
Arenberg Doctoral School of Science, Engineering & Technology
Faculty of Engineering
Department of Electrical Engineering

Anodized aluminum oxide and its
application for organic transistors and
sensors

Wan-Yu LIN

Dissertation presented in partial
fulfillment of the requirements for
the degree of Doctor
in Engineering

July 2012





Anodized aluminum oxide and its application for
organic transistors and sensors

Wan-Yu LIN

Jury:
Prof. dr. ir. H. Hens, chair
Prof. dr. ir. P. Heremans, supervisor
Prof. dr. ir. O. Van der Biest , co-supervisor
Prof. dr. ir. R. Puers
Prof. dr. G. Maes
Prof. dr. I. De Wolf
Dr. ir. G.H. Gelinck
(TNO/Holst center)

Dissertation presented in partial
fulfillment of the requirements for
the degree of Doctor
in Engineering

July 2012

in collaboration with imec
Kapeldreef 75
B-3001 Heverlee – Belgium



© Katholieke Universiteit Leuven – Faculty of Engineering
Celestijnenlaan 200A box 2402, B-3001 Heverlee (Belgium)

Alle rechten voorbehouden. Niets uit deze uitgave mag worden vermenigvuldigd
en/of openbaar gemaakt worden door middel van druk, fotocopie, microfilm,
elektronisch of op welke andere wijze ook zonder voorafgaande schriftelijke
toestemming van de uitgever.

All rights reserved. No part of the publication may be reproduced in any form
by print, photoprint, microfilm or any other means without written permission
from the publisher.

D/2012/7515/75
ISBN 978-94-6018-541-0



Acknowledgement

Pursuing a PhD is an adventurous journey. It would not have been finished
without the guidance, help and company of many people who were along on
the way.

First, I would like to express my deepest gratitude to my promoter, Prof. Paul
Heremans, who gave me the opportunity to work in Polymer and Molecular
Electronics group, one of the best groups in the world. His profound vision,
inspiration and broad knowledge lead us to a competitive union. I would also
like to express my honest gratitude to my co-promoter, Prof. Omer van der
Biest, for his warm encouragement and useful discussion all the way through
my PhD.

Second, I would like to express my gratitude to my supervision and examination
committee, Prof. Hugo Hens, Prof. Robert Puers, Prof. Guido Maes, Prof.
Ingrid De Wolf and Dr. Gerwin H. Gelinck for their valuable inputs, comments
and discussions for improving this manuscript.

I had a great time being part of the PME group during my stay at imec. Many
wonderful colleagues have made my life in imec splendid. I especially cherish
the time we spent together in the party cubicle and Friday meeting, the moment
we share and discuss interesting stuff together.
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Abstract

One of the key challenges to manufacture low cost circuits on flexible substrates
lies in the realization of a reliable gate-dielectric with a high specific capacitance
required for low voltage, high current drive. Flexible substrates necessitate
deposition techniques with process temperatures lower than 150◦C, making the
production of high quality gate dielectric materials more difficult.

A promising integration scheme for thin film circuits using anodization is
demonstrated. Aluminum oxide can be fabricated at low cost by anodization of
aluminum at room temperature, giving rise to an ultra-thin, smooth, and dense
gate dielectric.

Both top-contact and bottom-contact transistors composed with anodized
aluminum oxide are demonstrated. The transistors were modified by
self-assembled monolayers (SAM), including phenethylchlorosilane (PETS),
polyalphamethylstyrene (PαMS) or alkylphosphonic acid (PA). The one modified
with PA showed the best performance. The optimized organic transistors had
high mobility on both bottom-gate top-contact structure (1.06 cm2/Vs) and
bottom-gate bottom-contact structure (0.83 cm2/Vs) and high on/off ratio
(ION/IOF F= 108 at VGS= -5 V) for pentacene transistors.

Moreover, circuits (inverters and 19 stage ring oscillators) with channel-length
down to 3 µm were demonstrated. With the proposed new processing flow,
we were able to pattern both gate and gate dielectric simultaneously. This
allows us to assess the possibility of using anodized Al2O3 as gate dielectric for
TFTs in circuits. Furthermore, integration of an ion sensor with anodized oxide
is presented. It is realized by combining a stable In-Ga-Zn-O transistor with
anodized oxide. It shows promising scheme for realizing sensors on large area
electronics.
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Beknopte samenvatting

Eén van de grootste uitdagingen om goedkope elektronische schakelingen te
vervaardigen op plooibare substraten, is de realisatie van een betrouwbaar
gate-diëlektricum met een hoge soortelijke capaciteit. Op die manier kan
zowel een lage werkingsspanning als een hoge stroomsturing bekomen worden.
Soepele en plooibare substraten laten enkel depositietechnieken toe waarvan
de procestemperaturen beneden 150◦C liggen, wat de vervaardiging van een
kwaliteitsvol gate-diëlektricum enigszins belemmert.

In dit werk wordt een veelbelovend integratieschema voorgesteld voor dunne film
elektronische schakelingen, gebruikmakend van anodisatie. Door het anodisch
oxideren van aluminium bij kamertemperatuur, kan aluminiumoxide tegen een
lage kostprijs vervaardigd worden. Dit resulteert in een flinter dun en glad
gate-diëlektricum met hoge dichtheid.

Zowel top- als bodem-contact transistoren, voorzien van geanodiseerd aluminium
oxide worden getoond. De transistoren zijn vooraf gemodificeerd geweest
m.b.v. zelf-geassembleerde monolagen (SAM), zoals fenethyltrichlorosilaan
(PETS), poly(alfa-methyl)styreen (PαMS) of alkylfosfonzuur (PA). Modificatie
met PA resulteerde in de beste transistor prestaties. De geoptimaliseerde
organische transistoren hadden hoge mobiliteiten voor zowel bodem-gate top-
contact structuren (1.06 cm2/Vs) als bodem-gate bodem-contact structuren
(0.83 cm2/Vs) en hoge on/off verhoudingen (ION/IOF F = 108 bij VGS= -5 V)
voor pentaceen transistoren.

Daarenboven worden elektronische basisschakelingen (zoals invertoren en 19-
stage ringoscillatoren) getoond met kanaallengtes tot 3 µm. Via een nieuwe
proces flow, zijn we erin geslaagd om zowel de gate als het gate-diëlektricum
tegelijkertijd te patroneren. Dit maakt het mogelijk om het geanodiseerd
aluminiumoxide als gate-diëlektricum te gebruiken voor TFTs in elektronische
schakelingen. Tevens wordt de integratie van dit aluminium oxide in een
ionensensor gedemonstreerd. Dit laatste is gerealiseerd m.b.v. een stabiele
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In-Ga-Zn-O (GIZO) transistor. De resultaten hiervan zijn veelbelovend voor de
integratie van sensoren in large-area elektronica.



List of symbols/abbreviations

Symbol Description Units
αH+ activity of the H+

αH+
S

activity of the H+ on the surface
A area m2

Å angstroms
B buffer

◦C Celsius
χsol constant surface dipole potential of the solution V
Cd double-layer capacitance F, F/m2

CD differential double-layer capacitance F, F/m2

CH Stern capacitance F, F/m2

Cox capacitance per unit area of the dielectric F/m2

D diffusion coefficient m2/s
D00 microscopic diffusion coefficient m2/s
D/d thickness m

ε permittivity or dielectric constant of the
material

none

ε0 permittivity of free space(8.85×10−12) F/m
f frequency s−1

F Farad
IDS current between source and drain electrodes A
icorr current generated by corrosion A
iox current of oxide formation A
iO2 current generated by oxygen evolution A

itotal total current A
J current density A/cm2

ix current of oxidation of the electrolyte A
jb current density for the barrier film A/m2

jhp difference between jp and jb A/m2

vii



viii LIST OF SYMBOLS/ABBREVIATIONS

Symbol Description Units
jp current density for the porous film A/m2

kB Boltzmann constant(8.62×10−5) eV/K
L channel length m

µm micrometer
µl micro liter
µ charge carrier mobility m2/Vs
µi standard chemical potential energy/mole

µlin charge carrier mobility in the linear region m2/Vs
µsat charge carrier mobility in the saturation region m2/Vs

N number of stages in a circuit
NA acceptor doping density uniformly distributed

over the semiconductor film
1/m3

Nt density of trap states 1/m3

νi equilibrium number per unit area 1/m2

OH− hydroxide
ω attempt frequency for diffusion s−1

Ω electrical resistance V/A
φF Fermi-potential eV
φ mean electrostatic potential relative to the

aqueous bulk
V

φ0 mean electrostatic potential at the surface
plane of charged sites relative to the aqueous
bulk

V

π pi bond, chemical covalent bond
QB depletion charge in the semiconductor C
QSS surface state density at the semiconductor

surface
C/m2

Qox fixed oxide charge C
S−1 inverse of the subthreshold slope V/decade
sccm standard cubic centimeter per minute cm3 / min

σ (1)sigma bond, strongest covalent bond
(2)total surface charge density C/m2

T temperature
T oscillation period sec
td propagation delay sec
ts thickness of the semiconductor m

VDD top supply voltage V
VDS source-drain voltage of a transistor V
VF B flatband voltage V
VGS gate voltage bias of a transistor V
Vhigh the voltage at high output V



LIST OF SYMBOLS/ABBREVIATIONS ix

Symbol Description Units
VIN input voltage of a circuit V
Vlow the voltage at low output V
VON on-set voltage of a transistor V
VOUT output voltage of a circuit V
VRE the reference electrode potential relative to

vacuum
V

VT threshold voltage of a transistor V
Vtrip the point where the input and the output

voltage are the same
V

W channel width m
zi charge on ion i



x LIST OF SYMBOLS/ABBREVIATIONS

Abbreviation Description
Al aluminum

AFM atomic force microscopy
ALD atomic layer deposition

Al2O3 aluminum oxide
anodiz anodization

Au gold
BST barium strontium titanate
BTO barium titanate
BZN Bi1.5Zn1.0NB1.5O7
BZT barium zirconate titanate
C60 buckminsterfullerene
CH4 methane
C2H4 ethylene

C22H14 pentacene
DHα5T dihexylquinquethiophene
DNTT dinaphthothienothiophene

ECR-sput electron cyclotron resonance
exfol exfoliation

F16PcCu copper hexadecafluorophthalocyanine
H+ proton

H2O water
HfO2 hafnium oxide

HMDS hexamethyldisilazane
HOMO highest occupied molecular orbital

IC integrated circuit
IBAD ion beam assisted deposition
IHP inner Helmholtz plane

ISFET ion sensitive field effect transistor
LUMO lowest unoccupied molecular orbital
OHP outer Helmholtz plane

OMBD organic molecular beam deposition
OTFT organic thin film transistor
OTMS octadecyltrimethoxysilane
OTS octadecyltrichlorosilane

P3HT poly(3-hexylthiophene)
PA phosphonic acid

PαMS poly(α-methylstyrene)
PEALD plasma-enhanced atomic layer deposition
PETS phenethyltrichlorosilane

PIBMA polyisobutylmethacrylate



LIST OF SYMBOLS/ABBREVIATIONS xi

Abbreviation Description
PLD pulsed laser deposition

PMMA polymethylmethacrylate
PTAA poly(triarylamine)
PVD physical vapor deposition
PVP polyvinylpyrrolidone

rf-sput radio frequency magnetron sputtering
REFET reference field effect transistor
RFID radio frequency identification tags
RMS root mean square
RT room temperature

SAMs self assembled monolayers
SiO2 silicon dioxide
Si3N4 silicon nitride
Ta2O5 tantalum pentoxide
TiO2 titanium dioxide
XRD X-ray diffraction





Contents

Abstract iii

List of symbols/abbreviations vii

Contents xiii

List of Figures xvii

List of Tables xxi

1 Introduction of organic thin film transistor (OTFT) 1

1.1 Basic OTFT structure and operation . . . . . . . . . . . . . . . . 1

1.2 Components . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.2.1 Organic semiconductor . . . . . . . . . . . . . . . . . . . 6

1.2.2 Electrode . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.2.3 Dielectrics with high dielectric constants (k) . . . . . . . 13

1.2.4 Interfaces and surface treatments . . . . . . . . . . . . . 22

1.3 Objectives and outline of the dissertation . . . . . . . . . . . . 23

2 Anodization 25

2.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

xiii



xiv CONTENTS

2.2 Principle of anodization . . . . . . . . . . . . . . . . . . . . . . 26

2.3 Experimental set-up . . . . . . . . . . . . . . . . . . . . . . . . 30

2.4 Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.4.1 Morphology of the aluminum oxide layer . . . . . . . . . 32

2.4.2 Dielectric constant . . . . . . . . . . . . . . . . . . . . . 39

2.4.3 Leakage current and breakdown . . . . . . . . . . . . . 39

2.4.4 Crystallinity . . . . . . . . . . . . . . . . . . . . . . . . 43

2.4.5 Uniformity . . . . . . . . . . . . . . . . . . . . . . . . . 43

2.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3 Transistors based on anodized aluminum oxide 45

3.1 Bottom-gate top-contact transistors . . . . . . . . . . . . . . . 45

3.1.1 Correlation between roughness and mobility . . . . . . . 48

3.2 Bottom-gate bottom-contact transistors . . . . . . . . . . . . . 48

3.3 Bias stress . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.3.1 Experimental set-up . . . . . . . . . . . . . . . . . . . . 53

3.3.2 The effect of processing on traps . . . . . . . . . . . . . 53

3.3.3 The effect of annealing . . . . . . . . . . . . . . . . . . . 55

3.4 Alkylphosphonic acid self-assembled molecular layer on aluminum
oxide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

3.4.1 The effect of chain length on mobility of pentacene
transistors . . . . . . . . . . . . . . . . . . . . . . . . . . 58

3.4.2 The effect of post-annealing on the hysteresis of pentacene
transistors . . . . . . . . . . . . . . . . . . . . . . . . . . 59

3.4.3 From top contact to bottom contact . . . . . . . . . . . 62

3.4.4 Low voltage driven inverters . . . . . . . . . . . . . . . . 64

3.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4 OTFT based circuits 67



CONTENTS xv

4.1 Inverters and ring oscillators . . . . . . . . . . . . . . . . . . . . 67

4.2 Technology requirement and problem statement . . . . . . . . . . 71

4.3 Collapsing oxide patterning method for dielectric and gate . . . 71

4.4 Via connection processing . . . . . . . . . . . . . . . . . . . . . 74

4.4.1 Etching . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.4.2 Protection by photoresist . . . . . . . . . . . . . . . . . . 81

4.4.3 Protection by a double layer of photoresist and metal . 83

4.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

5 Organic ion sensitive field effect transistor 87

5.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

5.2 Working mechanism of ISFET . . . . . . . . . . . . . . . . . . . . 91

5.3 Integrating OTFTs into ISFETs . . . . . . . . . . . . . . . . . . 100

5.3.1 Requirement . . . . . . . . . . . . . . . . . . . . . . . . 100

5.3.2 Our approach . . . . . . . . . . . . . . . . . . . . . . . . . 101

5.3.3 Voltage transfer . . . . . . . . . . . . . . . . . . . . . . . . 101

5.3.4 Measurement and constraints . . . . . . . . . . . . . . . 107

5.4 ISFETs based on In-Ga-Zn-O TFTs . . . . . . . . . . . . . . . 108

5.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

6 Conclusions and future work 111

6.1 General conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 111

6.2 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

A The standard process of organic thin film transistors in imec 115

A.1 Top-contact transistors . . . . . . . . . . . . . . . . . . . . . . . 115

A.2 Bottom-contact transistors . . . . . . . . . . . . . . . . . . . . 119

B Characteristic techniques 121



xvi CONTENTS

B.1 AFM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

B.2 Elliposometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

B.3 Contact angle . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

Bibliography 123

Curriculum vitae 143

List of publications 145



List of Figures

1.1 Transistor structures used in this thesis: top-contact and bottom-
contact configurations . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Two common measurements for transistor characteristics: trans-
fer characteristic and output characteristics . . . . . . . . . . . 3

1.3 Electron configurations of one carbon atom and hybridization
orbitals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.4 Four different modes of thin film growth in general . . . . . . . 10

1.5 Molecular structures of materials used in this thesis . . . . . . . 11

1.6 Energy level diagram of an organic semiconductor and work
functions of source and drain electrodes . . . . . . . . . . . . . 12

2.1 A schematic drawing of anodization and a picture of experimental
set-up . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.2 Schematic diagram of current density for barrier and porous
oxides formation . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.3 The voltage and current set-up during the anodization . . . . . . 31

2.4 AFM images of thermally evaporated aluminum on glass with
different evaporation conditions: temperature, evaporation rate
and deposition techniques . . . . . . . . . . . . . . . . . . . . . 34

2.5 AFM images of aluminum and anodized aluminum oxide . . . . 35

2.6 The relationship between the applied voltage, anodization time
and the thickness of anodized aluminum oxide. . . . . . . . . . 36

xvii



xviii LIST OF FIGURES

2.7 The AFM images of the anodized aluminum oxide with different
parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.8 The crosssection TEM picture of anodized aluminum oxide. . . 38

2.9 Surface roughness measured by AFM for different anodization
time, applied voltage and current density. . . . . . . . . . . . . 40

2.10 Physical properties of anodized aluminum oxide: Capacitance,
Dielectric constant, leakage current, and XRD analysis. . . . . . 41

2.11 Uniformity of anodized and ALD aluminum oxide over six inch
wafer area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.1 Chemical configuration of PFBT and PETS . . . . . . . . . . . 46

3.2 Transfer and output characteristics of a top-contact pentacene
transistor on anodized aluminum oxide . . . . . . . . . . . . . . 47

3.3 Transfer and output charcteristics of a top contact pentacene
transistor on Ta2O5 . . . . . . . . . . . . . . . . . . . . . . . . 47

3.4 Topography comparison between two sets of samples. The
anodization was controlled by either off-current of anodization
time. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.5 The correlation between roughness and mobility . . . . . . . . 50

3.6 Transfer characteristics of bottom contact transistors . . . . . . . 51

3.7 Bias stress measurement on samples with different process steps 54

3.8 The effect of annealing on anodized and ALD aluminum oxide . 56

3.9 Basic properties of alkylphosphonic acid: chemical configuration,
contact angles, mobilities of top contact transistors and surface
morphology of pentacene compared to the one treated with PETS. 60

3.10 Annealing effect of alkylphophonic acid samples . . . . . . . . . . 61

3.11 Transfer characteristics of phosphonic acid treated bottom-
contact transistors . . . . . . . . . . . . . . . . . . . . . . . . . 63

3.12 A low voltage operational diode-load logic inverter realized with
phosphonic acid SAMs treatment . . . . . . . . . . . . . . . . . 64

4.1 Two types inverters used in this thesis: zero-VGS and diode load 68



LIST OF FIGURES xix

4.2 Typical transfer characteristics of an inverter . . . . . . . . . . 69

4.3 Schematic of a five-stage ring oscillator . . . . . . . . . . . . . . 70

4.4 Side view and top view of overetch aluminum layer by cross
section TEM and optical microscope . . . . . . . . . . . . . . . 72

4.5 Transfer characteristics of bottom-contact transistors based on
collapsing oxide technique . . . . . . . . . . . . . . . . . . . . . 73

4.6 Schematic drawing of a via in a bottom-contact transistor . . . 74

4.7 Process flow of a bottom-gate bottom-contact transistor proposed
in this work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4.8 Process flow of a circuit with via manufactured by photoresist
protection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

4.9 Process flow of a circuit with an additional etchstop layer . . . 77

4.10 Process flow of a circuit with additional etchstop and photoresist
layers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.11 Devices processed with collapsing oxide technique: voltage
transfer curves of a zero-vgs inverter, a diode load inverter and a
bottom-contact transistor. . . . . . . . . . . . . . . . . . . . . . 80

4.12 A 19-stage ring oscillator made by collapsing technique . . . . . . 81

4.13 Devices manufactured by the processing steps proposed in Figure 4.8 82

4.14 Optical and cross-section TEM pictures of the device made by
the process flow demonstrated in Figure 4.8 . . . . . . . . . . . 83

4.15 Devices manufactured by the processing steps proposed in
Figure 4.10 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

4.16 Five-stage ring oscillator manufactured by the processing steps
proposed in Figure 4.10 . . . . . . . . . . . . . . . . . . . . . . 85

5.1 The comparison of MOSFET and ISFET . . . . . . . . . . . . . 91

5.2 Schematic representation of the double layer capacitance. . . . 95

5.3 Schematic representation of the site-binding model . . . . . . . 96

5.4 The schematic drawing of the ISFET design proposed in this thesis102

5.5 Voltage transfer of extended gate . . . . . . . . . . . . . . . . . 103



xx LIST OF FIGURES

5.6 The measurement set-up of the ISFET and the transfer curve . 104

5.7 ISFET based on OTFT measured in air, pH4 and pH7 buffer
solutions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

5.8 The effect of measurement parameters on ISFETs . . . . . . . . 106

5.9 The measurement error of a In-Ga-Zn-O TFT . . . . . . . . . . 109

5.10 An ISFET based on a In-Ga-Zn-O TFT . . . . . . . . . . . . . 110

A.1 The schematic illustration of organic molecular beam deposition. 116

A.2 The schematic illustration of silane deposition. . . . . . . . . . 118



List of Tables

1.1 Literature overview of inorganic gate dielectric with high
dielectric constant used in OTFTs . . . . . . . . . . . . . . . . 16

2.1 Two types of anodized aluminum oxide . . . . . . . . . . . . . . 27

2.2 Deposition conditions for different techniques . . . . . . . . . . 33

2.3 Relationship between roughness and anodization time . . . . . 39

3.1 Roughness comparison between two sets of samples. The
anodization was controlled by either the off-current or the total
anodization time. . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.2 Performance of bottom-contact transistors based on anodized oxide 52

3.3 Bottom-gate bottom-contact transistors with different combina-
tions of surface treatments on ALD Al2O3 . . . . . . . . . . . . 63

5.1 Literature overview of pH sensors based on organic ISFETs . . 89

xxi





Chapter 1

Introduction of organic thin
film transistor (OTFT)

Electronic devices are designed to meet the needs of human beings. Although
the development of the semiconductor industry has changed our lives in many
aspects with faster computation ability of smaller ICs, there are still some
limitations of silicon based devices. Displays [50, 52, 162], radio frequency
identification tags (RFIDs) [112], memories [119], disposable sensors [138, 156]
and wearable computers [13, 55, 113, 144] are typical examples. Flexibility,
large area coverage, light weighted and inexpensive manufacturing are more
important for such applications than small size and fast computation abilities.

An answer to the demand is organic electronics. Organic molecules are relatively
lightweight and can be processed at lower temperatures on inexpensive substrates
with easier manufacturing steps at low cost. In this chapter, the basic component
of applications, organic thin film transistors (OTFTs) will be introduced. The
working mechanism and the materials for each layer will be reviewed in detail.

1.1 Basic OTFT structure and operation

A typical OTET is composed of a gate electrode, dielectric layer, organic
semiconductor layer, and source-drain (S-D) electrodes [34, 40, 78, 190]. The
input of a field effect transistor acts as a capacitor, where one side is composed
of the gate electrode, and the other by the semiconductor film (Figure 1.1).
When a gate voltage VGS is applied between source and gate, majority carriers
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Figure 1.1: Two transistor structures used in this thesis (a) Bottom-gate top-contact
structure (b) Bottom-gate bottom-contact structure. S indicates the source, D indicates
the drain and G indicates the gate of the transistor in both cases.

accumulate at the insulator-semiconductor interface, leading to the formation
of a conduction channel between source and drain.

The cross sections of top-contact and bottom-contact transistor geometries that
are most commonly used for OTFTs are shown in Figure 1.1. S indicates the
source, D indicates the drain and G indicates the gate of the transistor. In
both cases, the organic semiconductor layer and metal source-drain electrodes
are deposited on the gate/insulator substrate after the deposition of the gate
metal and gate dielectrics. In the top-contact geometry, the organic thin film
is first deposited followed by the metal contact electrodes. In the bottom-
contact geometry, the deposition sequence of organic material and contacts are
reversed. In other words, the contacts are first deposited on the gate/insulator
substrate and then the organic material. In addition, the surface properties
of the substrate and the interfaces between semiconductor/electrodes and
semiconductor/dielectric are important for the charge carrier injections [18,
17, 40] and mobility [45, 173]. Therefore, before the semiconductor deposition,
various surface treatments are usually performed to improve the organic film
morphology and electrical properties.

Typically, the performance of an OTFT is measured by two common
measurements - namely, output and transfer characteristics as shown in
Figure 1.2. Output characteristics are obtained by sweeping the source-drain
voltage (VDS) from zero to a given voltage at several constant gate voltage
biases (VGS) as shown in Figure 1.2 (b). Transfer characteristics are obtained
by sweeping VGS at a constant VDS . During the scans the current between
source and drain electrodes (IDS) is recorded as seen in Figure 1.2 (a). It is
worth mentioning that the transfer characteristics provide more information
than the output characteristics, such as VON and VT . However, the output
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Figure 1.2: Two common measurements for transistor characteristics (a) Transfer
characteristic. VT , VON , µ and S−1 can be extracted from the figure. (b) Output
characteristics without significant contact resistance (c) Output characteristics with
significant contact resistance. It shows the curvature in low VDS .
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characteristics are able to show the injection problem more clearly (curvature in
low VDS) as seen in Figure 1.2 (c), which is often inconspicuous in the transfer
characteristics as shown in Figure 1.2 (a).

The transistor operates in the accumulation mode. When a negative or positive
bias is applied to the gate, a large electric field is produced at the semiconductor-
dielectric interface. This field causes a shift in the energy levels in the organic
semiconductor. Depending on the work function of the electrodes relative to
the energy levels of organic materials, electrons will either flow out of the
organic materials into the electrodes or flow from the electrodes into the organic
materials, forming a conducting channel between the source and drain [109].
Current can then be driven through the device by applying a voltage between
the source and drain. In a p-channel transistor, the gate electrode is biased
negatively with respect to the ground source electrode, and accumulated charges
are holes.

Although the operation mode of OTFTs (accumulation) is different from
conventional semiconductor transistors (inversion), the current of OTFTs
can be modelled by conventional equations [64]. In general, at low
VDS (| VDS | � | VGS - VT |), a linear gradient of charge density from
the carrier injecting source to the extracting drain forms when a small source-
drain voltage is applied. This is the linear regime, in which the current flowing
through the channel is directly proportional to VDS . The current provided
by the conduction channel increases with VDS as described in the following
equation [155]:

IDS = WCox

L
µlin

[
(VGS − VT )VDS −

VDS

2

]
(1.1)

where W is the transistor channel width, L is the transistor channel length, Cox

is the capacitance per unit area, µ is the carrier mobility, µlin indicates the
mobility in the linear region, VGS is the applied gate voltage, and VT is the
threshold voltage.

When VDS becomes larger (| VDS | > | VGS - VT |), the field between the gate
and the drain electrode gradually decreases, up to a point where it falls to zero.
This occurs at the so-called pinch off point, when VDS = VGS -VT . Because the
potential at the pinch off point remains equal to VGS - VT , the drain current
becomes independent of the drain voltage. The current is obtained by equating
VDS to VGS - VT [62]. IDS tends to saturate because of the pinch-off of the
accumulation layer. This is called the saturation region. The ON current of a
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transistor in saturation obeys the following equation:

IDS = W

L
Coxµsat(VGS − VT )2 (1.2)

The most important parameters in characterizing a field effect transistor are field-
effect mobility µ, threshold voltage VT , on/off ratio and inverse subthreshold
slope (subthreshold swing) S−1. All these important parameters can be directly
extracted from the plot of IDS versus VGS at a constant VDS shown in
Figure 1.2 (a).

Field effect mobility is the average degree of electric charge carrier drift velocity
per unit electric field and is typically reported in cm2/Vs. In the linear regime,
µ can be directly calculated from the transconductance by plotting IDS versus
VGS at constant low VDS assuming weak dependence of mobility on gate
voltage.

(
∂I lin

DS

∂VGS

)
VDS

= WCox

L
µlinVDS (1.3)

However, in the presence of significant contact resistance, the mobility calculated
in the saturation region provides a more accurate value because the contact
resistance is lower at a higher drain voltages. The mobility in the saturation
region can be calculated as follows:

(
∂2Isat

DS

∂V 2
GS

)
VDS

= WCox

L
µsat (1.4)

Another approach is to plot the square root of the source-drain current,
√
Isat

DS ,
against gate voltage, VGS . It should be possible to fit a straight line to the
above threshold region of the plot. The slope of the line can then be used to
derive the saturation mobility:

µsat = 2slope2 L

WCox
(1.5)

The threshold voltage is the minimum gate voltage to form a conducting channel
at the interface between the insulating layer and the semiconductor between
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source and drain contacts [104]. Basically, since most OTFTs operate only
in accumulation mode, VT should in principle be zero [60, 63, 99]. However,
it also relates to the many parameters of the device, such as traps at the
dielectric/semiconductor interface, contact resistance, the Fermi level of both
the organic materials and metals, and several other properties [63, 60, 174].
On/off ratio is defined as the source-drain current ratio between the on and
off states and it is usually given as 10X . Subthreshold swing S is a measure of
how rapidly the device switches from the off to the on state and is commonly
reported in V/decade. S can be found from the region of the exponential current
increase of an investigated OTFT by fitting a line in the region between VON

and VT as seen in Figure 1.2(a).

1.2 Components

The components of an OTFT are briefly described in this section, which includes
the basic operation mechanism and requirements of the organic semiconductor,
the electrodes, the gate dielectric and the surface treatment for improving the
properties of the gate dielectric and the electrodes.

1.2.1 Organic semiconductor

Charge transport mechanism

In 1977, Shirakawa et al. found that doping greatly improves the conductivity
of polyacetylene, which opened a new research field [21]. Until now, many
polymers and small molecules have been found to behave similarly to doped
polyacetylene. As a rule, both the diverse nature of the carbon atom itself and
the interaction between one carbon atom and another have an effect on the
electrical conductivity of a molecule. The relationship between the chemical
structure of organic semiconductor and the conductivity will be described in
this section.

The conductivity of the organic molecules comes from the conjugation of the
carbon atoms. When two atoms come close to each other, their valence electrons
interact. Depending on the interaction, these two atoms might form bonds and
merge into a molecule. Likewise, when a carbon atom comes close to another
atom, an interaction of the outer electronic orbitals occurs and forms a bond.
In a carbon atom, there are six electrons indicated as 1s22s22p2, two of which
occupy one orbital with opposite spin states (up and down) according to the
Pauli exclusion principle. As illustrated in Figure 1.3 (a), these electrons occupy
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Figure 1.3: (a) The electron configuration of one carbon atom.
(b) sp3 hybridization of CH4 that shows four tetrahedral shaped hybrid orbitals.
(c) sp2 hybridization of C2H4 that shows three planar-triangular shaped combined
hybrid orbitals and the p-orbital in a molecule.
(d) The formation of HOMO and LUMO states because of the overlap between the π
orbitals.

1s orbital, 2s orbital and 2p orbital, respectively. Only the outer electrons,
2s22p2, interact with the electrons from other atoms and form a bond or a new
molecule.

During interactions with other atoms, the electronic structures change according
to the different hybridization states. Hybridization is a process that combines
the 2s with the 2p orbitals and create a new sp orbital. For example, when
one carbon atom interacts with four hydrogen atoms, i.e. CH4, the four valence
electrons of the carbon atom combine one 2s orbital and three 2p orbitals
and form four covalent σ bonds (also known as single bonds (C-H) in the
chemical notation) with neighboring hydrogen atoms. These four-electron state
is described as four equivalent hybrid orbitals (sp3 hybrid orbitals) as shown
in 1.3 (b). The sp3 orbitals have a tetrahedral structure with an angle of
approximately 109◦ between the orbitals.

The sp2 hybridization is formed when two p orbitals combine with the s orbital.
For example, in C2H4, each carbon atom has one electron in one unperturbed
2p orbital and three electrons in the outer hybridized orbitals. These three
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electrons occupy three equivalent sp2 hybridized orbitals, as shown in 1.3 (c).
The orbitals have planar-triangular geometries originating from a combination
of one 2s orbital and two 2p orbitals, and the one unperturbed 2p orbital points
outward perpendicularly from this plane. At the same time, the electrons
build different bonds when they are in different orbitals and, more specifically,
the electrons in the sp2 orbitals build the σ−bond while the electrons in the
2p orbitals build the π bond. These two bonds between the two carbon atoms
appear as a double bond (C=C) in the chemical notation. The double bond,
compared to the single bond, is tighter and shorter which makes the two carbon
atoms more closely bonded to each other.

The electron configuration can also be described as a wave function. In this
way, the peak of the wave indicates the probability of the electrons showing
up. Similarly, when two atoms are bound to each other, they are described
by new wave functions since the valence electrons in the combined system are
attracted simultaneously by both nuclei instead of one. The new combined wave
function of these two atoms is called molecular orbital. The molecular orbital is
the result of the constructive or destructive interference of the atomic orbitals.
One example of constructive interference is that of the negative charges placed
between the positive nuclei; therefore, there is an attraction between these
two atoms. More specifically, a constructive interference between the electrons
results in an attraction and a finite probability of finding an electron between
the atoms, which suggests bonding between the atoms. Thus, the wave function
is called a bonding molecular orbital. Likewise, an example for the destructive
interference is that of two positive nuclei placed together without any negative
charge present. In other words, a destructive interference between the electrons
results in repulsion and extremely low probability to find an electron between
the two atoms, which suggests no bonding between the atoms. Therefore, the
wave function is called an anti-bonding molecular orbital. The anti-bonding
molecular orbital is more unstable and has higher energy than the bonding
molecular orbital. In addition, according to the different energy, these two kinds
of orbitals appear as a split in molecular energy levels.

The wave function of the valence electrons can also be distorted by and described
with hybridized orbitals due to the potential created by the surrounding atoms.
In a conjugated polymer, the sp2−orbitals are relatively localized while the
2p−orbitals can interact with electrons farther apart. As mentioned earlier,
this interaction between two electrons gives rise to two different molecular
orbitals, one is the bonding molecular orbital marked as π and the other is the
anti-bonding molecular orbital marked as π∗ in Figure 1.3 (d). Furthermore, as
more atoms couple with each other, there are more energy levels splitting, and
only half of the orbitals are filled. The orbital that is occupied by the highest
energy electrons is called the Highest Occupied Molecular Orbital (HOMO)
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and the orbital higher than HOMO is called the Lowest Unoccupied Molecular
Orbital (LUMO). The energy difference between the HOMO and the LUMO is
called the band gap, which is important for electronic and optical applications.

Unlike metals or semiconductors, charge carriers in conjugated systems are
generally seen as an electron or a hole accompanied by a corresponding
polarization and rather than a charge carrier plus a distortion, because the
charge-lattice interaction is larger than the intermolecular bonds. These
distortions can be described as a soliton, a polaron or a bipolaron [14], which
appear on different occasions. Different from inorganic materials, organic
semiconductor materials can be classified as p-type or n-type according to which
type of charge carrier is more efficiently transported through the material.

The carrier mobility µ is one of the most important characteristics of an organic
semiconductor and can span a wide range of orders of magnitude, around (10−7

to 1) cm2/Vs within the regime of hopping-type transport. In OTFTs, traps
reduce the effective field-effect charge carrier mobility, generate hysteresis and/or
shift the characteristics. A trap is defined as a site with higher electron affinity
than the bulk material for electrons or lower ionization potential than the bulk
material for holes. Actually, the specific deep traps are considered to be the
reason that most organic semiconductors transport only one type of carrier.

The amount of traps is related to the presence of defects and impurities in
the semiconductor and the number of grains (or grain boundaries). Since
intramolecular charge transfer is considered to be easier than intermolecular
charge transfer and the ordering of the molecules also affects the charge transfer,
mobility is usually higher in ordered structures with larger grains [35, 54, 177].
It has been proven that the microstructural homogeneity is essential to efficient
charge transport [176]. Furthermore, the structure of organic semiconductors
is strongly dependent on the deposition method and conditions. The surface
properties, namely the surface energy and roughness of dielectric and electrodes
underneath (in bottom-contact structure), also strongly effect the growth of the
organic semiconductor materials, which will be discussed in the next section.

Material growth

In general, thin films deposited in gas phase grow in one of four modes [67, 135,
192]: two dimensional growth, also called layer-by-layer mode (Frank-van der
Merwe); two dimensional plus three dimensional growth, also called layer-plus-
island mode (Stranski-Krastanov); three dimensional growth also called island
mode (Volmer-Weber); on rare occasions, two dimensional on three dimensional
growth, also called layer-on-island growth has been observed [174]. These four
modes are depicted in Figure 1.4. The growth regime is determined by the
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Figure 1.4: Three different modes of thin film growth in general [67, 135]

deposition rate [67, 135, 192], the substrate temperature, and the choice of
substrate or surface treatment [185].

During the deposition from the gas phase, molecules arrive at the substrate and
condense on the surface. A nucleus is formed when several molecules aggregate.
The orientation of the first monolayer is determined by the balance between
the molecule-substrate and molecule-molecule interactions [175]. In the case of
organic molecular crystals, the interactions between molecules in the crystal
are based on van der Waals interactions and are rather weak. Moreover, the
strength of the molecule-molecule and molecule-substrate interactions depends
on the orientation of the admolecules. In other words, a delicate balance of
the anisotropic interactions between the molecules, their neighbors, and the
substrate [135]. Besides, an ideal surface treatment on a gate dielectric layer
that lowers the admolecule surface interaction also brings the system closer to
equilibrium growth and leads to layer-to-layer growth [81, 83].

When the lateral molecular interactions are more important than either the
molecule-substrate or molecular interlayer ones, a layer-by-layer growth occurs.
Therefore, when the substrate is inert and flat, molecules have a tendency to
form crystalline domains [135]. In addition, an increase of substrate temperature
enhances surface diffusion and improves long range crystalline order [20]. In
brief, increasing the substrate temperature and lowering the deposition rates
will decrease the nucleation density and therefore increase the average grain
size.

Conversely, an increased evaporation rate drives the system towards a
more kinetically driven growth, and results in more structural disorder [54].
Furthermore, a rough dielectric surface may yield higher nucleation densities and
perturb molecule diffusion leading to smaller grains or structural disorder [32,
158, 185].

In a nutshell, the evaporation conditions of the semiconductor can have
significant impact on the crystal structure, further affecting the properties
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Figure 1.5: Pentacene structure

of carrier mobility. The surface of the dielectric plays an important role in
forming grains of organic materials. Reducing the roughness and choosing a
appropriate pretreatment are essential to improving the performance of the
OTFT.

Material used in this thesis

Figure 1.5 illustrates the organic molecules used in this thesis. Generally,
pentacene is used as a standard organic material to characterize the dielectric
quality. Pentacene, C22H14, is a planar molecule composed of five aligned
condensed benzene rings linked as shown in Figure 1.5. In its bulk
phase, pentacene has a triclinic structure and a density of 1.32 g/cm3.
In our experiments, pentacene was deposited by organic molecular beam
deposition (OMBD) in vacuum.

1.2.2 Electrode

The carrier injection from an electrode to a semiconductor is depicted in
Figure 1.6 [58, 66, 188]. The energy barrier is the difference between the metal
work function and HOMO (for p-type), or LUMO (for n-type). In an ideal
case, the work function of metal electrodes matches the HOMO (p-type) or
LUMO (n-type) of the semiconductor. There is then no injection barrier in this
case. Charges can be easily collected at the drain contact when there is a bias
between source and drain. However, in reality, there are often injection barriers
due to the mismatches between the semiconductor and the work function of
the metal electrodes. In order to minimize the energy barrier, electrodes with
high work function are often chosen for p-type materials. On the contrary, low
work function electrodes are often chosen for n-type materials. As depicted
in Figure 1.6 (b), the injection barrier from Al is larger than Au for a p-type
semiconductor, while in a n-type material, the injection from Au or Al is
relatively restricted.
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Figure 1.6: Energy level diagram of an organic semiconductor and work functions
of source and drain electrodes. (a) Left: ideal electrodes for p-type semiconductor;
right: ideal electrodes for n-type semiconductor. (b) Real electrodes. Left: electrodes
with high work function are more suitable for p-type semiconductor; right: electrodes
with low work function are more suitable for n-type semiconductor.

In the case that the charge injection barrier is negligible, the metal-semiconductor
contact can be regarded as an Ohmic contact. The current density is limited
by the carrier transport across the film rather than by injection. In this case,
the current is called bulk limited or space charge limited current. On the
contrary, if the injection barrier is high and current is limited by the injection
barrier, the current is called injection limited current.

However, the contact resistance of the bottom-contact structure are proven
to be substantially larger than the top-contact structure, and the injection of
the charges are also affected by the geometry of the devices [115, 116, 129].
Furthermore, in the bottom-contact structure, organic materials also grow on
top of the electrodes. As a result, sometimes the injection barriers comes from
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the different morphology of organic semiconductors at the contacts and quality
of the contacts [61, 65]. Therefore, many efforts have been devoted to improving
contacts by surface modification with self-assembled monolayers [11, 65, 103].

In general, Ohmic contact is required for better performing organic devices
and it can be achieved by matching the work function of the electrode and/or
surface modification by self-assembled monolayers.

1.2.3 Dielectrics with high dielectric constants (k)

Early research on organic electronics was mostly on thermally grown SiO2,
which where chosen for their high quality and commercial availability [61, 173].
However, as SiO2 insulators are not flexible, have a relatively low dielectric
constant, a large amount of surface OH groups that act as electron traps [26]
and require high processing temperatures, an alternative gate dielectric is
required [61].

Similar to their counterpart Si-based transistors, an ideal gate dielectric layer for
organic devices has to fulfill many criteria [80, 140, 183], such as: reproducible
growth and uniform thickness, minimal charges and defects, minimal leakage
currents under operating voltage, and large breakdown voltage and long time-
to-breakdown. One of the most important properties is the gate leakage
that determines the current when the device is in the off state. Since the
on/off ratio has to be as high as possible, many efforts have been undertaken
to minimize leakage currents. In addition, leakage may also increase power
consumption [120].

Moreover, due to the limited charge carrier mobility of organic materials,
large voltage operation is necessary to achieve enough current. According
to Equation 1.1 and 1.2, one has to consider many parameters to increase
the current. However, W/L is geometrically limited and low applied voltages
are preferred, so maximizing µ and Cox is essential. In addition, the gate
dielectric layer has major impact on both µ and Cox. Therefore, the realization
of a high-performance, low-cost and flexible organic thin-film transistor also
depends on high-quality dielectric materials. Furthermore, threshold voltages
may be reduced because higher carrier concentration can be achieved at lower
voltages [173]. Given the constraints above, the drive voltages of most previous
reported OTFTs are generally larger than 10 to 20 V, which is not suitable for
portable applications such as RFIDs.

According to Equation 1.1 and 1.2, in order to reduce the applied voltage,
capacitance can be also enhanced by the thickness of the dielectric as shown in
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Equation 1.6,

Cox = ε0×εA
d

(1.6)

where ε0 is the constant permittivity in vacuum, ε is the permittivity or dielectric
constant of the material, A is the area, d is the thickness. In order to maximize
the capacitance, one has to apply a material with high dielectric constant as
thinly as possible. Of course, it has to fulfill other criteria, especially low leakage
current and high breakdown voltages at the same time.

In addition to general requirements of a gate dielectric layer for TFTs, specific
requirements for OTFTs should be considered. The charge transfer in organic
semiconductors is only few nanometers, and in other words, the thickness
of the channel is only few nanometers. Therefore, the interface is especially
critical [173]. In fact, it has been demonstrated that the dielectric can influence
the organic semiconductor and OTFT operation in several ways [173]. Most
importantly, the properties of the gate dielectric layer directly affect the growth
of the semiconductor layer and the orientation of the molecules based on their
interaction. The interaction is dominated by the nearest dipoles in the dielectric
layer [120]. Second, roughness of the dielectric might create valleys in the
channgel region acting as carrier traps. Roughness also affects the nucleation
density of the semiconductor materials on top [45, 158]. Another effect is gate
voltage dependent mobility of OTFTs and the polarity of the dielectric interface
may affect local morphology or the distribution of electronic states in the organic
semiconductor materials [173].

The processing of the dielectric layer should also fulfil demands specific to organic
electronics, such as low temperature to be applied onto flexible substrates
and manufacturing organic circuits at low cost. Therefore, the processing
temperature of the gate dielectric is preferably under 150-180 ◦C. The main
challenge is to produce defect-free thin oxide film at low temperatures and at
low cost. Many methods have been investigated [32, 120, 191]. We will discuss
more details in the section 1.3.

Overview of existing process techniques

The deposition methods for inorganic high-k gate dielectrics are reviewed
in Table 1.1 [91, 120]. To produce high quality high-k gate dielectrics at
low temperature and at low cost is difficult. The most common deposition
methods are sputtering [42, 88], anodization [189, 98, 137, 164], e-beam [6,
70, 77], and ALD [76, 84]. Nevertheless, deposition methods like sputtering,
e-beam or ALD are expensive and need to be performed in vacuum or in
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inert gas atmospheres. Therefore, these methods are not consistent with low-
cost manufacturing. Alternatively, there have been attempts to obtain high-k
dielectrics via sol-gel [41, 163]. Recently, Wang et al. [179] proposed to spin-coat
silk fibroin as a gate dielectric and achieved high mobility (21 cm2/Vs). However,
these solution-based techniques (sol-gel and spin-coating) require temperature
as high as 450 ◦C. Therefore, they are not compatible with low temperature
processing of flexible substrates. Another approach, anodization, which can
process high quality thin oxide layer at room temperature, is one of the most
promising methods for dielectrics in low-cost plastic electronics. This will be
described in detail in Chapter 2.

Anodized layer as a gate dielectric

Recently, there has been a lot of interested in anodized oxide because of its low
cost and high quality thin film fabricated at room temperature. Table 1.1 lists
recent works on fabrication OTFTs composed with anodized oxides as a gate
dielectric. Anodized Ta2O5 was first demonstrated by Tate et al. in 2000 with
promising results using solution processed organic materials [164]. Two years
later, Iino et al. showed pentacene transistor on Ta2O5 with encouraging mobility
of 0.36 cm2/Vs [189]. Later, many groups tried to modify the surface and
achieved similar results [32, 47, 106, 137], which suggests anodized Ta2O5 is a
suitable candidate for organic transistors. Majewski also demonstrated anodized
Al2O3 and TiO2 on foil for very low voltage drive (1 V) [98, 101, 102]. Tardy et
al. also showed the feasibility of anodizing Hf into HfO2 as another alternative
for organic transistors [163]. These results prove that anodization is a potential
technique for organic technology. It can process high quality gate dielectrics
from different metals at room temperature and at a low cost. Moreover, because
of its ability to form a conformal layer on any geometric surface, it could
potentially be used to fabricate dielectrics for e-textile applications [114].

Nevertheless, the results mentioned above were on a single transistor scale. There
was not much reported for more complex circuits. It is not straightforward
to pattern small structures for anodization. Thus, only simple circuits were
demonstrated [52]. In this study, we tackle this problem and propose a novel
method to integrate anodized aluminum oxide into organic circuit applications
[94].
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Table 1.1: Literature overview of inorganic gate dielectric with high dielectric constant used in OTFTs

ref. Dielectric Methoda Tb D Ci k Semiconductor µ ION /IOF F Year
(◦C) (nm) (nF/cm2) (cm2/Vs)

[42] BZTd sput. RTo 128 17.3 pentacene 0.38 105 1999

[41] BSTe solution 400 100 16 pentacene 0.38 3x105 1999
processed

[164] Ta2O5 anodiz. RT 50 23 DHα5Tf 0.04 2000
F16PcCug 0.02

[6] Ta2O5 e-beam 100 21 P3HTh 0.02 2002

[189] Ta2O5 anodiz. RT 86-188 109-248 23-27 pentacene 0.36 104 2003

[88] Al2O3 sput. RT 270 7 pentacene 0.14 >106 2003

[47] Ta2O5 anodiz. 25-30 pentacene 0.51 >105 2004

[77] ZrO2 e-beam <120 250 pentacene 0.12 104 2004
ZrO2+OTMSi e-beam pentacene 0.66 >105

continued on next page
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continued from previous page

ref. Dielectric Methoda Tb Dc Ci k Semiconductor µ ION /IOF F Year
(◦C) (nm) (nF/cm2) (cm2/Vs)

[74] Gd2O3 IBAD RT 280 7.4 pentacene 0.1 103

[102] Al2O3+ PAMSj anodiz. RT 260 pentacene 0.3 2004
Al2O3+ OTSk anodiz. RT 250 rr-P3HT 5×10−3

[180] TiO2 PVD 97 373 41 rr-P3HT 5×10−3 102 2004

[25] BZNn PLD RT 200 221 50 pentacene 0.5 3.5×105 2005

[98] TiO2 anodiz. 676 pentacene 0.15 2005
TiO2+ OTS anodiz. 465 pentacene 0.25
TiO2 anodiz. 2416 PTAAl <10−5

TiO2+ OTS anodiz. 460 PTAA 3.5×10−5

[137] Ta2O5+ HMDSm anodiz. 150 23 pentacene 0.2 105 2005

[106] Ta2O5 anodiz. 150 141.6 24 pentacene 0.25 2006

[70] Ta2O5 e-beam RT 325 pentacene 0.82 7.5×10 2007

[84] Al2O3+ HMDS PEALD <150 150 41 pentacene 0.14 105 2007

[76] Al2O3+ HMDS PEALD 150 pentacene 0.62 107 2007

continued on next page
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continued from previous page

ref. Dielectric Methoda Tb Dc Ci k Semiconductor µ ION /IOF F Year
(◦C) (nm) (nF/cm2) (cm2/Vs)

[24] PVP/AlOx sol-gel+ 175 450 45/100 31 pentacene 0.55 5×105 2007
rf-sput. RT tetracene 0.07 5×104

CuPc 0.004 ∼103

[163] HfO2 sol-gel 450 20 11 pentacene 0.12 5×103 2007
HfO2 anodiz. RT 40.1 469.4 21.3 pentacene 2.2×10−2 > 103

HfO2 anodiz. RT 85.6 217.2 22.2 pentacene 2.2×10−2 > 103

[22] (HfO2)0.75 • ALD 6 1400 pentacene 0.11 2008
(SiO2)0.25 ALD 6 600 pentacene 0.11

[32] Ta2O5 anodiz. 158.5 pentacene 0.15 103 2008

[52] Al2O3 anodiz. 60 9 pentacene 0.2 2008

[49] TiO2 ALD 125 50 rr-P3HT 4.1×10−4 7×104 2008

[68] TiO2 sol-gel RT rr-P3HT 3.73×10−3 101 2008

[19] HfLaO e-beam 200 30 450 15.3 pentacene 0.13 1.2×104 2009

[168] HfON/Hf rf-sput. 150 50 787 pentacene 0.17 3.2×103 2010

continued on next page



CO
M

PO
N

EN
T

S
19

continued from previous page

ref. Dielectric Methoda Tb Dc Ci k Semiconductor µ ION /IOF F Year
(◦C) (nm) (nF/cm2) (cm2/Vs)

[179] Silk spin RT 420 17.5 6.1 pentacene 21.7±3 3×104 2010
Fibroin coating

[196] Al2O3 O2 plasma 5.7 ∼700 pentacene 0.75 106 2010
+SAM F16CuPc 0.028 105

[152] HfLaO rf-sput. 175 20 645 15 pentacene 0.08 ∼104 2010
PVP/HfLaO sol-gel+ 300 8/20 340 11 pentacene 0.34 ∼105

rf-sput.

[33] HfLaO rf-sput 400 40 230 pentacene 0.59 3.7×103 2011

[56] mica exfol. 100 40 4 CuPc 0.4 02 2011

[107] TiO2 sput. TIPS- 0.22 2×107 2011
pentacene

[91] HfON ECR-sput. RT 9.5 1050 pentacene 0.25 6.8×104 2011

[123] ZrOx sol-gel RT 10.8 320 9.5-10.5 pentacene 0.18 ∼105 2011

[181] BTOp spin-coat 180 250 15.57 22 pentacene 8.09 2.9× 103 2012
∼650 ∼ 16.80 ∼55 ∼9.53

continued on next page
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continued from previous page

ref. Dielectric Methoda Tb Dc Ci k Semiconductor µ ION /IOF F Year
(◦C) (nm) (nF/cm2) (cm2/Vs)

aAbbreviations:
rf-sput., radio frequency magnetron sputtering;
ECR-sput., electron cyclotron resonance
anodiz., anodization;
IBAD, ion beam assisted deposition;
PEALD, plasma-enhanced atomic layer deposition;
PVD, physical vapor deposition;
PLD, pulsed laser deposition;
ALD, atomic layer deposition;
exfol., exfoliation.
bT, fabrication temperature of dielectric layers
cD, dielectric thickness
dBZT, barium zirconate titanate
eBST, barium strontium titanate
fDHα5T, dihexyl quinquethiophene
gF16PcCu, copper hexadecafluorophthalocyanine
hP3HT, poly(3-hexylthiophene)
iOTMS, octadecyltrimethoxysilane
jPAMS, poly(α-methylstyrene)
kOTS, octadecyltrichlorosilane
lPTAA, poly(triarylamine)
mHMDS, hexamethyldisilazane
nBZN, Bi1.5Zn1.0NB1.5O7

continued on next page
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continued from previous page

ref. Dielectric Methoda Tb Dc Ci k Semiconductor µ ION /IOF F Year
(◦C) (nm) (nF/cm2) (cm2/Vs)

oRT, room temperature
pBTO, barium titanate
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1.2.4 Interfaces and surface treatments

The interfaces play a crucial role in the devices in general [61]. In organic thin
film transistors, two interfaces are important: between the gate dielectric and
semiconductor [45, 173], and between the S-D electrodes and semiconductor [17,
18]. The former is the place where the majority of charge carriers are generated,
which is the first one to two monolayers of semiconductor nearest to the
dielectric surface [43, 61], while the latter affects the charge injection between
the electrodes and the organic semiconductor [61, 65].

Interface between the semiconductor and the gate dielectric

Improving the interface between the semiconductor and the gate dielectric is
important for several reasons. First, the surface properties of the substrate affect
the growth of organic material greatly [27, 32, 72, 81, 167, 177]. Second, charge
transfer between molecules is also strongly dependent on the trap concentrations
at the dielectric-semiconductor interface and at the grain boundaries in the
film [62]. Therefore, surface treatments are usually applied on the dielectric [173]
before the deposition of the materials.

One common approach is to apply self assembled monolayers (SAMs), which have
a head selectively attaching to a surface and a tail defining the surface properties
of the interface. Self-assembled monolayers are densely packed, ordered films
which attach to the surface by chemical bonds. They are monomolecular layers
that spontaneously form when putting a surface in contact with a reactive
molecule, either in solution or in gas phase [37].

The exact reasons for the improvement of the mobility still need more
investigation. However, there are some possible interpretations. One explanation
is the change of the surface energy. On the low-energy-surface, the molecules
tend to align straight on the surface, while they lay down on the metal high-
energy surface [173]. This leads to two possibilities: one is the increased
grain size of the semiconductor and the other is the better orientation of the
semiconductor alignment. It is also reported that the dewetting property
of SAM helps the reorganization of the organic materials and increases the
grain size [3]. As the grain size increases, the number of grain boundaries
decreases [44, 75]. Then, larger grain size improves the mobility [43]. On the
other hand, the organic semiconductor grows in a better orientation which
enhances the charge transport [177]. In addition, surface treatment probably
contributes to a decrease in trap and scattering states at the interface [78]. For
example, Chua et al. proved that the SAM can eliminate the detrimental effect
of the hydroxyl groups and recover partial electron mobility, which increases



OBJECTIVES AND OUTLINE OF THE DISSERTATION 23

with increasing alkyl chain length [26]. Furthermore, some SAMs may crosslink
on the surface and reducing the roughness of the surface [87]. Additionally,
SAMs may reduce undesirable leakage currents [2, 48, 59, 69, 75, 96, 173]. SAMs
also affect the carrier concentration and the threshold voltage [82]. With a well
controlled process, devices with low threshold voltages can be realized [196].

In this work, we use several different SAMs to modify the surface of the gate
dielectric. The detailed process steps are described in the Appendix.

Interface between the semiconductor and the S-D electrodes

For non-ohmic contact, the behavior can be seen in Figure 1.2 (c). It shows
an upward curvature at low drain voltages. There are two main causes for
non-ohmic contact: energy level alignment and material growth. The surface
treatments on the electrodes may modify the energy level alignment, enhance
the material growth and therefore improve the injection.

First, the energy level of the electrodes can be shifted until 1 eV by applying a
surface treatment on the electrodes [17, 18, 65]. Second, in the bottom contact
configuration (Figure 1.1 (b)), the organic semiconductor is deposited on top of
the electrode. As a result, the morphology of the semiconductor near the contacts
also plays a major role and the morphology of the semiconductor changes
according to the surface properties of the electrodes underneath [72, 178]. In
this respect, the techniques for improving the semiconductor/dielectric interface
can also be used for the semiconductor/electrodes interface [61].

In this work, we use pentafluorobenzenethiol (PFBT) to modify the surface
of the S-D electrodes. The details of the process steps are described in the
Appendix.

1.3 Objectives and outline of the dissertation

The gate dielectric layer is just as important as the organic active layer in organic
electronics. For further development, SiO2 is no longer a suitable gate dielectric
due to its rather low gate dielectric constant and high processing temperatures.
New gate dielectrics are required for large area electronics. However, finding a
reliable method to produce a gate dielectric with high gate dielectric constant
at a low cost and compatible to the manufacture of OTFT is a challenge.
This study is focused on finding alternative methods to produce a high-k gate
dielectric layer and to pattern and integrate it into circuits.
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In Chapter 2, the principle of anodization is described. Then, the improvement
of the properties of anodized aluminum oxide as a gate dielectric is demonstrated.
Second, anodized aluminum oxide used in a single transistor scale is presented in
Chapter 3. In this chapter, devices with different geometries are demonstrated.
In addition, anodized aluminum oxide is compared to ALD aluminum oxide.
Moreover, different surface treatments were applied to improve the properties
of the device. Furthermore, the reliability of the dielectric were measured by
bias stress measurement. Possible origins of the instability are suggested. In
Chapter 4, the realization of anodized aluminum oxide for circuit applications
are discussed. The difficulties and possible approaches are shown. Inverters
and ring oscillators based on anodized aluminum oxide are first demonstrated.
In Chapter 5, organic ISFET, an application based on high-k gate dielectric is
present. The possibilities and bottlenecks of applying OTFTs to ISFETs is also
discussed in Chapter 5. Finally, a general conclusion and future work is present
in Chapter 6.



Chapter 2

Anodization

2.1 Motivation

As mentioned in the previous chapter, due to the limited performance of organic
semiconductors (concerning charge carrier mobility in particular), usually large
operating voltages are required to achieve sufficient current. One solution to
increase the current is to enhance the gate dielectric capacitance and, therefore,
to employ high-k materials. Generally, an ideal dielectric layer has to be
reproducible, crack-free, uniform, and conformable over underlying patterns, in
particular metallic structures [120, 140, 183]. Given the constraint that it has
to be processed at low temperature to remain compatible with a flexible plastic
foil, many methods have been investigated to process a high quality oxide at
low temperatures.

One of proposed methods, anodization, is a well established industrial process.
It has advantages such as low cost, compatibility with plastic substrates, and is
performed in aqueous solutions at ambient conditions [47, 101]. In addition,
the thickness can be controlled by the applied voltage during the anodization
process [39].

In this chapter, we will demonstrate that anodization is suitable for the
generation of high-quality, dense and thin aluminum oxide. The reasons for
choosing Al is its low cost and availability in our lab. In addition, bandgaps
of dielectrics decrease with the increasing dielectric constant [128, 134]. Al2O3
has a rather high bandgap compared to other high-k gate dielectrics.

25



26 ANODIZATION

2.2 Principle of anodization

Anodization is an electrochemical process that improves native oxide films and
produces stable, highly resistant oxide films on the metal surface [39]. A metal
like Al has a very high chemical affinity with oxygen. Therefore, it rapidly reacts
with oxygen and generates native oxide on its surface under ambient conditions
[28, 150]. Though this native oxide provides sufficient protection for further
oxidation of metal, it is not thick enough (≤5 nm) and may include too many
defects and pinholes as a gate dielectric [141, 145, 146, 169]. The anodization
process thickens the native oxide, but it also modifies the surface and reduces
the number of pinholes [23]. Depending on the situation, anodization may
change the microscopic texture of the surface and the crystal structure of the
metal near the surface [23].

There are two major types of anodized aluminum oxides as listed in table 2.1 [28,
39, 99, 121]. The key factor determining whether barrier-type or porous-
type oxide grows is the electrolyte used in anodization. In neutral or weak
acid/base, aluminum oxide is hardly soluble. It tends to grow a compact
barrier-type aluminum oxide in this situation. In contrast, in strong acid/base,
aluminum oxide not only forms deposits but also dissolves [125, 126, 127, 166].
A large fraction of the oxidized aluminum is not retained in the film, but
passes into the solution. In this case, it tends to grow porous type aluminum
oxide [125, 126, 127].

The barrier-type film is solely controlled by the applied voltages. The maximum
film thickness for the barrier-type films is restricted to the breakdown voltage of
the oxide film. However, a much thicker porous-type film can be easily achieved
and the thickness is time and current dependent [39, 99, 121].

A typical anodization reaction of aluminum is illustrated in Figure 2.1 and
Equation 2.1. During the process, the metal to be anodized is the anode and
the electric circuit is completed with a counter electrode. The anodic current is
supplied from an outer circuit.

nM +mH2O →MnOm + 2mH+ + 2me− (2.1)

where M is the metal. For aluminum, therefore, the equation becomes
Equation 2.2 [187].

2Al + 3H2O → Al2O3 + 6H+ + 6e− (2.2)
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Table 2.1: Two types of anodized aluminum oxide

Barrier type Porous type

Structure Thin, compact, non-porous Inner layer:thin barrier-type
Outer layer: thick porous-type

Crystal Amorphous γ-Al2O3, γ‘-Al2O3

Thickness Voltage dependent ∼14 Å/V Inner layer: voltage dependent
(higher temperature→thinner) Outer layer: current density, time

and temperature dependent
≤ 1 µm under 1000V 100 µm can be easily produced

Electrolytes Boric acid Sulfuric
Citric acid Phosphoric
Ammonium tartrate Oxalic

Chromic acid aqueous solutions

Application Electrolytic capacitors Corrosion resistance
Dielectric Decorative structures
Insulators Base for paints

Pt

Current
Source

+-

Metal

Metal
Oxide

Substrate

aqueous
electrolyte

+ -

mH2(gas)

2mH + 2me nM +mH O2

M O + 2mH + 2men m
+ -

Electron Flow

Counter
Electrode

+

Counter
Electrode

Sample

(a) (b)

Figure 2.1: (a) A schematic drawing of anodization (b) Experimental set-up
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In a typical aluminum anodization process, the aluminum oxide is grown down
into the surface and out from the surface [143]. Both oxide anions and aluminum
cations migrate in anodic aluminum oxide. Oxide anions move inward to react
with aluminum at the metal/oxide interface to form oxide. Aluminum cations
move outward from the metal to react with water at the oxide/electrolyte
interface to form oxide at the surface. New oxide deposits at both oxide
interfaces and ideally anodization will increase the dimensions on each surface,
with around 0.4-0.5 of the ionic current carried by the cations and the remainder
by the anions in the case of aluminum oxide [143, 154]. The rate at which
the oxide thickens is proportional to the current density. In addition, during
formation of anodic aluminum oxide, the ionic current in the film is exponentially
dependent upon the electric field [154]. Thickness is very uniform across the
surface because the voltage drop must be the same everywhere.

In simple systems, only oxide formation takes place. Therefore, the current
of oxide formation jox can be measured as the total current jtotal. In reality,
however, oxide formation takes place simultaneously with ion dissolution jdis,
oxygen evolution jO2 , and oxidation of components of the electrolyte jx [142],

jtotal = jox + jO2 + jdis + jx (2.3)

This means that the use of the total current density jtotal instead of jox and
the assumption jtotal = jox can be misleading. In addition, the oxide may
dissolve even at open circuit conditions, while the total current is zero because
the dissolution of the metal ions at the anode compensate by the dissolution
of oxygen ions at the cathode. The thickness of the oxide film decreases until
new equilibrium is achieved [143]. Therefore, one should be more careful when
acquiring the real oxidation current (jox). Hebert et al. [57] also indicated that
the critical point between barrier and porous alumina layer is the oxide formation
efficiency, that is the ratio between the metal loss and oxide growth. Higher
oxide formation efficiency indicates lower weight loss. Once the efficiency is
below 0.65-0.70 (for Al2O3), pores start forming in the oxide film. Consquently,
reactions other than oxide formation have to be minimized. In other words, jO2

and jdis should be minimized.

The formation of an anodic layer can be divided into four stages as illustrated
in Figure 2.2 [12, 23, 125, 126, 127]:
(1) Formation of barrier oxide over the area.
(2) Local field distributions caused by surface fluctuations.
(3) Creation of pores by field-enhanced and/or temperature-enhanced dissolu-
tion.
(4) Stable pore growth.
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In this figure, jb and jp indicate the total current density (jtotal)) for a typical
barrier film and a porous film formation, respectively. jhp represents a hypothetic
current density, which is the difference between jp and jb.

At stage (1), the barrier-type film covers the entire surface of the aluminum,
which consists of non-conductive oxide with resistance around 1010 to
1012 Ω cm [171]. The barrier-type aluminum oxide blocks electrons moving
in the direction from electrolyte to metal, and the current density jb decays
exponentially. The current through the barrier-type film is dominated by an
ionic current.

Given the condition that a gate dielectric has to be a decent insulator, only
barrier-type film should be used in our research. Therefore, the transfer from
barrier-type (stage 1) to porous-type (stage 2) has to be avoided. In other
words, local focused fields should be suppressed.

The transformation from barrier type to porous type oxide is not yet completely
understood. However, it has been shown that when the oxidation efficiency,
jox/jtotal is higher than 0.7, it is more likely to form barrier aluminum
oxide [57]. Therefore, while jO2 , jdis or jx increase, the film becomes more
porous. One possible explanation for the critical transfer point from barrier to
porous (Stage (1) to stage (2)) comes from the local focused field. The electric
field is focused locally on fluctuations of the surface. The fluctuations of the
surface may come from the dissolution in the formed oxides [194], the generation
of oxygen bubbles [97, 194] or the impurities on the aluminum surface [151, 122].
As illustrated in Figure 2.2 (b)2, the cell geometry concentrates current through
the oxide at the pore base. Ions move through oxide more easily at these
shortest paths between metal and electrolyte. As aluminum metal is oxidized,
the metal/oxide interface moves into the metal.

There are several possible sources contributing to jO2 .
(1) From oxidation of OH− ions at the oxide film/electrolyte interface [194], as
shown in Equation 2.4.
(2) From oxidation of water molecules at the oxide film/electrolyte interface [194],
as shown in Equation 2.5.
(3) From oxidation of O2− ions of the alumina as shown in Equation 2.6 [194].
(4) From the metal ions impurities [122, 151].

The reactions contributing to the jO2 can be expressed as:

4OH− → O2 + 2H2O + 4e− (2.4)

2H2O → O2 + 4H+ + 4e− (2.5)
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(a) (b)

Figure 2.2: (a) Schematic diagram of current density at constant voltage. jb and
jp indicate the current density for the barrier-type film and the porous-type film
formation, respectively. jhp represents the difference between jp and jb. (b) Schematic
diagram of the pore formation corresponding to the different stages [23].

2O2− → O2 + 4e− (2.6)

To minimize these effects, the whole reaction has to be decelerated. One
approach is to minimize the total current [38, 182, 184] to a few mA/cm2.
Another approach is to reduce the temperature, keeping it at room tempera-
ture [38, 89, 182]. In addition, cleanness of the substrate is a determinant, since
contamination may become the stress concentrated points [38, 122, 151, 194],
and locally increasing the reaction speed.

In order to reduce the dissolution of aluminum, choosing a suitable electrolyte
is critical. According to Gitelman [51], the dissolution of aluminum is minimal
at pH 6. We used an electrolyte mixture containing potassium phosphate
dibasic trihydrate and potassium citrate tribasic monohydrate to achieve this
pH value [92].

2.3 Experimental set-up

The experimental set-up of anodization is illustrated in Figure 2.1 (b). A
two-electrode-cell configuration is used, consisting of the aluminum working
electrode and a platinum mesh counter electrode.
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Figure 2.3: The voltage and current set-up during the anodization. At first stage,
constant current is applied until the voltage reaches a desired value. At the second
stage, constant voltage is applied while the current reduces exponentially.

The anodization was carried out in a two stages process, consisting of a
galvanostatic step determining the thickness of the anodized layer, and a
potentiostatic step improving the quality of the oxide layer. In the first stage, a
constant current density was applied to the aluminum working electrode. The
growth rate depends on the current density. The thickness of the aluminum
oxide depends only on the voltage, and can be controlled very precisely. The
relationship can be expressed as

d = cV (2.7)

where c is the anodization ratio describing the thickness of the formed film
per voltage. The constant current was applied until the desired voltage was
reached. In the second (potentiostatic) stage, a constant voltage was applied
and the resulting current was recorded. The barrier-type aluminum oxide blocks
electrons moving from electrolyte to metal. Therefore, current can only pass
through the weak points. Once these weak points are repaired by thickening
oxide, the current density decays exponentially. In the end, the remaining
defects (pinholes) are repaired by maintaining the applied voltage until the
current density dropped to a certain value. The stopping point is where the
current is low enough to repair most of the defects and reduce the leakage
current, while the deposition rate is higher than the dissolution rate to maintain
the oxide thickness. Typically this occurs at currents below 10 % of the constant
current set at the beginning.
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2.4 Properties

In this section we introduce and discuss five sectors of the properties: surface
morphology, thickness uniformity, dielectric constant, leakage current and
breakdown, and crystallinity. Stability and charge trapping will be discussed in
the next chapter, together with the transistor characteristics.

2.4.1 Morphology of the aluminum oxide layer

The roughness of the gate dielectric layer not only affects the charge carrier
mobility of organic semiconductors [158], but also generates thickness non-
uniformity. Therefore, the roughness of the layer needs to be minimized. The
roughness of the anodized aluminum oxide can be affected by several factors.
In this chapter we discuss the influence of the original aluminum roughness,
thickness of the anodized oxide and the anodization parameters.

Influence of the aluminum layer quality

The morphology of a thin film varies according to the deposition conditions [67,
124, 192]. Two dimensional growth is preferred to acquire the smoothest layer.
In our case, when a thin aluminum layer (in the nanometer range) is deposited
on the glass substrate, aluminum clusters tends to nucleate directly on the
substrate surface and then grow into islands in the condensed phase [67].

Generally, an atom landing on top of an island attempts to hop off the island
to the lower layer because of the higher potential-energy barrier on top of the
island. In addition, the effect is more obvious when an atom lands on top of a
smaller island, because it visits the island edges more frequently, and increases
its chance to hop down. This downward diffusion would improve layer-by-layer
growth. Therefore, an increase of the island density or smaller-size islands in the
first incomplete layer can enhance two dimensional growth in particular [192].

Additionally, layer-by-layer growth can be improved by applying a low substrate
temperature and a high evaporation rate. The adatom supersaturation on the
surface is high at sufficiently low substrate temperatures, and supersaturation
is more enhanced by high evaporation rate. As the result, the critical nucleus is
just a single atom. It increases the density of centers for islands growth, as more
adatoms diffuse to meet them [192]. Thus, a low substrate temperature and a
high evaporation rate are preferred for improving two dimensional growth.
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Table 2.2: Deposition conditions for different techniques
Thermal Thermal Sputtered E-beam

evaporation evaporation
(PME) (Alcatel) (Pfeiffer) (SLOAN)

Rate [Å/second] varied 7-9 4-6 10
Substrate temperature varied water cooled RT RT
Pressure [torr] <1×10−6 ≤ 4×10−6 4.5×10−3 10−7

A similar trend was observed in our thermal evaporation system (PME lab) as
shown in Figure 2.4 (a). The pressure in the chamber was less than 1×10−6 torr.
As the substrate temperature decreased and the evaporation rate increased,
more nuclei were formed and islands were smaller, which generated a smoother
surface. Finally, the smoothest surface acquired at the fastest rate (1.5Å/sec)
and lowest substrate temperature ( < -194 celsius) had a RMS value 1.92 nm.

Several deposition techniques for an aluminum layer used at imec were also
examined at low substrate temperature and high deposition rate. The results are
illustrated in Figure 2.4 (b). The deposition conditions are listed in Table 2.2.
With the parameters we were able to modify, thermal evaporation gave the
smoothest aluminum layer.

In order to examine the relationship between the original aluminum layer and the
anodized aluminum oxide layer, nine different aluminum layers were thermally
evaporated at various evaporation rates and substrate temperatures, giving rise
to large variations in surface roughness. For practical reasons, these depositions
were done in the larger chamber and the lowest roughness is 3.28 nm. All nine
samples were anodized under the same conditions (0.07 mA/cm2, 30 V) , as
shown in Figure 2.5. The original aluminum layer is on the left of each picture
and the anodized aluminum oxide is on the right of each picture. In fact, the
roughness of the anodized aluminum oxide is almost identical to and slightly
better than the original aluminum layer. It indicates that anodized aluminum
oxide is almost conformal to the underlying aluminum, and that therefore the
smoothness and surface quality of the original aluminum layer is the key factor
for obtaining a smooth aluminum oxide surface.

The cross-section of the aluminum and aluminum oxide is shown in Figure 2.8.
Again, it indicates that the aluminum oxide is conformal to the aluminum layer.
In addition, there is not obvious pinhole or defect shown in the figure.
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Sputtered
(Pfeiffer)

Thermal
evaporation

(Alcatel)

E-beam
(SLOAN)

25nm

-25nm

1µm

15.8nm 5.81nm19.9nm

25nm

-25nm

1µm

11.44nm 14.60nm

2.76nm1.92nm

rate
(Å/sec)

0.1Å

10Å

substrate
temperature

(˚C)

<-194 25-35

(a)

(b)

Figure 2.4: (a) AFM images of thermally evaporated aluminum on glass substrate at
either liquid nitrogen temperature or room temperature with two different deposition
rates. The roughness (RMS value) of each surface (nm) is indicated in the corner
of each picture. (b )AFM images of aluminum on glass deposited using different
techniques with optimized parameters as indicated in Table 2.2. The roughness (RMS
value) of each surface (nm) is indicated in the corner of each picture.
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Figure 2.5: AFM images of thermally evaporated aluminum on glass (on the left of
each picture) and after anodization (on the right of each picture). Nine samples were
prepared at different evaporation rates and substrate temperatures. The roughness of
each surface (nm) is indicated in the corner of each picture. The similarities before
and after anodization indicates that the anodized aluminum oxide is conformal to the
original surface. The anodization condition is 0.07 mA/cm2, 30 V.
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Figure 2.6: (a) The relationship between the applied voltage and the thickness
of anodized aluminum oxide. The thickness is proportional to the applied voltage
regardless to the applied current density. (b) The relationship between the total
anodization time and the thickness. It takes a longer time to grow thicker layers and
a shorter time with higher current density. The layer grows faster with higher current
density at the first stage.
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Figure 2.7: The AFM images of the anodized aluminum oxide with different
parameters.
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Figure 2.8: The crosssection TEM picture of anodized aluminum oxide showing the
conformal growth of anodized aluminum oxide.

Influence of the anodization parameters

The thickness of the anodized film can be controlled very precisely through the
applied voltage. In our experiment, the thickness was measured by ellipsometry
as shown in Figure 2.6 (a). It was only related to the applied voltage, regardless of
the applied current density. The anodization ratio c as indicated in Equation 2.7
is between 1.3 and 1.5. The anodization time is both thickness and current
density dependent. It takes a longer time to grow the thicker layer. With
higher current density, the growth rate increases and the total anodization time
decreases as shown in Figure 2.6 (b).

The AFM pictures are shown in Figure 2.7. In the figure, we see a transformation
from stage 1 to stage 2 (as indicated in Figure 2.2) at 50, 70 and 90 V. Some
pinholes with depth between 3 nm to 5 nm start forming. The top left corner
has the largest pores. This transformation may be field dependent [7, 161],
temperature dependent [161] and/or time dependent. Further investigation
is necessary to confirm this. However, the roughness of the surface is related
to anodization time as shown in Figure 2.9. The best time region for low
roughness is around 1500 to 2000 seconds. The surface is less similar to the
original aluminum surface when the anodization time is extended. As shown
in Figure 2.9, we can tune the roughness by confining the total anodization
time. Either adjusting the time of the constant current stage or the constant
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Table 2.3: Relationship between roughness and anodization time

sample original RMS(nm) tuned RMS(nm)
[<1600 s] [1600 s]

30 V 2.35 2.290.07 mA/cm2

30 V 3.45 2.240.1 mA/cm2

30 V 2.74 2.320.2 mA/cm2

original RMS(nm) tuned RMS(nm)
[>1600 s] [1600 s]

70 V 3.17 1.950.15 mA/cm2

voltage stage gave similar results. The roughness is only related to the total
anodization time. This is because the corrosion was always going on when
the sample dipped into the electrolyte regardless of the current or voltage
applied. Therefore, at beginning of the anodization, it polished the surface
by a small amount of corrosion at largest spikes on the aluminum surface. As
the anodization time extended or the voltages increased, started to etch away
some weak points on the surface and it created the pinholes as shown at higher
voltages in Figure 2.7. These increasing numbers of pinholes contributed to the
larger surface roughness.

2.4.2 Dielectric constant

The dielectric constant of the aluminum oxide was acquired by a capacitance
measurement which is shown in Figure 2.10 (a). The structure was Al/Al2O3/Au
with area 2.5 × 10−7 m2. The correspondence dielectric constant of different
thickness is shown in Figure 2.10 (b). The dielectric constant is between 8-9,
which indicates the density of the dielectric layer is high.

2.4.3 Leakage current and breakdown

For practical use, the on/off ratio of an OTFT should be maximized. Typically,
an off current in an OTFT is the leakage current through the gate dielectric.
As a result, reducing leakage current is one method to increase the on/off
ratio. In addition, a high leakage current can induce a degradation of organic
semiconductor material at the interface of an OTFT [29]. Therefore, minimizing
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Figure 2.9: (a) Surface roughness measured by AFM for different applied voltage and
current density (b) The correlation between surface roughness and total anodization
time. The best anodization time is between 1500 to 2000 seconds.
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Figure 2.10: (a) The capacitance measurement for different thickness of anodized
aluminum oxide. (b) The dielectric constant calculated from the capacitance.
(c) Leakage current measurement at different fields for different thickness of anodized
aluminum oxide compared to sputtered and atomic layer deposit (ALD) aluminum
oxide. The anodization voltages are 30 V, 50 V and 100 V, corresponding to
45 nm, 70 nm and 130 nm. The result from 70 nm anodized aluminum oxide
is comparable with 100 nm ALD aluminum oxide and sputtered aluminum oxide.
(d) X-ray diffraction (XRD) spectra of the smoothest (α) (dashed line in red) and
roughest (β) (solid line in blue) anodized aluminum layer of Figure 2.5. It shows only
an Al (111) signal, and no signal from aluminium oxide, indicating that the aluminium
oxide is amorphous.
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(a)

(b)

Figure 2.11: (a) Mapping of an anodized Al2O3 layer thickness measured by
ellipsometry over a 15 cm × 15 cm glass substrate. Target thickness is 50 nm
and actual thickness is 44.5 nm. The standard deviation over the substrate is 0.2 nm.
(b) Mapping of an ALD Al2O3 layer thickness measured by ellipsometry over a 6 inch
Si wafer. Target thickness is 100 nm and actual thickness is 109.2 cm. The standard
deviation over the wafer is 0.6 nm.
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the leakage current of a gate dielectric is critical. From the electric measurement
shown in Figure 2.10 (c), we infer that a 50-nm thick film of anodized aluminium
oxide withstands an electric field as high as 6 MV/cm. Compared to other
dielectrics, 50 nm anodized aluminum oxide is comparable with 100 nm sputtered
aluminium oxide. The leakage current at the operational field (< 2 MV/cm) is
under 10−9 A/cm2.

2.4.4 Crystallinity

The crystallinity of the anodized aluminum oxide was measured by X-ray
diffraction measurement (XRD). Both the smoothest sample (α) and the
roughest sample (β) in Figure 2.5 were examined, and the results are shown in
Figure 2.10 (d). Only an Al (111) signal was observed for both samples, and no
signal from aluminium oxide, indicating that the aluminium oxide is amorphous.
In addition, since the aluminum oxides on both samples were identical in terms
of crystallinity, it also suggests that the difference of the morphology came
from the aluminum underneath, and the aluminum oxide is conformal to the
aluminum layer.

2.4.5 Uniformity

The uniformity of the anodized aluminum oxide was measured on a 15 cm ×
15 cm glass substrate. The original aluminum layer was 200 nm before the
anodization. The applied voltage was 30 V for 50 nm oxide layer. The result is
shown in Figure 2.11 (a). The mapping was measured using an ellipsometer.
The actual thickness was 44.5 nm and the standard deviation is only 0.2 nm.
Compared to ALD aluminum oxide as shown in Figure 2.11 (b), which was
109.2 nm with standard deviation 0.6 nm, the uniformity of anodized aluminum
oxide is better than ALD aluminum oxide. Careful calibration could further
improve control over the thickness. Overall, this demonstrates that anodization
has the potential to be used in large-scale processing.

2.5 Conclusions

We have investigated different properties of the anodized aluminum oxide.
Anodization is an economical method for fabricating an oxide layer at room
temperature. Two different kinds of oxide films, barrier and porous, can be
manufactured using anodization. This thesis/work aims at fabricating the gate
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dielectric layer in a transistor. This means a barrier type oxide film is required
to achieve dense, smooth, and crack-free films.

The morphology of the dielectric relates to the original aluminum oxide
significantly. Therefore, a smooth aluminum layer is essential in achieving
a smooth anodized aluminum oxide film. We have examined different deposition
techniques and conditions at imec, and found that thermal evaporation with a
high evaporation rate and cooled substrate temperature gives the smoothest
film.

The properties of anodized film can be adjusted carefully controlled processing
conditions. The thickness of anodized film can be controlled very precisely
by the applied voltages. In addition, the total anodization time or the speed
can be controlled by the current density, where higher current density has
higher anodization rate. The smoothness of the oxide film can be improved by
confining the anodization time. The lowest roughness was achieved by using an
anodization time between 1500 and 2000 seconds.

The film was amorphous and dense enough to sustain a field as high as
6 MV/cm without breakdown. Anodization is also a technique that scales
up well. Ellipsometry results showed that the deposition of anodized film over
a six inch wafer was very uniform. There was only 0.2 nm thickness deviation,
which was better than ALD. In a nutshell, the basic properties of anodized
aluminum oxide fulfil the requirements of high quality high-k gate dielectrics.



Chapter 3

Transistors based on anodized
aluminum oxide

In the previous chapters, we concluded that smooth and dense films of Al2O3
with excellent electrical leakage and breakdown characteristics can be prepared
at room temperature, and this has a potential for application in thin-film
electronics [52]. In particular, the underlying Al layer can be envisioned as the
gate metal, and the anodized Al2O3 as the gate dielectric.

In this chapter, our approach towards low voltage operated OTFTs is described.
The reduction of the operational voltage was achieved through the introduction
of high capacitance insulators processed by anodization. Suitable surface
modifications were also applied to improve the transistor characteristics. The
fabricated transistors display relatively low leakage, low threshold voltages, and
negligible hysteresis. The stability of the transistor is measured by bias stress
measurement and can be improved through an annealing process.

3.1 Bottom-gate top-contact transistors

Two structures were examined in this work, bottom-gate top-contact and bottom-
gate bottom-contact transistors. The structure of the transistor is shown in
Figure 1.1 (a). The detailed process flow is described in appendix A. First, a
continuous 100 nm thick aluminum layer was evaporated on a glass substrate
and anodized with a constant current of 0.07 mA/cm2 and up to 30 V. The
aluminum layer was partially transformed into aluminum oxide. The remaining

45
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Figure 3.1: Chemical configuration of (a) pentafluorobenzenethiol (PFBT)
(b) phenethyltrichlorosilane (PETS)

aluminum worked as a gate and the anodized aluminum oxide worked as a gate
dielectric. The target thickness of aluminum oxide is around 45 - 50 nm.

Next, a layer of phenethyltrichlorosilane (PETS) was deposited from the gas
phase in a vacuum oven at 60◦C for 30 minutes together with a 60µl droplet of
PETS. This improves the surface properties and the material growth in the next
step. The structure of PETS is illustrated in Figure 3.1 (b). Afterwards, the
semiconductor material layer (in this case pentacene) was deposited in a vacuum
chamber (<10−6 mbar) with a rate of 0.25 Å/sec and a substrate temperature
of 68◦C. Finally, a 50 nm gold layer was evaporated through a shadow mask at
a rate of 0.25 Å/sec and the substrate was cooled with liquid nitrogen. These
gold electrodes served as source/drain contact pads.

Figure 3.2 demonstrates a top-contact pentacene transistor based on anodized
aluminum oxide as a gate dielectric. It shows promising results at low applied
voltages. The applied VDS was -2.5 V and the channel width and length
were 2000 µm and 50 µm, respectively. The dotted line indicates the current
from gate to source, which is lower than 10−9 A. It displays a low leakage
current (<10−9 A), high on/off ratio (∼105), low threshold (-0.1 V), high
mobility (0.263 cm2/Vs) and high subthreshold slope (0.21 V/decade).

For comparison, we also studied anodized Ta2O5
1. We received anodized Ta2O5

wafer and fabricated top-contact pentacene transistors on it. The transistor
characteristics are demonstrated in Figure 3.3. The thickness of the Ta2O5 was
80 nm and the channel width and length were 2000 µm and 50 µm, respectively.
The dielectric constant was measured as 23. The applied VDS was - 2.5 V.
It displays a high on/off ratio (∼104), low threshold (-1 V), high mobility
(4.54×10−1 cm2/Vs) and high subthreshold slope (0.14 V/decade). Compared

1It was prepared by NCI group in imec
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Figure 3.2: (a) Transfer characteristics of a top-contact pentacene transistor on
anodized aluminum oxide. Before pentacene evaporation, the sample was treated with
PETS. (b) Output characteristics of a top contact pentacene transistor on anodized
aluminum oxide.
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Figure 3.3: (a) Transfer characteristics of a top-contact pentacene transistor on
Ta2O5. (b) Output characteristics of a top contact pentacene transistor on Ta2O5.

to anodized aluminum oxide, they demonstrated very similar behavior.
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3.1.1 Correlation between roughness and mobility

The roughness of the dielectric has been proven to be an important factor
for semiconductor growth and charge carrier mobility. In Chapter 2, we
were able to tune the roughness of the dielectric by confining the anodization
time within 1500-2000 seconds. Here we manufactured transistors from two
different anodization time regions to examine the impact of the the roughness
on the mobility of the semiconductor. The anodization was controlled either
by anodization off-current or the total time. One set of samples was anodized
until the off current density (J) dropped below 0.006 mA/cm2. In this case,
the anodization time was varied. For thinner samples, the anodization time is
shorter, while for thick samples, the anodization time was longer. On the other
hand, the other set of samples was anodized until the total anodization time
reached 1600 seconds, no matter how high the off-current was.

The roughness of the first set of samples (off-current density = 0.006 A/cm2)
was around 2.7 nm, while the other set (anodization time = 1600 seconds) was
reduced to 2 nm as shown in Table 3.1 and the AFM pictures are shown in
Figure 3.4. After the anodization, PETS was deposited in the vapor phase
in a vacuum chamber (∼10−3). Then, pentacene and Au electrodes were
deposited by thermal evaporation in ultra high vacuum (∼10−6) for top-contact
transistors. The channel width and length were 2000/50 µm. The results of the
transistors are shown in Figure 3.5 (a). The grey circles indicate the samples
controlled by the off-current and the dark cross indicate the samples with same
anodization time around 1600 second. We can clearly see that the mobility
of the transistors based on optimal anodization time was higher than in the
other set. In addition, the devices with 90 nm thick aluminum oxide had the
best performance. The correlation between the roughness and the mobility is
shown in Figure 3.5 (b). The mobility decreases when the roughness increases.
In a nutshell, by optimizing the roughness of the dielectric via controlling the
anodization time, the device performance was improved greatly.

3.2 Bottom-gate bottom-contact transistors

Bottom source and drain electrodes as shown in Figure 1.1 (b) have some weak
points compared to the top-contact structure as shown in Figure 1.1 (a). The
contact resistance of the bottom-contact structure is much larger than the
top-contact structure, and the injection of the charges is also affected by the
geometry of the devices [115, 116, 129]. In addition, since the semiconductor
materials grow on top of the electrodes, the surface properties also have an
impact on the morphology of the semiconductor [61]. Nevertheless, in order to
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Figure 3.4: Topography comparison between two sets of samples. The anodization
was controlled by either the off-current or the total anodization time. The samples
with optimal anodization time gives lower roughness as indicated in Table 3.1.

Table 3.1: Roughness comparison between two sets of samples. The anodization was
controlled by either the off-current or the total anodization time.

Voltage Jend Total anodization time Rms Thickness
(V) (mA/cm2) (s) (nm) (nm)
30 0.004 1600 2.25 45
30 0.006 1200 2.74 45
50 0.006 1477 1.68 68
70 0.017 1600 1.85 91
70 0.006 2100 2.26 91
90 0.043 1600 1.20 118
90 0.006 2300 2.09 118
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Figure 3.5: (a) The mobility comparison between two sets of samples. The
anodization was controlled by either the off-current (dark cross) or the total anodization
time (grey circle). The samples with optimal anodization time gives lower roughness
and therefore have higher mobility. (b) The relationship of roughness and mobility. It
shows the mobility decreases with increasing roughness.

integrate smaller feature sizes for more complicated circuits by lithography, a
bottom-contact structure merits further investigation.

The growth of the semiconductor on top of the electrodes can be improved
through surface modification [11, 65, 103]. In this work, pentafluoroben-
zenethiol (PFBT) was applied on the Au bottom source and drain electrodes.
PFBT was deposited from the liquid phase. The sample was submerged in a
10 mM solution of PFBT in ethanol for 30 minutes. The chemical structure of
PFBT is shown in Figure 3.1 (a).

Figure 3.6 and Table 3.2 show typical results for bottom contact transistors.
Two different SAMs were deposited on anodized aluminum oxide. Figure 3.6 (a)
and (b) illustrate the results of PETS and PαMS, respectively. Both transistors
had high mobilities, high on/off ratio, low threshold voltages, low applied
voltages, and high subthreshold slopes. The transistor with PαMS had higher
mobility than the one with PETS (0.43 cm2/Vs vs. 0.17 cm2/Vs). The threshold
voltage of the sample treated with PαMS was negative while the one treated
with PETS was positive. This clearly shows the effect that the surface treatment
has on transistor behavior.

For comparison, we also realized pentacene transistors on anodized Ta2O5
2. The

results are shown in Figure 3.6 (c). It also showed promising results with high
2It was prepared by NCI group in imec
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Figure 3.6: (a) Transfer characteristics of a bottom-contact pentacene transistor
on anodized aluminum oxide. PFBT and PETS were deposited before pentacene
evaporation. (b) Transfer characteristics of a bottom-contact pentacene transistor
on anodized aluminum oxide. PFBT and PαMS were deposited before pentacene
evaporation. (c) Transfer characteristics of a bottom-contact pentacene transistor
on anodized Ta2O5. PFBT and PETS were deposited before pentacene evaporation.
(d) Transfer characteristics of a bottom-contact Ga-In-Zn-O transistor on anodized
aluminum oxide.
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Table 3.2: Performance of bottom-contact transistors based on anodized oxide

Thickness k semiconductor SAMs Mobility VT S−1

(nm) (cm2/Vs) (V) (V/decade)

(a) Al2O3 50 9 pentacene PDBT+ 0.17 0.2 0.13
PETS

(b) Al2O3 50 9 pentacene PDBT+ 0.43 -0.9 0.13
PαMS

(c) Ta2O5 80 23 pentacene PDBT+ 0.20 0.5 0.3
PETS

(d) Al2O3 50 9 In-Ga-Zn-O 6.73 0.9 0.4

mobility (0.2 cm2/Vs), high on/off ratio (>104), low threshold voltage (0.5 V)
and high subthreshold slope (0.3 V/decade). The performance for anodized
aluminum oxide and tantalum penoxide is very similar. In addition, we also
demonstrated anodized aluminum oxide is compatible with other semiconductors.
Another promising semiconductor for large area circuits, In-Ga-Zn-O (GIZO),
which can also be deposited at low temperature, has also been demonstrated.
In this case the current can reach up to 4.8×10−3 A at small applied voltage
5 V.

3.3 Bias stress

As the organic devices come closer to applications, competitive performance is
required, and stability and reliability become more important. One common
method to measure the stability of such a device consists of applying a constant
gate-source voltage over time and measuring the transistor characteristics. The
phenomenon that the threshold voltage of the transistor changes over time
by applying a gate-source voltage is known as bias stress effect. One of the
most important issues with bias stress in organic transistors is the shift of the
threshold voltages [10, 153].

One of the origins of the threshold voltage shift are the traps in the devices.
Charge trapping may be localized in several positions in OTFTs: in the organic
semiconductor [53, 73] or at the interface between the gate dielectric and organic
semiconductor layers [86, 117, 148, 149, 160, 170]. The number of mobile charges
and hence the drain current decreases at a given gate-source voltage over time.
When charges are trapped, the threshold voltage or the onset voltage of the
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OTFT displays a shift. After the gate-source voltage is removed, trapped carriers
may either return to mobile states or they remain trapped until the trap states
are physically eliminated depending on their physical characteristics [10, 153].

Another origin of the threshold voltage shift is the ion migration in the gate
dielectric [195] or in the organic semiconductor [131]. The migrated ions form
an extra field in the device and also generate a threshold voltage shift.

In this section, we will discuss the stability of the OTFTs with anodized
aluminum oxide and compare them to ALD aluminum oxide using bias stress
measurement.

3.3.1 Experimental set-up

In bias measurements, a defined continuous voltage signal is applied to the
gate, source and drain electrodes for a prolonged period of time, and the entire
device characteristics are monitored periodically as a function of time. Here
we provided ground to the source and drain and 1 MV/cm or -1MV/cm to the
gate by Keithley 4200.

All the bias stress measurements shown here were done in a top-contact
configuration. In a bottom contact configuration the contacts and accumulation
layer are at the same side of the semiconductor, and a degradation of
source/drain contact resistance has been observed [90]. In contrast, the contact
resistance is much smaller in top-contact configuration, and the degradation
of the contacts affects the drain current much less. The current degradation
in the top-contact configuration mainly comes from the charge trapping in the
channel [149]. Therefore, all the bias stress measurements were performed in a
top-contact configuration.

3.3.2 The effect of processing on traps

In this section, we compare four different top-contact transistors. Using bottom-
contact processing, the aim is to check whether the process steps affect the
properties of anodization and the anodized aluminum oxide. The first one was
realized with standard top contact transistor processing steps. For the others
were added several extra processing steps which are essential for bottom contact
transistors. The details are shown in the bottom of Figure 3.7.

As mentioned in section 3.2, one of the differences between top-contact
and bottom-contact configurations is the processing on the dielectrics. The
processing steps might damage and contaminate the surface of the dielectric.
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Figure 3.7: Four different top-contact devices with different processing steps that
may affect the surface properties. The different steps are shown at the bottom of
the figure. Sample (a) was a reference standard top-contact device. Sample (b) had
extra spin coating of AZ6612 and acetone rinsing steps. Sample (c) had all the steps
of sample (b) and extra steps of baking at 120◦C, UV exposure and dipping into
OPD5262. Sample (d) included all the steps of processing a bottom-contact device.
All the transistors have W/L = 2000/210 µm and VDS = -5 V. The mobility for
sample (a)(b)(c) are around 0.63 cm2/Vs, and for sample (d) is 0.33 cm2/Vs.
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There are several steps in the imec standard bottom-contact process that may
influence surface properties, such as: spin coating photoresist AZ 6612 and LOR
1A, rinsing with acetone, UV exposure and dipping into OPD 5262. Therefore,
here we manufactured four top-contact devices including different steps before
the anodization as indicated in Figure 3.7.

Sample (a) was a reference top-contact transistor. It was produced using
all the standard steps of manufacturing a top-contact pentacene transistor.
Sample (b) included a photoresist spin-coating process and stripping with
acetone. Sample (c) included dipping into OPD 5262, which is a strong base
solution. Also, it included a baking process of photoresist and blank exposure
to UV light. This is the standard lithography steps for positive photoresist
patterning. Sample (d) included all the steps of lift-off processing with extra spin
coating LOR 1A and baking. UV ozone, PETS, pentacene and Au evaporation
were done in the same round for all four samples.

The results are demonstrated in Figure 3.7. The threshold voltage shift for a
top-contact pentacene transistor on anodized aluminum oxide is around 1.7 V
after three hours negative bias stress (-1 MV/cm). The extra steps did not
contaminate the surface or it did not generate extra traps on the surface since
the threshold voltage shifts for all four samples were very similar. Even for
sample (c) and (d) the threshold voltage shifts were slightly less than sample (a)
and (b). This may be because the solution processing steps removed some
particles on the surface.

Another behaviour worth mentioning is that the mobility of sample (d) was
smaller and the leakage current was higher than for other samples. The possible
cause for this may be the remaining LOR 1A, , which affects the process of
anodization and thus also the quality of the oxide layer. However, the mobility
was still acceptable (∼0.33 cm2/Vs) and the on/off ratio was high (>103).
Therefore, the effect of the processing was negligible in this situation.

3.3.3 The effect of annealing

The greatest difference between anodization and other deposition methods is
that water and ions content are involved in the process. Water and ions are
involved in the anodization to provide a medium and ion current for growth of
aluminum oxide. It has also been proved that ions in the electrolyte incorporate
in the oxide layer [165] and that water is one of the main origins of bias
stress [10, 53]. In addition, use of a hydrophobic dielectric can reduce the bias
stress effect [73]. Therefore, we would like to understand how water and ions
chemically bonded in the oxide layer as impurities affect the stability of the
devices.
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Figure 3.8: The effect of annealing on anodized and ALD aluminum oxide. (a) sample
of anodized aluminum oxide without annealing. The mobility was 0.48 cm2/Vs
(b) sample of anodized aluminum oxide with 12 hours annealing at 120◦C in the
vacuum oven. The mobility was 0.34 cm2/Vs. (c) sample of ALD aluminum oxide
without annealing. The mobility was 0.32 cm2/Vs. (d) sample of ALD aluminum oxide
with 12 hours annealing at 120◦C in the vacuum oven. The mobility was 0.32 cm2/Vs.
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In order to remove the water in the dielectric, samples were baked out in a
vacuum oven (<10−1 torr) at 120 ◦C for more than 12 hours before pentacene
evaporation and compared with ALD aluminum oxide. The results are shown
in Figure 3.8. The mobilities of the four samples were very similar (between
0.32 to 0.48 cm2/Vs), which indicates that the annealing does not affect the
alignment of the SAM layer.

Usually the direction of the threshold voltage shift generated by charge carrier
trapping is on the same side of the applied field, unless there are ions in the
dielectric moving by the gate field [195]. In our devices, since there were no
ions in ALD aluminium oxide, the shifts mainly came from the charge carrier
trapping in the interface of organic semiconductor and the gate dielectric and
thus were on the same side of the bias stress field [10]. On the other hand, due
to the impurities in the anodized aluminum oxide, the threshold voltage shift of
the negative bias stress was opposite to the direction of the field.

The shift can be reduced by baking the sample in the vacuum chamber at 120 ◦C
for 12 hours. However, the origin of the positive shift under negative bias stress
is still not clear. It might be generated from the mobile ions of water (H+ and
OH−), or mobile ionic impurities passing through the water paths. One possible
reason for reduced threshold voltage shift after annealing is the water content
in the dielectric layer is decreased compared to the one without annealing.
Therefore, the number of traps either from mobile ions of water or mobile ionic
impurities decreased. Another reason may be that the annealing improves the
alignment of the SAMs. Nevertheless, another anodized aluminum oxide that
was annealed before SAMs deposition also showed decreased threshold voltage
shifts. This indicates that humidity plays an important role in the shift of the
threshold voltage. Moreover, the annealing process improves the stability for
both anodized aluminum oxide and ALD samples.

The threshold voltage shift comparison between anodized and ALD aluminum
oxide demonstrated that under the described conditions, the threshold voltage
shift of anodized aluminum oxide is less than ALD aluminum oxide. This is
because the shift of the threshold voltage caused by traps is compensated by
the shift caused by ions migration. The bias stress stability of the anodized
aluminum oxide was less than 0.5 V threshold voltage shift after annealing
compared to 1.3 V threshold voltage shift for ALD aluminum oxide under three
hours positive bias stress (1 MV/cm).

Our measurement demonstrated that bias stress in anodized aluminum oxide
TFTs manifests itself predominantly in the form of a positive threshold voltage
shift for negative gate bias stress. The instability arises from the movement
of ions in the gate field and is connected to the water that is present in our
devices. Charge carrier trapping, which would yield negative threshold shifts,
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plays only a minor role. With these two effects cancelling each other under
our measurement conditions, the threshold voltage shift of the device based on
anodized aluminum oxide was smaller than for ALD aluminum oxide.

3.4 Alkylphosphonic acid self-assembled molecular
layer on aluminum oxide

Surface modification is used to improve surface properties of the substrate in
order to achieve a better organic molecular growth. Many reports show that
optimization of the surface condition can improve the charge carrier mobility
by two to three orders of magnitude [32, 49, 81, 177, 185]. The most common
method for doing that is to chemisorb a self-assembled monolayer [69, 110, 173,
191, 193]. One category of molecules, alkylphosphonic acids(PA), has been used
by several research groups for the formation of self-assembled monolayers (SAM)
on aluminum oxide [1, 48, 75, 96]. The structure of the alkylphosphonic acid is
shown in Figure 3.9 (a). Previous research demonstrated promising results on
O2 plasma and UV/ozone generated aluminum oxide [48, 75, 96]. The aim of
this research was to examine the effect of alkylphosphonic acid SAM on both
anodized aluminum oxide and ALD aluminum oxide. As we expected different
alignments, different chain lengths of alkylphosphonic acid were examined.
Both bottom-gate top-contact and bottom-gate bottom-contact geometries were
tested and optimized. Further, by integrating optimized transistors, low voltage
driven inverters were also manufactured.

Deposition of SAMs

Substrates were rinsed with deionized water, acetone and isopropanol. They
were further cleaned by a 15-minute exposure to UV ozone. Alkylphosphonic
acids (Strem Chemicals, used as received) were deposited on Al2O3 from ethanol
solution as previously described in [2]. Self-assembled thiol monolayers were
deposited on Au bottom-contacts as reported in [108]. Details are described in
Appendix A.

3.4.1 The effect of chain length on mobility of pentacene
transistors

In our study, we investigated a series of alkylphophonic acids with carbon
chain lengths ranging from 6 to 18 (=n+1) where n is the number indicated
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in Figure 3.9 (a). The contact angle was measured on a 10 nm ALD Al2O3 as
shown in Figure 3.9 (c). All alkylphosphonic acid with different chain length
changed the surface energy of Al2O3. The mobility of the top-contact pentacene
transistors with different numbers of carbon atoms on ALD Al2O3 are illustrated
in Figure 3.9 (d). It suggests the optimal chain length is 14 carbons (n-tetradecyl
phosphonic acid) which follows the trend of previous reports [2, 48, 59, 75]. The
improvement relates to the alignment of the SAM. When the chain length is too
short, the coverage is not complete and unable to mitigate the adverse effects
of the underlying high-k surface [2, 75]. When the chain length is too long, the
defects and surface roughness of the SAM increases, leading to a decrease of
mobility [48]. When the chain length is around 14, the cohesive forces align the
molecules into an almost up-right position and hence improve the growth of the
organic semiconductor [48, 59]. Therefore, we used C14 alkylphosponic acid as
the standard material for the following experiments. The surface morphology
of pentacene on top of C14 alkylphosphonic acid modified Al2O3 compared
to the one on top of phenylethyltrichlorosilane (PETS) [108] and is illustrated
in Figure 3.9 (b). It shows that the grains of pentacene are much larger on
PA modified Al2O3 compared to PETS, and this may indicate the reason why
the mobility improved. Nevertheless, we observed hysteresis on all transistors
regardless of the carbon chain length, which can be seen in previous reports as
well [2, 59]. We will discuss more details in the next section.

3.4.2 The effect of post-annealing on the hysteresis of
pentacene transistors

We examined both forward and backward curves of transistors on ALD and
anodized Al2O3. The results are shown in Figure 3.10. The applied voltages were
adjusted through the thickness of Al2O3. They both revealed huge hysteresis
from the backward curve as seen in Figure 3.10 (a-2) (b-2). We hypothesized
that the hysteresis is due to the traps, most probably protons [147] coming from
the residual water related to the solution processed deposition of alkylphosponic
acid. It should be possible to remove these traps by post-annealing. Therefore,
after the deposition of alkylphosponic acid, the samples were annealed at 120 ◦C
for 12 hours.

We had also expected that short air exposure might result in water on the
surface. Thus, samples were annealed in a vacuum oven (≤ 10−1 torr) with short
exposure to air (Figure 3.10 (a-3) (b-3)), or in an ultra high vacuum (UHV)
chamber (≤ 10−7 torr) connected to the glovebox filled with dry nitrogen(Figure
3.10 (a-4) (b-4)). We expected the sample in the UHV chamber to be more
stable, for it only stayed in either UHV or in dry nitrogen before the pentacene
evaporation. Each sample was measured five times under the same applied field.
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Figure 3.9: (a) The structure of alkylphosphonic acide. (b) The surface morphology
of pentacene on top of C14 alkylphosphonic acid modified Al2O3 compared to the
one on top of phenylethyltrichlorosilane (PETS) measured by tapping mode AFM.
(c) The contact angle of Al2O3 modified by seven different lengths‘ alkylphosphonic
acids (mean value ± standard deviation). (d) Seven different alkyl chain lengths from
6 to 18 were compared in a top-contact configuration. The optimal chain length is 14
while the mobility is 1.01 cm2V −1s−1 which is nearly three times higher compared to
the untreated sample indicated by a dashed line.
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Figure 3.10: Annealing effect of alkylphosphonic acid samples on
(a) ALD Al2O3 and (b) anodized Al2O3 top-contact pentacene transistors. (a-
2) (b-2) are the transistors transfer curves without any annealing before pentacene
evaporation. (a-3) (b-3) are the ones annealed in an vacuum oven (≤ 10−1 torr) with
short exposure to air during transfer. The samples were measured five times under
the same field (VDS = 1 MV/cm). (a-4) (b-4) are the ones annealed in an ultra
high vacuum (UHV) chamber (≤ 10−7 torr) connected to the glovebox filled with dry
nitrogen. The samples were measured five times under same field (VDS = maximum
VGS = 1 MV/cm). (a-5) (b-5) are the output curves of (a-4) and (b-4). Both forward
and backward curves are demonstrated. All the alkylphosphonic acid and pentacene
deposition were performed simultaneously.
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The results suggest that air has an enormous impact on hysteresis behavior,
even when only a very short exposure was applied to transistors. The sample
without air exposure displayed no hysteresis at all while the one with short air
exposure exhibited hysteresis of around 3 V, which was still better than the one
without annealing (roughly 5 V). This seems to confirm our hypothesis that the
traps are caused by the humidity in the air. The output curves of (a-4) (b-4)
are shown in (a-5) (b-5), showing saturation without contact resistances.

The traps on the short air exposure samples were not deep, because the hysteresis
disappeared after the first three sweeps, which means there were only shallow
traps. In addition, it seems that the annealing effects on both ALD aluminum
oxide and anodized aluminum oxide were the same, which indicates that the
device was sensitive to the humidity regardless the type of aluminum oxide. The
optimized device had a slightly negative threshold voltage (-1.71 V for anodized
Al2O3, -2.85 V for ALD Al2O3), high mobility (1.06 ± 0.03 cm2V −1s−1 for
anodized Al2O3, 1.36 ± 0.03 cm2V −1s−1 for ALD Al2O3), high on/off ratio
(ION/IOF F = 108) and high current at low voltages ( ∼ 5x10−5 A at VGS =
-5 V).

3.4.3 From top contact to bottom contact

A short-channel bottom-gate bottom-contact structure, generally used in the
integrated circuits, was also demonstrated. The charge injection from the
electrodes to semiconductor for bottom-gate bottom-contact is different from
bottom-gate top-contact transistors. Therefore, a thin thiol layer on top of
the electrodes is usually applied to improve the charge injection [110]. In this
study, we used pentafluorobenzenethiol (PFBT) to improve the charge injection
on contacts. Two different annealing temperatures and sequences were tested
to optimize the sequence and temperature of PFBT and PA treatment. The
results are shown in Figure 3.11 and Table 3.3.

Contrary to what we expected, the best transistor was the one without thiol
treatment. The results for the sample with thiol and annealing at 120 ◦C can
be explained by the degradation of the thiol layer, while the one annealed
at 60 ◦C did not degrade or improve the charge injection. From the AFM
picture shown in Figure 3.11 (b), it seems that the pentacene growth over
the channel was not affected by the PFBT treatment. As the result, thiol
treatment was not required in the bottom-contact configuration. Acton et al.
have also demonstrated simultaneous modification on 20 µm channel shadow
mask evaporated Ag source/drain and HfO2 [1].

Using annealing and photolithography, we demonstrated 5 µm channel high-
mobility bottom-contact transistors without hysteresis. Nevertheless, all the
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Table 3.3: Bottom-gate bottom-contact transistors with different combinations of
surface treatments on ALD Al2O3. The W/L for all the transistors were 2500/5 (µm)
.

Combinations reference PFBT+PA PFBT+PA+PFBT
120◦C 60◦C 120◦C 60◦C

µsat 0.83 ± 0.07 0.56 ± 0.41 0.28 ± 0.02 0.61 ± 0.11(cm2V −1s−1)
Threshold

-1.50± 0.10 -0.65± 0.30 -2.61± 0.07 -0.67± 0.15voltage
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Figure 3.11: (a) The transfer curve for each treatment described in Table 3.3 are
shown. Both forward and backward curves are illustrated. (b) AFM images of the
pentacene in the channel region for the sample without PFBT annealed at 120 ◦C
and the sample with PFBT annealed at 60 ◦C.
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Figure 3.12: A low voltage operational diode-load logic inverter is demonstrated
with phosphonic acid SAMs. The channel length is 5 µm.

samples exhibited hysteresis when higher voltages (VDS = VGS ≥ 1 MV/cm)
were applied. The transistors with channel length 5 µm had high mobility on
both anodized Al2O3 (0.56 cm2V−1s−1) and ALD Al2O3 (0.89 cm2V−1s−1).

3.4.4 Low voltage driven inverters

We also successfully realized diode load inverters as illustrated in Figure 4.11.
These transistors were made of anodized aluminum oxide with C14 alkylphospho-
nic acid annealed at 120◦C for 12 hours. Because of the high current achieved
at low voltages, they can operate at voltages as low as 0.5 V. The results are
shown in Figure 3.12.

3.5 Conclusions

We successfully demonstrated high performance OTFTs based on anodized
aluminum oxide. The operational voltage was reduced to less than 2 V. In
addition, the mobility was improved by reducing the roughness via tuning the
anodization time. The stability of the oxide layer was examined by bias stress
measurement and compared to ALD aluminum oxide. When applying negative
bias stress, the threshold voltage shifts of the anodized devices were opposite to
the ones of ALD. The ions and water in the anodized aluminum oxide were the
cause of the opposite threshold voltage shift. This threshold voltage shift of
the transistor can be improved by annealing of the device in vacuum. Without
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water as a medium for ion migration, the threshold voltage shift was reduced
to under 0.5 V. Moreover, the standard processing steps of lithography do not
degrade the properties of anodized aluminum oxide.

The gate dielectric was usually modified by SAMs before the deposition of
organic semiconductor materials. In this chapter we used both PETS and
phosphonic acid SAMs to improve the device performance. We found that
phosphonic acid SAMs improved aluminum oxide surface greatly. Mobility was
twice higher compared to PETS treatment. However, the water involved in
the deposition process of phosphonic acid affected the devices significantly and
generated strong hysteresis. This can be improved by annealing in vacuum
before the deposition of the organic semiconductor layer. In addition, the
stability of the devices was improved by well controlled glovebox storage and
drying them using water absorbent. This again proved that water played an
significant role for phosphonic acid SAMs treatment.

Furthermore, phosphonic acid treatment was also applied in a bottom contact
configuration. Contrary to what we expected, the results showed similar behavior
for the samples with or without thiol treatment. As a result, thiol treatment
can be skipped when phosphonic acid SAMs are applied to the substrates.
The average mobility of the best samples which had phosphonic acid SAMs
without thiol treatment was 0.83 cm2/Vs. Since phosphonic acid SAMs treated
transistors have high current at low voltages, we also demonstrated a low voltage
drive inverter with this technology. The lowest applied voltage was 1 V.

In conclusion, anodized aluminum oxide shows promising properties for transistor
applications. By tuning the roughness and applying SAMs on the surface, we
were able to fabricate high performance top and bottom contact transistors.
The basic properties of the transistors demonstrated the potential for further
applications. In the next chapter, we will describe how to implant anodized
aluminum oxide into circuit applications.





Chapter 4

OTFT based circuits

In the previous chapter, the performance of OTFTs based on aluminum oxide
were presented. Finally, we were able to fabricate circuits composed of OTFTs
based on the anodization technique. In this chapter, first the operation principle
of inverters will be described. The challenges of fabrication will be discussed.
Then, a detailed technology development process will be described. In this
process, we have developed a novel method which patterns gate and gate
dielectric at the same time. The related results will be presented accordingly.

4.1 Inverters and ring oscillators

Inverters

The building block of integrated circuits is an inverter. For simplicity, an unipolar
logic (p-type only) inverter is used in this work. Though complementary logic
has the best performance within the existing architectures, it requires both a
n-type and a p-type transistor. Therefore, it requires further investigation of
both n-type and p-type organic semiconductor materials, which is not the focus
in this work. Here, we demonstrate a method to pattern gate and gate dielectric
layers for circuit requirement and it can also be transferred to complementary
logic in the future. In this section, the basic performance of two widely used
inverters for unipolar logic are explained, focusing on the relation between the
characteristics of the devices and performance of the circuits.

The first inverter type is called depletion-load or zero-VGS-load logic. The

67
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Figure 4.1: (a) Schematic of a zero-VGS inverter. (b) Schematic of a diode load
inverter

source of the load (or pull down) transistor is connected to its own gate as shown
in Figure 4.1 (a). Therefore, the VGS-voltage of the load transistor is always
at a constant 0 V. When the VIN is low (VIN = 0 V), the drive transistor
is strongly switched-on and the channel resistance of the drive transistor is
much lower than the load transistor (VGS = 0 V). As a result, VOUT is pulled
up close to VDD because of the resistive divider between the load and drive
transistors. On the other hand, when the input VIN is high (VIN = VDD), the
gate to source voltage of both the load transistor and the drive transistor are
zero. Since the load (or pull-down) transistor is designed larger than the drive
transistor, the output node will be pulled down toward 0 V. [79, 111].

Another inverter type is called enhancement-load logic or diode-load logic as
shown in Figure 4.1 (b). The gate and the drain nodes of the load is connected to
the GND, resulting a diode-connected transistor. When the input is high (VIN

= VDD), the gate-source voltage of the drive transistor is 0 V and the drive
transistor will be strongly switched-on. It pulls down the output voltage. In
contrast, when the input in low (VIN = GND = 0 V), the gate-source voltage
of both transistors are equally high. Since the drive transistor is larger than
the load transistor, VOUT is pulled up and gives a high output. In addition,
zero-VGS-load logic inverters require normally on transistors since the transistor
needs to operate at zero VG while diode-load logic inverters require normally
off to slightly on transistors. The large threshold voltage variations gives more
robustness to diode-load logic. However, diode-load inverters have lower gain
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Figure 4.2: (a) Ideal transfer characteristics of an inverter (b) Transfer characteristics
of a zero-VGS-load inverter. The trip voltage (Vtrip = 4.1 V), the characteristic
switching input and output voltages (Vhigh = 0.3 V and Vlow = 4.9 V), the maximum
gain (Amax) and the noise margin (NM = 0.6 V at VDD = 5V) are also shown.

compared to zero-VGS-load inverters, resulting in severely reduced noise margins.
[79, 111].

Some important terms for characterising an inverter are the stage delay, the
maximum gain (Amax), the position of the trip point (Vtrip), noise margin(NM),
and the logic levels - the difference between the voltage at high output (Vhigh)
and the voltage at low output (Vlow).

The stage delay is the average delay between the pull-down delay and the
pull-up delay. The switching speed of a diode logic inverter is considerably
faster than zero-VGS logic inverter. As the total delay of a zero-VGS-load logic
is determined by pull-down delay, which is limited by the low pull-down current
provided by the load, the switching speed of the zero-VGS logic is relatively
slow. Conversely, in the diode load logic, the pull-down transistor is fully on,
providing sufficient current. Therefore, the switching speed is much faster.

The ideal logic level is called rail-to-rail, indicating Vhigh equals to VDD and
Vlow equals to GND. The separation of logic levels depends mainly on the ratio
between the size of the load and the drive transistors. In order to achieve Vlow

close to GND, the ratio of these two transistors should be chosen large enough.
As a result, the output voltage will always be close to either GND or VDD [79].

Figure 4.2 (a) demonstrates an ideal inverter. In an ideal inverter, the gain A
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Figure 4.3: Schematic of a five-stage ring oscillator

(= | dVOUT /dVIN |) is large. The maximum gain is highest slope in the graph,
which should be at least higher than one. The trip point Vtrip, the point the
input and the output voltage are the same, should preferably coincide with the
point of the maximum gain and ideally be at the center of the supply range.
The noise margin is the amount of noise that a circuit can withstand. It can
be defined as the side of the largest square that can be inscribed between the
transfer characteristics and the characteristics obtained by exchanging input
and output axes (dashed line). However, there are several non-ideal phenomena
in unipolar inverters , such as asymmetric trippoint, low noise margin and
non-rail-to-rail as shown in Figure 4.2 (b).

Ring oscillators

A ring oscillator is a circuit that is often used to assess the performance of
OTFT-based circuits. The oscillating frequency provides a reliable estimate
of the speed of the gates manufactured by the technology. A ring oscillator is
composed of an odd number of inverters attached in a chain, while the output
of the last inverter is connected to the input of the first inverter of the chain.
In Figure 4.3, it demonstrates a five-stage ring oscillator.

When a supply voltage is applied to the first node of the oscillator, the signal
is inverted in every stage of the oscillator. In an chain of an odd number of
inverters, this inverted signal will be the input signal of the original signal of the
first input after a delay. As a result, the output signal oscillates between two
voltage levels. The average stage delay td for a separate stage of the oscillator
is calculated as:

td = T

2(N +B) = 1
2f(N +B) (4.1)

Where f is the oscillation frequency that corresponds to the period T. Each
inverter contributes to the delay of the signal. Therefore, adding inverters
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to the ring increases the total delay and decreases the oscillator frequency.
On the contrary, increasing the applied voltages may decrease the delay and
hence increasing the oscillator frequency. B indicates the buffer is added to
the oscillator node. The probe needles for measuring a oscillator provides
an additional capacitive load to the last inverter stage, and this additional
capacitive load may slow down the whole circuit [30]. Traditionally, one or
more buffer inverter stages to the ring oscillator are introduced in the circuit.
Compared to the original capacitive load, the buffer input stage is smaller.
Hence, the speed of the oscillator increases. Finally, the output is an oscillating
signal at the amplifier output with the period of each half of the wave equal to
the time delay.

4.2 Technology requirement and problem state-
ment

As indicated in Figure 4.1, an inverter, the building block of integrated circuits,
requires at least two transistors with two separated gates in an unipolar logic.
For the anodization technique, the underlying Al layer can be envisioned as
the gate metal, and the anodized Al2O3 as the gate dielectric. There remains,
however, the problem of patterning the gate/dielectric stack. Indeed, the oxide
cannot be formed by anodization of isolated Al islands on a substrate, since
electrical current has to be applied to the area to be anodized. Because of the
small size of the individual gate electrodes and the large number of gates in
electronic circuits, it is impractical to contact each individual gate electrode
to anodize it. Another option could be to anodize a uniformly deposited layer
of Al over the complete area of the substrate, and pattern islands of gate (Al)
and gate dielectric (Al2O3) afterwards. However, the lateral isolation of the
patterned Al gate is now problematic, as the exposed edges of the patterned Al
cannot be covered with dielectric during anodization. This problem is the main
reason why anodization has not been applied to circuits with large numbers of
transistors so far.

4.3 Collapsing oxide patterning method for dielec-
tric and gate

We provide a solution that relies on overetching the Al layer in the above
process. Our experiments were carried out as shown in Figure 4.7. First, a
continuous (non-patterned) aluminium layer is deposited by thermal evaporation
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Figure 4.4: (a) Cross section TEM picture of overetch aluminum layer demonstrates
perfect coverage of the Al edge by the collapsed Al2O3, leading to complete lateral
insulation of the gate island and preventing short circuits between the gate and the
source/drain contacts. (b) Optical micrograph (polarized light) showing a top view of
a patterned Al layer covered with an anodized Al2O3 layer. The white dotted line
points out the edge of the collapsing aluminum oxide. Inset: schematic drawing of the
corresponding area in cross-view.

and anodized to a thickness of 50 nm. Next, a photoresist layer is provided
on the metal-insulator stack, and patterned by photolithography, followed by
a wet etching step. The wet etchant comprises a mixture of phosphoric acid,
nitric acid and acetic acid. The etch rate of Al is higher than that of Al2O3,
such that the Al layer at the edges is overetched.

Figure 4.4 (a) presents an optical micrograph of a top view of this structure,
comprising a patterned Al layer with an anodized Al2O3 layer and source-drain
contacts above. The overetch of the metal oxide layer is in the range between
2.3 µm and 4.7 µm, much larger than the thickness of the oxide layer, giving a
modest bending of the oxide layer without cracks as shown in the cross-section
TEM picture in Figure 4.4 (a). It indicates the perfect collapse of the Al2O3
to cover the edge of the Al pattern. The collapse of the Al2O3 can be seen
running over the gate edge in Figure 4.4 (b), and it ensures complete lateral
insulation of the gate island and prevents short circuits between gate and the
drain finger (or source finger). One could argue that the line edge roughness of
Figure 4.4 (b) is too large for a reliable technology, but this edge is not relevant
for the application. In a transistor characterization, the most crucial part is
the transistor channel or the source-drain distance and this is not influenced by
this gate patterning technique.

On the glass substrate with patterned gate, gate dielectric and source-drain
fingers (Al, anodized Al2O3 and Au, respectively), pentacene was deposited after
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Figure 4.5: Transfer characteristics of (a) pentacene transistor on glass substrate, µ
= 0.47 cm2/Vs (b) In-Ga-Zn-O transistor on plastic foil substrate, µ = 0.91 cm2/Vs.
Parameters for both transistors: W/L = 1000 µm/10 µm and VDS = -2V. They were
both prepared according to the process flow of Fig.4.7. The low gate to source current
(dotted line) confirms an excellent dielectric quality and an effective lateral insulation
between gate and source or drain fingers

PFBT and PETS treatment as described in Chapter 3.5. The results are shown
in Figure 4.5 (a). The transistor presents excellent electrical characteristics with
low voltage operation, fairly high charge carrier mobility and close to 0 V onset
and threshold voltages. The charge carrier mobility was 0.47 cm2/Vs. The
threshold voltages is 0.97 V the subthreshold swings is 0.53 V/decade. Even
though pentacene is unpatterened here, the off current and threshold voltage is
low enough for circuit application, and further improvement can be achieved by
several methods [31, 159]. More importantly, the dashed line in Figure 4.5 is
the gate to source current showing limited current, around the noise level of
the parameter analyser, going through between gate and source-drain fingers,
confirming that (i) the metal oxide formed by anodization presents an excellent
dielectric quality, (ii) the gate electrode is effectively laterally isolated from the
source and drain contacts, thanks to the collapsed metal oxide.

Same structure was also manufactured on foil and deposited with In-Ga-Zn-O
as shown in Figure 4.5(b). The mobility was 0.91 cm2/Vs, W/L = 1000/10 µm
and VDS = -2 V. The threshold voltages is 0.04 V; the subthreshold swings is
0.21 V/decade. It demonstrated the feasibility of the patterning technique of gate
and gate dielectric layers in the use of both evaporated organic semiconductor
material and sputtered oxide semiconductor material.
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Figure 4.6: Schematic drawing of a via in a bottom-contact transistor

4.4 Via connection processing

Another challenge to make circuits on anodized aluminum oxide is to drill vias
connection between source-drain and gate in the layer. As shown in Figure 4.1,
one of the gates has to maintain same voltage as (by connecting to) source
or drain in both inverter types. The schematic drawing of the transistor is
illustrated in Figure 4.6. Therefore, a small part of the dielectric has to be
opened.

Selective etching for Al2O3 is not easily achieved [132]. Most of the etchant for
Al2O3 also removes Al, which makes the manufacturing more difficult to control.
Therefore, a new process flow is required. In this section, we propose three
different methods to fabricate vias in the circuits based on anodized aluminum
oxide.
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Figure 4.7: Process flow of a bottom-gate bottom-contact transistor proposed in
this work.
(a) cleaning of the substrate
(b) thermal evaporation of a continuous (non-patterned) aluminium layer.
(c) partial anodization of aluminum layer.
(d) photolithographic patterning of a layer of photoresist on the metal-insulator stack
with the gate mask
(e) wet etching of Al and Al2O3, with overetched Al layer at the edges
(f) removal of photoresist
(g)(h) patterning of Au source/drain contacts by lift-off.
(i) deposition of semiconductor in the channel
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Figure 4.8: Process flow of a circuit with via manufactured by photoresist protection.
(a) cleaning of the substrate
(b) thermal evaporation of a continuous (non-patterned) aluminium layer.
(c) partial protection by spin-coated and photolithographic patterned photoresist (with
the via mask)
(d) partial anodization of aluminum layer.
(e) photolithographic patterning of a photoresist layer on the metal-insulator stack
with the gate mask
(f) wet etching of Al and Al2O3, with overetched Al layer at the edges
(g)(h) patterning of Au source/drain contacts by lift-off.
(i) deposition of semiconductor in the channel
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Figure 4.9: Process flow of a circuit with an additional etchstop layer.
(a) cleaning of the substrate
(b) spin-coat a layer of photoresist
(c) photolithographic patterning of the layer of photoresist with the via mask.
(d) evaporation of a Cr layer as an etchstop layer
(e) lift-of process for the etchstop layer
(f) evaporation of a continuous (non-patterned) aluminium layer.
(g) partial anodization of aluminum layer.
(h) photolithographic patterning of a photoresist on the metal-insulator stack
(i) wet etching of Al and Al2O3, with overetched Al layer at the edges
(j) removal of photoresist
(k)(l)(m) patterning of Au source/drain contacts by lift-off.
(n) deposition of semiconductor in the channel
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Figure 4.10: Process flow of a circuit with additional etchstop and photoresist layers.
(a) cleaning of the substrate
(b) evaporation of a continuous (non-patterned) aluminium layer.
(c) spin-coat a layer of photoresist and pattern it by photolithography with the via mask.
(d) evaporation of a Cr layer as an etchstop layer
(e) lift-of process for the etchstop layer
(f) spin-coat a layer of photoresist and pattern it to cover the etchstop layer.
(g) partial anodization of aluminum layer.
(h) removal of the photoresist layer
(i) pattern spin-coated photoresist with the gate mask.
(j) wet etching of Al and Al2O3, with overetched Al layer at the edges
(k) removal of photoresist
(l)(m) patterning of Au source/drain contacts by lift-off.
(n) deposition of semiconductor in the channel
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4.4.1 Etching

In order to realize a via in a circuit, as shown in Figure 4.6, it is necessary
to remove Al2O3 layer without attacking the gate layer underneath, which is
the aluminum layer in our case. However, selective etching of Al2O3 without
removing Al is extremely difficult, since most of the solvents for Al2O3 etching
also take away aluminum [132]. Therefore, the most practical method is to add
an etch-stop layer underneath the aluminum layer. One can etch away both
aluminum oxide and aluminum at the same time and still have a gate connection
of the conductive etchstop layer. The processing procedure is illustrated in
Figure 4.9. First a Cr layer used as an etch-stop layer was evaporated and
patterned by lift-off process. Second, a continuous Al layer was evaporated and
partially anodized into Al2O3. Then, the metal/dielectric stack was patterned
and etched. Gates and vias were manufactured at the same time. Next, Au
source/drain contact pads were evaporated and patterned by lift-off. Last,
semiconductor material was evaporated in the channel area.

By following the processing steps proposed above, we were able to realize a
low-voltage-driven inverter as demonstrated in Figure 4.11 (a). Before the
semiconductor deposition, a thin PαMS was spin-coated and a layer of PFBT
was dip-coated in a PFBT dissolved ethanol solution for 12 hours. The noise
margin is 0.25 V at VDD = 2 V for both zero VGS and diode load inverters.
Vtrip is 1.6 V and 1.25 V for zero VGS and diode load inverters, respectively.

In addition, a ring oscillator consisting of 39 pentacene transistors was
demonstrated. However, due to the small current at VG = 0 V, the operational
speed is fairly low (60 Hz at 3.5V). However, the main problem of this method is
the etchstop layer underneath the aluminum layer was also oxidized and became
metal ions. The ions were involved in the process of anodization despite the fact
it was completely covered by aluminum layer. The ions were also driven by the
electrical field applied and moved to the direction accordingly. Moreover, they
became the contamination center in the aluminum oxide film and generated
bubbles in the film [151] as shown in the Figure 4.4 (b). These bubbles became
the weak points of the dielectric layer and made it very fragile. As a result,
the breakdown voltage of the dielectric decreased greatly, and the yield of this
process is extremely low. After manufacturing several series of ring oscillators,
only one of them showed ring oscillator behavior. Moreover, since the overetch
of aluminum can be as large as few µm (indicated in Figrue 4.4 (b)) and vias
are only few µm wide, vias may not be open if the overhanging Al2O3 covers
the etchstop completely. Thus, new proposals for fabricating vias are required
to increase the yield of the circuits.
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Figure 4.11: (a) Voltage transfer curve of a zero-Vgs load inverter, with pentacene
as semiconductor. The channel length is 5 µm and the channel width is 140 µm for
the drive transistors, 1400 µm for the load transistors. (b) Voltage transfer curve of a
diode-load inverter, with pentacene as semiconductor. The channel length is 5 µm and
the channel width is 140 µm for the drive transistors, 1400 µm for the load transistors.
(c) The transfer characteristic of a single transistor on the same substrate (with the
same processing steps). The channel length and width of the transistor are the same
as the load transistor. (d) The optical microscopy picture of the zero-VGS inverter.
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Figure 4.12: Ring oscillator consisting of 40 pentacene transistors with channel
length 5 µm prepared according the process flow of Figure 4.9. Input voltages for
dashed line (black), solid line (gray) and dotted line (black) are 3.5 V (60 Hz), 2.5
V (40 Hz) and 1 V (12 Hz). Correct functioning of such ring oscillator made with the
above process is shown. It demonstrates the feasibility of the proposed process flow
for larger integration.

4.4.2 Protection by photoresist

In order to increase the yield of vias, another approach is proposed. It is assumed
that the area covered by a layer of photoresist is not oxidized by anodization
process. Therefore, the area and the pattern of anodized aluminum oxide can
be controlled very precisely by photo-lithography. The processing steps are
illustrated in Figure 4.8. After the metallization of the aluminum layer, a layer
of photoresist was spin-coated and patterned by photolithography. Then the
sample was anodized, and the area cover with the photoresist was the region for
vias. Next, gates were patterned and source-drain figures were deposited and
patterned. Finally, a layer of semiconductor material was deposited after the
treatment of PFBT and PETS. The via of the circuit made by this process was
formed automatically right after the photoresist was striped. Compared to the
previous method, one metallization step for the etchstop layer can be reduced.

The characteristics of the devices are shown in Figure 4.13. The noise margin
at VDD = 10 V is 0.7 V for zero-VGS inverter and only 0.1 V for diode inverter.
The Vtrip is 8.6 V in both cases. The speed of the five-stage ring oscillator
was still very slow, 31 Hz and 9.26 Hz at VDD = 6 V and 4 V, respectively.
From the cross-section TEM picture shown in Figure 4.14 (b), a thin layer of
aluminum oxide was at the via area. Though it was thin (9.2 nm) compared to
the rest area (50 nm), it was thick enough to block the current and close the via.
The thickness difference can be seen in the optical microscopic picture shown in
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Figure 4.13: Devices manufactured by the processing steps proposed in Figure 4.8
(a) Voltage transfer curve of a zero-VGS load inverter. (b) Voltage transfer curve of a
diode load inverter. (c) Five-stage ring oscillator based on zero-VGS load inverter. The
frequency were 31 Hz and 9.26 Hz for 6 V and 4 V applied, respectively. (d) Transfer
characteristics of a single transistor.

Figure 4.14 (a). Another issue was that the resolution of this process was 10
µm. Structures smaller than this dimension were difficult to manufactured.

A thin oxide layer as indicated in Figure 4.14 (b) can be easily broken by a
voltage approximately 2-3 V. Therefore, the yield of inverters was still around
80 percent. Nevertheless, there was only one ring oscillator working with 40-50
oscillators produced. It is because there is only one via connection in an inverter
and the total applied voltage can exceed the breakdown voltage of the thin
oxide layer easily, but on the other hand, there are five parallel via connections
in a five stage ring oscillator and thus the breakdown voltage is five times higher
than an inverter, which is almost the breakdown voltage of the whole device.
Consequently, the yield of the ring oscillator decreased greatly.
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After anodization

Photoresist on Al

Photoresist removed

After Au lift-off

(a) (b)

Figure 4.14: (a) The optical pictures of each step illustrated in Figure 4.8. The
resolution of the patterning is 10 µm. The yield of vias smaller than 10 µm by 10 µm
was low. (b) The cross-section TEM at the via region. A thin layer of aluminum
oxide was formed after anodization. The different thickness of aluminum oxide (9.2
nm compared to the 50 nm of other area) also appeared under optical microscopic
picture Figure 4.14 (b). The aluminum oxide is thick enough to caused a bad contact
of circuit.

From the TEM picture shown in Figure 4.14 (b), the formation of the thin oxide
suggests either the ions in the electrolyte and/or the adhesion of the photoresist
was not good enough and electrolyte penetrates the layer through the edge of
the photoresist. Therefore, to avoid these situations, an additional layer was
added. This metal layer worked as both an electrolyte and ion block layer, and
an adhesion layer. In addition, since the metal layer was on top of the aluminum
layer, even the metal ions shifted by the field applied, they went directly to the
electrolyte without contaminating the aluminum oxide layer. Therefore, the
quality of the oxide should not degrade as significantly as the method proposed
in 4.4.1.

4.4.3 Protection by a double layer of photoresist and metal

In order to avoid the formation of the thin oxide, an additional layer was
added to block both electrolyte and ions penetration and also increase the
adhesion of the photoresist layer and the aluminum layer. The processing
details are illustrated in Figure 4.10. First, a thin metal layer was evaporated
and patterned by lift-off process. Second, a layer of photoresist was spin-coated
to cover the thin metal. In this double layer structure, neither ions nor electrons
can pass through the area which is covered. Then the source-drain contact pads
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Figure 4.15: Devices manufactured by the processing steps proposed in
Figure 4.10 (a) Voltage transfer curve of a zero-VGS load inverter. (b) Voltage
transfer curve of a diode load inverter. Both inverters have channel length 10µm
(c) Transfer characteristics of a single transistor. (d) Optical picture after the gate
patterning with double layer coverage on top of the via area.

were evaporated and patterned by lift-off. Last, a semiconductor material was
deposited in the channel area after the treatment of PFBT and PETS.

Figure 4.15 demonstrates the results of the devices. Figure 4.15 (a) shows a
zero-VGS inverter. The noise margin is 0.9 V and Vtrip is 4.1 V at VDD = 6 V.
Figure 4.13 (b) shows a diode inverter. Figure 4.13 (c) shows the transfer
characteristic of a single transistor. VON is very close to zero and the current at
VG = 0 V is high enough to operate. Figure 4.13 (d) is the optical microscopic
picture demonstrating the vias are all open in this circuit.

Figure 4.16 demonstrates the five-stage ring oscillator based on both zero-VGS

and diode logic. The yield of vias increased greatly and the connection between
the gate and the via also strongly improved. Therefore, the speed of the circuit
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Figure 4.16: Five-stage ring oscillators based on (a) zero-VGS (b) diode inverters.
The frequency is from 38 kHz (VDD = 7 V) to 65 kHz (VDD = 10 V) for the zero-VGS

load ring oscillator and from 5.8 kHz (VDD = 3 V) to 6.0 kHz (VDD = 6 V) for the
diode load ring oscillator.
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also enhanced. For a diode load ring oscillator, the frequency is 65 kHz at
VDD = 10 V. Stage delay is 1.28 µs.

4.5 Conclusions

We demonstrate a novel method to make a room-temperature high-k dielectric
film, for high-performance organic transistors by anodization of Al to Al2O3.
An innovative patterning technique circumvents the problem that reliable
anodizaton needs to be performed on blank (unpatterned) Al film. The technique
is based on overetching of the Al gate film and collapse of the overlying Al2O3
dielectric over the edges to provide efficient and reliable gate edge isolation.

We proposed three methods to fabricate vias. First method is to add an etchstop
layer before the aluminum evaporation. In this way, an etchstop acts as a bridge
between the gate and the vias. However, there is not always a connection
forming between the gate and the vias due to the coverage by the overetch of
the oxide layer. Furthermore, the quality of the oxide deteriorated because of
the contamination from the ions of the etchstop layer. Second method is to
add a layer of photoresist on top of the via area. Therefore, the area covered
by photoresist is assumed not anodized. Nevertheless, from the TEM picture,
there was still a thin layer oxide underneath the photoresist forming. Also, from
the optical microscope picture, the resolution of this method was only around
10 µm. The possible explanation are the ions in the electrolyte also penetrated
the photoresist and/or the electrolyte diffused into the layer at the edge of the
photoresist due to the bad adhesion. Therefore, the third method was proposed.
It is to add one more metal layer underneath the photoresist. The metal layer
behaves as both an adhesion layer and an ions/electrolyte blocking layer. The
last method with double layer composed with photoresist and metal gives the
most promising results. The frequency is 65 kHz at VDD = 10 V for a diode
load five stage ring oscillators.

In this chapter, we demonstrate the feasibility of anodized aluminum oxide on
large area circuits. With the process proposed, a flexible large area circuit can
be easily achieved at a low temperature and at low cost. With its promising
properties, anodization is a perfect candidate to both academic and industrial
applications.



Chapter 5

Organic ion sensitive field
effect transistor

5.1 Motivation

There are four categories for traditional methods for pH measurement [105]:
indicator reagents, pH test strips, metal electrode methods and glass electrode
methods. The former two categories depend on chemical indicators that change
color around a particular pH value, which is simple and moderately accurate.
The hydrogen electrode method is a very accurate way to determine pH, but
is unsuitable for daily use due to the inconvenience of handling hydrogen gas.
The most popular approach is a glass electrode, thanks to its high selectivity
for hydrogen ions in a solution and long lifetime. However, glass electrodes
are unstable in alkaline and HF solutions. Moreover, it cannot be used for in
vivo applications due to its brittle nature. Thus, there is an increasing need for
alternative pH measurement techniques. Some important developments, such as
metal/metal oxides, ISFETs, fiber-optical techniques, and polymer techniques
have already emerged.

ISFET is a promising method to replace traditional pH measurement technology,
because of its high sensitivity, small size, rapid response, low cost and potential
for on-chip circuit integration [9, 105]. Furthermore, its rapid and accurate
response is useful in certain fields, for example, clinical or lab applications.
Moreover, in some situation, disposable pH measurement is preferred to avoid
cross contamination. An ISFET has the advantage of accuracy and small
size, and it is the perfect candidate for disposable pH measurement if the cost

87
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can be even reduced. To reduce its price, ordinary silicon-based transistors
used in ISFETs is replaced by organic thin-film field effect transistors (OTFTs)
according to low-cost fabrication processes. There are also some reports showing
the feasibility of organic ISFET as listed in Table 5.1.
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Table 5.1: Literature overview of pH sensors based on organic ISFETs

Geometry Gate dielectric / Ion sensitivity Measurement range pH range
Sensing membrane (∆ I / pH

or ∆ VT / pH)

Bartic et al. [5] TGa Ta2O5 0.3 µA/pH VG = -0.5 V 4, 7, 10
VD = -1 V

Loi et al. [95] TG MylerT M foil ∼ 40 nA/pH VG = -50 V 4, 7, 10
VD = -90 V

Diallo et al. [36] TG parylene 0.8 µA/pH VG = -50 V 4, 7, 10
SiN:H VD = -60 V

Ji et al. [71] TG Ta2O5 0.071 µA/pH VG = 0 ∼ -5 V 6.68 ∼ 9.5
VD = -5 V

Scarpa et al. [139] SiO2 non linear VG = open 4 ∼ 11
∼ 0.01 µA /pH VD = 1V

Ritjareonwattu TG PMMAb 3.5 nA/pH VG = -0.2 V 3.5 ∼ 5.5
et al. [133] +Langmuir - Blodgett VD = -0.2 V

continued on next page
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continued from previous page
ref. Geometry Gate dielectric / Ion sensitivity Measurement range pH range

Sensing membrane (∆ I / pH
or ∆ VT / pH)

Caboni et al. [15] Extended Flexible foil/ non-linear VG = 0 ∼ -100 V 2.5 ∼ 6
capacitor amino protonation ∼ 5.14 V/pH VD = 0 ∼ -100V

Caboni et al. [16] Extended Flexible foil/ non-linear VG = 0 ∼ -100 V 2.5 ∼ 6
capacitor amino protonation ∼ 4.2 V/pH VD = 0 ∼ -100V
+ REFETc

Spijkman et al. [157] Dual gate PIBMAd/Teflon 0.5 V/pH VG = 0 ∼ -5 V 2, 10
SiO2 VD = 0 ∼ -5V

Nguyen et al. [118] Extended PVPe/ 57 ∼ 59 mV/pH VG = 0 ∼ -40 V 2 ∼ 12
ITO gate ITO VD = 0 ∼ -40V

aTG, top-contact
bPMMA, polymethylmethacrylate
cREFET, reference field effect transistor
dPIBMA, polyisobutylmethacrylate
ePVP, polyvinylpyrrolidone
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Figure 5.1: The comparison of (a) MOSFET and (b) ISFET. An ISFET is actually a
MOSFET with the gate electrode replaced by solution, a chemical sensitive membrane,
and a reference electrode.

5.2 Working mechanism of ISFET

An ISFET is in fact nothing more than a field effect transistor with the gate
electrode replaced by solution, a chemical sensitive membrane, and a reference
electrode as shown in Figure 5.1 [9]. Before we describe the mechanism of the
ISFET, first we discuss about the interface between the electrolyte and the gate
dielectric layer.

Electrical double layer

The interface between an electrode and liquid can be described by the Gouy-
Chapman-Stern model. The model is depicted in Figure 5.2. When the solid
electrode is in contact with the liquid, two layers are formed. The layer closest
to the electrode is called the compact layer and the other one is called the
diffuse layer [4]. The compact layer is composed of two planes. The inner
plane, the locus of the electrical centers of the specifically adsorbed ions at
a distance x1, is called the inner Helmholtz plane (IHP). Depending on the
surface properties of the electrode, the total charge density from specifically
adsorbed ions in this inner layer σi, can be either positive or negative. Other
ions, called nonspecifically adsorbed ions, are distributed in a three-dimensional
region. Because these ions have finite volume, they can only approach the
electrode to a distance x2. The locus of centers of these ions is called the
outer Helmholtz plane (OHP). The region of the nonspecifically adsorbed ions
distributed is called the diffuse layer. The thickness of the diffuse layer depends
on the total ionic concentration in the solution. When the concentration is
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higher, the thickness of the diffuse layer is thinner. The charge density of these
nonspecifically adsorbed ions is σd. The sum of σi and σd is σ0, which is the
total surface charge density.

The Gouy-Chapman-Stern is the combination and modification of both the Gouy-
Chapman and the Helmholtz model. In the Helmholtz model, the differential
capacitance of the double layer is defined as:

∂σ0

∂V
= Cd (5.1)

where V is the voltage drop across the double layer. The weakness of the
Helmholtz model is that the Cd is constant, which is not the case in reality.
Therefore, the Gouy-Chapman model involves a diffuse layer. The distribution
of the ions are distance dependant. We define the ion i concentration in the
bulk, which is far away from the electrode, as n0

i . Then the concentration of
any other lamina is

ni = n0
i exp

(
−zieφ

kT

)
(5.2)

where φ is electrostatic potential measured with respect to the bulk solution,
e is the charge of an electron, k is the Boltzmann constant, T is the absolute
temperature and zi is the charge on ion i.

From electrostatics, p(x) is related to the potential at distance x by the Poisson
equation. The total charge per unit volume is then

p(x) = −εε0
d2φ

dx2 =
∑

i

nizie =
∑

i

n0
i zie exp

(
−zieφ

kT

)
(5.3)

where i runs over all ionic species. From previous equation, we have

d2φ

dx2 = − e

εε0

∑
i

nizi = − e

εε0

∑
i

n0
i zi exp

(
−zieφ

kT

)
(5.4)
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Integration gives

dφ

dx
= −

(
8kTn0

εε0

)1/2

sinh
(
zeφ

2kT

)
(5.5)

This only applies when x > x2, since the ions can not approach infinitely. x2 is
the distance between the closest plane that ions can approach to the electrode.
Then, the field strength at x2 is

(
dφ

dx

)
x=x2

= −
(

8kTn0

εε0

)1/2

sinh
(
zeφ2

2kT

)
(5.6)

Since the charge density throughout the interval between the electrode surface
and OHP is zero, the same field strength applies. Therefore, the potential drop
in the compact layer is linear. Figure 5.2(c) illustrates the potential profile in
the solution. The total potential drop across the double layer is

φ0 = φ2 −
(
dφ

dx

)
x=x2

x2 (5.7)

where φ2 is the potential at x2 with respect to the bulk solution. The difference
between the potential φ2 at x2 and the surface potential φ0 is the potential
difference across the Stern capacitance.

Since the charge density at any point from the electrode surface to the OHP is
zero, the charges are only distributed in the diffuse layer:

σ0 = −εε0
(
dφ

dx

)
x=x2

(5.8)

σ0 = (8kTεε0n0)1/2 sinh
(
zeφ2

2kT

)
= (8kTεε0n0)1/2 sinh

[
ze

2kT

(
φ0 −

σ0x2

εε0

)]
(5.9)
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It is now possible to calculate the double-layer capacitance as a function of
φ0 and the electrolyte concentration. The ability of the double layer to store
charge in response to a small change in the potential ∂σ0/∂φ0 is defined as the
differential double-layer capacitance, Cd, and can be calculated as:

Cd = ∂σ0

∂φ0
=

(
2εε0z2e2n0

kT

)1/2

cosh
(
zeφ2

2kT

)
1 + x2

εε0

(
2εε0z2e2n0

kT

)1/2

cosh
(
zeφ2

2kT

) (5.10)

which is more simply stated as the inverse:

1
Cd

= x2

εε0
+ 1(

2εε0z2e2n0

kT

)1/2

cosh
(
zeφ2

2kT

) (5.11)

In this model, the double-layer capacitance is equal to a series capacitance of
a Helmholtz-layer capacitance (the Stern capacitance) CH and a diffuse-layer
capacitance CD as indicated in Figure 5.2.

1
Cd

= 1
CH

+ 1
CD

(5.12)

The Stern capacitance has a value of εε0/x2[F/m2] and is usually assumed to
be constant with a value of 20 µF/cm2 (with ε ≈11 in the Helmholtz layer.) [8]

Site-binding model

Now we can consider how the pH value in the bulk solution affects the double
layer and the surface potential. Theoretical surface charge densities of the
potential-determining ions and the potential at the Outer Helmholtz Plane can
be described by Site Binding Model, proposed by Yates in 1974 [186]. The
hydroxyl groups on the oxide surface can adsorb protons or hydroxyl ions to
form positive or negative sites, respectively, as illustrated in Figure 5.3 [172].
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Figure 5.2: Schematic representation of the double layer capacitance.
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Figure 5.3: Schematic representation of the site-binding model. The hydroxyl groups
on the oxide surface can adsorb protons or hydroxyl ions to form positive or negative
sites, respectively [172].

The resulting surface charge, which depends on an excess of one type of charged
site over the other, is a function of the solution pH. For this reason H+ and
OH− are the potential determining ions.

AH+
2 � AH +H+ (5.13)

AH � A− +H+ (5.14)

where AH+
2 , AH, A− are positive, neutral, and negative surface sites, respectively.

The relation can be simplified as

kT ln(νAH+
2
/νAH) + µ0

AH+
2

+ eφ0 = µ0
AH + µ0

H+ + kT lnαH+ (5.15)

kT ln(νAH/νA−) + µ0
AH + eφ0 = µ0

A + µ0
H+ + kT lnαH+ (5.16)
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where νi is equilibrium number per unit area, µi is standard chemical potential,
φ0 is mean electrostatic potential at the surface plane of charged sites relative
to the aqueous bulk, and αH+ is the activity of the H+.

Further, Equation 5.15 and 5.16 can be simplified as

νAH+
2

νAH
= αH+

K+
exp

(
−eφ0

kT

)
with K+ = exp

(
µ0

AH+
2
− µ0

AH − µ0
H+

kT

)
(5.17)

νA−

νAH
= K+

αH+
exp

(
eφ0

kT

)
with K− = exp

(
µ0

AH − µ0
A − µ0

H+

kT

)
(5.18)

where the K values are dimensionless dissociation constants. On dividing and
multiplying Equation 5.17 and Equation 5.18 we obtain

K+K− = νA−

νAH+
2

α2
H+ exp

(
−2eφ0

kT

)
(5.19)

K−

K+
=
νA−νAH+

2

ν2
AH

(5.20)

NS = νAH + νAH+
2

+ νA− (5.21)

is the density of available sites

Depending on the chemical equilibrium of the surface sites, a surface charge
density σ0 [C/m2] exists:

σ0 = q(νAOH+
2
− νA−) = −qB (5.22)

where B is the number of negatively charged groups minus the number of
positively charged groups in moles per unit area. Combining from Equation 5.19
to 5.22 yields

σ0 = qNS

(
α2

H+
S

−K+K−

K+K− +K−αH+
S

+ α2
H+

S

)
(5.23)
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Equation 5.23 shows the relation between the activity of the protons at the oxide
surface αH+

S
and the surface charge density σ0 in terms of the total number of

available sites NS and the intrinsic dissociation constants K+ and K−.

The effect of a small change in the surface proton activity αH+
S
on the surface

charge density, σ0, can be found from Equation 5.22:

∂σ0

∂pHS
= −q ∂B

∂pHS
= −qβint (5.24)

In Equation 5.15 and 5.16, φ0 was introduced as the mean electrostatic potential
at the surface plane of charged sites relative to the aqueous bulk. In other words,
it is the difference potential between the oxide surface and bulk as indicated
below:

φ0 = φB − φS (5.25)

Therefore, with φ0 and the Boltzmann equation, the activity of the bulk protons
αH+

B
can be related to the activity of the protons of the oxide surface αH+

S
by:

αH+
S

= αH+
B

exp
(
−qφ0

kT

)
(5.26)

Combining Equation 5.24 and 5.10, the effect of a small change in the surface
pH (pHS) on the change in the surface potential φ0

∂φ0

∂pHS
= ∂φ0

∂σ

∂σ

∂pHS
= −βint

Cd
(5.27)

Combining 5.27 with the Bolzmann equation results in the general expression
of the pH sensitivity:

∂φ0

∂pHB
= −2.3kT

q
α with α = 1

1 +
(

2.3kTCdif

q2βint

) (5.28)
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The parameter α is a dimensionless sensitivity parameter that varies between
0 and 1, depending on the intrinsic buffer capacity, βint, of the oxide surface
and the differential double-layer capacitance Cd. If α = 1, the ISFET has a
so-called Nernstian sensitivity of precisely -59.2 mV/pH at 298K, which is also
the maximum achievable sensitivity.

Usually SiO2 has a rather low value of βint. The pH sensitivity is only about 30
mV/dec depending also on the electrolyte concentration via Cd. Therefore other
layers have been introduced such as Si3N4, Al2O3 and Ta2O5 with increased
values of βint [172].

Operation of an ISFET

As mentioned before, an ISFET is a field effect transistor with the gate electrode
replace by solution, a chemical sensitive membrane, and a reference electrode.
As the result, the operation of an ISFET is best described by comparing it with
a MOSFET.

The OTFT operates almost entirely in accumulation mode, which can be divided
into two regions, linear and saturation regimes. For both devices, the current
in the linear region can be described as the following equation:

Id = W

L
µCoxVDS(VGS − VT ) (5.29)

And the current in the saturation region:

Id = 1
2
W

L
µCox(VGS − VT )2 (5.30)

In the case of an ISFET, the applied voltage is the voltage at the reference
electrode. However, the effective gate voltage VGS of the transistor contains
also terms at both interfaces of oxide/liquid and liquid/reference electrode. The
interface of liquid/reference electrode is in fact the reference electrode potential
relative to vacuum VRE . The interface potential of oxide/liquid is determined
by the constant surface dipole potential of the solution χsol, and the surface
potential usually governed by the dissociation of oxide surface groups φ0. This
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is the same as the electrostatic potential at the surface plane mentioned in the
previous paragraph.

VGS = VRE − φ0 + χsol (5.31)

And the current in the linear and saturation region can be rewritten as:

Id = W

L
µCoxVDS(VRE −φ0 +χsol−VT ) = W

L
µCoxVDS(VRE −V

′

T ) (5.32)

Id = 1
2
W

L
µCox(VRE − φ0 + χsol − VT )2 = 1

2
W

L
µCox(VRE − V

′

T )2 (5.33)

where V ′T = VT + φ0 - χsol

Therefore, at the same applied VRE , ∆ V′T = ∆ φ0. Consequently, the pH
sensitivity can be calculated by plotting the transfer characteristics of an ISFET
with various pH values of the electrolyte.

5.3 Integrating OTFTs into ISFETs

5.3.1 Requirement

As discussed in the previous section, the maximum sensitivity per pH is 59.2 mV.
However, due to the limited performance of the active layer in OTFT, large
operation voltage is required to achieve enough signal. Furthermore, in order
to increase the resolution, smaller operation voltages are required. Therefore,
high-k gate dielectric is preferred to reduce the operation voltage [5]. At the
same time, the dielectric layer is the sensing membrane, which requires a high
βint to increase the sensitivity.

Moreover, encapsulation of electronically sensitive parts is proven to be
problematic even in an ordinary Si-based ISFET [9, 105, 136]. Most of the
modifications of ISFET designs are directed towards solutions for encapsulation
problems. For an OFET, the situation is even worse, organic semiconductor
materials can easily degrade due to an aggressive deposition process of
the dielectric layer or a small amount transmitted solution. Therefore, an
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appropriate encapsulation method and a compatible dielectric layer process are
two primary challenges to integrating OTFTs into ISFETs.

Thus, compared to silicon-based ISFET, which has developed for forty years,
organic ISFET has rather short history. ISFET with organic material as an
active layer was first introduced by Bartic et al. in 2003 [5]. They used Ta2O5 as
the sensing membrane. The device was encapsulated by epoxy and the sensing
area was confined with an O-ring. Because of the charge carrier mobility of
organic materials varies when different voltages are applied, instead of measuring
the shift of voltage, they measured current variation.

5.3.2 Our approach

To improve the previous design proposed by Bartic et al., we avoid immersing
the transistor directly into liquid. A new design was proposed as illustrated in
Figure 5.4 (a). It consists of two parts: an OTFT connected to an additional
insulating membrane. In this way the transistor avoids contact with the solution
directly but the surface potential can be transferred.

5.3.3 Voltage transfer

The connection between OTFT and the sensing plate can be regarded as two
capacitors in series as seen in Figure 5.4 (c).

1
Ctotal

= 1
COT F T

+ 1
Csensing

(5.34)

and in general, capacitance can be expressed as:

C = ε0εrA

d
(5.35)

In addition, voltage is inversely proportional to capacitance.

V = Q

C
(5.36)
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S D
semiconductor

reference electrode

OTFT sensing membrane

CsensingCOTFT

Vtotal

VOTFT Vsensing

S D
semiconductor

OTFT sensing membrane

extended gate

original gate

(a)

(b)

(c)

Figure 5.4: (a) The ISFET design proposed in this research. (b) The equivalent
device replacing reference electrode with an extended gate. (c) The schematic drawing
of the device.
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Figure 5.5: (a) Three different sizes of extended gates were examined. The size of
the transistor is 0.04 mm2. Three different extended gates are 6.25 mm2, 25 mm2 and
126.25 mm2. (b) The transfer curves comparison between original transistor and the
ones with applied gate voltages from the extended gates. Three transfer curves from
different extended gates are overlap each other and are almost identical to the original
transfer curve.

Therefore, the voltage across the transistor and the sensing plate can be
expressed as:

VOT F T

Vsensing
= Csensing

COT F T
(5.37)

The voltage drop across these two capacitors depend on the absolute value
of the capacitances. Since the thickness of these two capacitance is the same,
the ratio of the capacitances is the ratio of the area. Hence the voltage drop
across the one with smaller area is higher. Therefore, as long as the area of the
sensing plate is large enough to create a large capacitance, the voltage drop of
the transistor is almost equal to the total voltage. In other words, the voltage
can be perfectly transferred to the OTFT.

To prove that the voltage can be perfectly transferred, one equivalent device was
manufactured by replacing the reference electrode with a metal extended gate
as shown in Figure 5.4 (b). The sizes of the three different areas were examined
as indicated in Figure 5.5 (a). Figure 5.5 (b) shows the transfer characteristics
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Figure 5.6: (a) The measurement set-up of the ISFET. It composed with a reference
electrode, a electrochemical cell with pH buffer solution, and a sensing plate connected
to the gate of the OTFT. (b) The transfer curve of the transistor when the pH7 and
pH4 buffer solution filled in the electrochemical cell. These two measurements are the
last two points of Figure 5.7

of an OTFT when the gate voltage applied from the extended gate and original
gate. Three curves measured from the extended gate are overlapping each other
and are almost identical to the original transistor curve. It proves that the
voltage is successfully transferred if the size of the extended gate is significantly
larger than the area of the transistor.
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5.3.4 Measurement and constraints

The measurement set-up is shown in Figure 5.6. Anodized Ta2O5 is used as the
sensing plate since the electrical property is very similar to anodized aluminum
oxide (see Chapter 3) and it has a higher β value [172]. The sensing area is
confined with the O-ring which is 225 mm2. This area is large enough to have
a complete voltage transfer according to Equation 5.37:

Vsensing

VOT F T
= COT F T

Vsensing
= AOT F T

Asensing
= 0.04

225 = 1.78x10−4 (5.38)

Therefore, the voltage across the sensing plate is almost negligible.

The results are shown in Figure 5.7. Gate voltages were applied in two different
ways. One is applied from the reference electrode in the pH buffer solution, and
the other is from the extended metal gate indicated as "air" in Figure 5.7. Every
point in the figure was measured at least 5 times. The VG interval was 0.1 V.

In Figure 5.7, the trend of Von, VT and Ion at VG= -2 V are very similar. It
shows that the variation of the Ion can express the shift of threshold voltages.
The mobility stayed at an almost constant value, which indicates that the
transistor did not degrade over the measurement.

The standard deviation or the measurement error of the measurement is less
than 0.2 V. It also varies when the measurement conditions changed as indicated
in Figure 5.8 (a). The measurement error of the device was more obvious when
the interval became smaller. Nevertheless, the maximum sensitivity of an ISFET
is only 59.2 mV per pH. On one hand, the measurement interval should be
small enough to have enough resolution. On the other hand, the measurement
error increases because of the drift effect. Unfortunately, if the measurement
error is larger than the sensitivity of pH, the accuracy of the pH measurement
is doubtful.

Figure 5.8 (b) shows the measurement in different pH buffer solutions. The
measurement interval is 0.02 V. Though the threshold voltage of pH 7 and pH
6 were slightly higher than pH 5 and pH 4, the measurement error had higher
value than the sensitivity. As the result, it is difficult to confirm whether the
shift of the threshold voltage comes from the double layer capacitance or simply
from the measurement error.

Previous research results working on organic ISFET are listed in Table 5.1. In
the early stage, people usually measured a variation of Ion instead of threshold
voltage shift. The sensitivity was in the range of several nA per pH. However,
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these results were not very convincing. Diallo et al. [36] showed a double gate
dielectric top contact configuration to reduce the bias stress instability. However,
Loi [95] and Diallo [36] applied gate voltages as large as -50 V and receive ten
to hundred nA variation on different pH values. In addition, the transistor
hysteresis measured by Loi [95] was larger than 5 V, and the results Diallo [36]
presented showed that the threshold voltage shift extracted from the figure was
as high as several volts which is much larger than the theoretical maximum
value. Recently, Nguyen et al. demonstrated an ISFET with an extended
ITO gate. They showed a high sensitivity of 59 mV/pH. However, the applied
voltage was also as high as -40 V. Compared to the applied voltages, the shift
was extremely small. Frankly, there were some doubts in these reports and
they would be more complete if the measurement errors were mentioned in the
reports.

More recently, Caboni et al. [15, 16] improved the structure by adding an
extended capacitor. The sensitivity can be enhanced to several volts per pH.
Spijkman et al. [157] improved the device by dual gate structure. The sensitivity
was magnified by the ratio of two capacitors. They have also shown promising
results on pH measurement. Indeed, dual gate configuration might be the route
to have a reliable organic ISFET to magnify the signal. Nevertheless, they only
tried pH 2 and pH 10 buffer solutions. This work would be more complete if
at least one more pH buffer solution were tested. Moreover, in their transistor
transfer curve, there was some hysteresis which was actually higher than the
sensitivity per pH. Nevertheless, their approach opened a new possibility and
new structure design is definitely required to produce a more reliable organic
ISFET.

Although OTFT has the advantage of being flexible and has potential to be
used in disposable devices, the stability of the transistor is a major challenge in
manufacturing an ISFET. Not until there is a more stable OTFT or a better
structure design, can organic ISFET be manufactured.

5.4 ISFETs based on In-Ga-Zn-O TFTs

As indicated in previous paragraph, the instability of OTFT makes the
realization of an organic ISFET difficult. Therefore, another low temperature
processed semiconductor material for large area circuit application is also
examined. In-Ga-Zn-O TFTs are more robust to air, humidity and processing
steps. Therefore, with dedicated encapsulation methods, the stability is much
higher than OTFTs.
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Figure 5.9: (a) VT (b) VON of a In-Ga-Zn-O transistor Ta2O5 as the sensing plate
under different measurement conditions. Measurement errors of both VT and VON

are less than the sensitivity of pH measurement, providing a promising measurement
scheme.

Here, we used an In-Ga-Zn-O TFT encapsulated with SiO2 and had only 0.2 V
VT shift after 1 MV/cm bias stressed for 105 seconds. Different measurement
intervals were also examined as shown in Figure 5.9. For both VT and VON , the
standard deviations were less than 10 mV. However, the dispersion of threshold
voltages for different measurement interval is too high. As a result, we will use
VON to discuss the voltage shift in the later discussion.

Again, we connected the transistor to Ta2O5 as the sensing plate which was
dipped in different pH buffer solutions. The results are shown in Figure 5.10.
The response for different buffer solutions was linear as shown on the right
in Figure 5.10. VON shift per pH was 66.8 mV, which is slightly higher than
the theoretical value. It indicated that there were still some other factors
affecting the shift of VON . One of them was the stress effect of the transistor.
The characteristic of the single transistor was measured before and after pH
measurement, shown as the solid black line and dashed grey line in Figure 5.10.
After the measurement, it slightly shifted to the right, which was the same
direction to the error. However, the reason for this drift needs more investigation.
Other factors affecting the shift of VON also require more investigation to specify.

5.5 Conclusions

Although ISFET has been developed for forty years, organic ISFET is rather a
new concept. The stability of the OTFT itself and the measurement became
a major challenge to build a reliable organic ISFET. Previous reports have
shown the possibility of realizing organic ISFETs. However, to achieve a better
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performance or more reliable organic ISFET, a new design of structure or a
more stable OTFT is required.

In this chapter, we examined ISFETs based on both organic TFTs and In-Ga-
Zn-O TFTs. Since the measurement error of organic transistors was too large,
the results of pH measurement was not conclusive. On the other hand, the
results of In-Ga-Zn-O TFTs were much more promising. The VON shift was
linear for different buffer solutions. The sensitivity was 66.8 mV which is very
close to the theoretical value. However, in order to build a stable ISFET, more
investigation is still required.



Chapter 6

Conclusions and future work

6.1 General conclusions

The quality of the dielectric layers is as important as the active materials in
OTFTs. Most early research on OTFTs was done on thermally grown SiO2
samples because of the availability and stability. However, given the constraint
that the final aim of OTFTs is to apply on a flexible substrate for economical
large area electronic applications, the temperature and the cost of the fabrication
process have to be reduced. Therefore, thermally grown SiO2 is not a suitable
candidate for further development due to its high fabrication temperature, and
high processing cost. New approaches to fabricate high quality dielectric layers
at low temperature and low cost are required urgently.

In addition, due to the limited charge carrier mobilities of active materials, large
applied voltages are usually required to achieve a certain operational current.
This reduces the feasibility of the future applications of OTFTs. In order to
reduce the operational voltages without reducing the performance of active
material, high-k dielectric layers with low roughness are required.

In this work, we have successfully fabricated high quality anodized aluminum
oxide with roughness down to 2 nm. Two most critical parameters for achieving
a smooth oxide layer are a smooth aluminum layer and the anodization time.
First, the roughness of the pure aluminum varies greatly depending on the
deposition conditions. The combination of low substrate temperature and
increased evaporation rate gives the smoothest aluminum layer. The optimal
anodization time is around 1600 seconds, where the deposition and corrosion
reach the best equilibrium. The leakage current is less than 10−9 A/cm2 under
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2 MV/cm, which is comparable to ALD aluminum oxide. The film is amorphous
and dense enough to sustain a field around 6 MV/cm without breakdown,
which is slightly worse than thermally grown SiO2 but better than most low
temperature techniques. The uniformity of anodized aluminum oxide is similar
to or even slightly better than ALD aluminum oxide on a six inch wafer area
with a low standard deviation of 0.2 nm.

The OTFTs based on anodized aluminum oxide have outstanding performance.
The applied voltage was reduced to to between two and three Volt with
output current in the range of several µA for both top- and bottom- contact
configurations. In addition, transistors can be optimized by applying self-
assembled monolayers. Both PETS and phosphonic acid treatment were
examined. With phosphonic acid treatment, we are able to manufacture devices
with high mobilities (1.06±0.03 cm2/Vs for top-contact pentacene transistors).
Devices can be further improved by annealing in a vacuum chamber to reduce the
hysteresis behavior. In addition, for bottom contact configuration, devices are
typically also treated with thiols to reduce the contact resistance between source
and drain. According to our observations, both devices treated with phosphonic
acid with and without additional thiol treatment had similar performance.
Moreover, the stability of the transistors treated with PETS and phosphonic acid
measured by bias stress measurement shows promising properties. The direction
of the shift of the threshold voltage was opposite to the ALD aluminum oxide
when negative bias stress was applied. This is caused by the extra ions content
in the anodized layer. There are two mechanisms both working significantly
in anodized aluminum oxide. Nevertheless, the total threshold voltage shift of
the anodized aluminum oxide under our measurement conditions is smaller in
than ALD aluminum oxide after annealing at 120◦C in an ultra high vacuum
chamber. With these high performance transistors, we were able to fabricate
an inverter with a low operation voltage of 1 V.

The most important breakthrough in this work is the technique of patterning an
anodized aluminum oxide layer for a circuit application. Given the constraint
that aluminum oxide can only be grown on a continuous aluminum layer,
patterning separated gates before the anodization becomes very difficult. As a
result, anodized aluminum oxide was only used in a single transistor or simple
circuits. With the proposed method, we are able to patten both gate and
gate dielectric at the same time after anodization. The method is based on
the overetching of the metal and the collapsing of the oxide layer to obtain a
lateral isolation between gate and source/drain. Therefore, a uniform aluminum
oxide layer can be manufactured on a large area, and then patterned into small
features afterwards. Combining the patterning technique of gate and gate
dielectric to the three via drilling methods proposed in this work, we are able
to manufacture inverters and ring oscillators at low operational voltages. To
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our best knowledge, this is the first inverter and ring oscillator composed with
anodized aluminum oxide that has been published. The fastest ring oscillator
has a stage delay of less than 2 µs at 10 V. This promises further applications
on economic large area circuits based on anodization techniques [93]. It can be
further combined with thermal imprint to make self aligned circuits [130].

Compared to Majewski’s work [100], which demonstrated first OTFTs based on
anodized aluminum oxide, we have much higher mobilities (1.36 to 0.10). In
addition, we successfully integrated anodized aluminum oxide into lithography
steps for short channel (5µm) bottom contact transistors, while they only use
shadow mask to evaporate electrodes for top contact transistors with channel
length 25 µm. Furthermore, we integrated anodized aluminum oxide at circuit
level. This opens new possibilities for anodized aluminum oxide.

In the last chapter (Chapter 5), we investigated ion-sensitive field effect
transistors based on OTFTs and anodized oxide. Despite the fact that ISFET
has been developed for forty years, literature on ISFET based on OTFTs is
rather limited. We conclude that the reason for this is that the theoretical
maximum pH sensitivity is insufficient for an organic transistor. The instability
and the measurement error of an OTFT can easily exceed the sensitivity of
the pHs. Therefore, in order to achieve a better performance or more reliable
organic ISFET, a new structural design or a more stable OTFT is required.

In a nutshell, using high quality gate dielectric was successfully fabricated using
anodization. The devices composed of anodized aluminum oxide layer performed
well. By integrating new patterning techniques with anodization, we are able
to build high performance circuits at low applied voltage, low temperature and
low cost.

6.2 Future work

We have shown the feasibility of fabricating a circuit on anodized aluminum
oxide. However, in order to integrate this approach with existing processing
techniques, more investigation and improvement are necessary. First, the
shoulder of leakage current shown between 2 to 6 MV/cm limits the usage
of the dielectric layer. More investigations are required to reduce the current
for further applications. In addition, the mechanism of collapsing oxide needs
to be better understood and controlled. In this work, the collapsing range is
around several µm, which is sometimes too large to be integrated with smaller
structures. However, the scale can be reduced by further optimizing the etching
rate ratio between oxide and metal. The reliability of the collapsing oxide was
not the focus of in this work. Nevertheless, it is very important to improve the
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reliability of the process for further applications. Both electrical and mechanical
reliability need to be studied and optimized.

Besides, the surface properties and modifications of aluminum oxide are slightly
different from silicon dioxide. In our work, phophonic acid treatment showed
promising properties on both anodized and ALD aluminum oxide. However, for
bottom-contact configurations, the operational window of the applied voltages
was rather small. Further improvement is required to enlarge the operational
window. Furthermore, the origins of the bias stress in OTFTs are still not well
understood. Though we are able to compare the difference between anodized
aluminum oxide and ALD aluminum oxide, the complete mechanism of the
shifting needs more investigation.

The instability of the transistor itself is the main issue for realizing a reliable
ISFET in large area techniques. There are three possible approaches to
enhance the signal/noise ratio. One is to increase the signal by improving
the configuration. Dual-gate configurations, for example, can multiply the
signal by the ratio of two capacitors for two gates. In this way, the signal is no
longer limited by the Nernst equation. Another is to integrate a reference field
effect transistor and using the differential method to reduce the environment
noise. Finally we could reduce the noise by integrating a more stable transistor.
Well encapsulated In-Ga-Zn-O transistors, for example, as proposed in this work,
have much better reliability than OTFTs. Therefore, a dual-gate In-Ga-Zn-O
transistor may be the best solution for low cost large area ISFET application.

In summary, the reliability of the anodized aluminum oxide requires further
investigation on both electrical and mechanical behaviour for the layer itself and
collapsing techniques. There is still plenty of room to explore for optimization of
the surface properties of aluminum oxide. Integrating dual-gate encapsulated In-
Ga-Zn-O transistors is the most promising route to achieving high performance
ISFET on large area electronics.



Appendix A

The standard process of
organic thin film transistors in
imec

Two different transistor structures are used in imec as illustrated in Figure 1.1.
The standard process for both cases is described below.

A.1 Top-contact transistors

The schematic illustration of a top-contact transistor is shown in Figure 1.1 (a).
In a standard process, it starts with a cleaning of the substrates. Then, the
aluminum gate is deposited and partially anodized into aluminum oxide. Surface
treatment of the dielectric is applied and a semiconductor layer is evaporated.
Last, a layer of gold is evaporated through a shadow mask to form source and
drain contacts. Details for each of the steps are described below.

Substrate cleaning

Glass substrates are first immersed for ultrasonication in detergent diluted
with deionized water, pure deionized water and acetone for 15 minutes each.
Later, the substrates are immersed into heated acetone (45 ◦C ) and heated
isopropanol (IPA) (60 ◦C ) for 30 seconds. Then, substrates are rinsed with
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Figure A.1: The schematic illustration of organic molecular beam deposition.

deionized water and blow-dried with nitrogen. Last, the substrates are treated
with oxygen plasma with a power of 100 W and an oxygen flow of 2.3 sccm.

Gate

Aluminum layer is thermal evaporated on the cleaned glass substrates using
organic molecular beam deposition (OMBD). An OMBD tool is illustrated in
Figure A.1.

An OMBD consists of a high or ultra high vacuum chamber containing a heated
small boat or crucible with the organic material powder inside and a temperature
controlled chuck to hold substrates. In our system, the pressure is kept below
10−6 mbar. The vacuum reduces the partial pressure of oxygen, water and other
gases that might react with or become embedded in the film.

As long as the vapor pressure of the heated material exceeds the background
pressure in the chamber, the material evaporates. The evaporated molecules
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travel in the molecular flow directed towards the substrate and condense on
the temperature controlled (cooler) substrate to form a thin film. The vacuum
lowers the temperature needed to reach the sublimation point of the organic
semiconductor and also increases the mean free path of the evaporated material.
The mean free path in vacuum is much longer than the distance between the
source and the substrate and the beam of evaporated material is not defected.
The distance between crucibles and substrate has to be carefully chosen. A
higher distance improves thickness uniformity over the substrate surface and
reduces radiative heat transfer from crucibles to substrate, while a higher
distance also lowers material utilization efficiency and the highest accessible
deposition rate since a larger fraction of the gaseous molecules condense on
chamber walls.

The deposition rate is also controlled by the temperature of the cell. Depending
on the deposition rate and the substrate temperature, the growth of the organic
semiconducting layer can be controlled and different growth regimes can be
accessed. Finally the film thickness is very precisely monitored in-situ and in
real time by means of a a calibrated water-cooled quartz crystal. There are
two shutters in the chamber: one is on top of each cell to deflect the beam of
evaporated material; the other one is underneath the substrate to block the
beam during adjusting the temperature of the cell to obtain the right deposition
rate. Once the desired film thickness has been reached, the source and the
substrate shutters are closed in order to interrupt the deposition.

A 100 nm aluminum layer was evaporated with a rate of 6.7 Å/s and the
substrates were cooled with liquid nitrogen.

Gate dielectric

The aluminum layer is partially anodized into aluminum oxide. The principle
and details are described in Chapter 2. The process is illustrated in Figure 2.3.
In the first stage, a constant current of 0.07 A/cm2 is applied until the voltage
reaches 30 V. In the second stage, a constant voltage 30 V is applied until the
current reduced to 0.006 A/cm2. Under these conditions, 50 nm of aluminum
oxide is formed. The electrolyte is a mixture of potassium phosphate dibasic
trihydrate and potassium citrate tribasic monohydrate.

Surface treatment on the gate dielectric

Substrates are first exposed to UV ozone for 15 minutes to remove organic
contaminations. Then two different treatments are used: PETS and
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pump

substrate

temperature
controlled chuck

glass slide
PETS

vacuum chamber

Figure A.2: The schematic illustration of silane deposition.

alkylphosphonic acid.

Phenethyltrichlorosilane (PETS)

PETS is vaporized under vacuum as illustrated in Figure A.2. The use of
vacuum increases the mean free path of molecules and reduces the vaporization
temperature of molecules. Before deposition of PETS, the oven is preheated
at least for 2 hours at 60 ◦C. Substrates are placed on the heated chuck and
a glass slide is placed on a holder on top of the substrates. 60 µl of PETS is
dropped on the glass slide. The deposition starts when the chamber is closed
and pumped down to 10−3 mbar. The oven temperature is kept at 60 ◦C for
30 minutes. Then the chamber is vented with nitrogen and substrates are ready
for the semiconductor deposition.

Alkylphosphonic acid

Alkylphosphonic acids (Strem Chemicals, used as received) were deposited
on Al2O3 from ethanol solution as previously described in [2] by immersing
substrates into solutions of 1.0 mM of alkylphosphonic acids in ethanol at 70
◦C for 15 hours. Afterwards, samples are rinsed with ethanol, blown dry with
nitrogen, and briefly baked on a hot plate at 85 ◦C to remove residual solvent.

Organic semiconductor

Pentacene is thermally evaporated by organic molecular beam deposi-
tion (OMBD) as described in the last paragraph. OMBD is the most
common method for depositing organic semiconducors with small molecular



BOTTOM-CONTACT TRANSISTORS 119

weight [46, 85]. The typical deposition rate and substrate temperature for
pentacene are 0.25 Å/s and 68 ◦C . The thickness is 30 nm.

Source and drain electrodes

Source and drain electrodes are evaporated by OMBD. Typical channel width
and length are 2000 µm and 50 µm. A 50 nm gold layer is evaporated with
a rate of 0.25 Å/s. Samples are cooled with liquid nitrogen to a temperature
around 0 ◦C.

A.2 Bottom-contact transistors

The major difference between the top-contact transistors and the bottom-contact
transistors is the deposition sequence of the semiconductor and the source-drain
electrodes. As illustrated in Figure 1.1 (b), the source-drain electrodes are
deposited before the deposition of the semiconductor layer in a bottom-contact
transistor structure. Since the deposition of the semiconductor is the last
step in this process, lithography and lift-off processes, which are hazardous to
organic semiconductor materials, can be used in this structure. In addition, the
surface properties of the electrodes also affect the deposition and growth of the
semiconductor layer. Therefore, a thiol treatment is usually applied before the
deposition of a semiconductor.

The standard process for a bottom-contact transistor also starts with the
cleaning of the substrates, the deposition of the gate electrode and the
anodization to form a gate dielectric. This is followed by a lift-off process
for deposition and patterning of source-drain electrodes. A thin layer of
pentafluorobenzenethiol (PFBT) is applied on top of the electrodes. Last,
the semiconductor is deposited under the same conditions as for top-contact
transistors. Here we describe the details of the lift-off process for source-drain
contacts and the surface treatment on top of the electrodes.

S-D electrodes

A double layer photoresist, LORT M 1A and AZ6612 (MicroChem), is spincoated
on the substrates. After optimized baking (temperature and time), samples
are exposed to UV light for several seconds. Then, samples are immersed in
OPD5262 and rinsed with deionized water.
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A 30 nm gold layer is evaporated on top of the double layer resist. Then, the
samples are cleaned by ultrasonication in actone for 15 minutes. Subsequently,
the substrates are immersed into heated acetone (45 ◦C ) and heated
isopropanol (IPA) (60 ◦C ) for 30 seconds, blown dry with nitrogen, and
cleaned by a UV/O3 for 15 minutes.

Surface treatment on electrodes

Samples are immersed in a solution of 5 mM pentafluorobenzenethiol (PFBT)
in ethanol for 30 minutes. Then, samples are rinsed with isopropanol and blown
dry with nitrogen.



Appendix B

Characteristic techniques

B.1 AFM

The topography of the aluminum oxide and pentacene are measured by atomic
force microscopy (AFM, Agilent 5100). A sharp tip mounted on a microscale
cantilever is brought close to a sample, and the repulsive and attractive forces
(Van der Waals electrostatic forces) between the tip and the sample are measured
by detecting the deflection of a laser beam focused on the backside of the
cantilever. AFM can be operated in contact, tapping and non-contact modes.
In our case, the tapping mode is used. In tapping mode, the cantilever is
oscillated perpendicular to the sample. The amplitude and frequency of the
oscillation is monitored. An electronic servo controls the height of the cantilever
to maintain a set oscillation amplitude. Then the mapping of the cantilever
height gives the topography of the sample.

B.2 Elliposometry

The thickness of the aluminum oxide is measured by elliposometry (SOPRA
GE55). Ellipsometry is an optical, non-direct and non-destructive technique.
It can measure the thickness, the optical properties and the roughness of a
multilayer stack.
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B.3 Contact angle

Contact angle measurement is a simple method for evaluating surface properties.
By placing a droplet, typically water, on the surface and measuring its contact
angle. It gives an indication of the surface hydrophobicity and hydrophilicity.
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