transistors
as examined in Fig. 7.1. The data were presented originally in ref. [40].

It can be seen that the low-frequency capacitance of the transistors comprising large channel
lengths is generally larger compared to the short-channel transistors. Furthermore, the drop of
the capacitance with increasing frequency starts at significantly lower frequencies of several
kilohertz for the transistors with large channel lengths. The transistor with the largest channel
length (Lch = 200 µm), for example, shows a notable decrease its capacitance already at ap-
proximately 20 kHz whereas for the transistor with the shortest channel length (Lch = 30 µm),
the decay becomes important at much higher frequencies of about 100 kHz.

Figure 7.3(a) shows a schematic cross section of a staggered OTFT where small sections of the
intrinsic carrier channel are characterized by their resistance and their capacitance. The carrier
channel of the transistor behaves similar to a distributed RC transmission line [64]. Since
the propagation of charge carriers through this transmission line does not occur with infinite
speed the transistor shows a non-quasistatic behavior which significantly deviates from the
quasistatic case above a particular frequency. In order to capture this behavior and to enhance
the compact model, the well-known model approach of the channel segmentation is applied [39].
This model describes a transistor as a series connection of several transistors where each of
them represents only a small segment of the total channel. The sum of the channel lengths of
these transistors is equal to the channel length of the whole transistor. In Fig. 7.3(b), the circuit
symbol of a p-type transistor is shown and in Fig. 7.3(c), the series connection of transistors
with interconnected gates is shown. This model approach is denoted as a macro model since
it does not describe the time-dependent current by means of analytical equations but rather
models one single device by an electronic substitute circuit that needs to be solved numerically,
e.g. by a circuit simulator like Cadence Virtuoso [70].
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Figure 7.3.: (a) Schematic cross section of a staggered OTFT where small sections of the
channel are depicted as resistor-capacitor segments. (b) Symbol of OTFT. (c) Circuit diagram
of the transistor in (a) which is modeled by N transistors connected in series. The sum of the
channel lengths of the N single transistors equals the channel length of the transistor in (b).

In contrast to the approach of a channel segmentation in a macro model, there is also the
option of analytically calculating the impedance of the RC transmission line of the transistor.
In the literature, this approach is described for different transistors such as single-crystalline
silicon MOSFETs [100] or polycrystalline silicon TFTs [64]. In ref. [18], this approach is used
for the description of non-quasistatic capacitances in OTFTs including contact resistances. The
benefit of this approach is that analytical equations can be derived for the capacitances which
are explicitly dependent on the frequency of the applied AC signal. This is beneficial for a
reproduction of measured capacitances at an arbitrary frequency. For a circuit simulation, the
model can be implemented in the hardware description language Verilog-A. Unfortunately, a
Verilog-A model in SPICE simulations is not aware of the frequency of the AC input signal. In
ref. [18], this problem is circumvented by passing the frequency as an external parameter to the
model. The disadvantage of this procedure is that the model cannot be used in an AC sweep
in the circuit simulation since for every new simulation, the model parameter would have to
be updated. A further drawback of such an analytical solution is that the model can only be
used for perfectly sinusoidal signals that are applied during an AC analysis. However, during a
transient analysis such as described in refs. [101, 102], the voltages applied to the transistor
terminals can have any arbitrary wave forms. In order for this model to properly account
for that general case, the Fourier transform of the input signal would have to be calculated
and the reaction of the system to every single frequency would have to be evaluated. As a
consequence, the model in ref. [18] is not easily applicable to every kind of circuit simulation
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7.2. Channel Segmentation 143

despite its advantages pertaining to the fact that it presents a closed-form description. In
order to overcome these difficulties, Valletta et al. developed a model for the large-signal
non-quasistatic behavior of OTFTs which is based on the discretization of the current continuity
equation based on a spline collocation method [103, 104]. The frequency dependence of the
transistor currents are accounted for implicitly by the numerical integration that is performed
in the Verilog-A code and thus this model provides a high flexibility. In this regard, this
model resembles a macro model. In comparison to the channel segmentation model there is
the advantage of a closer link to the physical effects that occur in the transistor but at the
cost of a higher complexity of the model. Thus, the macro model incorporating the channel
segmentation will be used in the following since it is easier to use and can directly be built
in a SPICE simulator by interconnecting several instances of the Verilog-A model of a single
transistor.

The channel segmentation model in this simple form is only suitable for transistors in which
the contact resistances can be neglected (second condition in Sec. 7.1). Otherwise, the charge
distribution in a transistor is altered which cannot easily be captured by the model without
any modifications as will be discussed later.

7.2.2 Implementation in Verilog-A

In this section, it will be briefly outlined how the model is implemented in the hardware
description language Verilog-A. The Verilog-A module of a single transistor contains the
equations of both the compact DC model and the model for the total charges. Please recall
that the total charges associated with the gate, the drain and the source are functions of the
three terminal potentials:

Qg = −Qc = f1 (Vg, Vs, Vd) , (7.1)

Qs = f2 (Vg, Vs, Vd) , (7.2)

Qd = f3 (Vg, Vs, Vd) . (7.3)

If any of the potentials Vg, Vs or Vd is changed, as a consequence the charges associated with
the transistor terminals are changed. As explained in Chap. 3, the change in these charges
results in charging or discharging currents:

ig = −∂Qc

∂t
, (7.4)

is = ∂Qs

∂t
, (7.5)

id = ∂Qd

∂t
. (7.6)
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144 7. Model Extensions

In the Verilog-A code of the OTFT, these charging and discharging currents can be added to
the DC currents by using the ddt operator [70]:

Ig = −ddt (Qc) , (7.7)

Is = Is,DC + ddt (Qs) , (7.8)

Id = Id,DC + ddt (Qd) , (7.9)

Id,DC = −Is,DC (7.10)

where Id,DC and Is,DC are calculated by the compact DC model. The usage of the ddt operator
leads to a correct handling of the charging and discharging of the capacitive currents.

The channel-segmentation model could in principle be instantiated by interconnecting several
instances of the single transistor model to a circuit. However, this procedure is inconvenient
since the circuit schematics would become confusing with every single transistor being displayed
as an interconnection of several transistors. In Verilog-A, there exists the possibility to create a
netlist in a module and to define ports that are connected to the outer circuit. This is achieved
by defining a parent module in the Verilog-A code which has three electrical ports for the
gate, source and drain electrodes. In the same Verilog-A code, it is possible to define several
other modules that can be called in the parent module. The module of the single transistor is
implemented and in the parent module, several instances of this single transistor module are
called and interconnected in a netlist.
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Figure 7.4.: Circuit schematic of several transistors interconnected in the channel-
segmentation model. (a) In order to improve the convergence of the solver algorithm, Ca-
dence Virtuoso automatically connects a small conductance gmin between each circuit node
and ground during a DC and an AC analysis. (b) During a transient analysis, Cadence Vir-
tuoso automatically connects each circuit node to ground by a capacitance cmin in order to
improve convergence.
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7.2. Channel Segmentation 145

One important point is to capture the gate-to-contact overlap capacitances only at the transis-
tors T1 and Tn in Fig. 7.3(c). T1 is the only transistor in the circuit which has a gate-to-drain
overlap region and accordingly, transistor Tn is the only transistor comprising a gate-to-source
overlap region. The transistors along the channel region are computed without any overlap
region. In the model, this is achieved by deactivating the contributions of the non-necessary
gate-to-contact overlap capacitances in the single-transistor module.

When a circuit is simulated in Cadence Virtuoso, the non-linear circuit equations are solved
numerically by the solver Spectre [70]. Cadence Virtuoso uses auxiliary methods to achieve a
better convergence. In Fig. 7.4(a), a schematic of several transistors that are interconnected in
a circuit is shown. As can be seen, each node of the circuit is connected to the ground level
through a small conductance denoted as gmin. This procedure assists the solver in determining
a convergent solution but at the cost of a reduced overall accuracy of the circuit. Such an
auxiliary conductance is included automatically by Cadence Virtuoso if a DC or an AC analysis
is performed. If, by contrast, a transient analysis is performed, Cadence Virtuoso uses small
auxiliary capacitors that are connected between each node and the ground level, see Fig. 7.4(b).
Without these capacitances no convergence can be achieved but they will diminish the accuracy
of the circuit.
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146 7. Model Extensions

7.2.3 Verification

In this section, the verification of the channel-segmentation approach will be presented by
means of AC measurements of OTFTs and by TCAD simulations. In addition, the compact
model is used in a transient simulation and compared to the results of a transient simulation in
TCAD.

7.2.3.1 AC Measurements

The data used for verification are the AC measurements of ref. [40]. The longest transistor
presented has a channel length of Lch = 200 µm which can be regarded as a long-channel
transistor. The geometric values and material parameters of this transistor are depicted
in Tab. 6.3. Similarly as for the verification of the quasistatic capacitances, the threshold
voltage is regarded as a fitting parameter fluctuating due to the bias-stress-induced filling
and emptying of traps [90]. During the AC measurements the drain and source terminals
are shorted. The complex admittance Y is measured and according to Eqs. (6.7) and (6.8)
the capacitance and the conductance between the two terminals are calculated. Due to the
shorting of the drain and source terminals, the measured capacitance and conductance can be
interpreted as Cgg and Ggg, respectively. However, in the simulations with Cadence Virtuoso,
a better numerical stability is achieved if Vds ̸= 0. Therefore, the simulations presented in this
work are computed at Vds = −1 mV.
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Figure 7.5.: Capacitance Cgg versus frequency of the staggered OTFT with Lch =
200 µm presented in ref. [40]. The measurements (solid lines) are compared to the channel-
segmentation model (circles) at different gate-source voltages. The amplitude of the superim-
posed AC signal is 100 mV in both the measurements and the SPICE simulations. The channel-
segmentation model consists of N = 2 transistors that are interconnected. The drain-source
voltage Vds is 0 V for the measurement data and −1 mV for the model. The threshold voltage is
set to VT0 = −1.2 V and a conductance gmin = 1 × 10−15 S is used. This figure shows similar
results as presented in ref. [105].
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Figure 7.6.: Loss Ggg/ω versus frequency of the staggered OTFT with Lch = 200 µm pre-
sented in ref. [40]. The measurements (solid lines) are compared to the channel-segmentation
model (circles) at different gate-source voltages. The channel-segmentation model consists of
N = 2 transistors that are interconnected. The simulation setup is the same as in Fig. 7.5.
This figure shows similar results as presented in ref. [105].

In Cadence Virtuoso, the complex admittance between gate and drain is determined by dividing
the AC part of the drain current by the AC part of the gate voltage. Based on this complex
admittance, again Eqs. (6.7) and (6.8) are used for the calculation of the capacitance and
conductance. As a consequence of the very small drain-source voltage the charges along the
channel can be assumed as evenly distributed. Therefore, the following expressions can be
formulated for the capacitances and the conductances of the transistor:

Csg ≈ Cdg ≈ Cgs ≈ Cgd ≈ 1/2 · Cgg, (7.11)

Gsg ≈ Gdg ≈ Ggs ≈ Ggd ≈ 1/2 · Ggg. (7.12)

Thus, by multiplying the simulated capacitance and conductance by a factor of 2, the capaci-
tance Cgg and the conductance Ggg are yielded.

Figures 7.5 and 7.6 show the measured and simulated capacitance Cgg and loss Ggg/ω. In the
model, a very simple transmission line of only N = 2 transistors is used. It can be seen that
there is already a certain goodness of fit even if a small number of only N = 2 transistors are
interconnected. As it might be assumed, the quality of fit becomes better if more transistors
are interconnected. This is shown in Fig. 7.7 where the capacitance Cgg and the loss Ggg/ω are
displayed at a gate-source voltage of Vgs = −3 V with varying numbers of transistors that are
interconnected. It becomes evident that when using a higher number of transistors the model
agrees better with the measured data since the distribution of the charges and the charging
through adjacent channel elements are captured more accurately in a finer mesh.
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Figure 7.7.: Capacitance Cgg (right y-axis) and loss Ggg/ω (left y-axis) versus frequency of
the staggered OTFT with Lch = 200 µm presented in ref. [40]. The measurements (solid lines)
are compared to the channel-segmentation model (circles) at a fixed gate-source voltage of
Vgs = −3 V. The number of transistor interconnected in the model is varied from N = 2 to
N = 24. The simulation setup is the same as in Fig. 7.5. This figure shows similar results as
presented in ref. [105].

7.2.3.2 AC TCAD Simulation

In this section, the channel-segmentation model is verified against Sentaurus TCAD simulation
results. A staggered OTFT with a long channel of Lch = 200 µm was simulated by means of an
AC analysis with varying frequencies at distinct gate-source voltages with a fixed drain-source
voltage of Vds = −1 mV. The simulation setup and the fitting parameters of the DC compact
model are equal to the setup depicted in column (a) of Tab. 6.2. The reason for simulating a
long-channel transistor is that the channel-segmentation model shall capture the effect of the
charge propagation along the channel of the transistor. This effect is more pronounced in a
transistor with a large channel length. After the fitting of the DC compact model which is
presented in Sec. 6.3.2.1, an AC analysis is conducted in Cadence Virtuoso. As in the previous
section the complex admittance Y between the gate and the drain terminal is determined. The
capacitance and the conductance can be calculated from this and due to the nearly-zero drain
voltage the condition Cgs ≈ Cgd is fulfilled which, for example, can be seen in Fig. 6.12. As a
consequence, the simulated capacitance and conductance are interpreted as Cgs and Ggs.

The verification of the compact model by TCAD simulations is performed in the same manner
as for the measurements presented in the previous section. In Fig. 7.8, the capacitance Cgs is
compared at different gate-source voltages with the channel segmentation consisting of only
N = 2 transistors. A certain level of agreement can be observed but at higher frequencies the
model consisting of N = 2 transistors cannot represent the TCAD simulation results.
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Figure 7.8.: Capacitance Cgs versus frequency of a staggered OTFT with Lch = 200 µm.
The results of a Sentaurus TCAD simulation (solid lines) are compared to the channel-
segmentation model (circles) at different gate-source voltages and a fixed drain-source voltage
of Vds = −1 mV. The amplitude of the superimposed AC signal is 100 mV in the model. The
model consists of N = 2 transistors that are interconnected. In Cadence Virtuoso, a conduc-
tance gmin = 1 × 10−15 S is used. This figure shows similar results as presented in ref. [105].
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Figure 7.9.: Loss Ggs/ω versus frequency of a staggered OTFT with Lch = 200 µm. The
results of a Sentaurus TCAD simulation (solid lines) are compared to the channel-segmentation
model (circles) at different gate-source voltages and a fixed drain-source voltage of Vds =
−1 mV. The model consists of N = 2 transistors that are interconnected. The simulation
setup is the same as in Fig. 7.8. This figure shows similar results as presented in ref. [105].
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Figure 7.10.: Capacitance Cgs (right y-axis) and loss Ggs/ω (left y-axis) versus frequency of
of a staggered OTFT with Lch = 200 µm. The results of a Sentaurus TCAD simulation (solid
lines) are compared to the channel-segmentation model (circles) at a fixed gate-source voltage
of Vgs = −4 V and a fixed drain-source voltage of Vds = −1 mV. The number of transistors
interconnected in the model is varied from N = 2 to N = 24. The simulation setup is the same
as in Fig. 7.8. This figure shows similar results as presented in ref. [105].

A similar comparison is shown in Fig. 7.9 where for N = 2 the loss Ggs/ω is shown. The level
of agreement is already comparatively high but the compact model again leads to wrong results
at frequencies larger than the maximum of the loss curve.

The accuracy of the channel-segmentation model can be improved by increasing the number
of transistors which are interconnected. Figure 7.10 depicts the capacitance Cgs and the loss
Ggs/ω at a gate-source voltage of Vgs = −4 V for varying numbers of transistors. It can be
observed that the agreement improves with an increasing number of transistors. As the plot
shows the channel-segmentation model can very accurately describe the frequency-dependent
capacitance and loss of the TCAD-simulated transistor. Since the computation time of the
model increases with the number of transistors a proper number must be chosen to find a
trade-off between simulation speed and accuracy. For instance, if the transistor is operated
below the maximum of the loss curve, a number of N = 4 is totally sufficient.

7.2.3.3 Transient TCAD Simulation

In this section, the functionality of the model will be verified by means of a transient analysis
which tests the large-signal behavior of the model. During a transient analysis a time-dependent
signal is applied to the gate and the time response of the model is observed. In TCAD, a 2D
transient simulation of a staggered OTFT has been conducted. The setup is similar as the one
depicted in column (a) of Tab. 6.2 but here a transistor with a channel length of Lch = 120 µm
is used. Prior to conducting the transient analysis in Cadence Virtuoso, a DC fitting of the
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7.2. Channel Segmentation 151

compact model with regard to the TCAD simulation results is performed. Due to the good
scalability of the compact model the same DC fitting parameters as for the transistor with
Lch = 200 µm can be used. These are depicted in column (a) of Tab. 6.2.
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Figure 7.11.: Time-dependent gate-source voltage used as the input for the TCAD simu-
lations of the transistors’ switch-on process (solid blue line) and the switch-off-process (dot-
ted red line). After a time of 10 µs the voltage is ramped to its final value within a time of
∆t = 80 µs. This figure shows the same data as presented in ref. [105].
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Figure 7.12.: Drain current transient predicted by the channel-segmentation model (symbols)
in comparison to the TCAD simulation results (solid line) during the switch-on process. In the
model, different numbers of transistors are used. This figure shows nearly the same data as
presented in ref. [105].
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152 7. Model Extensions

During the transient analysis the drain-source voltage is set to a constant value of Vds = −1 V
and the gate voltage is ramped once from Vgs = 0 V to Vgs = −4 V in order to simulate a
switch-on process and once from Vgs = −4 V to Vgs = 0 V for the simulation of a switch-off
process. In Fig. 7.11, the input profile of the gate-source voltage is shown versus time. For
the first 10 µs, Vgs is held constant at its initial value. Then, it is ramped linearly in a time
∆t = 80 µs to its final value where it is again kept for a certain amount of time until the
simulation is over.
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Figure 7.13.: Drain current transient predicted by the channel-segmentation model (symbols)
in comparison to the TCAD simulation results (solid line) during the switch-on process. In the
model, different numbers of transistors are used. This figure shows nearly the same data as
presented in ref. [105].

Figures 7.12 and 7.13 show the drain current during the switch-on process versus time of the
channel-segmentation model in comparison to the TCAD simulation results for varying numbers
of transistors incorporated in the model. For a better distinction of the data, the curves are
displayed in two different plots for two sets of numbers. Whereas during the AC analysis in
the former section the conclusion was that more transistors lead to a higher accuracy this
conclusion does not hold for the transient analysis. It can be seen in Fig. 7.13 that the model
incorporating N = 24 transistors leads to a lower agreement than the model incorporating
N = 6 transistors. The reason for this can be found by looking at the auxiliary components
that Cadence Virtuoso automatically connects to the circuit in order to improve convergence.
As described in Sec. 7.2.2, Cadence Virtuoso connects every node in the circuit to the ground
level by a small capacitance cmin. In order to achieve convergence, a comparatively high value
for cmin of 15 fF has to be used. The total gate capacitance of the transistor in the linear regime
of operation converges to the capacitance defined by the gate dielectric:

Cgg = (Lch + Lov,GD + Lov,GS) · Wcontact · C′
diel ≈ 912 fF. (7.13)
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7.2. Channel Segmentation 153

Since the capacitance cmin is a per-node value it means that with a higher number of transistors
a higher number of capacitors cmin is added. A single capacitance cmin only slightly changes the
capacitance of the transistor to be modeled but a high number can significantly change the re-
sults. This is the reason for the reduced goodness of fit with the number of transistors becoming
too high. Overall, a good agreement is achieved if the model is computed with N = 6 transistors.

In the following, the results of the transient analysis will be discussed. During the first 10 µs,
the drain current is nearly zero since Vgs is still zero and apart from the small diffusion current
in the off-state and leakage currents, no DC current flows. This is equivalent with the case
depicted in Fig. 3.2(a) where the comparison of a transistor and a water system is presented. At
the time point t = 10 µs, a small upward jump is visible in the current in Figs. 7.12 and 7.13. At
this moment, the linear increase of the gate-source voltage from Vgs = 0 V towards Vgs = −4 V
starts. The transistor is still not turned on until Vgs reaches the threshold voltage. The small
upward jump in the drain current is the abruptly starting current that charges the gate-to-drain
overlap capacitance. Since the organic semiconductor is depleted in the sub-threshold regime
of operation the overlap capacitance is nearly constant and can be characterized as the series
connection of the gate dielectric and the organic semiconductor. Very generally, the current Ic

flowing through a capacitance is defined by [106]:

Ic = C · dVc

dt
, (7.14)

where Vc is the voltage applied to the capacitance. Since the gate-source voltage is varied
linearly starting at t = 10 µs, also the gate-drain voltage Vgd = Vgs − Vds is varied linearly.
Accordingly, the current flowing in the gate-to-drain overlap capacitance is constant and nearly
instantly jumps upward when the gate-voltage ramp starts. It can be seen that this charging
current has a different polarity than the drain current that flows under DC conditions. Since a
p-type transistor is regarded the DC drain current is negative. In other words: If the transistor
is operated above the threshold voltage in steady-state DC conditions, holes are flowing into
the source terminal and flowing out of the drain terminal. However, since the transistor is
still operated in the sub-threshold regime of operation only the capacitive charging current of
the gate-to-drain overlap region is present. The positive drain current in this operation point
implies that rather than holes coming out of the drain they are flowing into the drain. This can
be explained by the change of the potentials at the gate-to-drain overlap capacitance: since
the gate potential is decreasing electrons are flowing through the gate terminal to the gate
electrode. In order to fulfill the principle of charge conservation, an equal amount of holes
has to be present at the drain electrode. Since the organic semiconductor is still depleted the
necessary holes for this charge conversation cannot come from the channel region. The holes
have to enter through the drain electrode constituting a positive drain current which charges
this series capacitance.
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At t = 30 µs, the gate-source voltage reaches a value of Vgs = −1 V. The organic semiconductor
is now driven into accumulation at the gate-dielectric/semiconductor interface. However, it can
be seen in Fig. 7.12 that the TCAD-simulated current does not exhibit any changes at that time
point. The reason for this behavior is that the channel only gradually becomes more conductive
with higher gate-source voltages and that the charges need to propagate along the channel.
With the channel conductivity reaching a certain value at t ≈ 45 µs the charging current
rapidly increases and a substantial overshoot current results. Now, the charging of channel
capacitance segments through adjacent channel resistance elements is dominant. There are as
well accumulation charges in the gate-to-contact overlap regions. However, since the overlap
regions are short in comparison to the channel length of the transistor the time-dependent
charging of the overlap regions is of minor importance here. Under steady-state conditions, the
holes are entirely injected at the source end of the channel and are extracted from the channel
at the drain end. However, it can be observed that the overshoot current has a positive sign
which means that even more holes are entering the drain terminal in order to fill the channel
capacitance segments. This case is equivalent with Fig. 3.2(b). At t ≈ 76 µs, the overshoot
current reaches its maximum and starts decreasing even if the gate-source voltage has still
not reached its end value. The decrease in the overshoot current can be explained by the fact
that during the gate-voltage ramp already a certain amount of channel charge capacitances are
being charged. It has to be mentioned that in addition to the capacitive charging currents, the
normal DC current is also starting to flow. The total current at the drain terminal is thus a
superposition of the DC current and the capacitive charging current. Obviously, the charging
currents are starting to decrease which causes the overshoot current to decrease.

At t = 90 µs, the gate-source voltage reaches its final value of Vgs = −4 V. It can be seen
in Fig. 7.12 that the drain current which is still positive rapidly starts to decrease. Still, not all
charging processes of the intrinsic channel charge capacitances have finished which is the reason
why the negative DC current does not instantly take over. However, the charging of the channel
charge capacitances is slowing down. At t ≈ 92 µs, the direction of the drain current is reversed
and it starts converging to the steady-state DC value. This is comparable to the water system
as displayed in Figs. 3.2(c) and 3.2(d). Then, the drain current converges to the DC value
which is theoretically never completely reached, similarly as the charging of a capacitor through
a resistor is never fully finished. However, as can be seen, at t = 120 µs, the current nearly
does not exhibit any further changes. This case is represented by the water system in Fig. 3.2(e).

Similarly as for the switch-on process, Figs. 7.14 and 7.15 show the results of the channel-
segmentation model in comparison to the TCAD simulation results for a switch-off process.
Also here, for a better visibility, the curves are split up into two plots. Similarly as in the
switch-on process, the best agreement is not obtained by the model consisting of N = 24
transistors. Rather, a number of N = 6 transistors produces the best results. A short discussion
of the switch-off process will follow.
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Figure 7.14.: Drain current transient predicted by the channel-segmentation model (symbols)
in comparison to the TCAD simulation results (solid line) during the switch-off process. In the
model, different numbers of transistors are used. This figure shows nearly the same data as
presented in ref. [105].

At t = 10 µs, the ramping of Vgs from its on-state value of Vgs = −4 V to Vgs = 0 V starts. As
can be seen, the drain current now produces a substantial undershoot. Figuratively speaking,
it means that even if the transistor is being turned off, even more holes are coming out of the
drain terminal. The reason is that with a reduction in the absolute value of Vgs, the total
amount of charges which the organic semiconductor can store is reduced. The charges cannot
disappear but they have to leave the transistor through the terminals. Thus, the undershoot
current is a consequence of the discharging of the channel charge capacitances.

At t ≈ 20 µs, the absolute value of the undershoot current reaches its maximum and starts
decreasing. Due to the further reduction of Vgs, the static DC current is further reduced and a
certain amount of charges has already been discharged from the channel charge capacitances.
Therefore, the absolute value of the drain current is further reduced. However, with the absolute
value of Vgs being reduced, the conductance of the carrier channel decreases. Consequently, the
charge carriers that still have to be discharged from the channel charge capacitances have to
travel through a higher-conductive region. Thus, the absolute value of the drain current does
not converge quickly to its off-state value.

At t = 90 µs, Vgs reaches its final value of 0 V. It can be seen that the drain current is still
not zero. However, a small jump towards zero is observable. The reason for this is the stop of
the discharging of the gate-to-drain overlap capacitance. Since the organic semiconductor is
depleted now the gate-to-drain overlap capacitance again behaves like a series connection of
two parallel-plate capacitors. Thus, the capacitive discharging current of the overlap region
stops abruptly. As can be seen, the current very slowly converges to zero. The convergence
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156 7. Model Extensions

rate is much slower in comparison to convergence rate of the drain current to its on-state DC
value during the switch-on process after the gate-source voltage ramp is finished. This behavior
can be attributed to the fact that the intrinsic carrier channel is very low-conductive because
the transistor is already turned off. However, still some charges have to be discharged from the
channel charge capacitances. Due to the low conductivity of the channel, the charges can reach
the drain terminal very slowly.
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Figure 7.15.: Drain current transient predicted by the channel-segmentation model (symbols)
in comparison to the TCAD simulation results (solid line) during the switch-off process. In the
model, different numbers of transistors are used. This figure shows nearly the same data as
presented in ref. [105].

In conclusion, it can be said that the channel-segmentation model reproduces the TCAD-
simulated transient responses of the transistors with very good accuracy if a number of N = 6
transistors is used in the series connection.

7.3 Capacitances in Short-Channel Transistors

In this section, an empirical enhancement of the compact model for the total charges in
a quasistatic operation point is presented. Based on investigations of TCAD simulations,
fitting functions are proposed and verified with respect to simulated quasistatic capacitances of
short-channel transistors comprising comparatively large Schottky barriers.

7.3.1 Observations Based on TCAD

The model for the total charges presented in Chap. 4 is only suitable for transistors with
negligible contact resistances with regard to the intrinsic channel resistance of the transistor.
Thus, it is worth investigating how the charge model behaves if applied in short-channel
transistors. For this purpose, a Sentaurus TCAD simulation of a staggered OTFT with a
channel length of 2 µm has been conducted. The simulation uses slightly different parameters
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7.3. Capacitances in Short-Channel Transistors 157

than the TCAD simulations presented so far. Here, the parameters are chosen similar as in
fabricated OTFTs at the Max Planck Institute so that the simulations show a certain degree of
agreement with measured current-voltage characteristics.

The setup of the TCAD simulation will be outlined in the following. An organic semiconductor
with an electron affinity of χosc = 1.81 eV, a bandgap of Eg = 3.38 eV, a constant electron
mobility of µn = 1 × 10−10 cm2 V−1 s−1, and a constant hole mobility of µp = 1 cm2 V−1 s−1 is
simulated. For simplicity, the density of states is assumed as a square-root function such as
in crystalline semiconductors with an effective density of Nv = 1 × 1021 cm−3. The relative
dielectric permittivities of the depleted organic semiconductor and the gate dielectric are
set as εr,osc = 3 and εr,diel = 4.88, respectively. The work function of the gate electrode is
set to Φm,g = 4.1 eV and the work function of the source/drain electrodes is altered between
Φm,sd = 5.19 eV and Φm,sd = 4.7 eV in order to simulate one transistor with only Ohmic contacts
and one with Schottky barriers at the metal-to-semiconductor junctions. In case of the transistor
comprising Schottky barriers, the Schottky-barrier-lowering effect is activated. The channel
length is chosen as Lch = 2 µm, the channel width is chosen as Wcontact = Wch,SD = 1 µm, the
gate-to-contact overlap lengths are set to Lov,GD = Lov,GS = 2 µm, the gate-dielectric thick-
ness is set to tdiel = 5.3 nm, and a thickness of the organic semiconductor of tosc = 25 nm is used.

The TCAD simulations are conducted using the Poole-Frenkel mobility model which captures
the influence of the electric field in the organic semiconductor on the mobility. The resulting
effective mobility for holes that is used in this setup has the following formulation [50]:

µPF = µp · exp
(√

F ·
(

βPF

T
− γPF

))
(7.15)

where F is the electric field in the organic semiconductor and βPF and γPF are fitting pa-
rameters of the Poole-Frenkel model. The simulation is computed with βPF = 0.5 K

√
(m/V )

and γPF = 1 · 10−3
√

(m/V ). In addition to the Poole-Frenkel mobility, another effect that
plays an important role in organic semiconcudtors is considered in the TCAD simulation:
parasitic traps in the semiconductor. Traps have an influence on the device electrostatics
and change the sub-threshold swing and the threshold voltage of a transistor [36]. In this
simulation, traps in the bandgap of the organic semiconductors are assumed with a Gaussian
distribution. The peak of this distribution is 0.2 eV above the valence band energy. A trap
concentration of N0,trap = 1×1019 cm−3 eV−1 and a standard deviation of σtrap = 0.1 eV is used.

As usual when observing the charge/capacitance model, the charge-based DC compact model
is fitted to the current-voltage characteristics of the TCAD simulations and subsequently the
quasistatic capacitances are compared. Figure 7.16 shows the quasistatic trans-capacitances of
the compact model in comparison to the TCAD simulation where no Schottky barrier between
the source/drain electrodes and the organic semiconductor is present. The agreement is not
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158 7. Model Extensions

perfect but in general, the simulated capacitances are reproduced well. Even in the absence of
Schottky barriers the contact resistances have to be considered in the compact model. The
reason is that in a transistor with such short channel lengths, the sheet resistance of the organic
semiconductor becomes important. It can be seen that the capacitances Csg (magenta) and Cdg

(cyan) cross each other at high absolute values of Vgs. Despite the inaccuracies the overall fitting
of the quasistatic capacitance model is still sufficient. However, the TCAD-simulated transistor
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Figure 7.16.: Quasistatic capacitances of a short-channel staggered OTFT at a fixed drain-
source voltage of Vds = −1 V. The compact model (solid lines) is compared to the results of
a TCAD simulation (dotted lines). The channel length of the transistor is Lch = 2 µm. The
work function of the source/drain electrodes is chosen to match the HOMO of the organic
semiconductor. Thus, there is no Schottky barrier: ΦB0 = 0 eV. In the compact model, the
following fitting parameters are used: VT0 = −1.01 V, Sobs = 100 mV/dec, Rsheet/Wcontact =
1 × 1013 Ω/cm, LT = 1.4 µm, κ = 0.9 cm2V−β−1s−1, β = 0.035, λ = 0.012 V−1.

has an ideal Ohmic contact at the source/drain-to-semiconductor interfaces. If, by contrast,
the work function of the metal is not aligned with the HOMO of the organic semiconductor,
Schottky barriers are present which have a high influence on the contact resistances [47]. Under
the presence of high Schottky barriers, the capacitances of the transistor behave quite different
from the capacitances without Schottky barriers. This is visualized in Fig. 7.17 where the
quasistatic capacitances of a transistor with a high Schottky barrier of ΦB0 = 0.49 eV are
depicted. The DC model is fitted by making use of the non-linear injection model presented in
ref. [47]. It can be seen that there is only a low level of agreement between the TCAD-simulated
capacitances and the compact model. The capacitances Cgs (red) and Cgd (blue) cross each
other at high absolute values of Vgs, and the two capacitances Csg and Cdg also do. Please
recall that Cgs and Cgd are the change of the total gate charges with respect to a change
in the source or drain potential, respectively. In Sec. 6.3.2.1, it is shown that typically Cgs

has a higher absolute value than Cgd for every voltage that is applied. The total charges in
the channel (which are the same as the total gate charges but with different sign) are always
more under control of the source terminal than of the drain terminal since the application of a
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7.3. Capacitances in Short-Channel Transistors 159

drain-source voltage causes a reduction of the charge density along the channel towards the
drain end. The crossing of Cgs and Cgd (Fig. 7.17) implies that the channel charges are more
under control of the drain terminal at large absolute values of Vgs. Similarly, these effects are
reflected in Csg and Cdg. Please recall that these capacitances reflect the change of the source
or drain charges, respectively, if the gate potential is changed. If Cdg has a larger absolute value
than Csg, it can be interpreted that a change in the gate potential has more influence on the
charge associated with the drain in comparison to the charge associated with the source. Also
this result is striking and in contradiction to the verification of the long-channel transistors
presented so far.
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Figure 7.17.: Quasistatic capacitances of a short-channel staggered OTFT at a fixed drain-
source voltage of Vds = −1 V. The compact model (solid lines) is compared to the results of a
TCAD simulation (dotted lines). The channel length of the transistor is Lch = 2 µm. The work
function of the source/drain electrodes is chosen to obtain a Schottky barrier of ΦB0 = 0.49 eV.
In the compact model, the following fitting parameters are used: VT0 = −0.99 V, Sobs =
100 mV/dec, Rsheet/Wcontact = 3.0776 × 1013 Ω/cm, LT = 1.4 µm, κ = 0.63 cm2V−β−1s−1, β =
0.54, λ = 0.003 V−1. The non-linear injection model is fitted using the following parameters:
η = 1.0096, θ = 2, wsat = 2.

Another investigation leads to an important information for the compact model: In Fig. 7.18,
the density of accumulated holes in the organic semiconductor along a cutline very close to
the gate dielectric is shown. The results of two transistors with different Schottky barriers at
the source/drain-to-semiconductor junctions are depicted and it is revealed that the presence
of Schottky barriers significantly alters the charge densities. Even if the non-linear injection
model presented in ref. [47] correctly accounts for the influence of the Schottky barriers on
the drain current, it cannot completely capture the influence which they have on the charge
densities. In principle, the charge density Q′

ms would have to be recalculated to reflect the
influence of the Schottky barrier at the source contact. However, an accurate expression for
the voltage drop across the barrier is missing and analytically not solvable. Therefore, in
ref. [47] an equivalent non-linear resistance of the Schottky barrier is derived and incorporated
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Figure 7.18.: Density of accumulated holes in the organic semiconductor of a staggered
OTFT along a cutline close the gate dielectric as simulated by TCAD. In one simulation, no
Schottky barrier between the source/drain electrodes and the organic semiconductor is present
(blue line) whereas in the other simulation, a high Schottky barrier of ΦB0 = 0.49 eV is present
(red line). It can be seen that the barrier alters the charge densities significantly. The channel
length of the transistor is Lch = 2 µm. This figure was published in ref. [55].

into an effective mobility. As the resistance of the source Schottky barrier increases, the
effective mobility is reduced. In contrast to this procedure, the influence of the Schottky
barrier at the drain is captured by its voltage drop Vsb,d and based on this, a new charge
density Q′

md,barr is calculated. This procedure is totally sufficient to reproduce measured and
simulated current-voltage characteristics of OTFTs with good accuracy but without any further
modifications the compact model for the total charges fails. The reason is that the total charges
in the transistor are calculated based on an integration of the charge density along the channel,
as presented in Chap. 4. Thus, if the model equations describing the charge densities do not
reflect the properties of the OTFT accurately, the model for the total charges cannot produce
correct results even if the DC model has a good fitting. Furthermore, the injection model in
ref. [47] does not claim to correctly calculate the different voltage drops over the source and
drain Schottky barriers explicitly. The main goal is to obtain a model that can be fitted to
current-voltage characteristics as accurately as possible.

7.3.2 Derivation of the Model Equations

In this section, the derivation of correction functions are presented based on the observations
from TCAD simulations. These correction functions lead at least to a better agreement between
the compact model for the total charges and the TCAD simulation results.
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7.3. Capacitances in Short-Channel Transistors 161

7.3.2.1 Influence of the Contact Resistances

The first concern is to account for the contact resistances. As outlined in the last section, the
non-linear injection model presented in ref. [47] is able to reproduce simulated or measured
current-voltage characteristics of OTFT incorporating the non-linear influence of the Schottky
barriers at the source and the drain contacts. In the injection model, a significantly approximated
expression for the voltage drop Vsb,s across the Schottky barrier at the source contact is defined.
This is sufficiently accurate for the definition of an equivalent barrier resistance Rsb,s with the
help of which the non-linear influence of the barrier on the current-voltage characteristics can
be captured. An explicit, analytical solution of the voltage drop across the source Schottky
barrier is not available since this would require the numerical solution of the series connection
of an inversely operated Schottky barrier and the transistor. The voltage drop Vsb,d over the
drain Schottky barrier is calculated explicitly. However, this voltage drop is assumed in ref. [47]
to be a linear function of the drain-source voltage for values below the voltage at which the
voltage drop across the barrier saturates. Despite this strong approximation the influence of
the Schottky barrier at the drain contact on the output characteristics in the form of a shift of
the output curves along the Vds-axis is captured with sufficient accuracy by the model.

OTFT

ffit Rsb

ffit (1 - Kr) Rcontact

ffit Kr Rcontact

G

D

D’

S

S’

= Kr Vsb,d

= (1-Kr) Vsb,d

Figure 7.19.: Equivalent circuit of the transistor comprising contact resistances. The voltage
drops over the contact elements are needed for the charge model. This picture is similar as
published in ref. [55].
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In addition to the resistances of the Schottky barriers described in ref. [47], the DC model
also includes an Ohmic component of the contact resistance which is denoted as Rcontact. In
case of staggered transistors, this Ohmic resistance is calculated based on the sheet resistance
(Eq. (2.10)) and in case of coplanar transistors, it is simply a constant. The nonlinear resistance
Rsb,s of the source Schottky barrier is added to the Ohmic contact resistance and both are
used in the effective mobility according to Eq. (2.8) or Eq. (2.22). Also the Ohmic contact
resistance has to be included in the discussion of the contact resistances in the context of
the model for the total charges. In Fig. 7.19, an equivalent circuit of a transistor comprising
contact resistances is shown. At the intrinsic transistor, different voltages Vgs′ and Vgd′ are
found than at the outer terminals. The contact resistances in Fig. 7.19 are multiplied by a
fitting function which will be explained in the following. The idea is to calculate the voltage
drops over the contact elements at the source and at the drain separately by making use of
the DC current incorporating the non-linear injection model. After the calculation of these
contact voltages Vs,contact and Vd,contact, the charge densities Q′

ms and Q′
md are recalculated.

At this point, two sets of charge densities exist in the model: the ones used for the DC model
and the newly calculated charge densities containing the voltage drops Vs,contact and Vd,contact.
The latter are then used in the charge integrals according to Eqs. (A.1), (A.2), and (A.3).
Furthermore, the auxiliary voltages V ′

gs and V ′
gd according to Eqs. (4.26) and (4.29) which are

used in the calculation of the gate-to-contact overlap capacitances in staggered transistors are
also calculated based on the new charge densities. The evolution of the correction functions is
presented in the next paragraphs.
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Figure 7.20.: Quasistatic capacitances of a short-channel staggered OTFT at a fixed drain-
source voltage of Vds = −1 V. The channel length of the transistor is Lch = 2 µm. The
compact model (solid lines) is compared to the results of a TCAD simulation (dotted lines).
The parameters of the TCAD setup and the compact model are the same as in Fig. 7.17.
Here, the contact voltages are calculated according to experiment 1: Vs,contact = Vsb,s and
Vd,contact = Vsb,d + |Ids| · Rcontact.
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7.3. Capacitances in Short-Channel Transistors 163

Experiment 1: Usage of Vsb,s and Vsb,d

The first experiment is to directly use the voltage drops Vsb,s and Vsb,d as they are defined in
ref. [47]. Furthermore, the Ohmic part Rcontact of the contact resistance is completely attributed
to belong to the drain contact voltage. The two contact voltage drops are defined as:

Vs,contact = Vsb,s, (7.16)

Vd,contact = Vsb,d + |Ids| · Rcontact (7.17)

where Ids is the DC drain current as calculated by the compact DC model incorporating the
non-linear injection model [47]. As can be seen in Fig. 7.20, this experiment does not lead to
proper results. Even if the capacitance Cgd shows some kind of agreement with the TCAD
simulation results, the other capacitances fail entirely. This experiment proves that Vsb,s and
Vsb,d serve as auxiliary values in the non-linear injection model [47] which are only suitable to
reproduce the static current-voltage characteristics of OTFTs.
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Figure 7.21.: Quasistatic capacitances of a short-channel staggered OTFT at a fixed drain-
source voltage of Vds = −1 V. The channel length of the transistor is Lch = 2 µm. The com-
pact model (solid lines) is compared to the results of a TCAD simulation (dotted lines). The
parameters of the TCAD setup and the compact model are the same as in Fig. 7.17. Here,
the contact voltages are calculated according to experiment 2: Vs,contact = |Ids| · Rsb,s and
Vd,contact = Vsb,d + |Ids| · Rcontact.

Experiment 2: Usage of Vsb,d and Rsb,s

The next experiment is to use the equivalent resistance Rsb,s of the Schottky barrier at the
source in order to define the contact voltage drop at the source. The contact voltage drop at
the drain is the same as in experiment 1. The voltages are defined as:

Vs,contact = |Ids| · Rsb,s, (7.18)

Vd,contact = Vsb,d + |Ids| · Rcontact. (7.19)
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164 7. Model Extensions

Figure 7.21 shows the result for the case that experiment 2 is conducted. It can be seen that
Cgs now shows a better agreement whereas Cgd has become worse in comparison to experiment
1. Since the modeled capacitance Cgd has a too low absolute value at high absolute values of
Vgs the consequence is that the influence of the drain contact resistance is too high. A change in
the drain potential obviously leads to a smaller change in the total gate charges than necessary.
Even if the capacitance Cgs shows a good agreement, the contact voltages are re-engineered in
a third experiment.

Experiment 3: Redistribution of the Contact Voltages
The next experiment is to introduce a redistribution of the contact voltages. It is assumed
that both the voltage drops over the Ohmic contact resistance and the voltage Vsb,d, which are
theoretically only present at the drain, may be redistributed between the source and the drain:

Vs,contact = |Ids| · (Rsb,s + (1 − Kr) · Rcontact) + (1 − Kr) · Vsb,d, (7.20)

Vd,contact = |Ids| · Kr · Rcontact + Kr · Vsb,d (7.21)

where Kr is a fitting parameter which is denoted as the redistribution factor. As can be seen,
if Kr = 1, the model behaves as in experiment 2. If, by contrast Kr = 0, the complete voltage
drop at the drain contact is assigned to the source. In Fig. 7.22, the results of the model
in comparison to the TCAD simulations are shown where experiment 3 is conducted. The
parameter Kr has been assigned a value of 0.25. It can be seen that with the help of param-
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Figure 7.22.: Quasistatic capacitances of a short-channel staggered OTFT at a fixed drain-
source voltage of Vds = −1 V. The channel length of the transistor is Lch = 2 µm. The
compact model (solid lines) is compared to the results of a TCAD simulation (dotted lines).
The parameters of the TCAD setup and the compact model are the same as in Fig. 7.17.
Here, the contact voltages are calculated according to experiment 3: Vs,contact = |Ids| ·(

Rsb,s + (1 − Kr) · Rcontact
)

+ (1 − Kr) · Vsb,d and Vd,contact = |Ids| · Kr · Rcontact + Kr · Vsb,d.
The parameter Kr is chosen as 0.25.
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7.3. Capacitances in Short-Channel Transistors 165

eter Kr, the model is capable of realizing the crossing of Cgs and Cgd. However, the overall
agreement is still very low. Please recall that due to the principle of charge conservation, the
capacitances Cgs and Cgd sum up to the capacitance Cgg. Looking at the results of experiments
1 and 2 (Figs. 7.21 and 7.22), it can be seen that at high absolute values of Vgs, the sum of
the capacitances Cgs and Cgd according to the compact model has a too low absolute value
compared to the TCAD simulation results. In other words: Even, if the redistribution factor
Kr allows for a redistribution of the contact voltages (and consequently for a redistribution
of Cgs and Cgd), there remains the problem that especially at high absolute values of Vgs the
capacitances are calculated too small by the compact model.

Experiment 4: Redistribution of the Contact Voltages and Introduction of a Fitting
Function
The observations so far show that the redistribution factor Kr is useful for the control of the
crossing of the capacitances Cgs and Cgd at the plot versus Vgs. In this experiment, a fitting
function is derived which helps to solve the problem of the sum of Cgs and Cgd being too
small in the linear regime of operation. Looking at the results of experiment 2 in Fig. 7.21,
it becomes evident that the capacitances Cgs and Cgd show a rather good agreement in the
off-state (−1 V ≤ Vgs ≤ 0 V) and in the saturation regime of operation (−2 V ≤ Vgs ≤ −1 V).
Therefore, a function has to be found that alters the influence of the contact resistances only in
the linear regime of operation. The following function is defined as a fitting function:

ffit = Kfit · Q′
ms − Q′

md,barr

Q′ms
, (7.22)

where Kfit is a fitting parameter and Q′
ms and Q′

md,barr are the charge densities per gate area
at the source/drain end of the channel according to the DC model. The fitting function has
the following properties:

• In the sub-threshold regime, the charge densities Q′
ms and Q′

md,barr are exponentially
dependent on the voltage Vgs or Vgd = Vgs − Vds, see Eq. (2.29). If a drain-source voltage
is applied, the charge density Q′

md,barr becomes some orders of magnitude smaller than
Q′

ms. Consequently, ffit converges to Kfit.

• In the saturation regime of operation, the carrier channel is pinched off before the drain
electrode [39]. Consequently, Q′

md,barr << Q′
ms. Similarly as in the sub-threshold regime

of operation, ffit is nearly constant and converges to Kfit.

• In the linear regime of operation, the charge densities Q′
ms and Q′

md,barr are similar. In
case of Vds = 0 V, they become equal. Consequently, ffit converges to zero.
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166 7. Model Extensions

This function is used in order to define the voltage drops across the contacts:

Vs,contact = |Ids| · (ffit · Rsb,s + (1 − Kr) · ffit · Rcontact) + (1 − Kr) · Vsb,d, (7.23)

Vd,contact = |Ids| · Kr · ffit · Rcontact + Kr · Vsb,d. (7.24)
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Figure 7.23.: Quasistatic capacitances of a short-channel staggered OTFT at a fixed drain-
source voltage of Vds = −1 V. The channel length of the transistor is Lch = 2 µm. The
compact model (solid lines) is compared to the results of a TCAD simulation (dotted lines).
The parameters of the TCAD setup and the compact model are the same as in Fig. 7.17.
Here, the contact voltages are calculated according to experiment 4: Vs,contact = |Ids| ·(

ffit · Rsb,s + (1 − Kr) · ffit · Rcontact
)

+ (1 − Kr) · Vsb,d and Vd,contact = |Ids| · Kr · ffit ·
Rcontact + Kr · Vsb,d. The parameters are chosen as follows: Kr = 0.15 and Kfit = 0.24.

Figure 7.23 depicts the results for the case that experiment 4 is conducted. As can be seen, the
capacitances Cgs and Cgd now show a better agreement. The fitting function is a proper way
of masking the linear regime of operation and conducting an operation-point dependent multi-
plication of different components of the contact resistance. It can be seen that the capacitance
Cgs now shows less agreement in the saturation regime of operation (−2 V ≤ Vgs ≤ −1 V) when
compared to experiment 2 but the overall agreement over the whole voltage range is improved.
Even if there is still room for improvement, this is the version of the model that will be taken
for further analyses.

Observing the plots of experiments 1 to 4, an important fact becomes visible: Even if the
capacitances Cgs and Cgd now show a better agreement, the other capacitances still need to
be re-engineered. Especially with regard to Csg and Cdg, it can be concluded that the charge
partitioning scheme needs to be investigated. In the model, the partitioning scheme according
to Ward and Dutton [65] is used. However, the problems of the capacitances Csg and Cdg

reveal that the charge partitioning does not work completely correctly.
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7.3. Capacitances in Short-Channel Transistors 167

7.3.2.2 Re-Engineering of the Charge-Partitioning Scheme

In this section, the charge-partitioning scheme will be re-engineered. If the OTFT is operated
at high Vgs, more charge has to be attributed to be under control of the drain than under the
control of the source terminal since the capacitance Cdg exhibits a larger absolute value than
Csg. For this purpose, the weighting functions of the Ward-Dutton-partitioning scheme are

Factor

For Source

For Drain

OSC

Dielectric

Gate

Source Drain

Aluminum

Figure 7.24.: Weighting functions of the partitioning scheme according to Ward and Dut-
ton [65] which are modified by different starting points at the source end of the channel. The
total channel charges are multiplied by the functions that are plotted below the sketch of the
transistor.

modified as depicted in Fig. 7.24. In order to give less weight to the source and more weight to
the drain, the weighting function for the charges associated with the source does not start at a
value of 1 at the source end of the channel but at a reduced value of 1 − ν where ν ∈ [0,1] is
a fitting parameter. In order to stick to the principle of charge conservation, the weighting
function for the drain is increased by the same amount that the weighting function for the
source is decreased. Therefore, the weighting function for the drain starts no longer at a value
of 0 at the source end of the channel but at a value of ν. In other words: Charges that are
located directly at the source end of the channel are attributed to a certain degree to be under
control of the drain potential. The two weighting functions read as follows:

ws(x) = −1 − ν

Lch
· x + 1 − ν, (7.25)

wd(x) = 1 − ν

Lch
· x + ν. (7.26)
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168 7. Model Extensions

Incorporating these charge partitioning equations, the integrals for the source and drain charges
are recalculated:

Qd = Wch,G

Lch∫
0

wd(x) · Q′
m(x) dx, (7.27)

Qs = Wch,G

Lch∫
0

ws(x) · Q′
m(x) dx. (7.28)

The solutions of these two integrals are calculated based on the same substitutions as presented
in Chap. 4. Since the resulting expressions are rather long they are presented in Appendix A.
The new charge partitioning is introduced to capture the asymmetric influences of the Schottky
barriers at the source and drain contacts on the capacitances. Since the resistance of the
Schottky barrier at the source contact is larger than that at the drain contact the source terminal
has less control over the charges than in a transistor without Schottky barriers. Equally as
in Chap. 4, the asymptotic switching of the charges for Vds = 0 V has to be accounted for. In
this case, the charge densities Q′

ms and Q′
md at the source and drain end of the channel are

nearly equal. Since no current flows, the voltage drops across the contact elements can be
assumed as zero and the charge density Q′

m can be assumed to be independent of the position
x in the channel. As a consequence, the charge integrals for the zero case reduce to:

Qd,zero = Wch,G · Q′
ms ·

Lch∫
0

(1 − ν

Lch
· x + ν

)
dx, (7.29)

Qs,zero = Wch,G · Q′
ms ·

Lch∫
0

(
−1 − ν

Lch
· x + 1 − ν

)
dx. (7.30)

These two equations can be evaluated as:

Qd,zero = Wch,G · Q′
ms · 1

2 · Lch · (1 + ν) , (7.31)

Qs,zero = Wch,G · Q′
ms · 1

2 · Lch · (1 − ν) . (7.32)

(7.33)

Finally, the smooth switching functions defined in Eqs. (4.18) and (4.19) are used to connect
the non-zero-case charge in Eqs. (7.27) and (7.28) to the newly defined zero-case charges.
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7.3. Capacitances in Short-Channel Transistors 169

In staggered transistors, the charge density Q′
ms is not only present at the source end of the

channel but in the whole gate-to-source overlap region. A certain amount of these overlap
charges is as well assumed to be under control of the drain. Consequently, the expressions for
the extrinsic charges in staggered transistors (Eqs. (4.30) and (4.31)) need to be modified as
follows:

Qex,S,stag,new = (1 − ν) · Qex,S,stag (7.34)

Qex,D,stag,new = Qex,D,stag + ν · Qex,S,stag. (7.35)

In coplanar transistors, a redistribution of the extrinsic charges is not necessary since the source
and drain electrodes are directly interfacing the gate dielectric. Thus, the contact resistances
have no influence on the capacitance arising from the gate-to-contact overlaps. It could be
considered, whether in coplanar transistors under the presence of fringe regions the accumulated
charges next to the source/drain electrodes could be redistributed, as well, but this has not
been investigated in more detail.

Figure 7.25 shows the quasistatic capacitance model incorporating the new charge partitioning
scheme and the contact voltage drops according to experiment 4 (Sec. 7.3.2.1) in comparison
to the TCAD simulation results. It can be seen that the agreement of the modeled and
TCAD-simulated capacitances Csg, Cdg, Csg and Cds has improved in comparison to the initial
model equations (Fig. 7.17). For the sake of completeness, in Fig. 7.26, the capacitances are
shown with respect to Vds. Also here, it can be seen that there is some agreement but still the
results can be improved in the future.
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Figure 7.25.: Quasistatic capacitances of a short-channel (Lch = 2 µm) staggered OTFT at
a fixed drain-source voltage of Vds = −1 V. The compact model (solid lines) is compared to
the results of a TCAD simulation (dotted lines). The parameters of the TCAD setup and the
compact model are the same as in Fig. 7.17. Here, the contact voltages are calculated according
to experiment 4 (Sec. 7.3.2.1) and the new charge partitioning scheme is used. The parameters
are chosen as follows: Kr = 0.15, Kfit = 0.24, and ν = 0.3.
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Figure 7.26.: Quasistatic capacitances of a short-channel (Lch = 2 µm) staggered OTFT at
a fixed gate-source voltage of Vgs = −2.7 V. The compact model (solid lines) is compared to
the results of a TCAD simulation (dotted lines). The parameters of the TCAD setup and the
compact model are the same as in Fig. 7.17. Here, the contact voltages are calculated according
to experiment 4 (Sec. 7.3.2.1) and the new charge partitioning scheme is used. The parameters
are chosen as follows: Kr = 0.15, Kfit = 0.24, and ν = 0.3.
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7.3. Capacitances in Short-Channel Transistors 171

The investigation on short-channel transistors presented so far is based on staggered transistors.
However, the influence of the contact resistances on the total charges are the same in coplanar
and staggered transistors. A 2D Sentaurus TCAD simulation of a coplanar transistor with the
following parameters is set up: An organic semiconductor with an electron affinity of χosc =
1.81 eV, a bandgap of Eg = 3.38 eV, a constant electron mobility of µn = 1 × 10−10 cm2 V−1 s−1,
and a constant hole mobility of µp = 6 cm2 V−1 s−1 is conducted. For simplicity, the density
of states is assumed as a square-root function such as in crystalline semiconductors with an
effective density of Nv = 6 × 1021 cm−3. The relative dielectric permittivities of the organic
semiconductor in the case of depletion and the gate dielectric are set as εr,osc = 3 and εr,diel = 4,
respectively. The work function of the gate electrode is set to Φm,g = 4.1 eV and the work
function of the source/drain electrodes is altered between Φm,sd = 5.19 eV and Φm,sd = 4.7 eV
in order to simulate one transistor with only Ohmic contacts and one transistor with Schottky
barriers at the metal-to-semiconductor junctions. In case of the transistor comprising Schottky
barriers, the Schottky-barrier-lowering effect is activated. The channel length and width
are chosen as Lch = Wcontact = Wch,SD = 1 µm, the gate-to-contact overlap lengths are set
to Lov,GD = Lov,GS = 0.035 µm, the gate-dielectric thickness is set to tdiel = 5.3 nm, and a
thickness of the organic semiconductor of tosc = 25 nm is used. A constant Ohmic contact
resistance at the source and drain electrodes of Rc = 6 × 104 Ω is set.
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Figure 7.27.: Quasistatic capacitances of a short-channel coplanar OTFT at a fixed drain-
source voltage of Vds = −1.02 V. The compact model (solid lines) is compared to the results of
a TCAD simulation (dotted lines) with a channel length of Lch = 1 µm and Schottky barriers
at the source/drain electrodes of ΦB0 = 0.49 eV. In the compact model, the following fitting
parameters are used: VT0 = −0.9 V, Sobs = 80 mV/dec, Rcontact = 1.2819 × 105 Ω, κ =
3.4313 cm2V−β−1s−1, β = 1.1173, λ = 0.0345 V−1. The non-linear injection model [47] is
fitted using the following parameters: η = 2, θ = 2, wsat = 0.7543. The distance from the gate
dielectric to the representative barrier height is chosen as dB = 1.7644 nm and the thickness of
the accumulation channel is assumed as dm = 5 nm. Here, the contact voltages are calculated
according to experiment 4 (Sec. 7.3.2.1) and the new charge partitioning scheme is used. The
parameters are chosen as follows: Kr = 0.8, Kfit = 0.1, and ν = 0.28.
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Figure 7.28.: Quasistatic capacitances of a short-channel coplanar OTFT at a fixed gate-
source voltage of Vgs = −2 V. The compact model (solid lines) is compared to the results of a
TCAD simulation (dotted lines). The parameters of the TCAD setup and the compact model
are the same as in Fig. 7.27. Here, the contact voltages are calculated according to experiment
4 (Sec. 7.3.2.1) and the new charge partitioning scheme is used. The parameters are chosen as
follows: Kr = 0.8, Kfit = 0.1, and ν = 0.28.

A frequency of f = 1 × 10−3 Hz is chosen in order to obtain the quasistatic capacitances.
Figures 7.27 and 7.28 show the quasistatic capacitance model in comparison to the TCAD
simulation results once versus Vgs and once versus Vds. Since the gate-to-contact overlap
capacitances have a big impact in coplanar transistors the overlap lengths Lov,GS and Lov,GD

are chosen quite small in this simulation. It can be seen that the model shows a good agreement
with the simulation results at large values of Vds and Vgs but for quite small voltages, there is
still room for improvement.

7.3.3 Parameter Extraction

In this section, the procedure of fitting the newly defined models to the results of a TCAD
simulation will be explained based on a staggered transistor. This process is also known as the
parameter extraction. The challenge during the fitting process is that both Kfit and Kr have
an influence on the capacitances. As a consequence, a sufficient agreement between the model
and the TCAD simulation results can be obtained using several combinations of the parameter
values. However, a procedure will be presented that leads to a reasonable fitting.

1. Observing Cgs and Cgd

The first step is to determine a reasonable fitting of the capacitances Cgs and Cgd by adjusting
Kfit and Kr. These two capacitances are independent of the charge partitioning scheme since
they are based on the total gate charges and hence on the total channel charges. Figure 7.29
shows the capacitances Cgs and Cgd of a staggered short-channel OTFT. The model is compared
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Figure 7.29.: Quasistatic capacitances Cgs and Cgd of a staggered short-channel (Lch = 2 µm)
OTFT at a fixed drain-source voltage of Vds = −1 V. The compact model (solid lines) is com-
pared to the results of a TCAD simulation (dotted lines). The parameters of the TCAD setup
and the compact model are the same as in Fig. 7.17. Here, the contact voltages are calculated
according to experiment 4 (Sec. 7.3.2.1) and the new charge partitioning scheme is used. The
curves are shown for various values of the fitting parameter Kfit between 0.25 and 1 while a
constant value of Kr = 1 is chosen. The arrows indicate the direction in which the curves are
shifted with increasing Kfit.

to the TCAD simulation results and the parameter Kfit is varied. The arrows indicate the
direction in which the curves are shifted when increasing Kfit from 0.25 to 1 with Kr held
constant at a value of 1. It can be seen that the capacitance Cgs exhibits a greater dependence
on Kfit than Cgd. Both of the curves are shifted towards each other with greater Kfit. Even if a
reasonable fitting of the Cgs curves can be achieved, the modeled Cgd has a poor agreement at
higher absolute values of Vgs. As the next step, Fig. 7.30 shows the investigation of the influence
of the parameter Kr on the capacitances Cgs and Cgd with a constant value of Kfit = 0.25. Kr

is altered between 0.25 and 1. It can be seen that both capacitances are greatly influenced by
Kr. The curves are shifted in the direction of the arrows with increasing Kr. This investigation
shows that the distinction between the influences of Kfit and Kr is somewhat difficult. It can
be seen that both of the capacitances Cgs and Cgd show the best overall agreement for lower
values of Kfit and Kr in this case. Even if the modeled Cgs deviates a little more for Vgs in
the interval between −1.5 V and −1 V, the overall agreement is good. Generally, the following
procedure can be proposed for determining Kfit and Kr:

1. Set Kr = 1 and set Kfit = 1 as an initial guess.

2. Keep Kr constant and decrease Kfit. This will increase the absolute value of the modeled
Cgs and decrease the absolute value of the modeled Cgd, see Fig. 7.29. Continue decreasing
Kfit until the modeled Cgs has slightly larger value than the TCAD-simulated Cgs at
large absolute values of Vgs. In case that the TCAD-simulated Cgs and Cgd do not cross
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Figure 7.30.: Quasistatic capacitances Cgs and Cgd of a staggered short-channel (Lch = 2 µm)
OTFT at a fixed drain-source voltage of Vds = −1 V. The compact model (solid lines) is com-
pared to the results of a TCAD simulation (dotted lines). The parameters of the TCAD setup
and the compact model are the same as in Fig. 7.17. Here, the contact voltages are calculated
according to experiment 4 (Sec. 7.3.2.1) and the new charge partitioning scheme is used. The
curves are shown for various values of the fitting parameter Kr between 0.25 and 1 while a con-
stant value of Kfit = 0.25 is chosen. The arrows indicate the direction in which the curves are
shifted with increasing Kr.

each other (which can happen in coplanar transistors), it may be impossible to increase
the absolute value of Cgs to be larger than the TCAD-simulated value. In this case, it is
sufficient if the modeled Cgs is almost identical to the simulated value.

3. Decrease Kr. In accordance with Fig. 7.30, this will shift the absolute value of the modeled
Cgs towards smaller values and shift the absolute value of the modeled Cgd towards larger
values. Continue decreasing Kr until a sufficient fitting is reached. If the fitting is not
acceptable, repeat this step once with Kfit increased by 0.1 and once with Kfit decreased
by 0.1. If any of the cases provides a better fitting, continue by setting Kfit again a little
further in the direction that provided the better fitting.

2. Observing Csg and Cdg

Having determined meaningful values of Kfit and Kr, the next step is to determine the proper
value of the parameter ν. This is much simpler since ν is the only parameter that alters
the charge partitioning scheme. Since Csg and Cdg are dependent on the charges associated
with the source and the drain terminals they can be used in order to observe the charge
partitioning scheme. Figure 7.31 shows the capacitances Csg and Cdg with increasing values for
the parameter ν. The goal of this step is to obtain a good agreement of both capacitances at
high absolute values of Vgs.
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Figure 7.31.: Quasistatic capacitances Csg and Cdg of a staggered short-channel (Lch = 2 µm)
OTFT at a fixed drain-source voltage of Vds = −1 V. The compact model (solid lines) is com-
pared to the results of a TCAD simulation (dotted lines). The parameters of the TCAD setup
and the compact model are the same as in Fig. 7.17. Here, the contact voltages are calculated
according to experiment 4 (Sec. 7.3.2.1) and the new charge partitioning scheme is used. The
curves are shown for various values of the fitting parameter ν between 0 and 0.3 with the other
two fitting parameters held constant at Kfit = 0.25 and Kr = 0.25. The arrows indicate the
direction in which the curves are shifted with increasing ν.

7.4 High-Frequency Investigation of Short-Channel Transistors

7.4.1 Basic discussion

In this section, a model for the description of the high-frequency behavior in OTFTs comprising
short channel lengths and larger contact resistances is shown. In Sec. 7.2, the channel seg-
mentation approach is used to capture the high-frequency behavior of long-channel transistors.
As outlined, the model only provides a suitable description if the channel is comparatively
long so that the charging and discharging of channel segments through adjacent channel
segments is the dominating time-dependent effect. Furthermore, only transistors with small
contact resistances can be described properly by this model since the influence of the con-
tact resistances on the charge densities (compare Fig. 7.18) is not considered. Accordingly,
for a proper description of the high-frequency behavior of short-channel transistor, an addi-
tional way has to be found. An empirical, yet closed-form model for the frequency-dependent
small-signal gain of staggered and coplanar OTFTs has been developed and presented in ref. [55].

One option to measure the high-frequency behavior of transistors is to measure the capacitance-
voltage characteristics such as in ref. [40]. However, when the transistor is operated in an
electric circuit, it might be more interesting to investigate the frequency-dependent amplification
behavior. If, for instance, the gate-source voltage of a transistor is quickly altered, it is of
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interest how the drain current reacts. Often, the so-called small-signal current gain h21 is used
as the measure for the small-signal amplification behavior. It is defined as the ratio of the
small-signal drain current and the small-signal gate current [107]:

h21 = id

ig
(7.36)

where id and ig are the small-signal components of the drain current and the gate current,
respectively. Under steady-state DC conditions, the gate current Ig of a transistor is nearly zero
due to the insulating properties of the gate dielectric which may conduct a small leakage current.
However, if the transistor is operated under AC conditions, capacitive charging currents come
into play. The amounts of charges at the gate electrode and in the channel of the transistor are
always equal. Consequently, the capacitive charging currents of the gate electrode constitute
the small-signal gate current ig.

S

Cgs

G
Cgd

gm vgs ro

D

Figure 7.32.: Equivalent small-signal circuit of a TFT. Here, the capacitances are assumed as
lumped elements. This figure was published in ref. [55].

In Fig. 7.32, a simplified small-signal circuit of a TFT is depicted. The capacitances between
the gate and the source/drain electrodes are depicted as lumped elements and the drain current
is described by the transconductance gm multiplied by the small-signal gate-source voltage.
Furthermore, there may be an output resistance ro representing the effect of a channel-length
modulation. From Chap. 3, it is known that in principle, the capacitances of a transistor are
non-reciprocal, i.e. Cgs ̸= Csg and Cgd ̸= Cdg. This non-reciprocity cannot be described in an
equivalent circuit and thus, closed-form equations cannot be derived if this non-reciprocity has
to be accounted for. However, an advantage of the transistors presented in ref. [55] is that their
gate-to-contact overlap lengths are large in comparison to their channel lengths. In contrast
to the intrinsic capacitances, the overlap capacitances are reciprocal since it does not make
a difference for the charge carriers, whether the potential at the gate or at the source/drain
electrode is changed. Therefore, the simplified view of reciprocal, lumped capacitors is still
valid. Based on the equivalent circuit depicted in Fig. 7.32, an analysis of the mesh and node
equations can be conducted leading to a closed-form expression for the small-signal gain:

h21 = gm − j2πfCgd

j2πf (Cgs + Cgd) . (7.37)
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This rather simple equation provides a full picture of the small-signal amplification behavior of
an ideal TFT. In the literature, most often the so-called transit frequency fT is used as the
unit of measure for the small-signal behavior of a transistor [46]. It is defined as the frequency
at which the absolute value of h21 becomes one. In case of a standard MOSFET or TFT,
an analytical expressiion for fT can be derived. For this purpose, the transconductance can
be calculated by deriving the MOSFET current equation [5] with respect to the gate-source
voltage. Furthermore, as explained in Chap. 3, the capacitances of a transistor in a simplified
form can be expressed by the Meyer model [38, 87]. Based on this, the transit frequency of an
ideal TFT comprising parallel-plate capacitors as gate-to-contact overlap capacitances can be
expressed as follows [42]:

fT = µeff (Vgs − VT0)
2πLch

( 2
3 Lch + Lov,GS + Lov,GD

) . (7.38)

However, in sub-micrometer-channel-length OTFTs, the simplifications made in this equation
do not hold true. In the course of this chapter, it has been shown that the contact effects arising
from Schottky barriers at the source-to-semiconductor and drain-to-semiconductor junctions
require a detailed model for an accurate capturing of the capacitive behavior. The Meyer model
may be sufficient for transistors with a high degree of ideality and for some applications it may
not be an issue if the non-reciprocity of the capacitances is neglected. However, under the
presence of contact resistances, the Meyer model cannot produce accurate results. The usage
of the Meyer model is not the only drawback of Eq. (7.38). As stated above, the standard
MOSFET DC current equation is analytically derived with respect to the voltage Vgs in order
to obtain an expression for gm. However, this standard model is not capable of capturing the
effects that occur in OTFTs such as the effects of traps [36] or the non-linear injection at the
source-to-semiconductor junction [47]. In principle, contact resistances lead to a reduction
of the effective mobility (µeff) which according to Eq. (7.38) also leads to a reduction of the
transit frequency. However, the equation cannot capture the effect that the charge densities
in the transistor are varied due to the contact resistances, see Fig. 7.18. The Meyer model
cannot take into account the voltage drop across the contact resistances in the calculation
of the total charges. Another critical point about Eq. (7.38) is that the contribution of the
overlap capacitances is included in a very simplified form. It is assumed that the overlap
capacitances behave like parallel-plate capacitors consisting of the source/drain electrode and
the gate electrode which are separated from each other by the gate dielectric. As explained
in Chap. 4, this assumption may be made for coplanar transistors without fringe regions.
However, transistors fabricated in the staggered architecture show a different behavior since
the gate-to-contact overlap regions consist of a stack of the organic semiconductor and the
gate dielectric. In dependence on the applied voltages, the behavior of these overlap regions
significantly differs from that of a coplanar transistor, see Chap. 4. Furthermore, fringe regions
between the source/drain fingers (in case of a multi-finger layout) and beyond the first and the
last electrode have an influence on the extrinsic capacitances so that the simplified assumption
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in Eq. (7.38) does not accurately describe the properties of OTFTs. The points mentioned
in this discussion directly limit the increase in fT that could theoretically be expected from
a miniaturization of the device geometry. In the research community, it is thus always of
great interest to reduce the contact resistances of the transistors. Recent developments of
materials [19, 20] and new processing approaches [21] have lead to a massive improvement of
the contact resistances. Width-normalized contact resistances (RCW ) of less than 100 Ωcm,
often in combination with measured transit frequencies of several tens of megahertz have been
reported [13, 43, 59, 108]. Table B.1 in Appendix B gives a literature overview over OTFTs for
which a transit frequency of at least 3.5 MHz has been measured.

7.4.2 Modeling

In this section, a closed-form model for the description of the non-quasistatic effects is discussed
as presented in ref. [55]. For the compact model describing the total charges, it has been
assumed so far that the charges are independent of the position along the z-axis of the device
(Fig. 4.2) where the z-axis points in the direction of the channel width. In other words:
The investigations on 3D TCAD simulations have revealed that the density of accumulated
quasi-mobile charges is nearly constant for every position along the channel width independent
of whether a point in the geometric channel center or beyond the channel center in the fringe
regions is regarded. This assumption is also made for the charges in the fringe regions directly
next to the electrodes. These regions are denoted as electrode regions in Fig. 4.2. For a
quasistatic operation, these assumptions can safely be made which is verified in Sec. 6.3.2.1.
However, in case of a high-frequency operation, the location of the charges in the transistor is of
importance. Since accumulation charges cannot be created or disappear by recombination, they
have to enter or leave the device through the device terminals. Consequently, points farther

B
z

x

A

Figure 7.33.: Schematic of a cutplane in a coplanar transistor where the effect of current
spreading is shown. Under quasistatic operation conditions, the charge densities in the two
probe points are assumed to be equal. However, when operated at high frequencies, the change
of the charge in point B is smaller than in point A. This picture was published ref. [54] and was
slightly modified.
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7.4. High-Frequency Investigation of Short-Channel Transistors 179

away from the channel center are charged or discharged more slowly than points in the in the
channel center. This is visualized in Fig. 7.33 where the current in a cutplane close to the gate
dielectric of a coplanar transistor is shown. Under quasistatic conditions, the charge densities in
points A and B are equal. However, under high-frequency conditions, the change of the charge
density in point A is higher than the change of the charge density in point B. In ref. [109], the
change of the capacitances with increasing frequencies is modeled as a frequency-dependent
change in the relative permittivity of the gate dielectric. However, as depicted in Fig. 7.34,
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Figure 7.34.: Measured capacitance per area of the gate dielectric used in this investigation
(aluminum oxide and self-assembled monolayer of n-tetradecylphosphonic acid). This figure was
published in ref. [55].

the dielectric capacitance of the gate dielectric does not exhibit major changes with increasing
frequency. The gate dielectric is a hybrid gate dielectric consisting of aluminum oxide and a
self-assembled monolayer of n-tetradecylphosphonic acid which is used for the transistors under
investigation in this chapter. Due to the high stability of the gate dielectric with increasing
frequency the change of the capacitances is modeled as a frequency-dependent reduction of the
part of the channel width that is used for the calculation of the total charges. In analogy to
the function defined in ref. [109], the following scaling function is used:

Cscale = Cscale,high + Cscale,low − Cscale,high

(1 + f · τscale)pscale . (7.39)

The function Cscale converges to Cscale,low if the frequency converges to zero and to Cscale,high

if the frequency converges to infinity. τscale is a time constant which controls the transition
from the low-frequency regime to the high-frequency regime and pscale is the exponent of the
denominator which also influences the steepness of the transition. In Fig. 7.35, the function
Cscale is plotted versus the frequency for an arbitrary set of fitting parameters. Cscale is used
in the charge equations as a scaling factor for the part of the channel width that constitutes
the fringe parts. This is visualized in Fig. 7.36 where the influence of Cscale on the channel
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width that is used for the total charge calculation is shown. If Cscale = 1, the complete gate
width Wch,G is used as the channel width. With Cscale decreasing, the fringe width between
the fingers and beyond the first and the last finger which is taken into account is reduced. If
Cscale = 0, only the geometric channel width Wch,SD = Nfing ·Wcontact is used for the calculation
of the charges.
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Figure 7.35.: Shape of the function Cscale for an arbitrary set of parameters. This figure was
published in ref. [55].

Figure 7.36.: Illustration of the influence of the function Cscale on the fringe areas which are
used for the charge calculation. If Cscale = 1, all of the fringing charges are used for the charge
calculation. If Cscale = 0, only the intrinsic and overlap charges are used whereas the fringe
regions are neglected. This picture was published in ref. [55].
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In addition to the charges in fringe regions, the charges in the channel center will also have
a frequency-dependent behavior. Based on the same argumentation as for the fringe regions,
it could be said that charges farther away from the source/drain electrodes will exhibit a
more-pronounced frequency dependence whereas charges close to the source/drain electrodes
can be charged easily. Assuming that the transistor is operated at such a frequency that
only half of the intrinsic channel charges are effectively taken into account for the capacitance
calculation, this would mean that starting at each the source and the drain electrode a region
with a length of 1/4 · Lch in the direction of the channel length (x) would have to be taken
into account with an unmodulated region of length 1/2 · Lch in the middle. For that purpose,
the charge densities per gate area at the positions x = 1/4 · Lch and x = 3/4 · Lch would be
required. However, the DC compact model only provides equations for the charge densities per
gate area at the source end and the drain end of the channel but not at any position within
the channel. In order to find an easy way to include the frequency dependence of the channel
charges, rather than the channel length, the channel width of the geometric channel is scaled.
A scaling function of exactly the same type as for the fringe charges is defined:

Cscale2 = Cscale2,high + Cscale2,low − Cscale2,high

(1 + f · τscale2)pscale2 . (7.40)

Figure 7.37.: Illustration of the geometric channel areas which are used for the charge calcu-
lation depending on the value of Cscale2. If Cscale2 = 1, all of the charges in the channel center
and in case of staggered transistors the overlap charges are used for the charge calculation. If
Cscale2 = 0, no charges in the channel center and in case of staggered transistors the overlap
charges are used. This picture was published in ref. [55].

In staggered transistors, there are also accumulation charges between the gate electrode and
the source/drain electrodes. These charges will also exhibit a frequency-dependence which is
not necessarily the same as that of the charges in the channel. In principle, the gate-to-contact
overlap regions in staggered transistor could be described as a metal-insulator-semiconductor-
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metal structure. For such structures, there exist frequency-dependent capacitance models in
the literature [110] but in order to keep the model simple, the function Cscale2 is used also as a
scaling factor for the overlap charges in staggered transistors. In spite of this simplification
it will be shown that this procedure leads to reasonable results. Figure 7.37 visualizes the
influence of the function Cscale2 on the parts of the channel which are taken into account for
the calculation of the total charges.

Having defined the two scaling functions Cscale and Cscale2, they are incorporated into the
equations for the total charges. The total amount of accumulation charges in the channel is
expressed as:

Qc = (Cscale · (2wovl + (Nfing − 1) dfing) + Cscale2 · NfingWcontact) ·
Lch∫
0

Q′
m(x) dx. (7.41)

This only changes the pre-factor of the solution of the equations shown in Appendix A. The
integrals for the total charges associated with the source and the drain terminals (Eqs. (7.27)
and (7.28)) are modified in the same way. In addition to the equations for the total charges,
the expressions for the extrinsic charges in the two different transistor architectures need to be
modified by means of the scaling functions as well. For coplanar transistors, the part of the
extrinsic charges that is present in fringe regions needs to be multiplied by Cscale:

Qex,S,copl =VgsC
′
dielLov,GSNfingWcontact

+ Cscale (2wovl + (Nfing − 1) dfing) Lov,GSQ′
ms, (7.42)

Qex,D,copl =VgdC′
dielLov,GDNfingWcontact

+ Cscale (2wovl + (Nfing − 1) dfing) Lov,GDQ′
md. (7.43)

In staggered transistors, the overlap charges consist of three parts: the geometric capacitance
consisting of the series connection of the gate dielectric and the depleted organic semiconductor,
the accumulation charges in the overlap region and the charges in fringe regions next to the
electrodes. For the charges in the fringe regions, Cscale is used and for the accumulation charges
in the overlap region, Cscale2 is taken:

Qex,S,stag = Cdiel,sCosc,s

Cdiel,s + Cosc,s

(
Vgs − Q′

ms
C′

diel

)
+ (Cscale (2wovl + (Nfing − 1) dfing) + Cscale2NfingWcontact) Q′

msLov,GSWch,G, (7.44)

Qex,D,stag = Cdiel,dCosc,d

Cdiel,d + Cosc,d

(
Vgs − Vds − Q′

md,barr

C′
diel

)
+ (Cscale (2wovl + (Nfing − 1) dfing) + Cscale2NfingWcontact) Q′

mdLov,GDWch,G. (7.45)
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7.4.3 Verification

In this section, the verification procedure of the model is explained as was presented in ref. [55].
Coplanar (bottom-contact, BC) and staggered (top-contact, TC) transistors were fabricated
on flexible substrates consisting of polyethylenenaphtalate (PEN) with a thickness of 125 µm
(Teonex Q65 PEN; provided by W. A. MacDonald, DuPont Teijin Films, Wilton, UK) by
making use of high-resolution silicon stencil mask lithography. The gate electrodes, the source
and drain contacts, the organic semiconductor and the interconnects were patterned by different
masks. The gate dielectric is a hybrid gate dielectric consisting of an oxygen-plasma-grown
layer of aluminum oxide (Oxford Instruments, 30 sccm oxygen, 10 mTorr, 200 W, 30 s) on top of
the gate electrode consisting of aluminum. The substrate is subsequently immersed into a 1 mM
2-propanol solution of n-tetradecylphosphonic acid (TDPA; PCI Synthesis, Newburyport, MA,
USA) which allows for a formation of a self-assembled monolayer (SAM). For the fabrication of
the coplanar TFTs, the golden source and drain electrodes were deposited by thermal evapora-
tion in a vacuum chamber, and afterwards, the substrates were immersed into a 10 mM solution
of pentafluorobenzenethiol (PFBT; Santa Cruz Biotechnology, Heidelberg, Germany) in ethanol
(nondenatured) for 30 min in a covered container at room temperature. The small-molecule
organic semiconductor 2,9-diphenyl-dinaphtho[2,3-b:2’,3’-f]thieno[3,2-b]thiophene (DPh-DNTT;
Nippon Kayaku, kindly provided by K. Ikeda[111]) is then thermally sublimated in the vacuum
(base pressure of 1 × 10−6 mbar) at a substrate temperature of 90 ◦C and serves as the active
layer of the devices. For the fabrication of the staggered transistors, the golden source and

(a) (b)

(c)

Figure 7.38.: SEM images of the channel regions of (a) a coplanar (BC) OTFT and (b) a
staggered (TC) OTFT. (c) Photograph of an OTFT fabricated in a multi-finger layout. The
channel length is approximately 0.7 µm. These pictures were published in ref. [55].
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drain electrodes were deposited on top of the layer of DPh-DNTT using thermal evaporation in
vacuum (base pressure of 1 × 10−7 mbar). The channel regions of the transistor were observed
by scanning electron microscopy (SEM). In Figs. 7.38(a) and 7.38(b), the SEM images of the
channel regions of a coplanar and a staggered transistor are shown.

In Fig. 7.38(c), the photo of a fully fabricated OTFT is shown. As can be seen, the transistor
is fabricated in a multi-finger structure which is in this case the parallel connection of four
identical TFTs where each has a width of Wcontact = 25 µm. Summed up, the geometrical
channel width of the whole transistor is Wch,SD = 100 µm. According to the SEM images, the
channel lengths of the transistors are approximately 0.7 µm. The gate-to-contact overlap lengths
are varied asymmetrically. The sum of the gate-to-contact-overlap lengths, Lov,GS + Lov,GD, is
held constant at 10 µm but Lov,GS varies between 1 and 9 µm and Lov,GD accordingly varies
between 9 and 1 µm. With this set of transistors, the geometry-dependent influences of the
gate-to-contact overlap capacitances on the high-frequency behavior can be investigated sys-
tematically.
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Figure 7.39.: Measured gate-to-drain overlap length in dependence of the measured gate-to-
source overlap length. The sum of Lov,GS and Lov,GD is also depicted. The plot proves the
quality of the fabrication process. The process works well for coplanar and staggered transis-
tors. This figure was published in ref. [55].

In Fig. 7.39, the measured gate-to-drain overlap length (Lov,GD) of the fabricated coplanar and
staggered transistors is shown in dependence of the measured gate-to-source overlap length
(Lov,GS). Furthermore, the sum of Lov,GS and Lov,GD is plotted. It can be seen that the process
is well-controlled and provides a very constant sum of the overlap lengths.

The DC transfer and output characteristics were measured at room temperature (292 K) us-
ing an Agilent 4156 C Semiconductor Parameter Analyzer and a custom LabView program.
Furthermore, scattering parameters (S-parameters) were measured using a Keysight N5231A
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Vector Network Analyzer connected to Cascade Microtech GS-SG |Z| high-frequency probes.
These scattering parameters relate the incident waves of the different ports of a network to the
corresponding reflected waves [112]. Methods that allow for a conversion of the S-parameters to
other parameters of the network theory are presented in ref. [113]. Based on these conversions,
the measured S-parameters can be transformed into the small-signal h-parameters. Thus, the
small-signal gain h21 can be calculated directly from the measured S-parameters.
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Figure 7.40.: Measured transconductances of the various fabricated coplanar and staggered
transistors at an operation point of Vgs = Vds = −3 V plotted versus the measured gate-to-
source overlap length. The transconductances are normalized with respect to the geometrical
channel width Wch,SD = 100 µm. The little pictogram shows the asymmetry between the two
overlaps. This figure was published in ref. [55].

Figure 7.40 shows the measured width-normalized transconductances of the various fabricated
OTFTs. It can be seen that the coplanar transistors show an overall higher transconduc-
tance than their staggered counterparts (except for one outlier). The reason for the larger
transconductances in the coplanar technology is the notably lower contact resistance and
a higher mobility which were determined as RCW = 35 Ωcm and µ0 = 4.3 cm2 V−1 s−1 by
the so-called transmission-line method (TLM) in ref. [43]. A TLM analysis of the staggered
transistors yields a width-normalized contact resistance of RCW = 61 Ωcm and a mobility of
µ0 = 2.7 cm2 V−1 s−1. The corresponding plots of the TLM analysis of the staggered transistors
and additional information are shown in Appendix B. Furthermore, as can be seen in Fig. 7.40,
the transconductance of the coplanar transistors is independent of the gate-to-source overlap
length. In staggered transistors, by contrast, the gate-to-source overlap length plays a role.
At small Lov,GS, a drop in the transconductance is visible. This can be attributed to the
contact resistance, since the injection becomes limited at such small geometries [59, 114, 115],
especially if the gate-to-source overlap length is notably shorter than the transfer length (LT).

UNIVERSITAT ROVIRA I VIRGILI 
CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM 
TRANSISTORS 
Jakob Simon Leise 
 
 



186 7. Model Extensions

In agreement with previous reports [17, 43], the coplanar transistors exhibit much steeper
sub-threshold swings than their staggered counterparts. In this work, the coplanar transistors
exhibit sub-threshold swings as small as 70 mV/dec whereas the staggered TFTs have swings
of about 230 mV/dec.
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Figure 7.41.: Transfer characteristics of a staggered OTFT with Lov,GS = 5.4 µm, Lov,GD =
5.2 µm, and Lch = 0.67 µm. The measurements (dotted lines) are compared to the compact
model (solid lines). This figure was published in ref. [55].
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Figure 7.42.: Output characteristics of a staggered OTFT with Lov,GS = 5.4 µm, Lov,GD =
5.2 µm, and Lch = 0.67 µm. The measurements (dotted lines) are compared to the compact
model (solid lines). This figure was published in ref. [55].

The compact model is fitted to each of the staggered and coplanar transistors in the population.
First, a fitting of the charge-based DC model [36] and the non-linear injection model [47] to
the measured transfer and output characteristics is performed. Later, the fitting parameters of
the model for the total charges (such as Kr, Kfit) are used in order to have a good agreement
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7.4. High-Frequency Investigation of Short-Channel Transistors 187

between the measured and modeled small-signal gain h21. In Figs. 7.41 and 7.42, the DC
model is compared to the measured transfer and output characteristics of one of the staggered
transistors in the population. As can be seen, there is an overall good agreement. Small
deviations in the transfer curves at Vds = −0.1 V do not diminish the accuracy of the model
since the fitting in the operation point Vgs = Vds = −3 V is good.
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Figure 7.43.: Transfer characteristics of a coplanar OTFT with Lov,GS = 7.4 µm, Lov,GD =
3.0 µm, and Lch = 0.66 µm. The measurements (dotted lines) are compared to the compact
model (solid lines). This figure was published in ref. [55].
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Figure 7.44.: Output characteristics of a coplanar OTFT with Lov,GS = 7.4 µm, Lov,GD =
3.0 µm, and Lch = 0.66 µm. The measurements (dotted lines) are compared to the compact
model (solid lines). This figure was published in ref. [55].

Similarly, in Figs. 7.43 and 7.44, the static transfer and output characteristics of one of the
coplanar transistors are shown. Despite some deviations at low absolute values of Vds the
agreement between the model and the measurements is good.
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The S-parameters were measured at a DC operation point of Vgs = Vds = −3 V with super-
imposed small-signal voltages of vgs = vds = 0.2 V. Thereby, the transistors are operated
in the saturation regime of operation since their threshold voltages are about VT0 ≈ −0.8 V
and the condition Vds < Vgs − VT0 is fulfilled. The small-signal gain h21 was calculated from
the measured S-parameters according to the conversions presented in ref. [113]. Next, the
small-signal gain is calculated based on the compact model. Before continuing with this, some
points about Eq. (7.37) need to be discussed. As outlined before, the problem is that the
intrinsic capacitances of a TFT are non-reciprocal, i.e. Cgs ̸= Csg and Cgd ̸= Cdg. By contrast,
the gate-to-contact overlap capacitances are reciprocal. Figuratively speaking, it makes no
difference for the parallel-plate capacitor, whether the voltage at one plate or at the other
plate is changed. The capacitors consist of the gate and the source/drain electrodes separated
from each other by the gate dielectric (in case of coplanar transistors) or by a stack of the gate
dielectric and the organic semiconductor (in case of the staggered transistors). The influence
on the charges stored in the capacitance is the same. This also holds true for the charges
which are accumulated in the organic semiconductor layer in case of the gate-to-contact-overlap
regions in staggered transistors. The position of the Fermi level in comparison to the va-
lence band edge of the organic semiconductor is a consequence of the gate-to-contact voltage.
Thus, it is not of importance, whether the potential at the gate electrode is changed or the
potential at the source/drain electrode. From this, an interesting conclusion can be drawn:
If a transistor comprises large gate-to-contact overlap regions in comparison to the channel
length, the extrinsic gate-to-contact overlap capacitances will be dominant over the intrinsic
channel capacitances. Thus, the capacitances of this transistor will show a nearly reciprocal
behavior. The transistors under investigation in this work have a huge sum of the overlap
lengths (Lov,GS + Lov,GD ≈ 10 µm) in comparison to the channel length which is approximately
0.7 µm. Consequently, a reciprocal behavior is assumed for the capacitances.

The capacitances of the compact model are calculated based on the new charge densities at
the source/drain end of the channel where the contact voltage drops are included according to
the principles described in Sec. 7.3.2.1. The compact model originally allows for a calculation
of the total charges in the channel (Qc) and associated with the source terminal (Qs) and
the drain terminal (Qd). Based on these charges, the capacitances are calculated numerically
according to the approach shown in Sec. 6.3.1. Furthermore, in order to solve Eq. (7.37), the
transconductance gm of the compact model is needed. The transconductance could be calculated
by analytically deriving the drain-current equation (Eq. (2.21)) with respect to the voltage Vgs.
However, this would result in a rather complicated term. Therefore, the transconductance is
numerically calculated in the model in a similar manner as the capacitance: The current is
calculated at two gate-source voltages around the operation point and the transconductance is
defined as the change in the current divided by the change in Vgs. With these definitions, the
complex small-signal gain h21 can be calculated according to Eq. (7.37). In order to compare it
to the measurements, the absolute value of this complex value is taken.
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Figure 7.45.: Small-signal gain (|h21|) of the staggered OTFTs. The measurements are de-
picted as dotted lines and the compact model results are shown as solid lines. For low frequen-
cies, the measurement system is operated close to its resolution limit which is the reason for the
slightly visible saturation of h21 for low frequencies. This figure was published in ref. [55].

Figure 7.45 depicts the measured absolute values of the small-signal gains h21 of the staggered
transistors in comparison to the results of the compact model. The parameters chosen for the
capacitance model such as the fitting parameters of the functions Cscale are depicted in Tab. B.2
and Tab. B.3 in Appendix B. It can be seen that there is an overall good agreement between
model and measurements. The gate-to-contact overlap asymmetry has a notable influence on
the curves. With Lov,GS increasing (and Lov,GD accordingly decreasing), the amplification of
the transistor is becoming smaller. It can be seen that the measured curves show the formation
of a plateau at low frequencies. This behavior can be attributed to the measurement system
and not to a property of the transistors. In principle, gate-to-contact leakage currents can lead
to a drop in the amplification behavior which becomes clear by observing the definition of h21

according to Eq. (7.36). If the gate dielectric conducts a leakage current, there will also be
a small-signal gate leakage current which is added to the total small-signal current ig at the
gate, thus reducing the small-signal gain. However, the gate leakage currents are found to be
so low in these transistors (< 1 pA) that they cannot justify such a degradation of the curves.
The problem is rather that the admittance between the gate contacts and the other contacts
becomes very low at the lowest measured frequencies (≈ 30 µS), which brings the vector network
analyzer close to its resolution limit. Consequently, a meaningful evaluation of the measured h21

trends is only possible for higher frequency regions starting where d|h21|/d log(f) ≈ −20 dB/dec.
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Figure 7.46.: Small-signal gain (|h21|) of the coplanar OTFTs. The measurements are de-
picted as dotted lines and the compact model results are shown as solid lines. For low frequen-
cies, the measurement system is operated close to its resolution limit which is the reason for the
slightly visible saturation of h21 for low frequencies. This figure was published in ref. [55].

Figure 7.46 shows the measured absolute values of the small-signal gains h21 of the coplanar
transistors in comparison to the results of the compact model. The model parameters are listed
in Tab. B.2 and Tab. B.4 in Appendix B. It can be seen that the coplanar transistors show
an overall higher small-signal gain owing to their higher transconductances. Furthermore, the
dependence of the small-signal gain on the overlap asymmetry is much less pronounced than
for the staggered transistors. Before the small-signal gains for both transistor architectures
saturate at higher frequencies, they follow approximately trends of −20 dB/dec [42, 107, 116].
This is because the gate electrode (as can be seen in Fig. 7.32) is coupled to the other terminals
only through the capacitances Cgs and Cgd.

Comparing the trends of the small signal gain h21 of the staggered transistors and the coplanar
transistors (Figs. 7.45 and 7.46), it can clearly be observed that the staggered transistors
are much more sensitive to an asymmetry in the gate-to-contact overlap lengths. Except
for the two staggered transistors with the shortest Lov,GS, they all exhibit a rather constant
transconductance. Thus, when observing the analytical equation for h21 (Eq. (7.37)), the
transconductance gm cannot be the parameter that explains the differences in the curves with
varying overlap asymmetry. Rather, the capacitances and especially their extrinsic parts vary
between the two architectures (staggered and coplanar) and have a different dependence on the
gate-to-contact overlap lengths. In the following, the contributions of the extrinsic capacitances
to the observed results will be investigated in more detail.
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7.4. High-Frequency Investigation of Short-Channel Transistors 191

Analysis of the source side
First, the focus will be put on the source side of the transistors. At the applied gate-source
voltage of Vgs = −3 V, the transistors are operated in the on-state. Consequently, at the
source end of the channel, a high density Q′

ms of accumulated quasi-mobile holes is present.
Independent of whether the coplanar or the staggered architecture is observed, the charge
density Q′

ms is found everywhere in the fringe regions next to the electrodes. In Fig. 7.47, this

Source
Region

Channel
Region

Drain
Region

Figure 7.47.: Cutplane of a two-finger coplanar OTFT. This picture is the same as Fig. 4.7
and it is repeated here for better readability of the work. This picture was published in
ref. [55].

is emphasized by the red/cyan-hashed region. Everywhere in this region, the charge density
Q′

ms is present. According to the DC model [36], the density of quasi-mobile charges at the
source end can be approximated in case of a strong accumulation by the following equation:

Q′
ms = C′

diel (Vgs − VT0) . (7.46)

The consequence from this simple equation is that the charge density is proportional to the
dielectric capacitance C′

diel. In dependence on the transistor architecture, there are differences
in the gate-to-contact overlap regions, as already explained in Chap. 4:

• In coplanar (BC) transistors, the gate-to-contact overlap regions behave like simple
parallel-plate capacitors with a capacitance of Nfing · Wcontact · Lov,GS · C′

diel at the source
side. Thus, the extrinsic charges at the source side are a composition of the fringe charges
in the cyan/red-hashed area in Fig. 7.47 and these charges in the overlap capacitor.
According to Eq. (7.46), the charge density Q′

ms is proportional to C′
diel, just as the

gate-to-source overlap capacitance. As a consequence, the extrinsic charges in coplanar
transistors are entirely proportional to C′

diel.

• In staggered (TC) transistors, the gate-to-contact-overlap regions consist of a stack of the
organic semiconductor and the gate dielectric. If the organic semiconductor is operated in
depletion, the overlap regions can be regarded as a series connection of capacitors. If, by
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192 7. Model Extensions

contrast, the organic semiconductor is operated in accumulation (such as it is in this case),
the voltage drop across the series connection is limited (see Fig. 4.9) and the accumulation
of charge carriers sets on. Under strong accumulation, again Eq. (7.46) is valid. As
a consequence, the gate-to-source overlap capacitance is proportional to C′

diel, as well.
Equally as for the coplanar transistors, the fringe charges in the cyan/red-hashed area
in Fig. 7.47 have to be added to the overlap charges. Since these charges are proportional
to Q′

ms and therefore also proportional to C′
diel, the same conclusion as for the coplanar

transistors can be drawn: The extrinsic charges in staggered transistors are entirely
proportional to C′

diel.
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Figure 7.48.: (a) Sketch of a metal-insulator-metal (MIM) structure including fringe regions.
An equivalent structure is found in coplanar transistors in a cutplane in the source/drain
regions. (b) Sketch of a metal-insulator-semiconductor-metal (MISM) structure including
fringing regions. An equivalent structure is found in staggered transistors in a cutplane in
the source/drain regions. These pictures were published in ref. [55].

This leads to the interesting conclusion that the gate-to-source overlap capacitances of the
two architectures will have the same values if the organic semiconductor is operated in strong
accumulation. This assumption can be verified by a TCAD simulation of the gate-to-contact-
overlap region. For a coplanar transistor, this can be modeled as a metal-insulator-metal
(MIM) region including fringe regions, see Fig. 7.48(a). For a staggered transistor, the gate-to-
source overlap region is modeled as a metal-insulator-semiconductor-metal (MISM) region, also
including fringe regions, see Fig. 7.48(b). In Fig. 7.49, the results of a quasistatic capacitance
simulation of the MIM and the MISM structures in TCAD are shown. Since the work function
of the gold electrode interfacing the organic semiconductor is aligned with the HOMO of the
organic semiconductor, negative voltages have to be applied in order to enter the accumulation
regime. It can be seen that at small absolute values of the voltage, the capacitances of the
two structures are quite different. This will be important for the analysis of the drain side of
the transistors in the next section. At a high absolute voltage, the capacitances of the two
structures converge to the same value. This is in agreement with the theoretical analysis of the
gate-to-contact overlap region of the source side.
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Figure 7.49.: Quasistatic capacitance-voltage characteristics of the MIM and MISM struc-
tures as a result of a TCAD Sentaurus simulation. The dimensions are: Lco = 10 µm,
wovl = 10 µm, tco = 40 nm, tdiel = 5.3 nm, tosc = 25 nm. In depletion, both structures
show different capacitances but in accumulation, both converge to the same value, as predicted.
This figure was published in ref. [55].
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Figure 7.50.: Quasistatic gate-source capacitance (Cgs) in staggered and coplanar OTFTs
calculated using the compact model and plotted against the measured gate-to-source overlap
length (Lov,GS). For each Lov,GS, the quasistatic gate-source capacitance (Cgs) of the stag-
gered TFTs is nearly identical to that of the coplanar TFTs despite the differences in the device
architecture. This figure was published in ref. [55].

These thoughts can be further proven by observing the quasistatic capacitances of the transistors.
Since no quasistatic capacitance measurements are available, only the results of the compact
model can be shown. In the quasistatic case, the entire fringe and channel regions are taken into
account for the capacitance calculation. Figure 7.50 depicts the quasistatic capacitance Cgs as
calculated by the compact model versus the measured gate-to-source overlap length Lov,GS. It
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can be seen that despite the differences in the device architecture, the capacitance is nearly the
same for both structures. As explained before, the extrinsic capacitances are dominant in these
transistors due to their much larger gate-to-contact overlap lengths in comparison to the intrinsic
channel length. Consequently, a comparison of the overlap capacitances is sufficient for a proper
evaluation of the capacitances of both architectures. If the capacitance Cgs is the same for both
transistor architectures, the capacitance Cgd at the drain needs to be investigated in more detail.

Analysis of the drain side
Having discussed the capacitance Cgs for both transistor architectures, now the capacitance Cgd

at the drain side needs to be investigated. In the chosen operation point (Vgs = Vds = −3 V),
the gate-drain voltage Vgd is zero and the organic semiconductor is operated in depletion. As a
consequence, no accumulation charges are present (Q′

md converges to zero) at the drain end of
the channel and in the fringe regions next to the drain electrodes. Thus, in the yellow/red-
hashed region in Fig. 7.47, no notable amount of charges is present. Furthermore, since in the
chosen operation point the transistor is operated in the saturation regime of operation, the
intrinsic channel charges are not under control of the drain terminal. Therefore, only extrinsic
capacitances are measurable at the drain terminal at this operation point. Again, the two
structures (coplanar and staggered) are regarded separately:

• In a coplanar transistor, only the gate-to-drain overlap capacitance is of importance. The
gate dielectric capacitance is the only capacitance measurable in this operation point.
The capacitance Cgd is thus defined by Cgd = Nfing · Wcontact · Lov,GD · C′

diel.

• In a staggered transistor, the gate-to-drain overlap capacitance is the only important
contributor to the gate-drain capacitance, too. Since the organic semiconductor is depleted,
it behaves as an insulator with a dielectric constant εr,osc. The gate-to-drain-overlap
capacitance is then in principle a series connection of the gate dielectric and the depleted
organic semiconductor. Connecting two capacitances in a series, the overall capacitance
of that series connection is smaller than any of the single capacitances. Consequently, Cgd

is smaller in staggered transistors than in coplanar transistors in that operation point.

These claims can be verified by observing Fig. 7.49. It can be seen that for voltages close
to zero, the MIM structure indeed shows a notably higher absolute value of the capacitance
than the MISM structure. Please recall that the MIM structure is equivalent to the gate-to-
contact-overlap region of a coplanar transistor whereas the MISM structure represents that of
a staggered transistor. Furthermore, in Fig. 7.51, the quasistatic gate-drain capacitance Cgd is
plotted for all of the coplanar and staggered transistors under investigation. It can be seen
that the staggered transistors show an overall smaller and less Lov,GD-dependent Cgd. This
proves the assumptions.
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Figure 7.51.: Quasistatic gate-drain capacitance (Cgd) in staggered and coplanar TFTs calcu-
lated using the compact model and plotted against the measured gate-to-drain overlap length
(Lov,GD). It can be seen that Cgd is quite different in both architectures. This figure was pub-
lished in ref. [55].

Further discussion
The analysis of the capacitances at the source and at the drain side of the transistors has
revealed that the capacitance at the drain side is the reason for the different behavior of the
measured small-signal gain h21 of the two different transistor architectures. In Fig. 7.52, the
measured small-signal parameter Y11 of the OTFT with the smallest Lov,GS for each transistor
architecture is depicted. Y11 is defined as the quotient of the small-signal gate current divided
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Figure 7.52.: Measured small-signal admittance Y11 of the TFT with the smallest Lov,GS of
each architecture showing the difference in the overall capacitance. This figure was published in
ref. [55].
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by the small-signal gate-source voltage. From the circuit analysis of the circuit depicted
in Fig. 7.32, it can be shown that Y11 depends only on the capacitances:

Y11 = ig

vgs

∣∣∣∣
vds=0

= j2πf (Cgs + Cgd) . (7.47)

Thus, an overall larger absolute value of Y11 can be interpreted as a higher sum of the capaci-
tances Cgs and Cgd. The discussion so far has shown that while the gate-source capacitances
Cgs are equal for the staggered and coplanar transistors, the gate-drain capacitances Cgd are
overall larger in the coplanar transistors. This is in agreement with the observation of Y11

in Fig. 7.52 where it becomes visible that the sum of Cgs and Cgd is higher for a coplanar
transistor than for a staggered transistor with same geometrical dimensions.

Based on the evaluation that coplanar transistors show an overall larger sum of the capacitances
Cgs and Cgd, there might be drawn the conclusion that they will show an overall worse small-
signal amplification behavior than otherwise equivalent staggered transistors. However, the
measured small-signal gains h21 of the coplanar transistors are better than those of the staggered
transistors, as depicted in Figs. 7.45 and 7.46. The reason for this is that the transconductance of
the coplanar transistors is much higher than that of their staggered counterparts. Furthermore,
one might come to the conclusion that by decreasing the gate-to-source overlap length Lov,GS,
the small-signal amplification capabilities can be increased a lot, especially with regard to
the staggered transistors. However, the staggered transistors have a strong dependence of the
charge injection on the transfer length and thus also on Lov,GS [59]. Consequently, a brutal
down-scaling of Lov,GS in staggered transistors will lead to a worse transconductance, thus
negating any benefits from the reduction of the capacitance Cgs. As can be seen in Fig. 7.46,
the coplanar transistors show a much weaker dependence of h21 on the asymmetry of the
gate-to-contact overlaps. The benefit of this transistor architecture is that the injection occurs
only at the corner where the source electrode and the organic semiconductor are interfacing
and hence, a shortening of Lov,GS does not lead to a worse transconductance. Thus, it can be
concluded that despite their larger gate-to-contact overlap capacitances the coplanar transistors
have a better overall small-signal amplification behavior.

7.4.4 Parameter Extraction

In this section, the extraction procedure for the fitting parameters will be explained based on
the measurements presented above. The model for the current gain h21 employs several fitting
parameters. The difficulty of determining meaningful values for these parameters is that they
are interdependent, i.e. the parameters do not have influence only on an isolated region of the
curve but they all change the entire curve. However, there is a useful procedure of determining
a set of parameters that leads to a good agreement. The basic requirement is that before the
AC fitting a proper DC fitting has been determined.
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7.4.4.1 Staggered Transistors

1. Determining First Guesses for Kfit and Kr

Here, the extraction of the fitting parameters will be described at the example of the staggered
transistor with Lov,GS = 5.4 µm and Lov,GD = 5.2 µm. The starting point is to turn off the
models for the frequency-dependent change in the channel widths for the fringe regions and the
channel regions (and overlap regions in staggered transistors). This can be achieved by setting
Cscale,low, Cscale,high, Cscale2,low, and Cscale2,high all to a value of 1. As a consequence, Cscale

and Cscale2 are always 1 for the entire range of frequencies. Furthermore, the short-channel AC
model is set to an initial state by setting Kfit = 1 and Kr = 1. Based on this, the trend of the
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Figure 7.53.: First step of the fitting procedure for the small-signal current gain h21. The
measurements of the staggered OTFT with Lov,GS = 5.4 µm and Lov,GD = 5.2 µm (dotted blue
line) are shown in comparison to the initial model state where Kfit = 1 and Kr = 1 (solid black
line) and the model where Kfit = 0.9 and Kr = 0.44 (solid cyan-colored line).

modeled h21 is compared to the measurements which is depicted in Fig. 7.53. The next step is
to set the two model parameters Kfit and Kr to values smaller than 1. In principle, the values
for these fitting parameters could be determined from quasistatic capacitance measurements but
these are not available. Here, the parameter Kr has a much greater influence on the resulting
curves than the parameter Kfit. It is recommended to set the parameters to such values that
the modeled h21 nearly agrees with the measurements at the beginning of the "linear" piece
of the curve. In principle, Kfit and Kr could be chosen so that the modeled curve has larger
values but as it will become clear in the further fitting progress, it is reasonable to tune the
model curve in such a way that it underestimates the measured values since in the other fitting
steps the curve will be shifted up again.
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198 7. Model Extensions

2. Determining the Parameters of Cscale

The next step is to activate the function Cscale by setting Cscale,high = 0. Effectively, Cscale

changes the fringe width that is taken into account for the capacitance calculation. The function
Cscale has the two fitting parameters τscale and pscale. The parameter τscale mainly influences
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Figure 7.54.: Second step of the fitting procedure for the small-signal current gain h21. The
measurements of the staggered OTFT with Lov,GS = 5.4 µm and Lov,GD = 5.2 µm (dotted
blue line) are shown in comparison to the compact model where Kfit = 0.9 and Kr = 0.44 for
different values of the fitting parameter τscale (solid lines). The parameter pscale is set to 1.

the magnitude of the curve for the lower frequencies and the parameter pscale can change the
curvature. Thus, it is recommended to first set pscale = 1 and manually tune the parameter
τscale. In Fig. 7.54, the compact model is shown in comparison to the measured h21 for different
values of τscale with a constant pscale of 1. It can be seen that setting τscale = 1 × 10−7 s leads
to a good agreement in the linear region of the measurement data. However, similarly as in
step 1, it is recommended to fit the model in such a way that the compact model slightly
underestimates the measurements since the next modeling steps will shift the curve up again.
Since the curvature is sufficiently well captured pscale can keep the value of 1. As can be seen
in Fig. 7.54, the model incorporating the function Cscale is only able to tune the curves in the
medium-frequency range. However, for high frequencies, the model curves all converge to the
same value. This is the observation leading to the claim that in the high-frequency regime
additional effects have to be taken into account which is accomplished by the function Cscale2.

3. Determining the Parameters of Cscale2

In this step, the function Cscale2 is activated, as well. Similarly as the other function (Cscale),
Cscale2 also has a time constant (τscale2) and an exponent (pscale2). The difficulty in deter-
mining parameter sets for Cscale and Cscale2 is that also Cscale2 has a small influence on the
medium-frequency regime, although its main purpose is to find a proper description of the
high-frequency regime. The parameter τscale2 is set to an arbitrary value smaller than τscale
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7.4. High-Frequency Investigation of Short-Channel Transistors 199

since it is assumed that the decay of the intrinsic channel width and the width in which charges
in the overlap regions start to behave slowly is a little smaller and later than the decay of the
fringe width. As a first experiment, the parameter pscale2 can be set to 1. In Fig. 7.55, the
compact model is compared to the measurements where different values for the exponent pscale2

are assumed. It can be seen that a value of pscale2 = 1 does not perfectly represent the curvature
of the measurements in the high-frequency regime. Setting a value of pscale2 = 2.5 leads to
a better agreement. However, it can be seen that now, the compact model generally overes-
timates the measurements a little bit. Thus, a last refinement of the model has to be performed.
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Figure 7.55.: Third step of the fitting procedure for the small-signal current gain h21. The
measurements of the staggered OTFT with Lov,GS = 5.4 µm and Lov,GD = 5.2 µm (dotted
blue line) are shown in comparison to the compact model where Kfit = 0.9 and Kr = 0.44
for different values of the fitting parameter pscale2 (solid lines). The parameters of the other
models are: τscale = 0.4 × 10−7 s, pscale = 1, τscale2 = 0.3 × 10−7 s.

4. Refinements
In order to shift the model curve depicted in Fig. 7.55 down, there are several options such
as tuning Kr, τscale or τscale2. Here, it is decided to use the parameter τscale2. Setting this
parameter to a smaller value shifts the curve down. The final result is shown in Fig. 7.56.
There is a good agreement between the measured and the modeled curve. However, the
agreement is not perfect for very high frequencies. In order to properly model this regime of
operation, further model extensions would be required. However, it has to be highlighted that
the model has a good agreement in the region where |h21| is greater than zero. This is actually
the frequency range in which a transistor will be operated in an electric circuit. Operating
the transistor at frequencies well above the transit frequency (i.e. the frequency, where |h21|
becomes one) means using it in a regime where the drain current response is smaller than the
capacitive gate charging current. It can be doubted whether such an operation point is useful
from a practical point of view.
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Figure 7.56.: Fourth and final step of the fitting procedure for the small-signal current gain
h21. The measurements of the staggered OTFT with Lov,GS = 5.4 µm and Lov,GD = 5.2 µm
(dotted blue line) are shown in comparison to the final fitting of the compact model where
Kfit = 0.9, Kr = 0.44, τscale = 0.4 × 10−7 s, pscale = 1, τscale2 = 0.17 × 10−7 s, and pscale2 = 2.5
(solid black line).

7.4.4.2 Coplanar Transistors

The parameter extraction is in principle independent of the transistor architecture. However,
staggered and coplanar transistors behave differently under high-frequency conditions. In
ref. [55], it has been shown that coplanar transistors show a more textbook-like behavior owing
to their overlap-independent transconductance and the higher simplicity of the gate-to-contact
overlap regions. Nevertheless, in this section, the parameter extraction process for the h21

model is presented in brief.

1. Determining First Guesses for Kfit and Kr

Exactly as for the staggered transistors, the first step is to determine meaningful values for
the parameters Kfit and Kr. This is accomplished by setting Kfit and Kr to such values that
the modeled h21 curve agrees with the measurements at a low frequency where the measured
curves start to behave somehow linearly. This first fitting step is shown in Fig. 7.57.

2. Determining the Parameters of Cscale

The determination of the parameters of the scaling function Cscale starts by setting the exponent
pscale to 1 and then trying different time constants τscale. As can be seen in Fig. 7.58, setting the
time constant alone does not lead to a good reproduction of the curvature of the measured h21

curve in the linear regime. Therefore, in contrast to the staggered transistors, the parameter
pscale needs to be tuned. In Fig. 7.59, the compact model is shown in comparison to the
measurements again but here, an exponent of pscale = 50 is chosen. It can be seen that there
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Figure 7.57.: First step of the fitting procedure for the small-signal current gain h21. The
measurements of the coplanar OTFT with Lov,GS = 7.4 µm and Lov,GD = 3 µm (dotted red
line) are shown in comparison to the initial model state where Kfit = 1 and Kr = 1 (solid black
line) and the model, where Kfit = 1 and Kr = 0 (solid magenta-colored line).
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Figure 7.58.: Second step of the fitting procedure for the small-signal current gain h21. The
measurements of the coplanar OTFT with Lov,GS = 7.4 µm and Lov,GD = 3 µm (dotted red
line) are shown in comparison to the compact model where Kfit = 1 and Kr = 0 for different
values of the fitting parameter τscale (solid lines). The parameter pscale is set to 1.
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Figure 7.59.: Second step of the fitting procedure for the small-signal current gain h21. The
measurements of the coplanar OTFT with Lov,GS = 7.4 µm and Lov,GD = 3 µm (dotted red
line) are shown in comparison to the compact model where Kfit = 1 and Kr = 0, τscale =
0.045 × 10−7 s, and pscale = 50 (solid black line). Even without the usage of the function Cscale2,
the agreement is already very good.

is already a very good agreement between the model and the measurement. The model now
accurately represents the slightly non-linear behavior of the h21 curve at low and medium
frequencies. At this stage, the fitting of the model could already stop due to the good agreement.
It has to be mentioned that activating the function Cscale2 only has a very small influence
on the final curves. The reason is that the gate-to-contact overlap capacitances in coplanar
transistors are simpler than in staggered transistors and just consist of parasitic parallel-plate
capacitors which are not subject to a frequency dependence in the frequency regime observed
here. Therefore, in coplanar transistors, the function Cscale2 only has an influence on the
intrinsic channel charges which are minor in comparison to the overlap charges.

3. and 4. Determining the Parameters of Cscale2 and Fine Tuning
Although the fitting of the coplanar transistors can already be regarded as sufficient, the function
Cscale2 can be activated. Due to the small influence, however, it is not worth investigation
the differences for various parameters of this function. For the staggered transistors, special
emphasis has been put on the fact that the time constant of the function Cscale2 should be
greater than that of Cscale. However, due to the minor influence of the function Cscale2 in the
context of coplanar transistors, this condition is not regarded as necessary. In Fig. 7.60, the
final fitting of the BC transistor is shown. A further fine tuning is not necessary in this case.
The exponent pscale2 is chosen to match that of the TC transistors and the time constant τscale2

is arbitrarily chosen. It can be seen that there is hardly any difference between the fittings
shown in Figs. 7.59 and 7.60. This emphasizes the small influence of Cscale2 on the results.
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Figure 7.60.: Final steps of the fitting procedure for the small-signal current gain h21. The
measurements of the coplanar OTFT with Lov,GS = 7.4 µm and Lov,GD = 3 µm (dotted red
line) are shown in comparison to the compact model where Kfit = 1 and Kr = 0, τscale =
0.045 × 10−7 s, pscale = 50, τscale2 = 0.5 × 10−7 s, and pscale2 = 2.5 (solid black line).

7.5 Temperature Effects

7.5.1 General Information

This section contains an investigation of temperature effects. Staggered OTFTs were fabricated
according to the same process as described in Sec. 7.4. The source/drain electrodes consist of
22 nm thick gold located on top of a 20 nm thick layer of 2,9-diphenyl-dinaphtho[2,3-b:2’,3’-
f]thieno[3,2-b]thiophene (DPh-DNTT). The gate electrode consists of a 25 nm thick layer of
aluminum and the hybrid gate dielectric consists of aluminum oxide and a self-assembled
monolayer of n-tetradecylphosphonic acid with a total thickness of approx. 7 nm. Transistors
in the single-finger layout with different channel lengths were fabricated.

Figure 7.61.: Temperature profile of the measurement setup. The temperatures are set in the
order as depicted here.

For the electrical measurements, the fully fabricated substrate was placed on a close-loop
controlled Peltier element which allowed for the setting of temperatures. Different temperatures
as depicted in Fig. 7.61 were used. As can be seen, the temperatures were not swept linearly
but according to a temperature profile with several temperature jumps in different directions.
The reason for choosing such a temperature profile is that there has to be a distinction between
temperature-dependent effects and degradation effects. If in the observed results any trends
with the temperature are visible, there is a higher probability that these trends are really due
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204 7. Model Extensions

to temperature effects. After setting a new temperature, several transistors were measured
meaning that every transistor was exposed to the set temperature for a time of approx. one
hour. DC transfer and output characteristics were measured using an Agilent B1500A device
parameter analyzer. During the transfer curves, the gate-source voltage was swept in both
directions, i.e. from Vgs = 0 V to −3 V and back to 0 V. The probing station was covered by a
black cloth in order to prevent light influences. Due to charge trapping effects, the transfer
curves exhibit a small hysteresis between the forward and the backward sweep and the transfer
curves are not perfectly consistent with the output curves. In order to reduce these effects, the
transfer curves were recorded three times and only the results of the backward sweep of the
last sweep were evaluated. The output curves were also swept three times but for the analysis
of the temperature effects, only the transfer curves are taken into account.
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Figure 7.62.: Measured transfer characteristics of a staggered OTFT at different temper-
atures as indicated by the legend. The drain-source voltage is Vds = −3 V. The transistor
has a channel length of Lch = 100 µm and a symmetric gate-to-contact overlap length of
Lov,GS = Lov,GD = Lov = 50 µm.

Figure 7.62 shows the measured transfer characteristics of one transistor of the population at
different temperatures. The backward sweeps of the curves at a large absolute value of Vds are
shown. It can be seen that the temperature has a notable influence on the curves. In general,
at higher temperatures, the sub-threshold swing becomes less steep. Furthermore, a shift in
the threshold voltage becomes visible. The behavior of the transistor at the two temperature
points 80 ◦C and 90 ◦C, however, does not agree with the the observed trends. While the
threshold voltage monotonically shifts towards zero for temperatures increasing in the range
27 ◦C ≤ T ≤ 70 ◦C it jumps forward and backward at the two highest temperatures. This
behavior was observed in the whole population of the transistors. However, in the range of
27 ◦C ≤ T ≤ 70 ◦C, the transistors show a quite predictable behavior. Possible problems at the
higher temperatures might be due to the convection of the air at the surface of the substrate or
due to reversible short-term or mid-term degradation effects which might be more pronounced
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7.5. Temperature Effects 205

at higher temperatures. These degradation effects can be assumed to be reversible because
the curves show a predictable behavior at a temperature of 60 ◦C which was set after one
hour of temperature stress at 90 ◦C. Possible changes during the 90 ◦C phase must have been
reversed. The measurement setup and possible physical explanations for this behavior have to
be part of future work. In order to come to plausible closed-form solutions for the temperature
dependence of the model parameters, only the temperature range of 27 ◦C ≤ T ≤ 70 ◦C is
evaluated in the following.

The influence of the temperature on the parameters of the compact DC model is investigated.
For each temperature, the compact model is fitted to the backward sweep of the last transfer
curve. The compact model is fitted to simultaneously agree with the transfer curves in the
linear regime (Vds = −0.1 V) and in the saturation regime (Vds = −3 V). It turned out that
the threshold voltage (VT0), the low-field mobility (κ), and the sub-threshold swing (Sobs) are
the model parameters which can capture the temperature effects. For each temperature, these
three parameters are adapted in order to agree with the measured transfer curves using the
following procedure:

1. The sub-threshold swing is calculated by probing the current I1 and I2 at two gate-source
voltages Vgs1 and Vgs2 in the sub-threshold regime of operation. The swing is then
calculated as Smeas = |Vgs2 − Vgs1|/(lg(I2) − lg(I1)), where lg is the logarithm to base 10.
The extracted swing is set as the model parameter Sobs.

2. The threshold voltage is tuned so that the compact model and the measured curves agree
in the sub-threshold regime of operation.

3. The low-field mobility κ is tuned so that the curves agree at high absolute values of Vgs.

The power-law-mobility exponent β is set to a constant value. Since the transfer curves
all exhibit a similar curvature at the different temperatures, it is not necessary to model β

temperature dependent.

In principle, it is imaginable that also other parameters of the transistors exhibit changes.
The contact resistances, for example, may also change in dependence on the temperature.
However, it is difficult to distinguish between the different parameters that may vary. For
example, the change in the magnitude of the on-state current might be captured in the compact
model either by a change in the mobility or in the contact resistance. Since the transistors
under investigation in this section have very large gate-to-contact overlap lengths (20 µm and
50 µm) the contact resistances are very small. Thus, it is decided to capture the effect of the
temperature-dependent change in terms of a mobility change. However, as will be shown by
means of a TLM analysis, the contact resistance also exhibits changes with the temperature.
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7.5.2 Modeling of the Temperature Dependence

Temperature Dependence of the Threshold Voltage
According to ref. [36], the threshold voltage has a dependence on the trap densities and the
temperature:

VT0 = Vfb + Eg/(2q) + qN ′
t,max/C′

diel − α
kBT

q
ln
(

qdmNst

C′
dielαkBT/q

)
(7.48)

where Vfb is the flatband voltage, Eg is the band gap of the organic semiconductor, q is the
elementary charge, N ′

t,max is the density of deep bulk and interface states which are filled in
accumulation, C′

diel is the gate dielectric capacitance per gate area, α is the slope degradation
factor, kB is the Boltzmann constant, dm is the thickness of the accumulation channel, and Nst

is a fitting parameter representing the equivalent shallow trap density, i.e. the density of states
that can be occupied by quasi-mobile charges. Since this equation has many unknown values
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Figure 7.63.: Threshold voltage of a staggered OTFT. The values extracted from the back-
ward sweep of the measured curves (blue line with circles) are compared to the modeled values
(red line with crosses). Equation (7.49) is used as the model with the following parameter val-
ues: Av = 2.3 and Bv = 1e7. The value for α is calculated at a temperature of T = 27 ◦C. The
transistor has a channel length of Lch = 100 µm and a symmetric gate-to-contact overlap length
of Lov,GS = Lov,GD = Lov = 50 µm.

and since in the derivation presented in ref. [36] some inaccurate assumptions are made, the
threshold voltage cannot be calculated analytically. However, the above-presented equation
can be used in order to derive an expression for the temperature dependence of the transistors.
By summing up the unknown values in constants Av and Bv, the threshold voltage can be
expressed in a simplified form as:

VT0 = Av − α
kBT

q
ln
(

Bv

αkBT/q

)
. (7.49)
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7.5. Temperature Effects 207

In Fig. 7.63, the extracted threshold voltage is shown in comparison to the model equation
where Av and Bv are treated as fitting parameters. With this procedure, it is possible to
reproduce the measured change of the threshold voltage well. It has to be pointed out that the
change in the threshold voltage is only small but obviously not negligible.

Temperature Dependence of the Sub-Threshold Swing
The sub-threshold swing is degraded as traps are present in the bandgap of the semiconductor
or at the interface between semiconductor and gate dielectric. In ref. [36], this is reflected by
the temperature-independent slope degradation factor α. The following equation relates the
sub-threshold swing to the slope degradation factor [36]:

Sobs = α ln(10)kBT

q
. (7.50)
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Figure 7.64.: Sub-threshold swing of a staggered OTFT. The values extracted from the
backward sweep of the measured curves (blue line with circles) are compared to the mod-
eled values (red line with crosses). Equation (7.52) is used as the model. The transistor
has a channel length of Lch = 100 µm and a symmetric gate-to-contact overlap length of
Lov,GS = Lov,GD = Lov = 50 µm.

Accordingly, if the sub-threshold swing at T = 27 ◦C = 300 K is known, it can be related to the
swing at another temperature:

Snew

S300
= Tnew

300 K (7.51)

where the temperature Tnew has to be entered in units of Kelvin. Rearranging this equation for
the new sub-threshold swing leads to:

Snew = S300
Tnew

300 K . (7.52)
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This equation is used as a very simple approach to calculate the swing based on the knowledge
of the swing at T = 27 ◦C = 300 K. As can be seen in Fig. 7.64, this simple model has an
acceptable agreement with the sub-threshold swing extracted from the measurements.

Temperature dependence of the mobility
The low-field mobility of the compact model needs to be changed in order to fit the compact
model to the different transfer curves. In the literature, it has been reported that the power-law
exponent can as well be modeled as temperature-dependent [117] but a change in the power-law
exponent changes the curvature of the transfer curves. However, the curvature does not need to
be changed in this case. It is sufficient to change the low-field mobility κ. In order to capture
the influence of the temperature on the low-field mobility, the Arrhenius mobility law is used
which reads as follows [118]:

κ = µArrh exp
(

− Ea

kBT

)
, (7.53)

where µArrh is the mobility at very high temperatures and Ea is the activation energy. With
the temperature increasing, the value of the exponential function converges to unity. Thus,
κ converges to µArrh which can be imagined as the mobility in the fully activated case. This
simple model is used in order to capture the temperature dependence of the mobility. As can be
seen in Fig. 7.65, the model is able to capture the extracted low-field mobility with acceptable
accuracy.

3.58
3.6

3.62
3.64
3.66
3.68
3.7

3.72
3.74
3.76

κ
[c

m
2 V

−
β

−
1 s−

1 ]

25 30 35 40 45 50 55 60 65 70
T [◦C]

Meas.
Model

Lch = 100 µm
Lov = 50 µm

Figure 7.65.: Low-field mobility of a staggered OTFT. The values extracted from the back-
ward sweep of the measured curves (blue line with circles) are compared to the modeled values
(red line with crosses). Equation (7.53) is used as the model with the following parameters:
µArrh = 4.9 cm2V−β−1s−1 and Ea = 8 meV. The transistor has a channel length of Lch =
100 µm and a symmetric gate-to-contact overlap length of Lov,GS = Lov,GD = Lov = 50 µm.
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7.5. Temperature Effects 209

7.5.3 Investigation of the Contact Resistance

The transistors under investigation in this section only have small contact resistances in compar-
ison to the intrinsic channel resistances. The reason is that the gate-to-contact overlap lengths
are long (20 µm and 50 µm) so that the injection in the source region does not become limited.
However, although it is only of small magnitude, it is worth investigating the temperature
dependence of the contact resistance. A common method for the separation of the contact
resistance and the channel resistance is the transmission-line method (TLM) [17]. This method
was also used for the transistors presented in Sec. 7.4. Here, some more details about the TLM
analysis will be presented.

For the TLM method, the transistor is assumed to consist of a series connection of an inner
transistor and contact resistances. The contact resistance RC is defined as the sum of all source
and drain contact resistances. The resistance of the intrinsic transistor channel is assumed
to be proportional to the channel length Lch [17] which is in agreement with the DC current
equation (Eq. (2.21)) where Ids is inversely proportional to Lch. In order to separate the contact
resistances from the channel resistances, a set of transistors with equal gate-to-contact overlap
lengths but different channel lengths is fabricated. The transistor for which the temperature-
dependent modeling of some model parameters is presented above is part of this set of transistors.

For each transistor, transfer curves at a low drain-source voltage (Vds = −0.1 V) are measured
at different temperatures in the order as depicted in Fig. 7.61. For each temperature, the TLM
analysis is conducted by the following procedure:

1. For each transistor with the different channel lengths, the threshold voltage is determined
at each of the measured temperatures. This is achieved by applying a tangent in a very
linearly shaped region of the transfer curve and then extrapolating it to the Vgs-axis. The
voltage at which the intersection occurs is VT0 + 0.5 · Vds [5].

2. For each temperature, the current of each transistor is probed at various gate-overdrive
voltages. The gate-overdrive voltage is defined as the amount by which Vgs extends the
threshold voltage: Vodr = Vgs − VT0. At each Vodr, the resistance between drain and
source of the transistor comprising contact resistances is calculated and normalized with
respect to the channel width Wch,SD. This resistance is denoted as RW and is calculated
as RW = (Vds/Ids) · Wch,SD. It contains the influence of the contact resistances and of
the intrinsic transistor channel.

3. For each temperature and each gate-overdrive voltage, the contact resistance can now
be calculated by performing a linear regression for the RW values versus the channel
length and extrapolating this regression function towards Lch = 0 µm. A device without
a channel does not have a channel resistance and hence, the only resistance remaining is
the contact resistance. Of course, a transistor without a channel cannot be fabricated.
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210 7. Model Extensions

However, the extrapolation of the RW values towards Lch = 0 µm estimates the resistance
that such a theoretical device would have. By assuming that all the transistors have
the same contact resistances, the regression thus leads to the width-normalized contact
resistance RCW .

4. The width-normalized contact resistance RCW is probed at a fixed gate-overdrive voltage
for different temperatures.

For a fixed Vodr, the width-normalized resistances RW as mentioned in point 2.) can be plotted
for the various transistors with the different channel lengths. This is shown in Fig. 7.66 where
RW is plotted for a set of transistors with Lov,GS = Lov,GD = 20 µm at three arbitrarily chosen
gate-overdrive voltages. Here, the results at T = 27 ◦C are shown. The linear functions are the
regression functions through the different RW values. As predicted, the total resistance of the
series connection consisting of the transistor and the contact resistance is decreasing at smaller
channel lengths.
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Figure 7.66.: RW plotted against the channel length for the transistors with a symmetric
gate-to-contact overlap length of Lov,GS = Lov,GD = 20 µm. The resistances RW are shown for
three arbitrarily chosen gate-overdrive voltages Vodr = Vgs − VT0 at a temperature of T = 27 ◦C.

Figure 7.67 depicts the width-normalized contact resistances RCW versus the gate-overdrive
voltage at a fixed temperature of T = 27 ◦C as mentioned in point 3.). It can be seen that the
contact resistance is not constant but varies with the applied voltages. This is in accordance
with the findings in ref. [47] that the contact resistances are a non-linear function of the voltages
due to the effect of the Schottky barrier lowering.

In order to visualize the influence of the temperature on the contact resistances, RCW is plotted
against the temperature at a fixed gate-overdrive voltage as mentioned in point 4.). In Fig. 7.68,
the results of the transistors with a gate-to-contact overlap length of Lov,GS = Lov,GD = 20 µm
and with Lov,GS = Lov,GD = 50 µm are depicted. It becomes visible that the transistors with the
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7.5. Temperature Effects 211

longer gate-to-contact overlap length have an overall smaller contact resistance. Furthermore,
the curves of both transistor sets show the general trend that with higher temperature the
contact resistance is decreasing. However, the contact resistance at T = 60 ◦C does not agree
with the other data points. This behavior is attributed to the order in which the temperatures
are swept. The temperature profile is defined as depicted in Fig. 7.61. It can be seen that prior
to measuring the transistors at T = 60 ◦C, a high temperature of T = 90 ◦C is applied. The
observable trend in the RCW curves leads to the assumption that at the application of this
high temperature, a mid-term degradation effect must have changed the contact resistance.
This has to be subject to future research.
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Figure 7.67.: RCW plotted against the gate-overdrive voltage Vodr = Vgs − VT0 at a tem-
perature of T = 27 ◦C for the transistors with a symmetric gate-to-contact overlap length of
Lov,GS = Lov,GD = 20 µm.
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Figure 7.68.: RCW plotted against the temperature at a fixed gate-overdrive voltage of
Vodr = Vgs − VT0 = −1.3 V for the transistors with a symmetric gate-to-contact overlap
length of Lov,GS = Lov,GD = 20 µm (blue squares) and with Lov,GS = Lov,GD = 50 µm (red
circles).
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CHAPTER 8

State of the Art

There already exists a variety of compact models that include a description of the capacitive
behavior of OTFTs. Furthermore, there also exist models describing the low-frequency noise in
OTFTs. In this section, a summary of some models found in the literature will be given. All of
the capacitance models are based on an underlying DC compact model which will briefly be
described as well.

8.1 Capacitance

8.1.1 Model by Castro-Carranza

Castro-Carranza et al. developed a compact model for the capacitances in OTFTs [109, 119]
which will be described in the following. The underlying DC compact model is based on the
unified model and parameter extraction method (UMEM) [120] which defines a parameter-based
compact model. The compact model uses empirical fitting parameters for the calculation of
effective gate-overdrive and effective drain-source voltages. The drain-source current consists
of a two-piece expression where the sub-threshold and the above-threshold components are
calculated separately and then merged into a combined equation by a transition function. The
current equation is valid for the linear and the saturation regime of operation.

The capacitances are calculated following a similar approach as it is done in this work: the
total gate charge is defined as the integral over the mobile charge per gate area from the source
to the drain, comparable to Eq. (4.1). The mobile charge per gate area is expressed as

Q′
m = C′

diel · (Vodr − V ) , (8.1)

where C′
diel is the gate dielectric capacitance per gate area, Vodr is the gate-overdrive voltage,

and V is the channel voltage. The voltage Vodr is in principle the difference of Vgs − VT0. How-
ever, in order to avoid numerical problems in the sub-threshold regime, an empirical function
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214 8. State of the Art

prevents Vodr from becoming negative. The above-defined equation for the mobile charges is in
principle equivalent with the expression defined in ref. [36] which is, however, an approximation
only valid in the above-threshold regime. Even if Vodr is prevented from becoming negative
in the compact model, the value that is yielded for Q′

m is no longer valid. Similarly as in the
compact model presented in this thesis, Castro-Carranza et al. substitute the variable x in the
charge integral by making use of the drift-diffusion differential, see Eq. (4.5). Based on this, a
closed-form equation for the total charges in the channel is yielded. Using the Ward-Dutton
partitioning scheme [65], the charges are attributed to a certain degree to belong to the drain
and the source terminals of the transistor. The charge equations are analytically derived with
respect to the terminal voltages which leads to the capacitances. Since the resulting charge
equations are based on Eq. (8.1) which is only valid in the above-threshold regime they are
also valid only in this regime. For this purpose, in ref. [109], a capacitance for the depletion
(sub-threshold) region of operation is defined. Similarly as for the DC current model, the
two capacitances for the sub-threshold regime and the above-threshold regime are merged by
an empirical fitting function. This leads again to an equation valid in for all regimes of operation.

In addition to the intrinsic channel charges, the model also includes a very basic description of
the extrinsic gate-to-contact-overlap charges for coplanar OTFTs, similar as in Eqs. (4.23) and
(4.24). However, charges in fringe regions are not accounted for. The model is only valid for
transistors comprising negligible contact resistances since a voltage drop across contact elements
is not considered. The charge conservation, however, is ensured since the model does not treat
the capacitances as lumped elements. In this regard, the capacitance model can be denoted as
a charge-based model but the underlying DC model is not charge-based, as explained above.

When it comes to high-frequency operation, the charges cannot follow the applied voltages
and non-quasistatic effects become important. These non-quasistatic effects are taken into
account in ref. [109] by the definition of a frequency-dependent decay of the dielectric constant
of the gate insulator. This equation served as the inspiration for the scaling function Cscale

in Eq. (7.39). A reasonable agreement with the measured total gate capacitance of OTFTs is
achieved.

The main features of the model are summed up in the following:

• No charge-based model

• Closed-form description

• Continuous model but only with the help of transition functions for different operation
regimes

• Overlap charges for coplanar transistors are included
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8.1. Capacitance 215

• Overlap charges for staggered transistors are not included

• Voltage drop at contact elements is not considered and thus, only long-channel transistors
are accurately modeled

• The charges are conserved

• Fringe effects from layout perspective are not accounted for

• Non-quasistatic effects are not considered

8.1.2 Model by Marinov and Deen

Marinov and Deen developed a comprehensive compact model for the quasistatic DC and AC
characterization of OTFTs [66]. The model uses the DC description derived in refs. [121, 122].
This model has similarities with the model by Castro-Carranza et al. [109, 119] in the regard
that both are parameter-based models. The Marinov-Deen model is a charge-drift dependent
model that also uses effective overdrive voltages. The overdrive voltages are defined by a
fitting function that provides a smooth transition from the sub-threshold to the above-threshold
regime. Furthermore, the model contains a power-law mobility that is exponentially dependent
on the gate-overdrive voltage. In contrast to the DC model developed in the TH Mittelhessen
group [36] where the power-law mobility is dependent on Q′

ms and thus on the gate-source
voltage, the power-law mobility in the Marinov-Deen model is changing along the channel in
dependence of the channel potential.

The intrinsic channel capacitances are calculated following the same basic concept as in the work
by Castro-Carranza et al. [109, 119] and in the model presented in this thesis: again, the charge
integral like in Eq. (4.1) is used and the Ward-Dutton partitioning scheme [65] is employed.
Afterwards, the variable x is again replaced making use of the drift-diffusion model so that
the integration is performed over the voltages rather than the position in the channel. As a
result, the total charges associated with the gate, drain and source are yielded. The resulting
equations have some similarities with the equations derived in this work but since the underlying
DC compact model is a parameter-based model and since the power-law mobility behaves
different from the power-law mobility in the model developed in this thesis, there are differences.

The Marinov-Deen model is not charge-based since it is a parameter-based drift-model but
since the total charges are correctly calculated and the simple Meyer model is not used the
total charges are conserved.

The gate-to-contact overlap capacitances are only accounted for in coplanar transistors in a
similar manner as in Eqs. (4.23) and (4.24) in the work presented in this thesis. However, with
an extension presented by Scheinert et al., the overlap capacitances in staggered transistors
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216 8. State of the Art

can be calculated, as well [61]. Furthermore, the Marinov-Deen model does not include fringe
capacitances from the layout perspective as they appear in the transistor architecture under
investigation in this work. In the Marinov-Deen model, there is also an inclusion of extrinsic
capacitances denoted as fringe capacitances which originate from a capacitance on the back of
the TFT film. Scheinert et al. proposed a numerical inclusion of the fringe capacitance in the
transistors fabricated at the Max Planck Institute for Solid State Research by simply defining
a multiplication factor for the charges [61]. Non-quasistatic effects are not captured by the model.

The main features of the model are summed up in the following:

• No charge-based model

• Closed-form description

• Continuous model but only with the help of a transition function calculating the effective
overdrive voltages from the deep sub-threshold regime to the above-threshold regime

• Overlap charges for coplanar transistors are included

• Overlap charges for staggered transistors are not included but an extension of the model
has been proposed [61]

• Voltage drop at contact elements is considered and thus, transistors with shorter channels
could in principle be modeled

• The charges are conserved

• Fringe effects from layout perspective are not accounted for with regard to the structures
under investigation in this work

• Non-quasistatic effects are not considered

8.1.3 Model by Valletta

Valletta et al. developed a compact model following a quite different approach from what has
been presented so far. In ref. [18], a model for the complete description of the DC and AC
behavior of OTFTs is proposed, even valid for the high-frequency regime of operation.

The DC description incorporates the special properties of an inversely-operated Schottky barrier
at the source-to-semiconductor junction. The compact model treats an OTFT as a series
connection of an ideal TFT (i.e. a TFT following the gradual channel approximation) and an
inversely-operated Schottky diode at the source. As a consequence of the voltage drop across
the Schottky barrier, the ideal transistor has reduced voltages. In Fig. 8.1, the equivalent
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8.1. Capacitance 217

circuit that the model is based on is shown. For the inner transistor, the current is formulated
based on the outer terminal voltages and the contact voltage drop Vcs:

ITFT,ideal = f (Vgs, Vds, Vcs) . (8.2)

The current flowing through the inversely-operated Schottky diode is expressed based on the
well-known Schottky-diode relationship including the effect of the Schottky barrier lowering [18]:

Idiode = −I0 · exp
[(

Vcs

V0

)α]
·
(

exp
[

−
(

qVcs

ηkBT

)]
− 1
)

, (8.3)

where α, V0, and η are fitting parameters that must not be mistaken with the fitting parameters
of the compact models presented in this thesis. The reverse saturation current I0 of the diode
is expressed as [18]:

I0 = I00 ·
(

Vgs

V00

)β

, (8.4)

where I00 and β are fitting parameters and V00 has a constant value of 1 V in order to ensure a
unitless value in the parentheses. Since both the diode current and the current of the ideal
TFT are dependent on the voltage Vcs, there is no closed-form solution for the current flowing
through the series connection consisting of the Schottky diode and the TFT. The condition
is that the diode current (Idiode) has to equal the current flowing through the transistor
(ITFT,ideal). Valletta et al. thus have the voltage Vcs numerically computed by the SPICE
simulator. Afterwards, Vcs is inserted either in the transistor or in the diode equation which
then leads to the DC current. Due to the lack of a closed-form description of the DC behavior,
the model can be denoted as an implicit model.

OTFTG

D

S

S’

Vcs

Figure 8.1.: Equivalent circuit that the implicitly-defined model by Valletta et al. is based
on [18]. The transistor is assumed as a series connection of an ideal TFT and a reversely-
operated Schottky diode at the source.

For the small-signal AC model, Valletta et al. use the transmission-line approach [64] that is
also discussed in Chap. 7.2. In ref. [64], the channel of a transistor is treated as a distributed
RC transmission line and the complex impedance of this transmission line is expressed in
dependence on the voltage-dependent channel conductance. This approach is also used in the
literature in order to characterize the non-quasistatic behavior of OTFTs [40, 123].
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Since the DC model by Valletta et al. is only implicitly defined, there is no closed-form
solution for the channel conductance. Therefore, the channel conductance is calculated for an
ideal TFT which is then inserted into the transmission-line equation. Thus, the important
properties of the reversely-operated Schottky barrier are neglected at this stage. Valletta
et al. now use the transmission line model to calculate the impedance in several regions of
the transistor. The contact resistances are then included in a numerical way by defining the
conductance Gc and the capacitance Cc of the metal-to-semiconductor junctions as fitting
parameters. Finally, the total admittance between the gate and the source contact (Ygs) and
between the gate contact and the drain contact (Ygd) are obtained by summing up all the single
admittances that contribute to it. This eventually leads to the capacitances Cgs and Cgd. Since
the model is based on an admittance which is dependent on the frequency the capacitances
are also automatically dependent on the frequency. Therefore, the non-quasistatic behavior
can be captured. However, the drawback is that the capacitances are assumed to be reciprocal
which leads to the problem of charge-non-conservation which also occurs in the Meyer model [38].

Extrinsic capacitances are also taken into account in this model. In principle, the structure
under investigation is a multi-finger OTFT in the staggered architecture. However, the exact
layout is different from the transistors under investigation in this thesis. Valletta et al. include
the gate-to-contact overlap capacitances which they calculate as for a coplanar TFT even if
the layout is staggered. Therefore, the model will produce inaccurate results if the overlap
capacitances dominate over the intrinsic channel capacitances. Fringe capacitances that occur
in the used layout are included in the model.

The main features of the model are summed up in the following:

• No charge-based model

• No closed-form description

• Continuous model but only with the help of a transition function calculating the effective
overdrive voltages from the deep sub-threshold regime to the above-threshold regime

• Overlap charges for coplanar transistors are included

• Overlap charges for staggered transistors are not included

• Voltage drop at contact elements is considered by defining the contact admittance as a
fitting parameter

• The charges are not conserved since the capacitances are reciprocal

• Fringe effects from layout perspective are taken into account but they differ from the
layout investigated in this thesis

• Non-quasistatic effects are considered
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8.1.4 Model by Torricelli

Torricelli et al. proposed a compact model for the DC and quasistatic capacitances in OTFTs [69].
The variable-range-hopping theory as mentioned in Chap. 1 serves as the basis for this model.
The conductivity of the organic semiconductor is expressed based on the density of accumulated
charges and the drain current is obtained by an integration over this conductivity. The density
of accumulated quasi-mobile charges is expressed in terms of the surface potential which is the
electrostatic potential in the organic semiconductor close to the interface with the gate insulator.
Performing several substitutions, the drain current is expressed based on the charge densities at
the source and the drain end of the channel. In this regard, the model by Torricelli et al. [69]
is comparable to the DC compact model of the TH Mittelhessen group [36]. However, the
difference is that Torricelli et al. use a different way for the calculation of the charge densities
at the source/drain end of the channel. For the calculation of these charge densities, the surface
potential at the source/drain end is needed explicitly. However, the surface potential is an
implicit function which cannot be solved analytically. In order to overcome this deficiency, a
case distinction is performed and the surface potential is approximated by simple expressions
in dependence on the regime of operation. However, the potential can only be approximated
accurately if the transistor is operated in the above-threshold regime. Thus, the model does
not provide a description for the full range of possible bias conditions.

For the calculation of the quasistatic capacitances, the model follows in principle the same
approach as the compact model developed in this thesis: the charges are yielded by an in-
tegration over the charge density per gate area along the channel. Equally as in the model
presented in this work, the drift-diffusion differential like in Eq. (4.5) is used. A change in the
gate potential is then linked to the change in the accumulated charge density which leads to
nearly the same differential as in ref. [36]. Consequently, the derivation of the total charges
according to Torricelli et al. is very similar to the model that was developed in this thesis. The
total charges associated with the source and the drain terminals are yielded by applying the
Ward-Dutton partitioning scheme [65]. In this approach, the charges are conserved properly.
The capacitances are calculated explicitly by deriving the charges with respect to the terminal
potentials. However, the model does not contain any contributions to the capacitances by
extrinsic factors such as gate-to-contact overlap regions or fringe effects.

The capacitance model does not include frequency-dependent effects so that it is not suitable
for a non-quasistatic operation. However, Valletta et al. extended the model by Torricelli et
al. so that it can be used in a large-signal analysis [103, 104]. There, the current continuity
equation is used and discretized by a spline collocation which finally leads to a system of
ordinary differential equations which can numerically solved in the SPICE simulator.
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The main features of the model are summed up in the following:

• Charge-based model

• Closed-form description only by approximation of the surface potential in different
operation regimes

• If the closed-form description is used, the model may show a discontinuous behavior at
the transition between the linear and the saturation regime of operation

• Overlap charges for coplanar transistors are not included but in the large-signal extension
in [103, 104], overlap charges for simple gate-to-contact overlap regions are accounted for

• Overlap charges for staggered transistors are not included

• Voltage drop at contact elements is not considered

• The charges are conserved

• Fringe effects from layout perspective are not taken into account but in the extension
in [103, 104] they are included

• Non-quasistatic effects not considered but are contained in the extension [103, 104]

8.1.5 Model by Colalongo

L. Colalongo proposed a model denoted as the symmetric quadrature method [30]. This model
has similarities with the compact model by Torricelli et al. [69] in the regard that both use
the variable-range-hopping model as the basis. The model by Colalongo expresses the charge
density per gate area as an integral function of the surface potential which is, however, not
analytically solvable. An approximation is performed so that this function can be evaluated in
a closed form. However, the difficulty is that the surface potential is an implicit function of the
applied terminal voltages. Thus, it is solved numerically and approximated by a function.

Observing the plot of the charge density versus the surface potential, the following observation
is made in ref. [30]: The charge density is not a linear function of the surface potential but
resembles a quadratic function. Therefore, the charge density is modeled as a quadratic function
the center of with is at the so-called surface potential midpoint which is the average of the
surface potential at the source end and the drain end of the channel. The parameters of
the quadratic function are defined by forcing the function to have the same function values
at the source end, the drain end and the mid-point as the full numerical solution of the
charge-density function versus the surface potential. After the approximations are performed,
the drift-diffusion model is used and the quadratic approximation of the charge density versus
the surface potential is incorporated. This leads to a continuous model for the drain current.
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For the derivation of a quasistatic capacitance model, the well-known charge integrals incorpo-
rating the Ward-Dutton partitioning scheme [65] are used as in Eqs. (4.2) and (4.3) in this work.
However, the substitution of the integration variable x is performed slightly differently. Again
adapting the drift-diffusion model, a differential linking a change in the position in the channel
to the surface potential is obtained which is then substituted in the charge integrals. During
the integration, the charge density per gate area is evaluated at the source and the drain end of
the channel, and also at the above-mentioned channel-potential midpoint. Therefore, the final
results of this model are equations for the total charges in dependence on the charge densities
per gate area. In this regard, the model by Colalongo has similarities with the approach that
is followed in this thesis. Since the surface potential at the source/drain end is known in
the model, the overlap charges in staggered transistors can be included properly. However,
non-quasistatic effects are not accounted for.

The main features of the model are summed up in the following:

• Model based on the surface potential

• Closed-form description only by approximation of the surface potential and also by an
approximation of the relation between the charge density and the surface potential

• Continuous model valid for all regimes of operation from sub-threshold to above-threshold
including linear and saturation regimes

• Overlap charges for coplanar transistors are not included but since the more-complicated
staggered transistors are accounted for the coplanar counterparts could easily be added
as well

• Overlap charges for staggered transistors are included by making use of the surface
potential in the gate-to-contact overlap region

• Voltage drop at contact elements is not considered

• The charges are conserved

• Fringe effects from layout perspective are not taken into account

• Non-quasistatic effects are not considered
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8.1.6 Other Approaches

In this section, additional approaches are briefly reviewed.

Wang et al. proposed a surface-potential-based compact model for the description of the
DC behavior and the quasistatic capacitances in OTFTs [31]. A Gaussian density of states
is assumed and the Gaussian law linking the electric field and the charges is applied. This
leads to an implicit function for the surface potential. In order to come to a closed-form
solution, the surface potential is approximated for the two extreme cases of a very strong and a
very weak accumulation and the two approximation functions are connected in a transition
function. Incorporating a power-law mobility and the drift-diffusion model, an expression for
the drain current is yielded which depends on the terminal voltages and the surface potential.
The total charges in the transistor are again calculated based on the three charge integrals
as in Eqs. (4.1), (4.2) and (4.3) in this work. The integration variable x is substituted so
that the integration is performed over the surface potential. Finally, the total charges are yielded.

Li et al. proposed a compact model based on the percolation theory [32]. The model is
based on the approximation of the density of states by a sum of two exponential functions
representing deep tail states and states in the higher concentration. The percolation theory
combines the carrier concentration and the conductivity of the channel. Applying the gradual
channel approximation and using a power-law mobility, closed-form expressions for the drain
current are obtained. However, the model is only capable of calculating the sub-threshold
current and the current in the linear regime of operation. The saturation regime is not covered.
Furthermore, the sub-threshold and the linear current have to be combined by a transition
function since no one-piece expression can be defined. Finally, the total charges associated
with the gate, the drain, and the source terminals are obtained again by the integrals as in Eqs.
(4.1), (4.2) and (4.3) in this work. The drift-diffusion model is used and the integration variable
is changed from x to the voltage. The Ward-Dutton partitioning scheme [65] is used and finally,
voltage-based charge equations valid only in the linear regime of operation are yielded.

Both above-mentioned models [31, 32] do not contain extrinsic charges such as the gate-to-
contact overlap charges. Fringe effects and non-quasistatic effects are not contained.

In ref. [98], another model is proposed. There, the basic starting point is the assumption of
two superposed exponential density-of-states functions describing the states in which charge
carriers behave as immobile or mobile charges, respectively. Introducing a surface potential,
the amount of charge can be calculated. The voltage-dependent Poole-Frenkel mobility is used
and making use of the drift-diffusion model, the drain current can be calculated. The effect
of a non-linear contact resistances due to the Schottky barriers is taken into account as well.
However, no closed-form solution for the model is given. Rather, the transistor is treated as
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8.2. Models for the Low-Frequency Noise 223

a macro model consisting of an inner transistor and parasitic contact elements, which has
to be solved numerically, e.g. by a circuit solver. Furthermore, the DC model is dependent
on the surface potentials at the drain and the source end of the channel. No closed-form
calculation method for the surface potential is presented. The model in ref. [98] also contains a
description of the quasistatic capacitances. Similarly as for most of the models reviewed here,
the charges are calculated based on the charge integrals as in Eqs. (4.1), (4.2) and (4.3). The
integration variable is replaced by the surface potential. The advantage of this model is that
the influence of the contact resistances is taken into account since the numerical solution of the
series connection of an inner transistor and contact elements correctly calculates the surface
potential at the source and the drain end of the channel. However, as explained before, the
model does not contain a closed-form description.

8.2 Models for the Low-Frequency Noise

There exists a variety of literature where the noise in OTFTs is investigated or modeled.
However, the difficulty is that due to the huge diversity in the methods of fabricating OTFTs,
there are many different types of noise behavior and it is thus unlikely that a model can be
developed that is generally valid for all types of OTFTs [84].

8.2.1 General Investigation of Noise Models

Marinov and Deen presented a comprehensive literature summary of various models describing
the noise behavior of OTFTs [84]. In this section, some of the most important points and other
pieces of literature will be reviewed. To start with, it can be said that due to the variety in
OTFTs and their fabrication methods, there are different types of noise which these devices
exhibit. Comprehensive compact models for the low-frequency noise in OTFTs can hardly
be found in the literature. Often, the standard models for Hooge mobility fluctuations or
charge-carrier number fluctuations as described in MOSFETs are used with small modifications
in order to describe the measured noise of fabricated OTFTs [76, 82, 83, 124–127]. Han et al.
developed a full comprehensive model for the noise originating from carrier-number fluctuations
in pentacene-based OTFTs [85]. This model will be described in more detail because it has
many similarities with the approach pursued in this thesis. There exists another approach which
has been described in ref. [128]. There, the noise is described by a tunneling of charge carriers
between the mono-layers of the semiconductor. This model only works if the semiconductor can
really be assumed as a homogeneous film consisting of several monolayers. Marinov and Deen
developed a numerical model for the description of low-frequency noise due to the variable-range
hopping in OTFTs. This model will briefly be reviewed, as well.
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8.2.2 Model by Han

Han et al. proposed an analytical, closed form model for the low-frequency noise in pentacene-
based OTFTs [85]. Carrier generation-recombination processes are chosen as the origin for
the noise. Han et al. describe that in OTFTs there may occur the phenomenon that the
low-frequency noise does not follow a 1/f trend when plotted against the frequency, but more
a 1/f2 trend. They attribute this behavior to the fact that charge carriers can be trapped not
only in the gate dielectric but also in the organic semiconductor. These two noise components
show a different behavior with respect to the frequency:

• When carriers get trapped in or released from traps located in the gate dielectric, the
resulting noise spectrum exhibits the typical 1/f trend.

• When carriers get trapped in or released from traps located in the organic semiconductor,
the resulting noise spectrum shows a 1/f2 behavior.

Combining the two noise components is a novelty and it enables the capturing of different slopes
in the noise spectrum without the necessity of the definition of an empirical fitting parameter
as the exponent of the frequency. The model incorporates physics-based fitting parameters
such as the density of traps in the gate dielectric and the organic semiconductor and the decay
times of the traps.

The model, however, is not charge-based and depends on the total number of carriers in the
channel as calculated for the simple MOSFET model. Thus, the model is only applicable to
OTFTs exhibiting low contact resistances. Anyway, the authors achieve a good agreement
between the model and measured OTFTs comprising pentacene as the organic semiconductor
and different gate dielectrics. The model is only suitable if the noise origin in the transistors
under investigation is the trapping and de-trapping of charge carriers. In case that the bulk
mobility fluctuations are dominant, a different approach needs to be pursued.

8.2.3 Model by Marinov and Deen

Marinov and Deen proposed a numerical model describing the noise in OTFTs based on the
VRH theory [129] according to which the current conduction in OTFTs occurs by a hopping of
charge carriers between localized states. The interesting fact about the noise model proposed
by Marinov and Deen is that it takes into account the noise originating from the distribution
of the different hopping times.

The model can be denoted as a modeling scheme since it allows the inclusion of different
types of noise such as mobility fluctuations and the fluctuation of the charge-carrier number.
Depending on the type of noise, the distribution of the hopping times varies. The noise model
itself is based on the empirical Hooge model which originally only describes the fluctuation
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8.2. Models for the Low-Frequency Noise 225

of the bulk mobility. However, due to the different distributions of the hopping times, the
model can reproduce different types of noise. The model is no closed-form model but needs the
numerical simulation e.g. in a finite-element simulator.
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CHAPTER 9

Conclusion

In this thesis, an existing charge-based DC compact model has been extended to describe the
quasistatic charges in the channel and the low-frequency flicker noise in OTFTs. The basic
channel-charge model performs an integration over the density of accumulated quasi-mobile
charges. By means of several substitutions, the integral is solvable and the total amount of
charges is dependent on the density of quasi-mobile accumulated charges at the source and the
drain end of the channel. Applying a charge-partitioning scheme, the charges can be separated
into a portion belonging to the source and the drain terminal. The intrinsic channel charges
are independent of the transistor architecture (staggered or coplanar) and are valid only for the
case that no remarkable contact resistances in comparison to the intrinsic channel resistance
are present.

In addition to the intrinsic charges, the charge model also accounts for extrinsic gate-to-
contact-overlap charges and fringe charges. In dependence on the transistor architecture,
closed-form equations for the overlap charges are derived. Furthermore, the model is extended
by a description for the charges in three-dimensional transistors with parasitic fringe regions.
Combining the total channel charges and the extrinsic components leads to the first model state
valid for the total charges in long-channel transistors in either the staggered or the coplanar
device architecture. A verification of the model by means of capacitance measurements and
finite-element simulations has been presented.

It is shown that the compact model without further modifications is also capable of reproducing
the frequency-dependent signal-amplification gain of differential amplifiers. By implementing
the model into the module-description language Verilog-A and reconstructing the circuit of the
differential amplifier, a frequency dependence of the channel charges is implicitly accounted for
by the interconnection of several transistors in the circuit.
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Furthermore, it is shown that under the presence of contact resistances the distribution of the
accumulated quasi-mobile charges is altered. A semi-empirical model has been introduced that
can calculate the voltage drops over the contact resistances and can correctly alter the density
of accumulated charges. In addition, a modification to the charge partitioning scheme is intro-
duced which allows the attribution of more charges to the drain terminal. Incorporating these
extensions, the model is capable of reproducing the simulation results of OTFTs comprising
large Schottky barriers at the electrode-to-semiconductor junctions.

The compact model is then extended by a description of non-quasistatic effects which play
a key role in OTFTs. For transistors comprising large channel lengths and negligibly small
contact resistances, the channel-segmentation method is utilized by interconnecting a finite
number of transistors with shorter channel lengths which taken as a whole represent one
transistor. The interconnection of several transistors in such a transmission line is a macro
model that automatically accounts for the frequency-dependent charging and discharging of
channel capacitances through adjacent channel elements. Using this approach, the measured
complex admittance of a long-channel transistor can excellently be reproduced. Furthermore,
the model shows a very good agreement when compared to transient simulations of long-channel
transistors in Sentaurus TCAD.

If the contact resistances are large in comparison to the intrinsic channel charges, the channel-
segmentation model does not provide a proper description of the transistors. The contact
resistances usually play a role in transistors comprising small channel lengths. The transistors
under investigation in this work usually have comparatively large gate-to-contact overlap regions
which are inevitable in the fabrication process. Therefore, the capacitive effects of short-channel
transistors are often dominated by their gate-to-contact overlap regions while the intrinsic
channel charge is only of minor importance. For the proper capturing of this property in
OTFTs, an empirical model is proposed describing the frequency dependence of the charges by
means of frequency-dependent scaling functions. It is found that special emphasis has to be
put on the charges in fringe regions since they respond to the applied signals much slower than
charges in the center of the channel. The model is fitted to the measured small-signal-current
gain h21 which has been measured for coplanar as well as staggered transistors.

As an addition to the work on the capacitances, some effects of the temperature on the DC char-
acteristics are shown and equations are proposed to capture the influence on the basic DC model.

Besides the modeling of quasistatic and non-quasistatic charges in the OTFTs, a charge-based
compact model describing the low-frequency noise in OTFTs is presented. Following a stan-
dard procedure also valid for MOSFETs, equations describing two different types of noise are
presented: the bulk mobility fluctuations according to the Hooge model and the fluctuations
originating from the trapping and de-trapping of charge carriers according to the Mc Worther
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model extended by the correlated mobility fluctuations according to the Ghibaudo model. The
latter model is verified by noise measurements on OTFTs and the bulk mobility fluctuation
model is verified by means of a TCAD simulation.

There are several open points that have to be addressed in the future:

• For the verification of the quasistatic capacitances, only measurements of a staggered
long-channel OTFT were available. Since the capacitances of short-channel OTFTs
are small they are difficult to measure. There are no such measurements available and
therefore, the short-channel capacitance model was only verified by means of a TCAD
simulation. A further verification based on measurements is desirable.

• The short-channel capacitance model explicitly needs the frequency of an applied signal as
a parameter. Therefore, it is not suitable for the implementation into a circuit simulator
such as Cadence Virtuoso where the AC frequency is applied during a sweep.

• The noise model could only be verified on a small data basis. Retrieving good results
from a noise analysis is a complicated task and thus the noise model should be verified in
the future by means of further measurements.

• The definition of fitting parameters is inevitable for a correct reproduction of measured
or simulated results. However, some fitting parameters used in the model are not based
on the device physics and rather play the role of empirical fitting parameters. The model
could be improved by formulating different equations that are even more dependent on
the device physics.

• The influence of the temperature on the device behavior was only investigated with special
focus on the basic DC model. An investigation of the influence of the temperature on the
dynamic behavior of the transistors should be performed in the future.

Despite the open points, it can be concluded that the compact model developed in this work
provides a comprehensive description of OTFTs that is able to capture many effects. A
good agreement with respect to different scenarios (e.g. capacitance measurements, admit-
tance measurements of long-channel transistors, simulations of simple circuits, high-frequency
measurements of short-channel transistors) is achievable with only a small number of fitting
parameters.
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APPENDIX A

Equation package

The solution of the three charge integrals in Eqs. (4.1), (4.2), and (4.3) is:

Qc = −Wch,G · Wch,eff · µeff
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The solution of the charge integrals (Eqs. (7.27) and (7.28)) incorporating the new partitioning
scheme is as follows:

Qd = −Wch,G · Wch,eff · µeff
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APPENDIX B

Additions to the Small-Signal Analysis

B.1 Literature Summary of High-Frequency Organic TFTs

In Tab. B.1, a literature summary of organic TFTs with a measured unity-current-gain transit
frequency of at least 3.5 MHz is shown.
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234 B. Additions to the Small-Signal Analysis

Table B.1.: Literature summary of organic TFTs with a measured transit frequency of at
least 3.5 MHz. This table was published in ref. [55].

ref. fT µeff Vgs VT0 Lch Lov,GS Lov,GD C′
diel comment

[MHz] [cm2/(Vs)] [V] [V] [µm] [µm] [µm] [nF/cm2]

[130] 160 0.62 40 0 1.2 0.21 0.13 8.54 n-chan.

[59] 45 1.9 -7 1 1.5 1 1 130 p-chan.

[131] 40 n/a 8.6 n/a 0.2 n/a n/a n/a vertical

OPBT

[132] 38 4.2 -15 -3 1.5 2 2 36 p-chan.

[88] 27.7 2.22 20 9 2 2.5 2.5 29 n-chan.

[89] 24 2 -15 0 1.4 2.7 2.7 8 p-chan.

[89] 22 1.58 -12 0 1.2 2.3 2.3 8 p-chan.

[43] 21 2.7 -3 -1 0.6 1.7 8.3 700 p-chan.

[133] 20 1.11 20 8.6 2 1 1 20 n-chan.

[134] 20 0.4 -20 0 2.5 0.5 0.5 24 p-chan.

[135] 20 0.44 -15 0 0.8 n/a n/a 23 vertical

transist.

[108] 20 0.82 30 0 1.75 3 3 6 n-chan.

[13] 20 2.7 -10 -5 3 2.25 2.25 80 p-chan.

[136] 19 2.5 -10 0 2 1 3 77 p-chan.

[107] 19 1 12 1 1.2 2.3 2.3 27 n-chan.

[137] 14.4 0.3 7 0.5 1 1.7 1.7 39 n-chan.

[88] 11.4 0.73 -20 -4 2 2.5 2.5 20 p-chan.

[138] 10.4 2.2 -3 -0.7 0.85 5 5 700 p-chan.

[139] 9.7 n/a -8.2 -3 0.4 n/a n/a 50 vertical

transis.

[140] 6.7 2 -3 -1.2 0.6 5 5 700 p-chan.

[141] 4.9 0.11 30 5 1.8 3 3 10 n-chan.

[142] 4.3 0.58 20 5 6 4.5 4.5 27.5 n-chan.

[116] 4.1 0.5 -3 -1.2 1 1 9 700 p-chan.

[42] 3.7 0.5 -3 -1.2 0.6 5 5 700 p-chan.
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B.2. TLM Measurements 235

B.2 TLM Measurements

In this section, some background information about the transmission-line-measurement (TLM)
analysis of the staggered transistors presented in Sec. 7.4 is given. A transistor can be regarded
as the sum of a channel-length independent, Ohmic contact resistance (RC), and an intrinsic
transistor comprising a channel resistance [17]. If transistors with different channel lengths but
otherwise equal geometry parameters and materials are fabricated, the channel resistance can be
separated from the contact resistance. In Fig. B.1, the total width-normalized resistance of the
transmission lines consisting of the contact resistance and the intrinsic transistor are depicted
for different gate-overdrive voltages. The gate-overdrive voltage is defined as Vgs − VT0. The
resistance RW is calculated by Ids/Vds. The linear functions are regression functions. If the
linear regression functions are extrapolated to a channel length of 0 µm, the result is the contact
resistance since then, the transmission line does not contain any intrinsic channel. In Fig. B.2,
the resulting width-normalized contact resistance RCW is plotted versus the gate-overdrive
voltage. Based on the contact resistance and by assuming the standard MOSFET equation for
the linear regime of operation, the mobility of the intrinsic carrier-channel can be extracted.
This is shown in Fig. B.3 where the mobility is plotted versus the gate-overdrive voltage.
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Vds = −0.1 V

Figure B.1.: Measured width-normalized resistance of the transmission line consisting of a
transistor and a contact resistance at different gate-overdrive voltages and at a fixed Vds of
−0.1 V. The resistance is plotted versus the channel length. This picture was published in
ref. [55].
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Figure B.2.: Extracted width-normalized contact resistance of the transmission line consisting
of a transistor and a contact resistance at different gate-overdrive voltages and at a fixed Vds of
−0.1 V. This is a result of the extrapolated regression functions shown in Fig. B.1. The contact
resistance is plotted versus the channel length. This picture was published in ref. [55].
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Figure B.3.: Extracted mobility of the transmission line at different gate-overdrive voltages
and at a fixed Vds of −0.1 V. The mobility is plotted versus the channel length. This picture
was published in ref. [55].

UNIVERSITAT ROVIRA I VIRGILI 
CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM 
TRANSISTORS 
Jakob Simon Leise 
 
 



B.3. Fitting Parameters of the Transistors 237

B.3 Fitting Parameters of the Transistors

In this section, the fitting parameters of the transistors verified in Sec. 7.4 are shown. All
transistors are fitted by a shared basic parameter set that is equal for all transistors of one
technology. These parameters are depicted in Tab. B.2 for the staggered (TC) and coplanar
(BC) transistors. Afterwards, the single transistors of each technology are fitted to the measured
DC transfer and output characteristics and to the measured small-signal gain h21 by a subset
of variable parameters. In Tab. B.3, the parameters used for the staggered (TC) transistors are
shown and in Tab. B.4, the specific fitting parameters used for the coplanar (BC) transistors
are shown. It shall be emphasized that the coplanar transistor with Lov,GS = 6.5 µm is an
outlier for which a much lower low-field mobility of κ = 0.7 cm2 V−1 s−1 has been assumed. The
channel lengths of the transistors were measured but in a range of ∓50 nm they are regarded as
fitting parameters for the compact model. For the fitting of the non-linear injection model [47],
in principle, the initial height of the Schottky barrier (ΦB0) as defined in Fig. 2.3 is needed.
This Schottky barrier is defined by the band diagram of the transistor. However, the exact
work functions of the materials at the junctions are not known and an exact determination
of ΦB0 is not essential for the correct reproduction of measured DC curves. Therefore, ΦB0

is also regarded as a fitting parameter. Since no quasistatic capacitance measurements are
available the short-channel capacitance fitting parameters Kfit and Kr cannot be determined for
each transistors. Rather, the values of these two parameters are treated as fitting parameters
in order to provide a good fitting of the measured small-signal gain h21. For the staggered
transistors, a transfer length of LT = 1.16 µm and a sheet resistance of Rsheet = 5800 Ω is used.
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Table B.2.: Basic fitting parameters for staggered (TC) and coplanar (BC). This table was
published in ref. [55].

Parameter Staggered Coplanar

C′
diel[nF cm−2] 500 500

κ[cm2V−β−1s−1] 1.1 2.1

β[−] 0.4 0.5

λ[V−1] 0.07 0.07

Nfing[−] 4 4

Wcontact[µm] 25 25

dfing[µm] 20 20

wovl[µm] 30 30

ΦB0[eV] 0.4 0.4

η[−] 0.9855 1.3047

θ[−] 1.7 1

dm[nm] - 5

dB[nm] - 3.2187

wsat[−] 0.63 1.3

Cscale,high[−] 0 0

Cscale,low[−] 1 1

pscale[−] 1 50

τscale[s] 0.4 × 10−7 variable

Cscale2,high[−] 0 0

Cscale2,low[−] 1 1

pscale2[−] 2.5 2.5

τscale2[s] variable 0.5 × 10−7

Kfit[−] 0.9 1

Kr[−] variable 0
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Table B.3.: Specific fitting parameters for the staggered (TC) transistors along with the
measured gate-to-contact overlap lengths. This table was published in ref. [55].

Lov,GS Lov,GD Lch Sobs VT0 δfit Kr τscale2

[µm] [µm] [µm] [mV/dec] [V] [−] [−] [s]

9.2 1.4 0.69 250 -0.87 0.6 0.07 0.04 · 10−7

8.4 2.4 0.67 240 -0.87 0.6 0.07 0.063 · 10−7

7.4 3.4 0.67 240 -0.88 0.6 0.15 0.08 · 10−7

6.4 4.2 0.66 230 -0.9 0.6 0.27 0.12 · 10−7

5.4 5.2 0.67 230 -0.92 0.6 0.44 0.17 · 10−7

4.5 6.0 0.66 230 -0.92 0.6 0.55 0.2 · 10−7

3.5 7.0 0.66 230 -0.93 0.6 0.7 0.25 · 10−7

1.9 8.5 0.67 230 -1 0.36 0.95 0.3 · 10−7

0.9 9.6 0.68 230 -1 0.26 0.95 0.45 · 10−7

Table B.4.: Specific fitting parameters for the coplanar (BC) transistors along with the mea-
sured gate-to-contact overlap lengths. This table was published in ref. [55].

Lov,GS Lov,GD Lch Sobs VT0 Rcontact δfit τscale

[µm] [µm] [µm] [mV/dec] [V] [Ω] [−] [s]

9.4 0.8 0.67 72 -0.69 630 0.65 0.037 · 10−7

8.4 1.9 0.64 71 -0.7 540 0.65 0.04 · 10−7

7.4 3.0 0.66 70 -0.7 580 0.65 0.045 · 10−7

6.5 4.0 0.66 80 -0.67 560 0.65 0.032 · 10−7

5.8 4.7 0.66 71 -0.7 640 0.65 0.055 · 10−7

4.8 5.7 0.66 71 -0.71 590 0.65 0.06 · 10−7

3.6 6.8 0.69 72 -0.7 730 0.45 0.11 · 10−7

2.8 7.6 0.63 71 -0.69 530 0.45 0.11 · 10−7

1.7 8.6 0.63 71 -0.69 470 0.45 0.1 · 10−7

0.8 9.7 0.66 71 -0.68 500 0.3 0.27 · 10−7
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