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Dankwoord

Een zondagavond in november. Het is bijna 8u en dit manuscript gaat morgen naar
de drukker. De jury heeft alles nagelezen, de laatste correcties zijn aangebracht.
De typefouten die nu nog tussen de regels verscholen zitten, kunnen opgelucht te-
voorschijn komen. Ze hebben de finale versie gehaald. Tijd om even stil te staan.
Want dat enkel mijn naam onder de titel van dit manuscript staat betekent niets.
Veel mensen kwamen en gingen sinds de start van dit doctoraat en hebben op de
één of andere manier een bijdrage gehad. Laat ik beginnen bij het begin.

Dat dit manuscript over organische halfgeleiders gaat is de schuld van Stijn Ver-
laak en Paul Heremans. Stijns enthousiasme heeft de keuze van mijn master thesis
bepaald. Terwijl Pauls gedrevenheid er voor gezorgd heeft dat toen ik besloot om
een doctoraatsonderzoek te starten, het voor mij vaststond dat dat in diezelfde po-
lymere en moleculaire elektronica groep moest zijn. Twee keuzes waar ik zeker
geen spijt van heb. Robert Mertens vervoegde Paul, en met deze twee promotoren
kon ik vol goede moed aan mijn doctoraat beginnen.

Samen met mij startten nog twee anderen hun doctoraatsonderzoek binnen de
PME groep en het is leuk om vast te stellen dat we het dit jaar alle drie kunnen
afronden. Sarah is één van die twee anderen en zij heeft van de tussentijd gebruik
gemaakt om me tonen wat een goede planning betekent, waarvoor dank. Met
Sarah heb ik ook het grootste deel van de tijd een cubicle gedeeld, die al vlug
versterkt werd met Dieter maar pas het laatste jaar met Lukas helemaal gevuld
raakte. Zij hebben me niet alleen de geneugten van het Nederlandse snoepgoed
geleerd en hoe presentaties te geven met een gebroken pols, maar er vooral mee
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voor gezorgd dat het ’s morgens fijn was om toe te komen. Bedankt.

Cédric is de andere doctoraatsstudent die op hetzelfde moment begon. Hij was
een onuitputtelijke bron aan swagelock koppelingen maar vulde ook de gaten in
mijn kennis van de Franstalige strip. Niet alleen Stijn Verlaak en Cédric werkten
op organische transistors. Van bij de start van mijn doctoraat waren ook Dimitri,
Stijn De Vusser en Soeren welgekomen bronnen van informatie. Dimitri leerde
me de finesses van de self assembled monolayer, Stijn de kneepjes van de photo-
lithografie en Soeren the secrets of the parameter analyzer. Kris ontpopte zich
tot de ultieme circuit designer (ook al heeft zijn design van de geheugen array dit
manuscript niet gehaald). De derde Stijn, Stijn De Jonge gidste me tijdens mijn
eerste cleanroom stappen en werd later met verve opgevolgd door Peter en Steve.
Robert was een baken in de duisternis van de scheikunde and later Andriy, Ling
and Manoj joined us to complete our multidisciplinary organic transistor team.
En allemaal werden ze in de hand gehouden door Jan Genoe. Ieder van hen heeft
ergens bijgedragen aan dit doctoraat.

Doorheen die vijf jaar werd dit team nog verder aangevuld met nieuwe mede-
doctoraatsstudenten zoals Joris, die ik moet bedanken voor de toeristische ritjes
langs Highway 5, Dieter, Steven and Wan-Yu. Het laatste jaar kwamen daar nog
Maarten, die als master thesis student een grote steen heeft bijgedragen aan dit
doctoraat, en Benjamin bij. Thanks, a non-neglible part of the daily life of the
PhD student is sharing joy’s and sorrows with other PhD students (depending on
the outcome of the last experiment).

En dan de Eindhovense connectie. De gesprekken met Gerwin waren niet al-
leen interessant maar ook gewoon leuk. Charlotte demonstreerde haar eindeloze
geduld met het inkjet printen en Bas heeft meer dan één sample naar Leuven ge-
stuurd. In die context is ook KrisExpress een vermelding waard. Bedankt, Eind-
hoven bleek verrassend dichtbij.

Ondanks lichte competitiegevoelens heb ik ook veel gehad aan de mensen van
het organische zonnecellen team. Eerst Johan, Tom en Peter. Maar ook David,
die de lay-out van doctoraatsthesissen naar een hoger niveau heeft getild, Clau-
dio, a former commander in the intergalactic war and Barry, who makes delicious
oatmeal-raisin cookies. Although I still refuse to drink coffee, I enjoyed the times
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I joined them during their espresso moments.
Later came Björn and Alexander, who proved to be a transistor guy in the end.
It was good to know that I could join them if I missed the first, early lunch shift.
Dan mag ik Afshin niet vergeten, Karolien, Eszter, Griet en Bregt. Nice people,
always ready for a small chat of een helpende hand.

With a lot of other people I had interesting discussions. Special thanks to Klara
Maturova for her contribution to chapter 5 and to, Robin Degraeve, Ben Kaczer,
Antonio Arreghini and Moon Ju Cho who gave me more insight in charge trapping
mechanisms. Ook Johan, Erwin, Karel, Albert, Inge en Chantal ben ik dankbaar.
Het was een grote hulp om als doctoraatsstudent op hen beroep te kunnen doen
als er geschroefd, gesoldeerd, gedeponeerd of geboord moest worden of als ik in
de knoei zat met allerlei formaliteiten.

Prof. Robert Puers en Prof. Mark Van der Auweraer waren bereid om in mijn
begeleidingscommissie te zetelen, Prof. Groeseneken, Prof. Knipp en Prof. Blom
om deel uit te maken van mijn doctoraatsjury en Prof. Haegemans om mijn jury
voor te zitten. Bedankt voor jullie zinvolle opmerkingen en suggesties. Ze hebben
dit manuscript beter gemaakt.

Ik wil ook het Instituut voor de Aanmoediging van Innovatie door Wetenschap en
Technologie in Vlaanderen (IWT-Vlaanderen) bedanken voor de financiële steun.

Een lange lijst, maar een doctoraat maak je niet alleen. Ondertussen is het is don-
ker en stil en tijd om te slapen. Ik heb nog drie lijntjes nodig om dit dankwoord af
te sluiten.
Mama en papa, bedankt voor de steun.
Juliette, slaap zacht, ik kijk al uit naar morgen.
Veerle, je bent mijn schat.





Samenvatting

Kristallijn silicium (Si) is sinds meerdere decennia de dominerende technologie
in de halfgeleider industrie. Voor bepaalde toepassingen zijn dunne film tech-
nologieën nochtans beter geschikt. In kristallijn Si technologie vertrekken alle
productiestappen van de kristallijne wafer. Deze wafer is breekbaar en heeft een
beperkte oppervlakte. In dunne film technologieën daarentegen, wordt de half-
geleider als een film op een willekeurig substraat met een willekeurige grootte
gedeponeerd. In bepaalde gevallen kan het substraat zelfs flexibel zijn. Hierdoor
behoren beeldschermen met grote oppervlaktes, zonnecellen met de afmetingen
van een volledige vensterruit en opvouwbare scanners tot de haalbare toepassin-
gen. Organische halfgeleiders zijn een mogelijke dunne film technologie.

De stabiliteit van de halfgeleider component tijdens gebruik is essentieel om een
betrouwbare toepassing met een lange levensduur te realiseren. Een belangrijke
halfgeleider component is de veld-effect transistor. Een onstabiele transistor kan
gekarakteriseerd worden door een verschuiving van de transfer curves. Externe
factoren zoals de aangelegde spanningen aan de contacten, belichting, of het zuur-
stof en water gehalte in de lucht kunnen deze verschuiving beïnvloeden. Hoewel
deze verschuivingen meestal niet gewenst zijn, kunnen ze in bepaalde gevallen
toch nuttig zijn. Een kleine verschuiving van de transfer curves leidt namelijk tot
een grote verandering in stroom bij een vaste uitleesspanning. Op deze manier
kan de transistor gebruikt worden als een gevoelige sensor voor de eerder vermel-
de externe factoren. Als de transfer curves ook nog stabiel blijken te zijn op hun
nieuwe posities na de verschuiving, kan de component zelfs gebruikt worden als
een geheugenelement.
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Eén van de mechanismen die een verschuiving van de transfer curve kunnen ver-
oorzaken is het vangen van ladingsdragers. Deze ladingsdragers zijn eerst mobiel
in de halfgeleider en worden dan gevangen in vangstcentra in de halfgeleider, aan
het tussenoppervlak tussen halfgeleider en gate isolator, of in de gate isolator zelf.

Eerst wordt het vangen van ladingsdragers aan het tussenoppervlak tussen halfge-
leider en gate isolator bestudeerd. We tonen aan dat belichting het vangen van la-
dingsdragers versnelt, maar dat het effect te traag is om eenvoudige transistors als
lichtdetector te gebruiken. Dit laatste is in tegenstelling met wat er in de literatuur
wordt beweerd. Bovendien bewijzen we dat de verschuiving van de transfer cur-
ves onder belichting zich gelijkaardig gedraagt als de verschuiving in het donker
onder de invloed van aangelegde spanningen aan de contacten. Het effect van be-
lichting is het aanvoeren van extra, photogegenereerde ladingsdragers die kunnen
gevangen worden. Deze vaststelling leidt tot een beter begrip van de instabiliteits-
mechanismen in organische transistors. Het gebruik van organische transistors als
lichtdetector wordt door deze vaststelling ook verder gehypothekeerd, aangezien
een gevoelige lichtsensor onvermijdelijk ook instabiel is tijdens de uitlezing.

Vervolgens wordt het vangen van ladingsdragers in de gate isolator onderzocht.
We tonen aan dat ladingen kunnen opgeslagen worden in een gate isolator bestaan-
de uit een oxide en een polymere isolator. Korte programmatiepulsen van 1,5 ms
met een programmatiespanning van -15 V en 15 V zijn genoeg om ladingsdragers
op te slaan en vervolgens te verwijderen uit de gate isolator. De retentie van de
ladingsdragers bedraagt meer dan drie maanden, wat langer is dan elk organisch
geheugenelement met ladingsdragersvangst dat tot nu toe beschreven is in de li-
teratuur. Bovendien worden meer dan 500 schrijf- en wiscycli gedemonstreerd.
Deze vaststellingen tonen aan dat deze component kan gebruikt worden als een
herprogrammeerbaar geheugenelement met twee stabiele geheugentoestanden.

Daarna wordt het vangen van gaten en elektronen in de gate isolator verder ver-
geleken en wordt aangetoond dat beiden noodzakelijk zijn om de component te
kunnen herprogrammeren bij lage spanningen. Tenslotte worden twee meer com-
plexe structuren voorgesteld, nog steeds met aan gate isolator bestaande uit een
oxide en een polymeer. Deze structuren kunnen gemakkelijk geïntegreerd worden
met het circuit voor de adressering en het uitlezen van het geheugenelement. Op
deze manier zou een complete geheugenmatrix in organische halfgeleider techno-
logie kunnen gerealiseerd worden.



Summary

Although crystalline silicon (Si) has been the dominating technology in the semi-
conductor industry over the last decades, semiconducting thin film technologies
are better suited to realize some specific applications. Processing in crystalline Si
technology always has to start from the high quality crystalline Si wafer, which
limits the size of the application and the versatility. Semiconducting thin films on
the other hand, can be deposited as such on arbitrary substrates of arbitrary size,
enabling applications such as large area displays or solar cells covering complete
windowpanes. Organic semiconductor technology is one of the available thin film
technologies with the additional advantage that the low deposition temperatures
allow the use of flexible substrates.

The stability over time of the semiconductor devices is essential to realize a trust-
worthy application with a long lifetime. An important example of a semiconductor
device is the field-effect transistor. An unstable transistor can be characterized by
a shift of the transfer curves towards more positive or negative voltages. Exter-
nal factors as the applied biases to the electrodes, illumination or environmental
conditions might influence the shifts of the transfer curves. Although these shifts
and the accompanying instability of the transistor characteristics are most often
unwanted, they might be applied usefully. As a small shift of the transfer curves
can result in a huge difference in current at a fixed read-out voltage, the transistor
might be used as sensitive sensor for the mentioned external factors. If the transfer
curves prove to be stable at the new position after the shift, the device might also
be used as a memory element, with two clearly distinguishable and stable states.
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One of the mechanisms responsible for these shifts is the trapping of charge carri-
ers that are first mobile in the semiconductor and then get trapped in the semicon-
ductor, at the interface between semiconductor and gate dielectric, or in the gate
dielectric itself.

First, we study the trapping at the semiconductor/gate dielectric interface. We
show that illumination accelerates the trapping of charge carriers, but that this ef-
fect is too slow to use simple transistors as a light detector. This last observation
is in contrast to what is reported in literature. Furthermore, we indicate that the
shifts under influence of illumination behave similar to shifts in the dark provoked
by bias voltages applied at the contacts. The effect of illumination is to supply
additional, photogenerated, charge carriers at the interface, ready to be trapped.
This observation results in a better understanding of the mechanisms leading to
unwanted instability in organic transistors. This study reveals an additional draw-
back of an organic transistor as a light detector, being the fact that a device highly
sensitive to light will inevitably be highly unstable during read-out.

Second, we investigate the trapping of charge carriers in the gate dielectric. We
show that charges can be stored in a gate dielectric comprising an oxide and a
polymer dielectric. Short programming pulses of 1.5 ms at programming volt-
ages as low as -15 and 15 V are enough to store and release charge carriers from
the gate dielectric. The retention of the trapped charge carriers is more than 3
months, longer than for any organic charge trapping device reported in literature.
Moreover, more than 500 write and erase cycles have been demonstrated. These
observations prove that this device can be applied as a reprogrammable memory
element with two stable memory states.

Next, the trapping of both electrons and holes in the gate dielectric is further in-
vestigated, indicating that both are necessary to obtain reprogrammability at low
voltages. Finally, two more advanced structures with an oxide/polymer gate di-
electric are realized. This kind of charge trapping memory transistors can easily
be integrated with the circuitry for addressing and read-out on one and the same
substrate. In this way a complete memory array in organic semiconductor tech-
nology might be realized.



List of symbols and abbreviations

Symbol Description Units

α (1) absorption coefficient 1/cm
(2) power factor

A area m2

β dispersion parameter
Cins gate dielectric capacitance per unit area F/m2

∆VFB change in flat band voltage V
∆Von change in onset voltage V
∆VT change in threshold voltage V
ε0 vacuum permittivity (8.85×10−12) F/m
εins relative permittivity of the gate dielectric
εs relative permittivity of the semiconductor
η ratio of photogenerated electrons to electrons in-

jected by the electrodes, divided by the illumination
power

m2/W

ηIQE internal quantum efficiency
E electrical field V/m
EA activation energy eV
EA,e activation energy for electron mobility eV
EA,h activation energy for hole mobility eV
EF Fermi energy eV
G optical gain
Gm transconductance of a transistor S
h Planck constant (6.626×10−34) J.s



x SYMBOLS AND ABBREVIATIONS

Symbol Description Units
ID drain current A
ID,dark drain current in the dark A
ID,light drain current under illumination A
ID,phc drain current resulting from photoconductive effect A
ID,ph,prim primary drain photocurrent A
ID,phv drain current resulting from photovoltaic effect A
IG gate current A
IS source current A
k Boltzmann constant (8.617×10−5) eV/K
λ (1) mean free path m

(2) wavelength m
L transistor channel length m
µe electron mobility m2/(V.s)
µe,init initial electron mobility m2/(V.s)
µh hole mobility m2/(V.s)
µh,init initial hole mobility m2/(V.s)
ν frequency Hz
NA acceptor doping density m−3

NBT density of charged defects m−2

ND density of electrons in the band tail m−2

nt surface density of trapped electrons m−2

NWB density of weak bonds m−2

p pressure torr
Pill illumination power W/m2

pt surface density of trapped holes m−2

φs surface potential V
ψMS work function difference between the gate and the

semiconductor
V

q elementary charge (1.602×10−19) C
Qins equivalent interface charge C·m−2

r effective molecular radius m
rd tunnel constant V
R responsivity A/W
Rl/d photorespones



SYMBOLS AND ABBREVIATIONS xi

Symbol Description Units
S −1 inverse of the subthreshold slope V/decade
τ time constant s
τ′ light accelerated time constant s
T temperature K
t0 time constant s
tbias accumulated bias stress time s
tins thickness of the gate dielectric m
tprog length of a write or erase pulse s
tr transit time of a charge carrier s
ts thickness of the semiconductor m
τtr lifetime of a trapped charge carrier s
VDS drain-source voltage V
VDS ,bias drain-source voltage during a bias stress experiment V
VDS ,prog drain-source voltage during a write or erase pulse V
VDS ,read drain-source voltage during read-out V
VFB flat band voltage V
VGS gate-source voltage V
VGS ,bias gate-source voltage during a bias stress experiment V
VGS ,prog gate-source voltage during a write or erase pulse V
VGS ,read gate-source voltage during read-out V
Von onset voltage V
Von,init initial onset voltage V
VT threshold voltage V
VT,init initial threshold voltage V
W transistor channel width m
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Abbreviation Description

3-But5 3-butyl α-quinquethiophene
α-T6 α-sexithiophene
Al aluminum
Al2O3 Al2O3 aluminum oxide
Ag silver
a-Si amorphous silicon
Au gold
ALD atomic layer deposition
Cs cesium
CVD chemical vapour deposition
F8T2 poly(9,9’-dioctyl-fluorene-co-bithiophene)
FeFET ferroelectric field-effect transistor
HEMT high-electron mobility transistor
HMDS hexamethyldisilazane
HOMO highest occupied molecular orbital
ITO indium tin oxide
LCD liquid crystal displays
LED light emitting diode
LiF lithium fluoride
LUMO lowest unoccupied molecular orbital
memFET memory field-effect transistor
OFET organic field-effect transistor
OLED organic light emitting diode
OMBD organic molecular beam deposition
OPA n-octadecylphosphonic acid
OTS octadecyltrichlorosilane
OVPD organic vapour phase deposition
P3HT poly(3-hexylthiophene
PαMS poly(alpha-methyl styrene)
PEN poly(ethylene naphthalate)
PET poly(ethylene terephthalate)
photoFET photodetecting field-effect transistor
PMMA poly(methylmetacrylate)



SYMBOLS AND ABBREVIATIONS xiii

Abbreviation Description
PPV poly(phenylene vinylene)
PTAA poly(triarylamine)
PTCDI-C13H27 N,N’-ditridecyl-3,4,9,10-perylenetetracarboxylic diimide
PVA poly(vinyl alcohol)
P(VDF-TrFE) poly(vinylidene fluoride-trifluoroethylene)
PVP poly(4-vinyl phenol)
RFID radio frequency identification tag
SAM self assembled monolayer
Si silicon
SiO2 silicon oxide
Si3N4 silicon nitride
SKPM scanning Kelvin probe measurement
UHV ultra high vacuum
Yb ytterbium





Contents

Dankwoord i

Samenvatting v

Summary vii

List of symbols and abbreviations ix

Contents xv

1 Organic field-effect transistors 1

1.1 Thin-film transistors . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Organic semiconducting materials . . . . . . . . . . . . . . . . . 2

1.2.1 From carbon atom to semiconducting film . . . . . . . . . 2

1.2.2 Short lexicon of typical terms and issues . . . . . . . . . . 4

1.3 Basic structure and operation . . . . . . . . . . . . . . . . . . . . 5

1.4 Materials and device fabrication . . . . . . . . . . . . . . . . . . 6

1.4.1 Organic semiconductor . . . . . . . . . . . . . . . . . . . 7

1.4.2 Gate dielectric . . . . . . . . . . . . . . . . . . . . . . . 11

1.4.3 Source and drain electrodes . . . . . . . . . . . . . . . . 15

1.4.4 Patterning . . . . . . . . . . . . . . . . . . . . . . . . . . 18



xvi CONTENTS

1.5 Device characterization . . . . . . . . . . . . . . . . . . . . . . . 19

1.5.1 Standard transistor measurements . . . . . . . . . . . . . 19

1.5.2 Measurements under illumination . . . . . . . . . . . . . 22

1.5.3 Temperature dependent measurements . . . . . . . . . . . 23

1.6 Objectives and outline of the manuscript . . . . . . . . . . . . . . 24

2 Shifts of the transfer curve 25

2.1 The onset voltage, the flat band voltage and the threshold voltage . 26

2.1.1 The onset voltage . . . . . . . . . . . . . . . . . . . . . . 26

2.1.2 The onset voltage versus the flat band voltage . . . . . . . 28

2.1.3 The onset voltage versus the threshold voltage . . . . . . . 28

2.1.4 Tracking shifts of the transfer curves . . . . . . . . . . . . 29

2.2 Hysteresis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.2.1 Polarization of the gate dielectric . . . . . . . . . . . . . 31

2.2.2 Trapping of charges coming from the semiconductor . . . 32

2.2.3 Trapping of charges coming from the gate . . . . . . . . . 34

2.3 Bias stress . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.3.1 Bias stress in a-Si field-effect transistors . . . . . . . . . . 35

2.3.2 Bias stress in OTFTs . . . . . . . . . . . . . . . . . . . . 38

2.4 Stability under environmental conditions . . . . . . . . . . . . . . 42

2.5 Ferroelectric memory transistors . . . . . . . . . . . . . . . . . . 43

3 A charge trapping phototransistor 47

3.1 Illumination of organic field-effect transistors . . . . . . . . . . . 48

3.1.1 Photoconductive and photovoltaic effect . . . . . . . . . . 48

3.1.2 Trapping sites for the electrons . . . . . . . . . . . . . . . 50



CONTENTS xvii

3.1.3 Figures of merit for a photodetector . . . . . . . . . . . . 50

3.1.4 Corrections and comments to the literature . . . . . . . . 51

3.2 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.2.1 Device structure . . . . . . . . . . . . . . . . . . . . . . 52

3.2.2 Measurement method . . . . . . . . . . . . . . . . . . . . 53

3.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . 54

3.3.1 Negative versus positive gate-source bias . . . . . . . . . 54

3.3.2 Different treatments of the interface . . . . . . . . . . . . 57

3.3.3 Illumination at different wavelengths . . . . . . . . . . . . 60

3.4 Conclusions and outlook . . . . . . . . . . . . . . . . . . . . . . 61

3.4.1 Conclusions regarding bias stress . . . . . . . . . . . . . 61

3.4.2 Conclusions regarding the use of organic photoFETs . . . 63

4 A charge trapping memory transistor 67

4.1 Charge trapping memory transistors . . . . . . . . . . . . . . . . 68

4.1.1 Si charge trapping memory transistors . . . . . . . . . . . 68

4.1.2 Organic charge trapping memory transistors . . . . . . . . 69

4.2 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.2.1 Device structure . . . . . . . . . . . . . . . . . . . . . . 70

4.2.2 Measurement method . . . . . . . . . . . . . . . . . . . . 71

4.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . 71

4.3.1 Charge trapping as a function of programming voltage . . 71

4.3.2 Charge trapping as a function of programming time . . . . 74

4.3.3 Retention . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4.3.4 Endurance . . . . . . . . . . . . . . . . . . . . . . . . . 80

4.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82



xviii CONTENTS

5 Electrons and holes in a charge trapping memory transistor 83

5.1 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

5.1.1 Device structure . . . . . . . . . . . . . . . . . . . . . . 84

5.1.2 Measurement method . . . . . . . . . . . . . . . . . . . . 84

5.2 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . 85

5.2.1 An ambipolar device . . . . . . . . . . . . . . . . . . . . 85

5.2.2 No electron accumulation . . . . . . . . . . . . . . . . . 86

5.2.3 No hole accumulation . . . . . . . . . . . . . . . . . . . 89

5.2.4 Field distribution during write and erase . . . . . . . . . . 90

5.2.5 Temperature dependent supply of charge carriers . . . . . 92

5.2.6 Supply of charge carriers by illumination . . . . . . . . . 93

5.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

6 Towards integration 99

6.1 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

6.1.1 Device structure . . . . . . . . . . . . . . . . . . . . . . 100

6.1.2 Measurement method . . . . . . . . . . . . . . . . . . . . 101

6.2 Results on the intermediate structure . . . . . . . . . . . . . . . . 101

6.2.1 Charge trapping as a function of programming voltage . . 102

6.2.2 Endurance . . . . . . . . . . . . . . . . . . . . . . . . . 104

6.2.3 Retention . . . . . . . . . . . . . . . . . . . . . . . . . . 106

6.3 Results on the final structure . . . . . . . . . . . . . . . . . . . . 107

6.3.1 Charge trapping as a function of programming voltage . . 107

6.3.2 Endurance . . . . . . . . . . . . . . . . . . . . . . . . . 109

6.3.3 Retention . . . . . . . . . . . . . . . . . . . . . . . . . . 111

6.4 Conclusions and further outlook . . . . . . . . . . . . . . . . . . 111



CONTENTS xix

7 General conclusions and future outlook 115

Bibliography 121

Curriculum vitae 133

List of publications 135





Chapter 1
Organic field-effect transistors

This chapter provides an introduction to organic field-effect transistors, to facili-
tate the understanding of the following chapters. In the first section, a short com-
parison with other thin-film technologies is given and the main applications of
these technologies are mentioned. In the second section the most important prop-
erties of organic semiconductors are explained. In Sec. 1.3, the basic structure
and operation of an organic field-effect transistor is given and different processing
issues are discussed in Sec. 1.4. The emphasis lies on the processing steps applied
in this work. The chapter ends with an overview of the measurement techniques
used.

1.1 Thin-film transistors

Traditional crystalline Si field-effect transistors have been the lead technology in
semiconductor industry over the last decades. The constant search for lower cost
and higher performance resulted in smaller and smaller transistor sizes on increas-
ingly larger substrates. Despite these efforts, there are application where crys-
talline Si is not the best option. The crystalline wafer, being the template for all
traditional Si semiconductor technologies, limits the substrate size and the versa-
tility. Thin-film semiconductors do no come in wafers but are deposited as such on
arbitrary substrates of arbitrary size. Although crystalline Si will always outper-
form these technologies in complexity and cost per transistor, thin-film technolo-
gies score high on the cost per unit area and the broad range of possible substrates.

Amorphous Si (a-Si) is the most established thin film technology, dominating the
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market of backplanes for liquid crystal displays (LCDs). Nevertheless, when the
display market makes the transition from LCD to organic light emitting diodes
(OLEDs), the electrical instability of a-Si field-effect transistors might become
problematic [1]. The temptation of electronics on flexible substrates is another
drive to investigate competing thin-film technologies, as flexible substrates do not
stand the common deposition temperatures of a-Si. Moreover, some of these com-
peting technologies promise to be processable as a liquid, opening up perspectives
of very attractive deposition methods. Amorphous Si, on the other hand has no
liquid form.

One thin-film technology emerging in research is that of metal oxide semicon-
ductors as for example zinc oxide and gallium indium zinc oxide. These materials
offer high mobilities (up to 100 cm2/(Vs) versus 1 cm2/(Vs) for a-Si), low tem-
perature deposition for flexible substrates and optical transparency. The stability
of these materials is still unclear.

Organic semiconductor technology is another, more established competitor for
a-Si. These materials can be processed at temperatures allowing deposition on
flexible substrates, can even be solution processed and might offer a higher sta-
bility for a comparable mobility (∼1 cm2/(Vs)). Out of the wide range of or-
ganic semiconductors available, materials can be selected optimized for transis-
tors, OLEDs or sensor applications.
Besides OLED displays and backplanes, sensor matrices on large area flexible
substrates and cheap radio frequency identification tags (RFIDs) are the most
promising applications for organic electronics. Several examples on lab scale have
been introduced, including a 2.5 inch flexible display with 120x160 pixels [2], a
2.8 inch flexible scanner with 72x72 pixels [3] and a RFID tag operating at 13.56
MHz on flexible foil [4].

1.2 Organic semiconducting materials

1.2.1 From carbon atom to semiconducting film

Traditional crystalline semiconductors come in high quality, defect-free covalent
bounded crystals. Organic semiconductors on the other hand, are deposited as
films of only weakly bounded molecules. These weak bonds strongly simplify
processing but the low interactions between the molecules result in a more diffi-
cult charge carrier transport. An elaborated study about how organic films can be
semiconducting and how their crystal structure influences transport can be found
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in Ref. [5].

The common base to all organic molecules is a backbone of carbon atoms. As
carbon is a group IV material with a moderate electronegativity, up to four cova-
lent bonds can be formed with other atoms. Moreover, hybridisation of the carbon
orbitals allows configurations where these four bonds are reshuffled into single,
double and triple bonds, as well as a range of resonance forms. As a result, both
synthetic organic chemistry and natural processes deliver a wide range of carbon-
based materials with tailored properties. One of these properties is that organic
materials can be semiconducting.

Most organic semiconducting materials have a central backbone with carbon
atoms which have a sp2 hybridisation. This sp2 hybridisation results in alternating
double and single bonds which allows resonance forms, where the single and dou-
ble bonds swap positions. The real configuration of the molecule lays somewhere
in between the two resonance forms. The electrons of the double bond are delo-
calised and can be seen as moving through the molecule. The molecule is said to
be conjugated. In terms of orbitals and energy levels, this means that the p atomic
orbitals of the hybridised carbon atoms overlap laterally to form bonding π and
anti-bonding π∗ molecular orbitals which are spread out over the molecule. The
bonding (filled) π and an anti-bonding (empty) π∗ orbitals are filled with electrons
according to the Pauli principle. When more and more hybridised carbon atoms
are added to the molecule, more and more bonding and anti-bonding energy lev-
els are created, resulting in energy regions of occupied (binding) and empty (anti-
binding) levels. In long polymers, these regions can form semi-continuous bands.
In small molecules, on the other hand, the energy levels in these bands are still
well separated1. The energy bands themselves are separated by an energy gap,
which is responsible for the semiconducting behaviour of the organic molecule.

In thin films, the molecular orbitals of different molecules overlap and inter-
act. The result is the formation of two bands of intermolecular orbitals, similar to
the formation of molecular orbital by the overlap of atomic orbitals. For a large
numbers of interacting molecules, the bands of intermolecular orbitals becomes
semi-continuous. The energy bands are still separated by an energy gap.
However, the interactions between molecules is much lower than the intramolec-
ular interactions. As a result, the intermolecular delocalisation and the splitting is

1For a single pentacene molecule in the gas phase for example, the distance between the highest
two binding orbitals is more than 1,3 eV [5].
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significantly smaller and electrons have much less tendency to be delocalised over
the complete film. Consequently, charge transport is not limited by the transport
within one molecule, but rather by the transport from one molecule to another.
To optimize the transport in an organic film, the growth of the thin film should
be optimized to maximize the overlap of the molecular orbitals of the different
molecules in the direction of the transport.

1.2.2 Short lexicon of typical terms and issues

• Polymers and small molecules: organic semiconductors can be long poly-
mer chains or small organic molecules. The backbone consists of hybridised
carbon atoms.

• Polycrystalline and amorphous: Most organic semiconducting films are
polycrystalline as a regular structure can maximize the overlap of the molec-
ular orbitals. Nevertheless, some often used materials give best results in
amorphous films (poly(triarylamine) (PTAA) and poly(phenylene vinylene)
(PPV) for example).

• HOMO and LUMO: The highest occupied molecular orbital is called the
HOMO, the lowest unoccupied molecular orbital the LUMO. In the organic
semiconductor world, the terms HOMO band and LUMO band are adopted
to name the valence band and the conduction band in crystalline semicon-
ductors.

• Band transport and multiple trapping and release: In crystalline semicon-
ductors, energy levels are delocalised over the complete film and the band
transport model can be applied. The mobility of the charge carriers in the
bands increases at lower temperatures due to a reduced scattering by lattice
vibrations.
In most organic semiconducting films, the band edges are not sharply de-
fined due to disorder in the film and localized states in the energy gap be-
tween the bands exist, due to impurities. In the multiple trapping and re-
lease model, the charge carriers are trapped and released from these traps
during transport. As the release from these traps is thermally activated, the
mobility of the charge carriers decreases at lower temperatures.

• N-type, p-type and ambipolar: Intentional doping of organic semiconduc-
tors with strong electronegative or electropositive materials is applied but
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not yet common [6, 7, 8]. Despite the lack of intentional doping, organic
semiconductors are called n-type or p-type depending on the preferred
charge carrier for transport. Organic semiconductors with a comparable
mobility for both electrons and holes are said to be ambipolar.

• Polarons, bipolarons and excitons: When an excess charge is placed on a
molecule in a film, an electric field is created, polarizing the environment
to stabilize the excess charge. Different polarization effects can take place
at different timescales [5]. The excess charge together with its accompany-
ing polarization is called a polaron. The transition of a polaron from one
molecule to another molecule is the equivalent of a current through the ma-
terial.
A bipolaron is the ensemble of two negative or positive charges on one and
the same molecule and their polarization.
An exciton is the ensemble of a negative and a positive charge on one and
the same molecule and their polarization. It can for example be created by
optically stimulating an electron from the HOMO band to the LUMO band.
It can move as a whole to another molecule, or it can be split into a positive
and a negative charge on different molecules. An exciton can also recom-
bine, and this can be accompanied by the emission of a photon, a process
applied in OLEDs.

1.3 Basic structure and operation

Traditional crystalline Si field-effect transistors operate in inversion. Upon the
increase of the gate voltage in the right direction, a depletion region is formed
followed by the formation of an inversion layer of minority carriers. This inver-
sion layer makes up the channel for the source-drain current. In this regime, the
transistor is on. When the gate voltage is increased in the other direction, an accu-
mulation layer of majority carriers is formed, but any current between source and
drain is blocked by the reverse biased source and drain junctions. The transistor
is off.

As it has not yet been possible to create doped areas in the organic semiconduc-
tor in a controlled way, organic field-effect transistors (OFETs) are operated in
accumulation. When the gate voltage is increased in the appropriate direction an
accumulation layer is formed, bridging the channel for the source-drain current
and the transistor is on. When the gate voltage is increased in the other direction,
the organic semiconductor gets depleted but no inversion layer is formed as trans-



6 ORGANIC FIELD-EFFECT TRANSISTORS

port is limited to only one type of charge carriers in most organic semiconductors.
The transistor is off when the complete film is depleted.
Because no doped junctions are present around the source and drain contacts, a
source-drain current can still flow through the bulk of the transistor if the film is
not yet completely depleted. To limit this parasitic current, the thickness of the
semiconductor should be small (typically 10-50 nm), which is not a problem in
organic semiconductor technologies.

In Fig. 1.1 two standard OFET structures employed throughout this work are
compared. In Fig. 1.1a, an OFET is depicted with top source and drain electrodes
where a highly doped Si wafer acts as the substrate and the gate. The advantage
of this structure is its simplicity and the almost perfectly planar and defect free
SiO2. No lithographic steps are needed as the gate is not patterned and the pattern
of the drain and source electrodes is obtained by a shadow mask. In this work,
this structure is used to evaluate the organic semiconductor and the interface with
the gate dielectric. It can not be applied in circuits as the gate is common to all
devices on the same wafer.
Fig. 1.1b shows a fully patterned OFET as it can be integrated into a circuit. The
gate, source and drain electrodes and the organic semiconductor are all patterned
and via holes through the gate dielectric connect both metal layers where desired.
Source and drain electrodes are often interdigitated to realize a wide channel in
compact area: they resemble two forks with the teeth slided into each other. This
structure is applied in the last chapter of this work.

These structures can be extended with encapsulation layers to seal the device.
Additional layers can add other functionalities. Intermediate structures (e.g. bot-
tom source and drain electrodes on a Si wafer) as well as variants (e.g. different
ways to pattern the organic semiconductor) can be imagined. The gate and the
gate dielectric can be realized on top of the organic semiconductor as well, for
semiconducting films with a smooth top surface. As most small molecules have
a rough top surface, top gates are not obvious for these materials. Some of these
alternative structures are used throughout the different chapters.

1.4 Materials and device fabrication

The molecules in organic semiconductors are only weakly bonded. As a result,
only a modest energy input is needed to deposit and manipulate organic semi-
conducting materials and a series of processing techniques with a low thermal
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Figure 1.1: Two basic structures for an organic field-effect transistor. (a) Top
source and drain electrodes where the highly doped Si wafer act as the substrate
and as a common gate. (b) Bottom source and drain electrodes on a flexible sub-
strate and patterned gate.

budget are enabled. Moreover, electrically active broken covalent bonds, which
act as a trap or dopant, are not in issue in organic semiconductors so no epitax-
ial growth on a crystalline substrate is required. An organic semiconducting film
can be grown on virtually any substrate from glass plates to plastic and metal
foils. A wide range of fabrication methods exists and some elaborated examples
of processing recipes for OFETs can be found in Ref. [9] and [10].

1.4.1 Organic semiconductor

The wide range of deposition techniques for organic semiconductors can be split
into two categories: solvent-based and gas-phase based techniques.

Solvent-based techniques

Because the bonds between the individual organic molecules are weak, organic
semiconductors can be dissolved or dispersed in a solvent, which has a greater
affinity for the semiconductor than the molecules of the semiconductor for them-
selves. The solution can then be deposited as a liquid. After deposition, the sol-
vent evaporates leaving an organic thin film on the substrate. The crystal structure
of the formed organic film, from amorphous to polycrystalline, strongly depends
on the drying conditions: enough time needs to be given for the internal material
reorganization to occur. Heating the substrate, drying in a solvent saturated atmo-
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sphere and mixtures of solvents with different boiling points are used to control
this drying speed and the crystal structure.
Some of the possible solvent-based deposition techniques are spin coating, dip
coating, spray coating, blade coating and drop casting. A review of these tech-
niques and their relative merits can be found in literature [11]. Also printing tech-
niques as screen printing and inkjet printing are possible, offering the advantage
of realizing the deposition and the patterning of the layer in one step.

Side groups can be added to polymer semiconductors to make them soluble and
these materials are most often processed with solvent-based techniques. Turning
small molecules soluble, on the other hand, is more challenging. Nevertheless,
some small molecules have been engineered to be soluble or dispersible, allowing
to process them with solvent-based techniques [12].

A disadvantage of solvent-based techniques is that the solvent may attack the
underlaying layers, complicating the deposition of different layers on top each
other. This can be bypassed by applying orthogonal solvents, which only dissolve
one of the two layers.
Spin coating and inkjet printing are also applied to deposit organic dielectrics and
these techniques are shortly discussed in Sec. 1.4.2.

Gas-phase based techniques

In gas phase techniques, the organic semiconducting material is heated above its
sublimation temperature and transported towards the substrate. It condenses on
the cooler surface of the substrate and forms an organic thin film. In organic
vapour phase deposition (OVPD), the molecules are transported from the heated
furnace towards the substrate by a carrier gas. In organic molecular beam depo-
sition (OMBD), the heated cell directly points to the substrate and the molecules
travel from cell to substrate through vacuum.

High molecular weight organic semiconductors, like polymers, decompose be-
fore their sublimation temperature is reached and cannot be deposited using gas-
phase based techniques.
Most organic semiconducting layers in this work are deposited by OMBD and this
technique is briefly discussed. An elaborated study of OVPD can be found in [13]
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OMBD

OMBD is a standard technique to deposit organic small molecules. The material
is loaded into a small boat or crucible in a high or ultra high vacuum chamber
and heated. Once the vapour pressure of the heated material exceeds the back-
ground pressure of the material in the chamber, the material evaporates. The
beam of evaporated material is directed towards the substrate and condenses on the
cooler surface. 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.

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 λ for a gas can be shown to be:

λ[m] =
kT

4π
√

2r2 p[pascal]
≈

5 × 10−5

p[torr]
(1.1)

where r is the effective molecular radius, k the Boltzmann constant, T the temper-
ature and p the pressure. The approximation applies for air and at room tempera-
ture, resulting in a typical mean free path of only 65 nm at atmospheric pressure,
but of 5 km at 10−8 torr. As a result, the mean free path in vacuum will be longer
than the distance between the source and the substrate and the beam of evaporated
material is not deflected.

The vacuum reduces the partial pressure of oxygen, water and other gases that
might react with or become embedded in the semiconducting film. As the organic
material is being heated before and during evaporation, reactions might even be
accelerated. Unwanted gases can be present in the atmosphere or can desorb from
heated elements as the crucible or the organic material itself. It has been shown
that organic semiconductors can be contaminated by background gases present
during evaporation [14]. The background gases can even be used to intentionally
dope the semiconducting film [15]. Consequently, the management of the cham-
ber pressure during heating and deposition is essential to reach high quality and
reproducible results.

Disadvantages of this technique are the high directionality of the beam, which
results in low uniformity over large substrates and limits the substrate size. The
ultra high vacuum also limits the throughput as transport through a loadlock is
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Figure 1.2: The evaporation cluster at IMEC used for the deposition of organic
materials and metals. The central transfer chamber is connected to nitrogen-filled
glove boxes where samples can be prepared and measured.

needed to load and unload samples into and from the deposition system.

At IMEC, two OMBD systems are available for the evaporation of organic ma-
terials and metals. The first system is depicted in Fig. 1.2 and comprises four
vacuum chambers (p ∼ 1×10−8 torr) arranged around a central transfer chamber
which is connected to a nitrogen-filled glove box by a loadlock. Three chambers
are used for the evaporation of organic materials, one for metals. Each evap-
oration chamber has several Knudsen cells, containing a crucible filled with an
organic material or a metal. The deposition rate is controlled by the tempera-
ture of the Knudsen cell and measured in-situ by a calibrated water-cooled quartz
crystal. Typical rates lie around 0.1 to 1 Å/s. A shutter on top of each cell can be
opened and closed to deflect the beam of evaporated material. A second shutter



1.4 MATERIALS AND DEVICE FABRICATION 11

underneath the substrate can be used to block the beam during the adaption of the
temperature of the cell to obtain the right deposition rate. The substrate can be
cooled and heated to control its temperature during deposition.

A second and similar OMBD system is available for deposition on larger 6 inch
wafers (Fig. 1.3). A large source-substrate distance and the central position of the
main cell results in a thickness variation < 2% over the complete 6 inch wafer.

In this work, pentacene and N,N’-ditridecyl-3,4,9,10-perylenetetracarboxylic di-
imide (PTCDI-C13H27) are deposited by OMBD. The typical deposition rate and
substrate temperature for pentacene are 0.25 Å/s and 68 ◦C and 0.35 Å/s and 25 ◦C
for PTCDI-C13H27. Pentacene is a well known p-type semiconductor, although it
is reported to be ambipolar if processed on a right gate dielectric [16]. PTCDI-
C13H27 is an n-type semiconductor. The chemical structure of both materials can
be found in Fig. 1.4.

1.4.2 Gate dielectric

The gate dielectric can be an organic or inorganic insulator and different deposi-
tion techniques can be used. The ideal gate dielectric needs to fulfill a long list
of requirements. It should have a low leakage and high breakdown voltage even

Knudsen cell
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N -glove box2

loadlock from N -glove box

to vacuum chamber
2

probe
station

loadlock from
air to N -glove box2

entrance to
parylene coater

parylene coater
underneath N -glove box2

Figure 1.3: The 6-inch evaporation system at IMEC used for the deposition of
organic materials and metals. The vacuum chamber is connected to a nitrogen-
filled glove boxe where samples can be prepared and measured. A parylene coater
is connected to the same glove box.
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Figure 1.4: The chemical structure of (a) pentacene and (b) PTCDI-C13H27.

for thin layers (typical thicknesses are ∼ 50 - 200 nm). Layers need to be thin
and/or have a high permittivity to obtain a high capacitance. The dielectric needs
to be chemical resistant for the solvents used in subsequent steps but it should be
patternable to realize interconnects between the gate metallisation and the source
and drain layer. It needs to be compatible with the organic semiconductor: it
should not compromise crystal growth and should not be too rough (the aver-
aged roughness should be less than 1 nm [17]). Unwanted hysteresis should be
avoided. Gate dielectrics can add to hysteresis by trapping of charges at the inter-
face with the organic semiconductor or within the dielectric, by the movement of
ions in the dielectric or by the alignment of dipoles (see Section 2.2). Preferably
it should be deposited at a low temperature to allow processing on flexible sub-
strates (below 200 ◦C for a poly(ethylene naphthalate) (PEN) foil, below 150 ◦C
for a poly(ethylene terephthalate) (PET) foil).

SiO2 is a well-known inorganic dielectric. It can be thermally grown on a Si
wafer or deposited by sputtering or chemical vapour deposition (CVD) on other
substrates. Sputtering involves the microscopic ablation of a target with an ion-
ized gas, while in CVD, a precursor vapour stream reacts on the substrate into a
film. Thermally grown SiO2 is used in the test structure of Fig. 1.1a. It is a high
quality dielectric with a nearly perfectly planar surface.

Al2O3 can be deposited by sputtering and CVD but also by atomic layer deposi-
tion (ALD). ALD is a self-limiting process involving two precursors which react
one-at-a-time with a surface in a sequential manner. Structures with sputtered
Al2O3 as the gate dielectric are used in this work.

Parylene is an example of an organic dielectric that is deposited by CVD [18]
(see Fig. 1.5 for the chemical structure). The material is supplied as a metastable
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dimer which is sublimed under vacuum and subsequently cracked into two reac-
tive monomers in a furnace. These monomers flow then into the deposition cham-
ber and condense into a fully reacted polymer on the substrate and the chamber
walls. At IMEC, a parylene deposition system is available (see Fig. 1.3) but the
parylene is mainly used as an encapsulation layer. In this work, it is not applied
as a gate dielectric.

Poly(alpha-methyl styrene) (PαMS) and poly(4-vinyl phenol) (PVP) are exam-
ples of commonly used organic gate dielectrics which are processed by spin coat-
ing (chemical structures in Fig. 1.5). PVP can be spin coated together with a
cross-link agent (e.g.poly(melamine-co-foramaldehyde)) and baked out to render
the formed layer resistant to most chemicals. This allows to pattern source and
drain electrodes by lithography on top of the PVP, which is not possible for PαMS.

CH3

n

OH

n
Cl

n

(a) (c)(b)

Figure 1.5: The chemical structures of (a) parylene-C (b) PαMS (c) PVP.

Spin coating

For spin coating, the substrate is placed in the middle of a chuck and covered with
a solution. Upon revolving the chuck, centrifugal forces spread out the solution
and a uniform film is formed. The resulting film thickness depends on the con-
centration of the solution, the molecular weight of the organic molecule dissolved,
and the spin speed. Typical spin speeds are 500 to 10000 revolutions per minute
(rpm) and spin curves for a specific solution can be formulated, showing an expo-
nentially decreasing thickness with increasing spin speed.

In this work, thin layers of PαMS are used on top of an inorganic dielectric.
PαMS is typically dissolved in toluene for 0.1-0.5w%, spin coated at 1000-4000
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rpm and baked out at 120 ◦C on a hot plate in a nitrogen glove box prior to the
processing of the semiconductor.

Inkjet printing

In inkjet printing, a small droplet of a solution is pressed out of the nozzle of a
printhead onto a substrate. The formation and the size of the droplets is controlled
by a piezoelectric element. The substrate can be heated to optimize the drying of
the droplet. By programming the printhead, patterns can be achieved.

In this work, inkjet printing is used to deposit thin layers of PαMS in well chosen
areas. The printer is home build at TNO / Holst Centre (Fig. 1.6). Typically, a 2.5
mg/ml solution of PαMS in tetralin is printed on a substrate heated at 70 ◦C. The
volume of one droplet is ∼ 70 pl.

Surface modification of the dielectric

It is possible to improve the growth of the organic semiconductor on top of the
gate dielectric by a surface modification which changes the surface energy of the
interface. For semiconductors deposited with a solvent-based technique, a sur-

Figure 1.6: A 6 inch wafer on which PαMS is inkjet printed. The glass bottle with
the solution can be seen on the middle right and is connected to the nozzle on the
bottom left. The nozzle can be moved over the sample.
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face modification can change the solvent wetting on the dielectric and in this way
the drying and the growth. For semiconductors deposited from the gas phase,
a change in surface energy changes the interactions of the first monolayers with
the surface. A crystal structure with more overlap between the molecules, larger
grains or even a selective growth nucleation on the treated areas can be obtained
by such surface treatments [19, 20, 21].
A treatment can also passivate dangling bonds and traps present at the interface
which affect the mobility, the threshold voltage and the onset voltage of a transis-
tor (see Section 2.1). Chua et al. showed that the passivation of electron traps on
the surface of thermal grown SiO2 improves the electron transport in a number of
polyfluorene copolymers and made them ambipolar (both hole and electron trans-
port instead of only hole transport) [22].

One possible approach is to apply self assembled monolayers (SAMs). SAMs
have a head which selectively attaches to a surface and a tail which is inert against
the head. Once all active sites on the surface are occupied, the SAM stops at-
taching and a single monolayer of tightly packed and highly ordered molecules
is formed (see Fig. 1.7). SAMs on top of a native oxide are even used as very
thin gate dielectrics [23]. The surface properties of the interface covered with the
SAM are defined by the tail of the SAM.
The silane octadecyltrichlorosilane (OTS) is harnessed in this work as a surface
modification for thermal SiO2. The silane is deposited from the gas phase: the
sample is positioned in a vacuum oven at 140 ◦C for 30 min, together with a 10 µl
droplet of OTS. The OTS molecules evaporate and attach to the SiO2. The chem-
ical structure of OTS is given in Fig. 1.7.

Another approach is to coat the interface with trivially thin layers of an organic
polymer. Kelly et al, used a thin layer of PαMS to passivate the dangling bonds
on Al2O3 [24]. Also thin layers of parylene and poly(methyl-methacrylate) are
applied [25]. In this work, we deposit thin layers of PαMS on top of SiO2 and
Al2O3.

1.4.3 Source and drain electrodes

Bottom source and drain electrodes (Fig. 1.1b) have some drawbacks with respect
to top electrodes (Fig. 1.1a). In top contact devices, the gate field supports the
injection of charge carriers from the source into the semiconductor over the com-
plete electrode area, generally resulting in a lower contact resistance [26]. Fur-
thermore, the processing of the bottom contacts on top of the gate dielectric might
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Figure 1.7: (a) A schematic drawing of a tightly packed and highly ordered SAM.
The chemical structures of (b) OTS (c) 1-dodecanethiol (d) heptadecafluoro-1-
decanethiol (e) perfluorinated benzenethiol.

affect the gate dielectric surface, where the delicate charge transport happens.
Moreover, the processing of the organic semiconductor might be complicated by
the bottom contacts in terms of growth and crystal size. Nevertheless, top con-
tacts can not be patterned by photolithography, limiting the smallest feature size
and the complexity of the interconnects.

As the electrodes need to be engineered to inject the right type of charge car-
riers, a main consideration for the electrode material is the position of its work
function with respect to the energy levels of the semiconductor. A high energy
barrier will result in a series resistance for the source-drain current. For a p-type
organic semiconductor, a high work function material as Au, Ag or indium tin
oxide (ITO) is preferred.
Low work function materials as Cs, Yb or a thin layer of lithium fluoride fol-
lowed by Al (LiF/Al), should be favorable for n-type semiconductors. Unfortu-
nately, these low work function materials are reactive and harder to work with. A
reaction of material with the ambient or the n-type semiconductor can create an
injection barrier and consequently, high work function materials might even give
better results for n-type semiconductors [27, 28].

Metals are still the most obvious electrode materials, but conducting metal ox-
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ides as ITO, NiOx [29], organic conductors as polyaniline and poly(3,4-ethylene
dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) [30] or printable metal
nanoparticles can be used as well.

In this work, Au is used for the source and drain electrodes on pentacene and
LiF/Al on PTCDI-C13H27. For top source and electrode devices, these metal are
evaporated with the systems described in Fig. 1.2 and 1.3. For devices with bottom
source and drain electrodes, the Au is evaporated on top of a thin layer of evap-
orated Ti to improve adhesion on the gate dielectric, in a dedicated evaporation
system.

Surface modification of the source and drain electrode

In structures with bottom source and drain electrodes, the semiconductor is grown
on top of the electrodes. Like for the gate dielectric, the surface energy of the
electrodes influences the growth. By surface modification, this growth can be
optimized, both for semiconductors deposited from a solvent and from the gas
phase. Surface modification is also said to influence the work function by intro-
ducing surface dipoles. In this way, the injection of one type of charge carriers
can be improved [31].

SAMs can be used that selectively attach to the electrodes. In this work, 1-
dodecanethiol is applied on the Au bottom source and drain electrodes to improve
the growth of pentacene on top of it. This thiol is deposited from the gas phase:
the sample is placed in a vacuum bulb for 30 min, together with a droplet of the
thiol.
Two other thiols, heptadecafluoro-1-decanethiol and perfluorinated benzenethiol,
are applied in this work with an additional goal. As most organic solvents have
a high wetting angle on these fluorinated thiols, these solvents are repelled by
electrodes covered with these thiols. As a result, the solvent is confined to the
region between the source and drain electrodes. In this way a thin layer of PαMS
dissolved in toluene, can be deposited on the gate dielectric without covering the
electrodes [32]. These last two thiols are deposited from solution: the sample
is placed in 10 mM solution of the thiol in ethanol for 3 hours. The chemical
structure of these three thiols is given in Fig. 1.7.
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1.4.4 Patterning

The two main patterning techniques to pattern blanket films are shadow masks
and photolithograpy, schematically drawn in Fig. 1.8

Shadow masks cover parts of the substrate during deposition of the material and
can be used with a directional deposition technique as OMBD or spray coating.
As shadow masks need to be self-supporting, the geometries that can be obtained
are limited. The smallest feature size that can be obtained is typically ∼ 25 µm. In
this work, shadow masks are only used to pattern top source and drain electrodes
in the simple structure of Fig. 1.1a.

A high resist profile, with a negative slope edge can be used as an integrated
shadow mask. The deposited film is discontinuous at the steep edges and the ma-
terial on the bottom of the resist well does not make contact with the material on
the top. In Chapter 6 of this work, an integrated shadow mask with the photore-
sist SU-8 (an epoxy resin) is used to pattern the organic semiconductor layer (see
Fig. 1.9).

(a) (b) (c) (d)

deposition
of material

deposition
of material

etching
of material

development of
photoresist

photoresist

material
to pattern

Figure 1.8: Patterning of a layer by (a) a shadow mask, (b) an integrated shadow
mask, (c) etching and (d) lift-off.

A photoresist layer patterned by photolithography can be used to pattern other
layers. A layer underneath a photoresist can be patterned by etching, a process
that removes the parts of the layer that are not covered by the photoresist. A layer
on top of a photoresist can be patterned by lift-off. In this process the photoresist
is developed and anything on top of it is removed.
Patterning of the organic semiconductor with photolithography should be done
with care as the solvents in the photoresist might dissolve or affect the semicon-
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Figure 1.9: A SEM picture of a steep SU-8 wall. Layers deposited on top of the
SU-8 are discontinuous thanks to the overhanging SU-8 on the top.

ductor [33]. The use of water soluble resists like poly(vinyl alcohol) (PVA) [34] or
protecting the organic semiconductor with parylene during photolithography [35]
might overcome this problem. The organic semiconductor can also be damaged
during an etching step, so the distance between the edge of the resist and the active
region of the transistor should be large enough [36].
Photolithographic processes allow smaller feature sizes compared to a shadow
mask, but debris of the removed layers might remain on the surface after etching
or lift-off, complicating further processing on those areas. In this work, the gate
electrode and the bottom source and drain electrodes are pattern by photolitho-
graphy and lift-off.

1.5 Device characterization

Although the operation mode is different (accumulation versus inversion), OFETs
can be modelled by the conventional semiconductor transistor equations [5, 37] as
in both cases, the resistivity of the channel depends on the charge carrier density
which is directly controlled by the gate voltage and for both technologies the
gradual channel approximation applies.

1.5.1 Standard transistor measurements

Two curves are typically measured to characterize a field-effect transistor: the out-
put characteristics and the transfer characteristics.
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To measure the output characteristics, one varies the drain voltage while the
gate voltage is kept constant, and this for different gate voltages. This results in
a plot of ID as a function of VDS , for different VGS . Two regimes can be distin-
guished: the linear regime where ID is linearly proportional to VDS and the sat-
uration regime where ID is independent of VDS . The transition between the two
regimes is called pinch-off and marks the point where the charge carrier concen-
tration around the drain becomes virtually zero. At this VDS , the surface potential
at the drain side of the channel is below the threshold to accumulate charge car-
riers. An example of the output characteristics of a PTCDI-C13H27 n-type and a
pentacene p-type organic thin film transistor is given in Fig. 1.10a and 1.10c.

During the measurement of the transfer characteristics, the gate voltage varies
while the drain voltage is kept constant, resulting in an ID vs VGS plot. Depending
on VDS , the transistor is operated in the linear or the saturation regime. Fig. 1.10b
and 1.10d show the transfer characteristics of an n-type and p-type organic thin
film transistor, measured in the linear regime.

Assuming the conventional gradual channel approximation, the drain current
measured in the linear and the saturation regime can be described as [38]:

ID = µCins
W
L

(
VGS − VT −

VDS

2

)
VDS (|VDS | < |VGS − VT |) (1.2)

ID = µCins
W
2L

(VGS − VT )2 (|VDS | > |VGS − VT |) (1.3)

where W is the total channel width, L the channel length, µ the mobility and Cins

the capacitance of the gate dielectric per unit area. Cins can be calculated based
on the relative dielectric constant εins and the thickness tins of the dielectric layer:
Cins = εinsε0/tins. The relative dielectric constants for the dielectrics used in this
work are determined by capacitance-voltage measurements. For SiO2 is εins =

3.9, for Al2O3 8.0 and for PαMS 2.5.

From Eq. 1.2 it is clear that in the linear regime, ID is linearly proportional to
VGS and that the slope of this line is proportional to the mobility µ. The field-effect
mobility can thus easily be extracted from the transfer characteristics in the linear
regime. In addition, extrapolating the linear part of ID to the x-axis results in the
threshold voltage VT , as shown in Figure 1.102. In the saturation regime, ID

1/2

2The extrapolated line intercepts with the x-axis at VT +VDS /2, but this last term is commonly
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Figure 1.10: (a) The output characteristics and (b) the transfer characteristics in
the linear regime for an n-type organic thin film transistor (PTCDI-C13H27). (c)
The output characteristics and (d) the transfer characteristics in the linear regime
for an p-type organic thin film transistor (pentacene).

is linearly proportional to VGS and µ and VT can be derived from a ID
1/2 vs VGS

plot. Mobility and VT calculated from the linear regime and from the saturation
regime can differ slightly. The small currents in the linear regime are more prone
to distortion by parasitic currents, while the higher voltages in saturation can lead
to bias stress effects. Moreover, in the saturation regime, the surface potential
varies strongly over the channel, resulting in a measured mobility that is a sort of
average of local surface-potential dependent mobilities (Sec. 2.1.3).

Two other transistor parameters can be extracted from a semi-logaritmic plot of

omitted as VDS is small in the linear regime
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the transfer curves. The onset voltage Von is defined as the gate-source voltage
at which ID increases abruptly. In a measurement, an approximation needs to be
made, due to the noise level of the measurement setup. We typically define Von

as the gate-source voltage at which ID reaches 100 pA3. Von divides the VGS scale
into two regions: the off-region with a near-zero ID and the on-region with a high
ID. The inverse of the subthreshold slope S −1 is the voltage step needed to gain
one decade in current at Von: S −1 = dVGS /dlog|ID| calculated at VGS = Von.

Some organic semiconductors have proven to be ambipolar: both types of charge
carriers can be transported through the material and both a hole and an electron
accumulation layer can be formed, depending on the applied gate voltage. Trans-
fer and output curves can be measured for both the hole and the electron current
and a separate µ, VT , Von and S −1 for each of them can be defined.

All transistor characteristics are measured on a SUSS MicroTec PM8 probe sta-
tion with triax probes in one of the nitrogen-filled glove boxes depicted in Fig. 1.2
(ppm(H2O) < 5 and ppm(O2) < 0.5) and Fig. 1.3 (ppm(H2O) < 0.1 and ppm(O2)
< 0.1). Devices are transported between the glove boxes in sealed metal cases.
Measurements are performed with two Keithley 2602 instruments or a Keithley
2602 and a Keithley 2612. As each instrument has two source and measure units,
ID, IS and IG can be measured in parallel. The fourth source and measure unit
can for example be used to control the current through a LED during illumination
(Section 1.5.2). A LabVIEW program on a computer controls all instruments.

1.5.2 Measurements under illumination

To study the behaviour of the transistors under light, devices are illuminated by
light emitting diodes (LEDs) emitting light at different wavelengths and with a
spectral line half width of typically 20 nm. The samples are placed on one of the
probe stations and a small printed circuit board with the LED and a series resis-
tance is positioned above the devices by one of the probe heads of the probe station
(Fig. 1.11a). The current through the LED is supplied by a source and measure
unit of a Keithley 2602 instrument and controlled by a LabVIEW program.

After a series of measurements, the sample is removed and replaced by a New-
port UV-818 photodetector connected to a Newport 2832C power meter. The
alignment of the photodetector on the same x, y and z position as the transistor
under study is done manually by aid of the microscope of the probe station. A

3This definition renders Von dependent on VDS and device dimensions. As IDS increases sharply
around Von, differences will be small, but care should be taken when comparing different devices.
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(b)(a)

Figure 1.11: (a) A sample illuminated by a LED. Two probes contact the source
and drain, the gate is contacted by the metal block. The photodetector on the left
can be positioned underneath the LED to calibrate the illumination power. (b) A
sample on the refrigerator of the variable temperature micro probe system. On the
bottom right, a temperature sensing resistor is pressed on top of the sample. Three
probes are contacting the source, drain and gate.

curve, calibrating the illumination power versus the LED current, is registered. A
metal plate with a pin hole the size of a transistor is put on top of the photodetector
during calibration (∼ 0.02 mm2 for a bottom contact device and ∼ 0.4 mm2 for a
top contact device).

1.5.3 Temperature dependent measurements

Temperature dependent measurements are performed in a variable temperature
micro probe system of MMR Technologies Inc. Samples are positioned on a
cold pad in a small vacuum chamber (p ∼ 2×10−6 torr). Samples are shortly
subjected to air during transfer to the chamber. The cold pad is cooled by the
Joule-Thompson expansion of a high pressure nitrogen gas in the underlying re-
frigerator. A resistive heater in the refrigerator can be used to heat the sample.
The temperature is measured on the surface of the sample by a Pt100 temperature
sensing resistor to obtain a correct temperature read out. A computer controlled
Lakeshore 331 temperature controller regulates the temperature. Three coax probe
are available to contact the cooled device in vacuum (Fig. 1.11b).
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1.6 Objectives and outline of the manuscript

Despite the growing maturity of organic transistor technology, some problems re-
main. To realize reliable circuits with a long lifetime, the characteristics of the
transistor should be stable over time. In an unstable transistor, the transfer char-
acteristics shift towards more positive or negative voltages.
The stability of a-Si field-effect transistors has been extensively studied [39, 40,
41, 42], and is expected to be problematic for critical applications [1]. For organic
transistors, the mechanisms leading to instability are not yet completely under-
stood [43]. In this manuscript, we focus on the trapping of charge carriers as one
of the possible mechanisms for instabilities in organic transistors. We investigate
where and how the charge carriers are trapped, to be able to design more stable
devices. Nevertheless, charge trapping in transistor structures can also be useful.
While studying the trapping mechanism, we also investigate if trapping can be ap-
plied to realize a sensor or a memory element with an organic transistor structure.

In Chapter 2 we discuss the different mechanisms that can be responsible for
shifts of the transfer curves. A review of the literature on instabilities in organic
field-effect transistors is presented
In Chapter 3 the influence of illumination on the trapping of charge carriers is
investigated. From this chapter we gain more insight in the instability of organic
transistors and show that the interface between the semiconductor and the gate
dielectric plays an important role in the trapping process. Moreover, we indicate
that a simple organic transistor is not suited to be used as a light sensitive device,
in contrast to reports in literature.
In Chapter 4 the charge carriers are trapped in the gate dielectric. As these trapped
charge carriers can remain stored over a longer time period, this device can be
applied as a memory element. A nonvolatile, reliable and electrically repro-
grammable memory element is still missing in the organic semiconductor tech-
nology.
The memory structure is further investigated in Chapter 5. Attention is paid to the
trapping and release of both holes and electrons from the gate dielectric.
Finally, two more advanced structures for the memory transistor are presented in
Chapter 6. The last structure allows integration of the memory transistor into a
memory array.



Chapter 2
Shifts of the transfer curve

A small shift in the transfer curves can result in large differences in drain current
(Fig. 2.1). Most often, these shifts are unwanted, as a stable drain current is re-
quired to obtain a properly working circuit. In the backplane of an OLED display
for example, a constant current is needed to guarantee a constant illumination
power of the pixel. In digital circuitry, shifts of the transfer curves might lead
to smaller noise margins and the outcome of an analog circuit can be erroneous.
Circuit design can to a certain extend anticipate shifts of transfer curves a the cost
of an increased complexity.

VGS

log(|I |)D

ID1

ID0

ID2

|I | >> |I | >> |I |D1 D0 D2

Figure 2.1: A small shift of the transfer curves can result in large changes in ID.

However, if these shifts are well controlled and stable, they can be usefully ap-
plied in a sensor or a memory element. The change in drain current is then inter-
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preted as a measure for the variable to be sensed or as a transition between two
memory states. The large difference in drain current by only a small shift of the
onset voltage is then an advantage to realize sensors with a high sensitivity or
memory elements with two or even more clearly distinguishable states. Simple
pentacene field-effect transistors are for example introduced as a humidity sen-
sor [44], a light sensor [45] and a memory element [46]. As the structure, the
applied materials and the processing techniques of these devices are very similar
to those of the transistors for digital logic, embedding these sensors and memory
elements in the circuitry might be straightforward.

In the first section of this chapter, we discuss the difference between the onset
voltage Von, the threshold voltage VT and the flat band voltage VFB and we explain
why we prefer to express a shift of the transfer curves as a shift of Von. Next,
we illustrate how shifts in Von manifest themselves as hysteresis in the transistor
characteristics and the possible mechanisms for these shifts are categorized. In
the third section, bias stress, an example of unwanted shifts of Von, is discussed.
Stability under the influence of environmental conditions as water and oxygen are
discussed in the fourth section, as it proves to be closely related to bias stress.
In the last section, the ferroelectric memory is treated as an example of a device
where the shifts are applied usefully.

2.1 The onset voltage, the flat band voltage and the
threshold voltage

2.1.1 The onset voltage

In a simplified model of a p-type organic field effect transistor, the onset voltage
can be written as:

Von =
q

Cins

(
NAts − pt(φs,on) + nt(φs,on)

)
−

Qins

Cins
+ φs,on + ψMS (2.1)

where NA is the acceptor doping density uniformly distributed over the semicon-
ductor film, pt and nt the density of trapped holes and electrons at the interface or
in the first monolayers of the semiconductor, Qins the equivalent interface charge
of charges in the dielectric, ψMS the work function difference between the gate and
the semiconductor and φs,on the surface potential at the interface between semi-
conductor and dielectric at Von (See Fig. 2.2 for a schematic representation). We
consider the work function difference between the gate and the semiconductor as
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Figure 2.2: Different terms contributing to Von in a p-type OFET: the acceptor
doping in the bulk, hole and electron traps around the interface and trapped holes
and electrons, ions and dipoles in the gate dielectric.

a fixed value will not take it into account during the rest of this work.
The hole traps pt are neutral or positively charged and can trap holes from the
HOMO band resulting in one mobile hole less. They can also be interpreted as
donor states, which trap holes from the LUMO band, leaving a free electron be-
hind. The electron traps nt are neutral when empty and negatively charged when
they trap an electron from the LUMO band, resulting in one mobile electron less.
They can also be interpreted as acceptor states, which trap electrons from the
HOMO band, leaving a free hole behind. Qins involves ions, dipoles and trapped
charge carriers in the dielectric. φs,on is the band bending over the semiconductor
and can be approximated by [5]:

φs,on ≈ q
NAt2

s

2ε0εs
(2.2)

with ts and εs the thickness and the relative dielectric constant of the semiconduc-
tor.

In the ideal transistor, without dopants, interface states and charges in the dielec-
tric, Von equals 0 V. In literature, both positive and negative Von have been reported
and values strongly depend on the applied gate dielectric and the processing con-
ditions. For pentacene for example, a positive Von has been seen on PVP [47]
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and sputtered SiO2 [48] and a negative one on parylene [49] and thermally-grown
SiO2 [50, 51].

2.1.2 The onset voltage versus the flat band voltage

In traditional crystalline field-effect transistors, the flat band voltage VFB, being
the gate-source voltage at which there is no field over the semiconductor, and Von

are separated by the depletion regime. In OFETs without doping, on the other
hand, Von equals VFB. From VFB on, charge carriers are accumulated at the in-
terface and a channel current can flow. If the OFET is doped, intentionally or
unintentionally, a current can already flow in the bulk of the OFET before charge
carriers are accumulated at the interface. Consequently, Von differs from VFB in
this case [52, 53].

The effect of doping on Von is not straightforward as more doping results in more
band bending which might also result in more trapping at interface states and both
effects might cancel each other [5]. Fig. 2.3 gives a schematic picture of the band
diagram of a p-type OFET when VGS is shifted from the off-state to the on-state.

2.1.3 The onset voltage versus the threshold voltage

In crystalline Si FETs, VT lies close to Von and equals the gate voltage at which
the inversion layer starts to form. In OFETs, a current starts to flow from Von, but
the transition to the on-state of the transistor is not as abrupt as in crystalline semi-
conductor devices. Because of an imperfect molecular stacking, the edges of the
HOMO and LUMO band are not sharply defined, and additional trap levels might
be present out of the bands. As the Fermi level EF moves towards the band, the
first charge carriers populate the deepest energy levels. These carriers are trapped
and not free to move. When the Fermi levels moves further, the deep energy levels
are filled. The charge carriers at these levels are mobile but have a low mobility
as a high barrier needs to be overcome to hop to other energy levels. Finally, the
charge carriers fill the shallow energy levels and can move with greater ease (see
Fig. 2.4).

The result of this trapping is a VT (the extrapolated gate voltage at which the
source-drain current starts to be described by Eq. 1.2 or Eq. 1.3) that is retarded
with respect to Von (the gate voltage at which the first current starts to flow)
and an effective mobility that depends on the total concentration of accumulated
charge [54]. The effective subthreshold slope depends on the distribution of the
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Figure 2.3: A schematic depiction of the transition from the off-state to the on-
state over Von and VFB for a p-type OFET. The band diagram is taken perpendic-
ular to the interface between the gate dielectric and the semiconductor. (a) The
semiconductor is completely depleted and no current is flowing. (b) The semi-
conductor is not completely depleted, Von is crossed and a bulk current can flow.
(c) The first charge carriers are accumulated at the interface, VFB is crossed and a
current can flow at the interface.

energy levels and as a consequence on the disorder of the material.
The deepest traps affect both Von and VT , while the deep traps only affect VT . The
more deep traps, the higher the difference between Von and VT , as accumulated
charge carriers need to fill up these traps, before a large source drain current can
flow [5]. According to the multiple trapping and release model, the shallow traps
do not influence Von or VT , but do lower the mobility once VT is crossed [55].

2.1.4 Tracking shifts of the transfer curves

Shifts of the transfer curves, under the influence of time, bias or another external
factor, can be expressed by a ∆Von, a ∆VFB or ∆VT . Following the model pre-
sented in the previous sections, ∆Von only differs from ∆VFB if during the shifts
of the transfer curves, bulk doping states are created. ∆Von only differs from ∆VT

if deep trapping states at the interface arise. In this work, the shifts of the transfer
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Figure 2.4: A schematic depiction of the transition from the off-state to the on-
state over Von and VT for a p-type OFET. The band diagram is taken in the semi-
conductor, close to and parallel with the interface between the gate dielectric and
the semiconductor. (a) The first charge carriers are accumulated and trapped at the
deepest energy levels. They are not free to move. (b) All deepest traps are pop-
ulated. The first mobile charge carriers are accumulated and populate the deep
energy levels. They see a high barrier for movement. (c) All the deep traps are
populated resulting in charge carriers moving with greater ease.

curves mainly result from changes in Qins and differences between ∆Von, ∆VFB

and ∆VT should be small. Nevertheless, we prefer to express the shifts as a ∆Von.
VFB needs to be determined by C-V measurements while Von and VT can be de-
rived from the transfer characteristics. Von can be measured with a few points
around the expected Von. To determine VT , the current in the on-state needs to
be measured and extrapolated. The extrapolation might result in unwanted errors,
even more if an equal mobility for the initial curve and the shifted curve is as-
sumed, which does not need to be the case.
In addition, to measure VT , points further away from VFB are measured. Conse-
quently, the drain current and the field over the semiconductor are larger, which
might further stress the transistor during the measurement of the curves itself.

The transfer curves to determine Von are measured in the linear regime: the de-
vice is less stressed during the determination of the shift. Moreover, in saturation,
the charge carrier concentration is not uniform over the channel, compromising
the interpretation of Von and VT as the traps are not uniformly filled throughout
the channel (Sec. 2.1.3).
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2.2 Hysteresis

Hysteresis, caused by a shift of Von, might be observed in both the transfer curves
and the output curves of an organic field-effect transistor. ID increases or de-
creases during a back and forth sweep, depending of the direction of the shift of
Von. It leads to an error in the extracted parameters and is a sign of instability of
the transistor. Most often the hysteresis is described in the transfer characteristics,
where values for Von can be directly determined.
Changes during the sweep in any of the terms in Eq. 2.1 can result in a shift of the
transfer curves: a change in bulk doping, traps and doping states at or around the
interface or trapped charge carriers, ions and dipoles in the dielectric. We distin-
guish three categories of mechanisms contributing to hysteresis. In Fig. 2.5 these
are illustrated for an ideal p-type transistor swept from a positive VGS towards a
negative one and back. In an n-type transistor, the effect of the mechanisms on the
current is identical.

2.2.1 Polarization of the gate dielectric

The first category is the slow polarisation of the gate dielectric [56]. In this case,
dipoles present in the gate dielectric are reoriented by the gate field. The gate
dielectric is most often a polymer, and the dipoles can be polar groups remaining
from incomplete cross-linking (a PVP gate dielectric in Ref. [57, 58]), absorbed
water molecules in the bulk of the dielectric (PVP in Ref. [59, 60] and a number
of hydrophilic dielectrics in Ref. [61]) or remains from the solvent used to deposit
the gate dielectric. In so called ferroelectric gate dielectrics, the dipole moment is
intrinsic to the molecule itself [62]. Also the reorganization of mobile ions in the
gate dielectric fits in this category: positive and negative charges are redistributed
over the gate dielectric, according to the gate field but with a certain time lag.

For the mechanisms in this category, ID lags behind the applied VGS and ID

increases during the sweep (Fig. 2.5a and 2.5b). The increase in current results
from a shift of Von away from the applied VGS . Initially, the dipoles have a random
orientation and do not have a net effect on Von. At negative VGS , holes are accu-
mulated in the organic semiconductor and the electric field over the gate dielectric
aligns the dipoles. In the second part of the sweep, the dipoles only slowly lose
their orientation and as a result more mobile holes are accumulated in the channel
than induced solely by the gate. The current is higher than in the first part of the
sweep. Only at high positive VGS , the dipoles resume their random orientation
(Fig. 2.5a) or their orientation is reversed (Fig. 2.5b).
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For ferroelectric gate dielectrics, it has been shown that the orientation of the
dipoles is only reversed if the semiconductor is ambipolar. In this case, elec-
trons can be accumulated in the channel to supply a compensation charge for
the reversed orientation [63]. For this reason, a small electron current is drawn
in Fig. 2.5b. In a perfect ambipolar device, this electron current is of the same
order of magnitude as the hole current. In unipolar devices, no electrons are ac-
cumulated, the compensation charge can not be delivered and the dipoles switch
between one orientation and random [64].
The mobility is best extracted from the first part of an off-to-on-to-off sweep: the
slow depolarization during the second part might result in errors.

2.2.2 Trapping of charges coming from the semiconductor

The second category is the trapping and release of charge carriers coming from
the semiconductor [56]. This category involves the trapping of charge carriers
from the semiconductor into the gate dielectric (from pentacene into PαMS in
Ref. [46]), trapping at hole traps at or around the interface (for pentacene transis-
tors on SiO2 in Ref. [65]), trapping at electron traps at or around the interface (for
pentacene on OTS-treated SiO2 in Ref. [66]) or trapping in bulk acceptor states.

In Fig. 2.5c, the trapping of holes in the dielectric is illustrated. At negative
VGS , holes are accumulated in the channel and part of them are trapped in the
gate dielectric. As a result, there are less mobile holes for the same VGS and the
current is lower in the second part of the sweep. ID decreases during the sweep,
in contrast with the mechanisms of the previous category. Von shifts towards the
applied VGS . At positive VGS the trapped holes are (partly) released.
A similar observation can be made when electrons are trapped in the dielectric
as depicted in Fig. 2.5d. At positive VGS electrons are trapped which shift Von

towards more positive voltages. At negative VGS the trapped electrons are (partly)
released and in the second part of the sweep, the current is lower than in the first
part. Again, ID decreases during the sweep and Von shifts towards the applied
VGS . In Chapter 5, we show that the organic semiconductor needs to be at least
slightly ambipolar to trap electrons from the semiconductor into the gate dielec-
tric. For this reason, a small electron current is drawn in Fig. 2.5d.

Trapping in existing traps or doping states in the semiconductor or at the inter-
face can not explain the hysteresis in the measured characteristics. Trapping and
release from these states is generally too fast to result in hysteresis on the time
scale of the measurement [9, 67]. To explain the kinetics of a hysteresis loop, the
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Figure 2.5: Different causes of hysteresis in the transfer characteristics of a p-
type OFET: The polarization of the gate dielectric in (a) only one direction and
(b) two directions results in an increasing current during the sweep: Von shifts
away from the applied VGS . The trapping of (c) holes and (d) electrons from the
semiconductor side of the gate dielectric results in a decreasing current during
the sweep: Von shifts towards the applied VGS . The trapping of (e) holes and (f)
electrons from the gate side of the gate dielectric results in an increasing current
during the sweep: Von shifts away from the applied VGS .
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traps and doping states should be created or a barrier should be overcome to fill
them, like a tunnelling barrier to trap levels in the gate dielectric.
The mobility is best extracted from the second part of an off-to-on-to-off sweep:
the trapping and detrapping can be assumed to be the largest during the first part
of the sweep.

2.2.3 Trapping of charges coming from the gate

The third and last category is the trapping and release of charge carriers coming
from the gate.

In Fig. 2.5e holes from the gate are trapped at positive VGS , shifting Von towards
more negative voltages. At negative VGS , these holes are (partly) released, re-
sulting in a higher current. Consequently, ID increases during the sweep and Von

shifts away from the applied VGS .
In Fig. 2.5f, electrons from the gate are trapped at negative VGS and released at
positive VGS resulting in a increase of ID during the sweep.

In Ref. [58], charge carrier trapping from the gate into the dielectric is observed
for an Al2O3 gate dielectric on an ITO gate. Ref. [68] (PVA gate dielectric on ITO
gate) and Ref. [69] (PVP gate dielectric on Ti gate) claim this mechanism as well,
although it is difficult to completely exclude the effect of the alignment of dipoles
in these dielectrics.
The mobility is best extracted from the first part of an off-to-on-to-off sweep if
holes are trapped and from the second part of an off-to-on-to-off sweep if electrons
are trapped.

2.3 Bias stress

Bias stress is the, unwanted, phenomenon where ID changes over time when the
transistor is continuously biased in the same bias regime over an extended period.
Any of the mechanisms mentioned in Sec. 2.2 can be responsible for this shift,
but where hysteresis is merely a sign of instability, bias stress experiments can be
applied to investigate the kinetics of the responsible mechanism. Bias stress has
been extensively studied on a-Si field-effect transistors and some of the conclu-
sions can be transferred to OFETs. Typically, the device is biased in the on-state
during bias stress and bias stress experiments in the off-state are more rare.
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2.3.1 Bias stress in a-Si field-effect transistors

In bias stress experiments on a-Si field-effect transistors, Von typically shift to-
wards the applied VGS . Consequently, the mechanism responsible for the shift has
to be sought in the second category: trapping of charge carriers coming from the
semiconductor side of the gate dielectric. For an a-Si field-effect transistor biased
in the on-state, this means trapping of electrons and a shift of Von towards more
positive voltages. Two mechanisms have proved to contribute to this shift: charge
trapping in the gate dielectric and defect creation in the a-Si [40, 70].

Charge trapping in the gate dielectric

At high gate fields, trapping of charge carriers from the channel into the gate
dielectric dominates. A logarithmic dependence of the shift as a function of the
stress time is observed:

∆VT (t) = rd · log(1 +
t
t0

) (2.3)

The logarithmic dependence can be explained in several ways [71]. In general,
this relation is the result of a tunneling current depending exponentially on the
density of the previously injected charge. For example, the injection process can
be direct tunneling to traps in the insulator, which progressively fill from the in-
terface [72]. The tunneling current depends exponentially on the distance, which
increases as more and more traps are filled. Alternatively, the injection process can
be Fowler-Nordheim tunneling, followed by trapping at the interface between the
two insulators. Here, the tunneling current depends exponentially on the injection
field, which decreases due to screening by previously trapped charges [71]. Mod-
elling of the exact structure can help to pinpoint a precise tunneling mechanism.
Fig. 2.6 sketches the difference between direct tunneling and Fowler-Nordheim
tunneling.

Defect creation in the a-Si

At low gate fields, defect creation in the a-Si dominates. The physical mechanism
is the breaking of weak Si-Si bonds, followed by trapping of charge carriers at
these defects [73, 41]. The limiting factor is the defect creation rate. The bond
breaking reaction is assumed to proceed by a single electron capture at the weak
bonds which are a subset of the band tail states of the a-Si conduction band. When
the weak Si-Si bond is broken, the electron occupies one of the dangling positions,
while the other one is stabilized by a hydrogen atom [39, 74, 75]. Hydrogen is
omnipresent in the film as it is added during deposition of the a-Si to passivate
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(a) (b)

Figure 2.6: The trapping of an electron from the semiconductor into the gate
dielectric by (a) direct tunneling and (b) Fowler-Nordheim tunneling.

dangling bonds.

To be able to fit the experimental results, the change in trap density with time is
postulated to follow the differential equation [42]:

dND(t)
dt

= −
dNBT (t)

dt
∼ NWB(0)(NBT (t))αtβ−1 (2.4)

where ND(t) is the density of charged defects, NWB(0) the initial density of weak
bonds, NBT (t) the density of mobile electrons in the band tail of the semicon-
ductor and α and the dispersion parameter β temperature dependent constants.
This formula implies that the defect creation rate depends on the density of band
tail carriers and the density of weak bonds. For α = 1, solving this differen-
tial equation yields NBT (t) = NBT (0)exp[−(t/τ)β], where τ is the temperature de-
pendent time constant. The density of weak bonds is included in τ: the higher
NWB(0), the lower τ. Taking into account that ND(t) = ∆VT (t)Cins/q and NBT (0) =

(VGS ,bias−VT,init)Cins/q, this solution results in a threshold voltage shift described
by the stretched exponential function or Kohlraush function [76]:

∆VT (t) =
(
VGS ,bias − VT,init

) {
1 − exp

[
−

( t
τ

)β]}
(2.5)

where VT,init is the initial VT and VGS ,bias is the constant VGS applied during bias
stress. Although the stretched exponential is merely an empirical function, it can
be interpreted as the description of a time-dependent process that is inherently ex-
ponential but results in a stretched exponential function at the macroscopic level
due to a distribution of time constants over the complete system. For bias stress in
a-Si, this distribution of time constants is assumed to result from the distribution
in the energy barrier that needs to be overcome to break a Si-Si bond [42] (see
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mobile electron
in the bandtail

electron trapped
at a defect

Figure 2.7: A distribution of energy barriers between the mobile electron and
the electron trapped at a defect, leads to a stretched exponential function for the
amount of trapped electrons as a function of time. The barrier distribution results
from the distribution of the strength of weak Si-Si bonds.

Fig. 2.7).

The exact distribution of the time constants is nontrivial [77], but the dispersion
parameter β is a measure for the width of the distribution. A dispersion parameter
close to 1 indicates a narrow distribution (the limit β = 1 being the exponential
function with a single time constant), β < 1 implies a broader distribution. The
parameter β is shown to be linearly dependent on temperature as β = T/T0 where
T0 is called the characteristic temperature, although better fits have been obtained
by β = T/T0 − β0 and a saturation at higher temperatures [78]. The time constant
τ is thermally activated as τ = ν−1exp (EA/kT ), where EA is the mean activation
energy for defect creation and ν the attempt-to-escape frequency for defect cre-
ation.

Although the stretched exponential fits experimental data reasonably well at
room temperature, deviation can be observed [41]. Improved fits can be obtained
by assuming a superlinear dependence of the defect creation rate on the density
of mobile carriers: 1 < α in Eq. 2.4. The differential equation can then be an-
alytically solved for 1 < α < 2, resulting in a stretched hyperbola function for
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Figure 2.8: An example of a power law, a stretched exponential and a stretched
hyperbola function.

∆VT (t) [41, 42]:

∆VT (t) =
(
VGS ,bias − VT,init

) 1 −
1[

1 + (t/τ)β
]1/(α−1)

 (2.6)

Both the stretched exponential and the stretched hyperbola are reduced to a power
law for t � τ:

∆VT (t) =
(
VGS ,bias − VT,init

) ( t
τ

)β
(2.7)

For t � τ, both saturate at (VGS ,bias − VT,init), simply because at that moment no
electrons are accumulated in the channel anymore. In Fig. 2.8, a power law, a
stretched exponential and a stretched hyperbola are compared.

2.3.2 Bias stress in OTFTs

As described in Sec. 2.2, in OFETs, Von can shift both towards or away from the
applied VGS . Nevertheless, in long term bias stress experiments, shifts towards
the applied VGS dominate. As a consequence, trapping of charge carriers from
the semiconductors side is dominating. The slow kinetics can not be explained by
trapping at existing traps and doping states in the semiconductor itself or at the
interface. The trapping rate should be limited by either a defect creation rate or a
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barrier that needs to be overcome to trap a carrier in an existing defect. Most bias
stress experiments on OFETs are performed on p-type semiconductors biased in
the on-state. This means the trapping of holes and a shift of Von towards more
negative voltages.
In contrast to a-Si, the exact trapping or defect creation mechanism is not well un-
derstood and the interpretation of experimental results is strongly compromised by
differences in devices structure, materials and environmental conditions. More-
over, different mechanisms might be active at different bias stress durations and
for different polarities and sizes of the gate field [79, 80]. The influence of envi-
ronmental conditions is discussed in Sec. 2.4.
An excellent review on the stability of organic field-effect transistors, including
the influence environmental conditions, can be found in Ref. [43].

Initially, Street and coworkers did not observe an influence of the gate dielec-
tric on the bias stress in pentacene devices on OTS-treated SiO2 and Si3N4, and
on polythiophene devices on thermal SiO2, SiO2 deposited by CVD and pary-
lene [81, 82]. Consequently, trapping in the gate dielectric was excluded and
trapping in the semiconductor itself, close to the gate dielectric, was assumed to
be responsible for the bias stress. A bipolaron mechanism was suggested as the
trapping mechanism for the holes for negatively biased p-type transistors. In this
model two holes are trapped on the same molecule in a metastable state, based on
the observation that the trapping rate was proportional to the square of the hole
concentration [83, 84]. Moreover, the mutual Coulomb repulsion of the holes
could explain the slow trapping rate.

Nevertheless, the interface between the semiconductor and the gate dielectric
seems to play a role. Experiments on polymer transistors on SiO2 and OTS-treated
SiO2 revealed different stress behaviour [85]. Goldmann et al. noticed a reduced
bias stress for a pentacene device on OTS-treated SiO2 with respect to a device on
bare SiO2 [86], although this was contradicted by Ucurum et al. [65]. The role of
the surface treatment might be the covering of possible trapping sites at the gate
dielectric interface or changing the morphology of the semiconducting film on top
of it. It is not straightforward to distinguish effects at the interface from effects
in the semiconductor. Moreover, a surface treatment can also repel water and in
this way play a role in the bias stress effects due to environmental conditions (See
Sec. 2.4).

Surface potential maps, obtained by scanning Kelvin probe measurements
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(SKPM), reveal an inhomogeneous positive surface potential caused by trapped
holes after bias stress experiments in the on-state of a polycrystalline pentacene
transistor [87, 88]. In thin films (< 10 nm), this inhomogeneous distribution can
be correlated to the grain boundaries of the polycrystalline film [89], although
this does not exclude trapping in other regions where trapped holes might be
screened by mobile electrons which render them invisible in the surface potential
map [90]. Moreover, these SKPM observations are not able to make a distinction
between trapping at the interface or in the first layers of the semiconductor.

Despite the lack of a clear physical mechanism for the bias stress in OTFTs,
experimental data can generally be well fitted with a stretched exponential or
stretched hyperbola function. This indicates that in OTFTs, as in a-Si, a distri-
butions of barriers stands between the free charge carrier and its trap. This can
be a barrier that needs to be taken to create a defect or to trap a charge carrier
in an existing trap. Several authors used a stretched exponential to describe the
bias stress in the on-state of pentacene OFETs (on SiO2 coated with polyimide
in Ref. [91], OTS-treated SiO2 in Ref. [92] and Al2O3 covered with a SAM of
n-octadecylphosphonic acid in Ref. [93]). Mathijssen et al. did the same for the
bias stress in the on-state of a series of p-type polymer semiconductors on SiO2
treated with a SAM of hexamethyldisilizane (HMDS) [94]. Gomes et al. applied
a stretched hyperbola to fit the bias stress in a p-type α-sexithiophene transistor
on SiO2. Salleo et al. applied a power law for the bias stress in polythiophene
transistors on SiO2 [79].
For these and other structures, values for β and τ at room temperature and for EA

are summarized in Table 2.1. As can be noticed, bias stress occurs in all types of
organic semiconductors, from polymers to small molecules, and for different gate
dielectrics, from bare oxides over SAM-treated oxides to polymer dielectrics. The
large differences in τ are due to differences in the attempt-to-escape frequency ν
as the activation energy EA is similar for most OFETs, around 0.6 eV1. Also the
values for β are similar for most OFETs, around 0.4. For comparison, values for
an a-Si field-effect transistor are given as well. At room temperature, the time
constant of the best OTFTs is of the same order of magnitude as the a-Si field-
effect transistors. At higher temperatures, OFETs will do better due to the large
EA of a-Si.

1As the linear dependence of ∆Von on (VGS ,bias − VT,init) is not always observed and checked,
contributions of this term into τ might be present as well.
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organic gate β τ EA Ref.
semiconductor dielectric [a.u.] [s] [eV]
PTAAa SiO2 treated 0.44 1×107 0.6 [94]

with HMDSb

F8T2c SiO2 treated 1.5×104 0.52 τ: [94]
with HMDS EA: [83]

3-BuT5d SiO2 treated 3×103 0.6 [94]
with HMDS

P3HTe SiO2 treated 4×107 0.6 [94]
with HMDS

pentacene 4×103 0.67 [95]
single crystal
pentacene SiO2 coated 0.35 3×102 0.42 [91]

with polyimide
pentacene SiO2 treated 0.4 1×104 [92]

with OTS
pentacene Al2O3 treated 0.29 4.8×103 [93]

with OPAf - 0.43 - 1.7×107

pentacene SiO2 covered 1.2×104 [96]
with PMMAg

α-T6h SiO2 1×104 0.52 [97]
PQT-12i SiO2 0.35 [79]

- 0.45
a-Si Si3N4 0.39 8×107 0.98 [41]
a-Si Si3N4 0.21 [98]

apoly(triarylamine)
bhexamethyldisilazane
cpoly(9,9’-dioctyl-fluorene-co-bithiophene)
d3-butyl α-quinquethiophene
epoly(3-hexylthiophene)
fn-octadecylphosphonic acid
gpoly(methylmetacrylate)
hα-sexithiophene
ipoly(3,3”’-didodecylquarterthiophene)

Table 2.1: Values for the dispersion parameter β and the time constant τ, both at
room temperature, and for the mean activation energy EA as they were measured
in a series of thin film transistors. All bias experiments were performed in the
on-state. For the p-type OFETs, this means a negative VGS ,bias and the trapping
of holes. For the a-Si field-effect transistor, this means a positive VGS ,bias and
trapping of electrons.
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2.4 Stability under environmental conditions

Environmental conditions such as oxygen content and humidity affects the shift
of Von [99, 100]. Northrup et al. showed by density functional theory calculations
that water and oxygen can react with the middle carbon atoms of pentacene (the
6- and 13-position) to form states in the band gap (at 0.18 and 0.34 eV above the
HOMO band for hole traps and at 0.62 and 0.80 eV above the HOMO band for
acceptor states) [101].

Knipp et al. measured pentacene transistors on HMDS-treated SiO2 in an oxy-
gen atmosphere. They observed a ∆Von towards more positive voltages if a pos-
itive VGS ,bias was applied. No effect was observed for negative VGS ,bias or when
the device was only subjected to oxygen but not measured in oxygen [102]. Den-
sity functional theory calculations situated an acceptor state at 0.29 eV above
the HOMO band, and measured characteristics could be well fit with this value.
Kalb et al. noticed an additional mobility degradation during oxygen exposure,
and measurement data could be fit with a hole trap at 0.28 eV above the HOMO
band [103]. The trap rate for these defects is not clear, and should be limited by
the defect formation to explain a relatively slow bias stress over time.

Gu et al. studied the filling of acceptor states in pentacene devices on OTS-
treated SiO2 upon a positive VGS . They noticed more filled states in devices sub-
jected to moisture, but no influence of oxygen [104]. The last observation is in
contradiction with Knipp et al. [102]. The different stress times might be an ex-
planation (60 s in the experiment of Gu et al., 30 min in the experiment of Knipp
et al.). Goldmann et al. reported on a shift towards more negative voltages for
a pentacene transistor on SiO2 stressed with a negative VGS [86]. They attribute
this observation to the formation of a hole trap under influence of water. Simu-
lations locate the traps in the first monolayer of the pentacene at 0.43 eV above
the HOMO band [105]. The same authors noticed that treating the surface with
hydrophobic SAMs reduces the bias stress and hysteresis [86].
Mathijssen et al. came to a similar conclusion by SKPM studies on devices with
HMDS-treated SiO2 but without organic semiconductor [94]. Charge trapping at
the SiO2 surface was noticed to progress slowly throughout the channel. Both a
less complete HMDS coverage and a higher humidity accelerated this trapping, in-
dicating that water is involved in charge trapping on untreated SiO2. The time de-
pendence of the release of the trapped charge at the interface accords to a stretched
exponential, further supporting the role of water in bias stress.
The results of Gu et al. and Mathijssen et al. are reconsidered in Sec. 3.4, where
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they are compared with our own results.

2.5 Ferroelectric memory transistors

The gate-bias induced shifts of the transfer curves can be used in a non-volatile
memory device if the shifted curves stay stable over an extended period after
removal of the biases. In the ideal case, the memory can be written and erased
by applying short positive and negative voltage pulses to the gate, and read out by
measuring the drain current at a gate voltage situated between the different onset
voltages (see Fig. 2.9). The higher the difference between the currents in both
memory states, the better. For a high current ratio, the memory window, being
the difference between both onset voltages, should be large and the subthreshold
slope and the mobility of the transistor should be high.

VGS

log(|I |)D

ID+

ID-

I /I >> 1D+ D-

Von- Von+

DVon

VGS,read

Figure 2.9: The memory window of a memory transistor is defined as the differ-
ence between the onset voltages. A large memory window and a steep subthresh-
old slope lead to a high current ratio at VGS ,read.

In organic ferroelectric memory transistors (FeFETs), the intrinsic dipole mo-
ments of the molecules of a ferroelectric gate dielectric are aligned to change the
Von as depicted in Fig. 2.5a and Fig. 2.5b. Most of the work on organic fer-
roelectric FeFETs focuses on poly(vinylidene fluoride-trifluoroethylene) P(VDF-
TrFE) as the ferroelectric material (see Fig. 2.10 for the chemical structure) al-
though poly(m-xylylene adipamide) [106] and barium titanate particles in a poly-
mer binder have been applied as well [107]. The orientation of the dipole moment
of the P(VDF-TrFE) molecule can be changed by a rotation around the central
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Figure 2.10: The chemical structure of P(VDF-TrFE).

Best results for organic P(VDF-TrFE) FeFETs are obtained with polymer semi-
conductors. Higher source drain currents, and consequently higher current ra-
tios, could be achieved by applying small molecules, but the rough top surface of
P(VDF-TrFE) films lowers the mobility in the semiconductor [108, 109, 110]. For
polymers, this can be solved by depositing the P(VDF-TrFE) on top the semicon-
ductor in a top gate configuration [111], but this device structure is not obvious
for small molecules. The most important results for the memory performance of
organic P(VDF-TrFE) FeFETs are listed below [112]:

• Programming voltage: The gate-source voltage needed to obtain a suffi-
ciently large memory window. Earlier reports mention 50-100 V, due to the
relatively thick layers of P(VDF-TrFE) of more than 750 nm [113].

• Programming time: The time needed to obtain a large enough memory win-
dow. Switching times less than 1 ms are reported [113].

• Retention: The ability to retain a memory state over time. Experimental
data show that the currents in the two memory states do not change over
one week [113].

• Endurance: The ability to bear several write-and-erase cycles. More than
1000 cycles are demonstrated, during which the current ratio decreases from
105 to 5×103 [113].

Nevertheless, some challenges remain:

• For practical applications in organic semiconductor technologies, the pro-
gramming voltages should be lower than 20 V. Thinning the P(VDF-TrFE)
layer lowers the programming voltage [114], but increases the leakage to
the gate and might worsen the retention.

• The roughness of the P(VDF-TrFE) complicates the use of small molecules
as the organic semiconductor.
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• A reliable memory array needs to be realized and integrated with the or-
ganic circuit. First arrays of organic FeFETs have been realized, where
the P(VDF-TrFE) is patterned by depositing droplets into patterned resist
wells [115]. In this configuration, programming voltages are reported to be
40-60 V and programming times 10-100 ms.

In Chapter 4 and 6 organic memory transistors based on the trapping of charge
carriers in the gate dielectric are discussed. The results can be compared with
those of organic FeFETs (see Table 7.1).





Chapter 3
An organic field-effect transistor as a
charge trapping photodetector

As discussed in Chapter 2, a small shift in onset voltage can result in a large dif-
ference in drain current. If this shift is stable and controllable, the device can be
applied as a sensor or a memory element. In this chapter, we study the influence
of light on the transistor characteristics and show that a pronounced shift of the
onset voltage can be noticed. Consequently, the organic transistor might be used
as a light sensor (a photoFET). Charge trapping on the semiconductor side of the
gate dielectric proves to be the responsible mechanism, and we make a connection
between this light-induced shift and bias stress in the dark. The figures of merit
of the device as a photodetector are evaluated.

The first section gives an overview of the literature on organic photoFETs. In
the second section, the device structures applied in this chapter are introduced and
the measurement method to track changes of Von is explained. Afterwards, the
experimental results are presented and discussed, to end with the conclusions and
an outlook on more advanced structures for organic photoFETs.
The results of this chapter are published in Ref. [116] and a patent has been
filed [117, 118].
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Figure 3.1: The transfer characteristics of a p-type organic thin film transistor
(pentacene) measured in the dark and under illumination. The increase in the
off-current (photoconductive effect) and the shift of Von (photovoltaic effect) are
indicated. The direction of the measurement sweeps is from VGS = -15 V to 10 V
and back to -15 V. The illumination source is a red LED emitting at 660 nm.

3.1 Illumination of organic field-effect transistors

3.1.1 Photoconductive and photovoltaic effect

Typically, two changes in the transfer curves can be observed when studying a
simple organic field-effect transistor under illumination. First, the drain current ID

in the off-region of the transistor is increased, compared with a device measured
in the dark. Secondly, a general shift of the onset voltage Von can be noticed. This
is illustrated in Fig. 3.1 for an organic p-type transistor. This behaviour is often
explained on the basis of two effects: a photoconductive effect and a photovoltaic
effect.

Light absorbed in the semiconductor leads to the generation of excitons, which
can be split into free carriers. In a p-type semiconductor, the hole can move freely
to the drain electrode while the electron on the other hand, is not free to move
and gets trapped. As long as this electron is trapped, extra holes are supplied by
the source to compensate for the trapped electron and this current adds up to the
current by photogenerated holes only. This effect is the photoconductive effect, by
analogy with a photoconductor, and can best be observed in the off-state where the
drain current in the dark is low. At steady state, an equilibrium between trapping
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of newly generated electrons and recombination of already trapped electrons is
reached, and the current resulting from the photocurrent effect can be written as:

ID,phc = G · ID,ph,prim =
τtr

tr
· q

(
ηIQEPillA

hν

)
= G · ID,ph,prim (3.1)

where τtr is the lifetime of the trapped electron, tr the transit time of the holes from
source to drain, ηIQE the internal quantum efficiency, Pill the illumination power
per unit area, A the illuminated area between the source and drain electrodes and
hν the energy of the photons [38]. If the lifetime of the trapped carriers is long
and the transit time is short, a gain G > 1 can be attained and ID,phc is larger than
the primary photocurrent ID,ph,prim.

As the device has an OFET structure, the trapping of electrons also results in a
shift of Von towards more positive VGS . This is called the photovoltaic effect. Both
the name and the equation to describe this effect originate from the illumination of
high-electron mobility transistors (HEMTs). The name does not mean that the il-
luminated transistor generates power similar to a solar cell. It rather indicates that
an internal voltage difference between the channel and the bulk of the transistor
is created by the separation of photogenerated holes and electrons. Also in a so-
lar cell the separation of photogenerated charge carriers leads a voltage difference
between the n- and p-region. In HEMTs, photogenerated holes are pushed away
from the electron channel by the internal field in the HEMT structure. The result-
ing voltage difference between the bulk with the holes and the electron channel
aids the gate voltage to accumulate more electrons in the channel. In steady-state,
the equation to describe this internal voltage difference is similar to the equation
for the open circuit voltage of a solar cell [119, 120]. For a p-channel device, as
most organic photoFETs, this expression could be written as:

ID,phv = Gm · ∆VT = Gm ·
kT
q

ln
[
1 + q

(
ηIQEPillA

hν

)
1

ID,dark,e

]
(3.2)

taking into account that in the linear region of a transistor, the drain current varies
linearly with variations in threshold voltages. In this equation, Gm is the transcon-
ductance of the transistor and ID,dark,e the dark electron current. This formula
has been applied in organic photoFETs with one single undoped semiconductor
layer [121, 45, 122, 123]. As we explain in Section 3.1.4, this is not correct. Both
Eq. 3.1 and Eq. 3.2 can not be used to describe the behaviour of organic transis-
tors under illumination. We also prefer not to use the name photovoltaic effect as
it refers to a formula that does not hold for the devices under study.
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3.1.2 Trapping sites for the electrons

Most organic photoFETs described in literature apply a p-type semiconductor.
Different trapping sites for the electrons are suggested. Saragi et al. applied
a spiro-conjugated molecule as the organic semiconductor and claimed that the
photogenerated electrons where trapped on sexiphenyl part of the molecule it-
self, while the hole could be transported through the amine part (gate dielectric
was HMDS-treated SiO2) [124]. Noh et al. fabricated photoFETs with polythio-
phenes, copper phthalocyanine and pentacene and suggested that the electrons
were accumulated around the source electrode (gate dielectric was SiO2). This
accumulation could lower the injection barrier for holes from the source electrode
into the organic semiconductor [121, 45, 122]. Hu et al. compared pentacene
photoFETs with Ta2O5 and polymethyl methacrylate as the gate dielectric [125].
They attributed the larger shift of Von in the Ta2O5 device to trapping of electrons
by traps at the interface between Ta2O5 and pentacene.
In this chapter we show that the gate dielectric and the treatment of the surface do
play a role in trapping of electrons in pentacene photoFETs.

3.1.3 Figures of merit for a photodetector

Several figures of merit are applied to express the performance of a photodetec-
tor [38, 126]. The responsivity R expresses to what extent the optical power is
converted into an electrical current and has as unit A/W:

R =
Iph

Pill
=

ID,light − ID,dark

Pill
=

ID,phc + ID,phv

Pill
(3.3)

where Iph is the photocurrent. In the case of a photoFET, Iph is the difference
between the drain current under illumination and the drain current in the dark.
The photoresponse Rl/d is the ratio of the current under illumination to the current
in the dark and is related to the signal-to-noise ratio S/N:

Rl/d =
ID,light

ID,dark
� S/N (3.4)

In photoFETs, around the initial onset voltage, R and Rl/d can be high, thanks to
the high ID,light and the low ID,dark (see Fig. 3.1). In literature, responsivities up
to 82 A/W and photoreponses of more than 105 are reported [121, 45, 124, 127,
128, 129, 130]. As we explain in Section 3.1.4, these values need to be handled
with care.
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3.1.4 Corrections and comments to the literature

The reports in literature on organic photoFETs need to be handled with care. We
show in this chapter that the trapping of the electrons is a rather slow process
and that steady-state is rarely reached. As a result, the gain G in Eq. 3.1 and the
shift of the threshold voltage ∆VT in Eq. 3.2 increase during the measurement of
the transfer curves under illumination. As steady-state is not reached, the second
part of both Eq. 3.1 and Eq. 3.2 is not valid. The reports where these equations
are applied to describe the behaviour of organic transistors under illumination are
incorrect.
Additionally, the figures of merit mentioned in literature are ambiguous. As G
and ∆VT depend on the illumination time, also ID,light and consequently R and
Rl/d are illumination-time dependent. Unfortunately, correct information on the
illumination time is rarely given in literature. Rather than as photodetector with an
immediate response, an organic photoFET has to be seen as an integrating device
or a dosemeter, registering the total amount of light that has impinged upon the
device over time. Instead of in A/W, the responsivity of an organic device can
better be expressed in A/J.
Finally, for the photovoltaic effect of Eq. 3.2, there is the additional problem that
in organic photoFETs with one semiconductor, there is no internal field that can
separate the photogenerated charge carriers without gate bias, as it is the case in
HEMTs and solar cells. This an extra argument not to use Eq. 3.2 to describe the
behaviour of organic photoFETs.
The shift of the transfer characteristics does not only depend on the illumination
time but also on the applied gate bias. In Fig. 3.1 for example, a shift of Von

can only be noticed in the second part of the sweep (from 10 V to -15 V) and
not in the first part (from -15 V to 10 V). To characterize a photoFET correctly,
comparing the transfer characteristics under illumination with those in the dark
(as done in Fig. 3.1 and most often in literature) is not sufficient. A different
measurement method is introduced in this chapter, allowing to characterize the
trapping of electrons by the shift of Von as a function of the illumination time and
the applied voltages. We focus on ∆Von and not on the increase in off-current,
although both are related by the amount of trapped electrons.
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3.2 Experimental

3.2.1 Device structure

The device structures used in this chapter are depicted in Fig 3.2. All have bottom
source and drain contacts. The three structures differ in the treatment of the inter-
face between the organic semiconductor and the gate dielectric. All structures are
fabricated on a heavily doped Si wafer with 100 nm thermally grown SiO2 on top.
Interdigitated Au source and drain electrodes are patterned on top of the SiO2 by
photolithography. The source and drain electrodes are treated with a monolayer
of 1-dodecanethiol. In the first structure, the SiO2 interface is left untreated, while
in the second structure, it is covered with a monolayer of octadecyltrichlorosilane
(OTS). In the third structure, the source and drain electrodes are covered with
heptadecafluoro-1-decanethiol, and a 4-nm thick layer of PαMS is spin coated on
top of it. The fluorinated thiol repels the PαMS solution from the contacts and
confines the PαMS to the channel [32]. All structures are completed by deposit-
ing 40 nm of pentacene by OMBD.

All transistors have a total channel width W of 1000 µm and a channel length L
of 10 µm. The initial hole mobility, µh,init, and the initial threshold voltage, VT,init,
of the devices with the untreated SiO2 are typically ∼ 0.2 cm2/(V.s) and ∼ 5 V. For
the devices with the monolayer of OTS: µh,init ∼ 0.6 cm2/(V.s) and VT,init ∼ −1 V
and for the devices with the thin layer of PαMS: µh,init ∼ 0.1 cm2/(V.s) and VT,init

∼ 0 V. All these parameters are extracted from the linear regime.
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Figure 3.2: The three structures used in this chapter: (a) The SiO2 is left untreated
prior to the pentacene deposition. (b) The SiO2 is covered with a monolayer of
OTS. (c) The SiO2 is covered with 4 nm of PαMS.
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Figure 3.3: The typical measurement procedure applied to characterize a
photoFET.

3.2.2 Measurement method

In order to measure the time and gate bias dependence of the light-induced shift
of Von, the measurement protocol of Fig 3.3 is followed. First, the initial transfer
characteristics are measured and the initial turn-on voltage of the device, Von,init,
is determined. Then, the device is illuminated during a series of illumination
pulses with increasing length. During these pulses, a constant gate-source voltage
VGS ,bias is applied and the device is illuminated by a constant illumination power
Pill. The drain-source voltage during illumination, VDS ,bias, is always kept at −0.1
V.

After each illumination pulse, the transfer characteristics are recorded in the
dark, to determine the shift of Von (∆Von = Von − Von,init). As we measure Von and
not VT , we can assure that the measured shift of the transfer curves is the result
of the illumination pulses and not of stress during the measurement of the transfer
curve itself. The shift of Von can be plotted as a function of the total, accumulated
illumination time tbias. This measurement procedure is similar to the procedures
used to characterize the bias stress in organic field-effect transistors. The differ-
ence in our procedure is that we do not only apply a gate-source bias during the
stress pulse but also illuminate the device.

The characteristics of the devices are measured in a darkened nitrogen glove
box. Illumination is realized from the pentacene side with a LED (λpeak = 660 nm
unless differently stated). The samples are not subjected to air.
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3.3 Results and discussion

3.3.1 Negative versus positive gate-source bias

First, we apply the measurement method described above on an OTS-treated de-
vice. We compare the effect of illumination on a transistor with a negative VGS ,bias

and a positive VGS ,bias.

Fig. 3.4 compares |∆Von| as a function of tbias for two devices biased with a neg-
ative gate-source voltage: VGS ,bias = −20 V < Von,init. One device is illuminated
during the pulses (Pill = 9.1 mW/cm2), the other one is not (Pill = 0 mW/cm2).
As can be noticed, Von shifts towards VGS ,bias, indicating that charge carriers are
trapped on the semiconductor side of the gate dielectric (see Sec. 2.2). As the
device is biased with a negative bias only, the trapped charge carriers need to be
holes. Trapping is expected to happen at the gate dielectric/semiconductor inter-
face or in the semiconductor, as trapping in the high quality thermally grown SiO2
is unlikely. For both devices, a shift of Von as a function of time can be noticed,
but it is as large for the device biased in the dark as for the illuminated device.
The data of both devices can be fitted with the same power law, ∆Von ∼ t β

bias ,
with β = 0.37. This behaviour can be interpreted as the short time approximation
of a stretched exponential (see Sec. 2.2). The value for β corresponds to what
other authors observed during bias stress experiments on pentacene OFETs in the
on-state in the dark (see Table 2.1).
As light has no pronounced effect on ∆Von, the device can not be used as a
photoFET in this bias regime.

In Fig. 3.5a, ∆Von is plotted as a function of tbias for a positive gate-source bias
during illumination: VGS ,bias = 10 V > Von,init. Different devices are illuminated
with an increasing Pill. Von shifts now in the positive direction and ∆Von becomes
positive. This indicates that electrons are trapped at the semiconductor side of the
gate dielectric, probably at the SiO2/pentacene interface or in the semiconductor.
In this bias regime, illumination does have a clear effect on ∆Von: the higher Pill,
the faster Von shifts towards the applied VGS ,bias. The device could be used as a
photodetector in this bias regime, but the shift of Von clearly depends on the illu-
mination time: several seconds at the largest Pill are needed to realize a ∆Von of 1
V.
For Pill = 0 mW/cm2, a power law is observed, similar to the case with a nega-
tive VGS ,bias. The values for β and τ are 0.62 and 7.1×104 s respectively. For 0
mW/cm2 < Pill < 0.5 mW/cm2, ∆Von follows a power law with the same β but
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Figure 3.4: For an OTS-treated device biased with a negative VGS ,bias during illu-
mination: |∆Von| as a function of tbias for different Pill. The symbols are measured
data points, the dotted line is a fit with a power law.

a smaller τ. For higher Pill, ∆Von saturates towards VGS ,bias and the power law
evolves into a stretched exponential function with the same β but even smaller τ.
The stretched exponential functions at high Pill are parallel shifts of the power
laws at low Pill, which are a parallel shift of the power law for Pill = 0 mW/cm2.
We find that all curves, including the one in the dark, can be well described with
the same stretched exponential function, if this function is adapted to take into
account the acceleration by Pill:

∆Von(
VGS ,bias − Von,init

) = 1 − exp

− (
tbias(1 + ηPill)

τ1

)β1

−

(
tbias(1 + ηPill)

τ2

)β2
 (3.5)

In Fig. 3.5b, ∆Von/(VGS ,bias − Von,init) is plotted as a function of tbias(1 + ηPill) for
all data points out of Fig. 3.5a. An excellent fit with this adapted stretched expo-
nential function and one set of fitting parameters is achieved: η = 52 cm2/mW, τ1
= 7.1×104 s, τ2 = 2.3×104 s, β1 = 0.62 and β2 = 1.50. Our adapted stretched ex-
ponential function is a double stretched exponential: two time constants τ and two
power factors β are used to optimize the fit. The origin of this double stretched
exponential fitting function is not clear but needs to be sought in the underlying
distribution of barriers to trap the electrons (see Sec. 2.3). During experiments on
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Figure 3.5: For an OTS-treated device biased with a positive VGS ,bias dur-
ing illumination: (a) ∆Von as a function of tbias for different Pill. (b)
∆Von/(VGS ,bias−Von,init) as a function of tbias(1+ηPill). From this figure, the fit-
ting parameters for the double stretched exponential function have been derived.
The symbols are measured data points, the dotted lines are fits with an adapted
stretched exponential function.
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the release of trapped electrons in similar structures, Gu et al. observed three trap
levels, corroborating the thesis of a more complex distribution of energy barriers
to fill different trap levels.
Most important is that by the introduction of the light accelerated time constant τ′

= τ/(1+ηPill), all curves, illuminated and not illuminated, can be described with
the same equation. This indicates that the ∆Von under illumination originates from
the same physical mechanism as the ∆Von during bias stress in the dark. Illumi-
nation only accelerates this mechanism. We argue that illumination accelerates
the trapping of the electrons by supplying more, photogenerated, electrons. The
parameter η is a measure for how efficiently photons lead to trapped electrons. A
physical meaning for the parameter η is introduced at the end of Section 3.3.2.

The fact that the shift of Von is only accelerated with a positive bias explains
why in Fig 3.1 the shift of Von is only observed in the second part of the sweep
and not in the first part.

3.3.2 Different treatments of the interface

Besides illumination, another way to change the density of electrons at the inter-
face with the gate dielectric, is to change the surface treatment of the gate dielec-
tric. According to Chua et al., no free electrons can be accumulated on a bare
SiO2 surface, due to the immediate trapping of electrons at the interface, from
the moment they leave the source electrode [22]. The trap site is suggested to be
OH-group present on the SiO2 surface.
Treating the SiO2 with a silane like OTS, partly removes these electron traps,
resulting in a better electron accumulation. Covering the SiO2 with a polymer
without OH-groups, like PαMS, results in even higher electron currents in the de-
vice (see also Chapter 5). We compare the effect of illumination on three devices
with a different treatment of this interface: the device with the OTS-treated SiO2,
a device with an untreated SiO2 and a device where the SiO2 is covered with a
thin layer of PαMS.

Fig. 3.6a shows ∆Von as a function of VGS ,bias for a fixed tbias and this for the
three different surface treatments. For each treatment, some devices are measured
in the dark, and some under illumination. Each point in Fig. 3.6a is measured on
a fresh device.
For a negative bias (VGS ,bias < Von,init), neither illumination nor the treatment of
the SiO2 has a pronounced effect on ∆Von. For a positive bias (VGS ,bias > Von,init),
the accelerated shift of Von with illumination can be noticed for all three treat-
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η τ1 τ2 β1 β2
[cm2/mW] [s] [s] [a.u.] [a.u.]

SiO2 48 1.3×104 8.4×103 0.53 1.52
SiO2 + OTS 57 7.1×104 2.3×104 0.62 1.50
SiO2 + PαMS 20 2.7×106 0.71

Table 3.1: The fitting parameters of the double stretched exponential function for
the three devices with a different treatment of the gate dielectric, biased with a
positive VGS ,bias.

ments, according to Eq. 3.5. Also the linear dependence of ∆Von on VGS ,bias −

Von,init can be observed. Furthermore, ∆Von for the OTS-treated device is larger
than for the device with PαMS, but smaller than for the device on untreated SiO2.
This is true for both the devices stressed in the dark and the illuminated devices.

These observations are confirmed in Fig. 3.6b. In this figure ∆Von is plotted as a
function of tbias for the three different treatments, once biased in the dark and once
biased under illumination, each time with a positive VGS ,bias. For all three types
of devices, ∆Von is larger for the illuminated device than for the not illuminated
one. Both for the illuminated devices and for the not illuminated ones, ∆Von is
the largest for the devices with an untreated SiO2 and the smallest for the devices
with PαMS. For all three types of devices, the adapted stretched exponential can
be used to fit both the measurement in the dark and the measurement under il-
lumination. The fitting parameters are given in Table 3.1. No values for τ2 and
β2 are recorded for the device with PαMS as this would take a tbias of more than
104 s. Within one treatment, parameter variations on one and the same sample are
small, and sample-to-sample variations are not larger than 15%, which is smaller
than the differences between the three types of devices.

The power factors β are similar for all devices, but the time constants τ1 and
τ2 differ significantly. Although less electrons can be accumulated in the device
with the untreated SiO2, this devices has the shortest τ1 and τ2. This can only be
explained by concluding that the untreated SiO2 interface, and to a lesser degree
also the OTS-treated SiO2, or the pentacene grown on top of these interfaces, have
more electron trap sites, or are more prone to electron defect creation.
The parameter η on the other hand, is the smallest for the device with the thin
PαMS layer, being the device where the most electrons can be accumulated in
the dark. Combining this observation with our thesis that η is a measure for the
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Figure 3.6: For the three types of devices with a different treatment of the gate
dielectric: (a) ∆Von as a function of VGS ,bias − Von,init for fixed tbias. Each type of
device is measured in the dark and under illumination. (b) ∆Von as a function of
tbias for a fixed positive VGS ,bias. Each type of device is measured in the dark and
under illumination. The symbols are measured data points, the dotted lines are fits
with an adapted stretched exponential function. SiO2: VGS ,bias - Von,init = 7.5 V,
SiO2 + OTS: VGS ,bias - Von,init = 8 V, SiO2 + PαMS: VGS ,bias - Von,init = 10 V.



60 A CHARGE TRAPPING PHOTOTRANSISTOR

acceleration of the shift by supplying photogenerated electrons, we can attribute a
physical meaning to the parameter η. The factor ηPill is the ratio of the photogen-
erated electrons to the electrons injected by the electrodes:

η =
qηIQEA

ID,dark,ehν
(3.6)

with ηIQE the internal quantum efficiency, A the illuminated area between the
source and drain electrodes, ID,dark,e the dark electron current and hν the photon
energy. Von can only shift to more positive voltages when electrons get trapped
over the complete channel length, a process requiring electrons that are either sup-
plied by injection from the electrodes or by photogeneration. The lower η for the
devices with PαMS can then be attributed to the remarkably higher dark electron
current in these devices (See Chapter 5). For trapping to occur, both electrons and
trapping sites are needed. For the devices with an untreated SiO2 τ′ is small and
the trapping is limited by the supply of electrons. For the devices with PαMS τ′

is large and the limiting factor is rather the lack of trapping sites. The devices on
OTS-treated SiO2 lie somewhere in between.
The density of trapped electrons is not necessarily uniform over the complete
channel and the Von for hole transport is determined by the lowest density. Elec-
trons injected from the electrodes are preferably trapped near the electrodes, leav-
ing an area with a low density in the middle of the channel. In the dark, the supply
of electrons towards the middle of the channel is slow. Illumination on the other
hand, directly generates electrons in the middle of the channel.

Eq. 3.6 can also explain why illumination does not accelerate the trapping of
holes if the transistor is negatively biased, as shown in section 3.3.1. Holes are
already omnipresent in the channel of a p-type transistor with a negative gate
bias, and the photogenerated holes submerge into the sea of holes supplied by the
source electrode. As a result, η is near zero and the trapping of the holes is not
accelerated.

3.3.3 Illumination at different wavelengths

In Fig. 3.7a, ∆Von is compared for different illumination wavelengths (LEDs emit-
ting at a different wavelength are used, the spectral line half width is typically 20
nm). ∆Von is normalized to the number of photons impinging on the device per
second and per cm2. The absorption coefficient of the pentacene is plotted on the
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right axis of the same graph.

Contrary to what might be expected, ∆Von is the largest where the absorption co-
efficient is the smallest. This behaviour is described by Noh et al., and attributed
to the internal filter effect [45]. Because of the high absorption coefficient of
pentacene, the lion’s share of the photons are absorbed in the top part of the pen-
tacene, and only a small part is absorbed close to the interface with the dielectric.
If we divide the pentacene in a top part with thickness z1 and a bottom part with
thickness z2, then the fraction of light absorbed in the bottom part is exp(-αz1)[1-
exp(-αz2)].
Fig. 3.7b plots exp(-αz1)[1-exp(-αz2)] and the parameter η as a function of the
wavelength. For z1 = 5 nm and z2 = 35 nm, the peaks and the valleys in these
curves are in relatively good agreement, indicating that the ηIQE of Eq. 3.6 takes
only into account the photons absorbed in the lower part of the pentacene layer,
close to the interface with the SiO2.

The thickness z2 of the bottom part of the pentacene can be interpreted as the sum
of the exciton diffusion length and/or the width of depletion region as suggested by
Dutta et al. [131]. The driving force for a photogenerated exciton to split into free
carriers can be the transversal electrical field in the depletion zone of the positively
biased p-type transistor, and/or energetically favourable traps at the interface with
the gate dielectric. Excitons photogenerated far away from the interface need
to diffuse into the depletion region and/or up to traps at the interface. Excitons
photogenerated further away than the exciton diffusion length recombine before
being split and do not contribute to the shift in Von. The exciton diffusion length
in pentacene is reported to be 65±16 nm [132], larger but in the same order of
magnitude as the 35 nm of z2.

3.4 Conclusions and outlook

3.4.1 Conclusions regarding bias stress

In this chapter, we show that the Von of an organic transistor shifts upon illumina-
tion, but that this shifts increases in time and depends on the applied gate bias. For
a negative gate bias, the time dependent shift of Von under illumination is identical
to bias stress in the dark, illumination having no effect. For a positive gate bias,
the time-dependent shift under illumination is an acceleration of the bias stress in
the dark. The acceleration results from the additional, photogenerated, electrons
ready to be trapped or to assist in the defect creation and can be characterized by
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Figure 3.7: For an OTS-treated device biased with a positive VGS ,bias during illu-
mination: (a) ∆Von normalized to the number of photons impinging on the device
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function of the the wavelength of the used light. The thicknesses z1 and z2 are 5
nm and 35 nm respectively.
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a light accelerated time constant τ′ = τ/(1+ηPill).
Furthermore we show that the interface between semiconductor and dielectric
plays two important roles in the shift of Von. First, devices where the SiO2 inter-
face is treated with a SAM or a polymer are less prone to shifts of Von, indicating
that these structures have less traps or less sites that can be converted into traps.
Second, the acceleration by light is less in devices where the interface is treated
to make the accumulation of electrons in the semiconductor possible. This sec-
ond observation allows to relate the parameter η as the ratio of the photogenerated
electrons to the electrons supplied by the electrodes.
Finally, we show that the photons absorbed too far away from the interface do not
contribute to the shift of Von as these excitons are not split into free carriers.

The traps responsible for the shift of Von in our work, are not necessarily the
same as the traps preventing electron accumulation as described by Chua et al. [22].
Nevertheless, our results indicate that both types of traps have the highest density
in the device with the untreated SiO2 and the lowest density in the device with the
PαMS layer.
It is interesting to refer to later work of other authors discussing electron trapping
on SiO2. Gu et al. proved for pentacene devices on OTS-treated SiO2 that elec-
tron trapping is not only increased by illumination, as in our results, but also by
moisture added to the measurement glove box [104]. Mathijssen et al. showed
by SKPM that water assists electrons to move slowly (a few minutes to bridge a
channel of 10 µm) over a SiO2 interface [94]. Hallam et al. confirmed, again by
SKPM, the slow movement of electrons in pentacene devices on SiO2 and found
that a bake out step slows this movement further down, corroborating the results
of Mathijssen et al. [133]. Taking all these results into account, we are tempted to
conclude that moisture has the same effect during positive bias stress as illumina-
tion: accelerating the shift of Von by assisting in the supply of electrons towards
the middle of the channel.

3.4.2 Conclusions regarding the use of organic photoFETs

Our results allow to interpret the figures of merit mentioned in literature more crit-
ically. The reported values depend on the illumination time and the bias voltages,
although this information is rarely given. For our OTS-treated device with an area
of 1x10−4 cm2, 3 s are needed to reach a ∆Von of 1 V, at a Pill of 14.9 mW/cm2

and a gate-source bias of 10 V (VGS ,bias-Von,init = 8 V). This shift of 1 V, increases
the drain current at Von,init measured with a VDS of -0.1 V, from 100 pA to 9.6 nA.
The responsivity and the photoresponse can then be calculated to be only R = 6
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mA/W and Rl/d = 96. If we take the 3 s illumination time into account, R becomes
2 mA/J. These values are rather low and mortgage the use of this kind of simple
structures as a photodetector, even as an integrating device.

Even more problematic, is the fact that the same traps that trap the photogener-
ated electrons, are also responsible for the ∆Von by trapping of electrons during
bias stress in the dark. Illumination only accelerates the trapping process by pro-
viding more electrons ready to be trapped. To be highly sensitive to illumination,
photoFETs need a high trap density, but this also renders them unstable during
read-out.

Nevertheless, more advanced structures of the photoFET might give better re-
sults. First, the harvesting of photons could be improved by introducing a second
semiconductor with a favourable position of the HOMO and LUMO band. From
organic solar cell technology, we know that exciton splitting can be very efficient
at the interface between two semiconductors after which the hole ends up in one
semiconductor and the electron in the other one [134]. As less excitons recombine
before being split, the primary photocurrent in the photoFET will be larger.
This concept has already been applied successfully by Marjanovic et al. and im-
proved by Anthopoulos et al. [135, 136]. This author uses a blend of a p-type and
an n-type polymer resulting in a high primary photocurrent. Nevertheless, as both
semiconductors make contact with the source and drain electrodes, no electrons
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gate dielectric

source drain

gate

gate dielectric

source drain

gate

gate dielectric

source drain

(b)(a) (c)

Figure 3.8: (a) The electrons are trapped around the gate dielectric resulting in a
photoconductive and a photovoltaic effect. (b) The efficient exciton splitting at the
interface between two semiconductors results in a higher primary photocurrent.
As the electrons are not trapped, no photocurrent or photovoltaic effect is present.
(c) The efficient exciton splitting at the interface between two semiconductors
results in a higher primary photocurrent. The electrons are gathered in the floating
gate resulting in a photocurrent and a photovoltaic effect.
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are trapped resulting in no gain for the photoconductive effect and no shift of Von

for the photovoltaic effect. This limits the sensitivity of the device. A next step
might be to isolate the second semiconductor from the contacts. In this case, the
second semiconductor charges up with electrons resulting in a second, floating,
gate that can shift the onset voltage of the pentacene. This device does not need to
be intrinsically unstable to be a sensitive detector, as the electrons are not longer
trapped at the interface between the pentacene and the dielectric. These more ad-
vanced concepts are schematically described in Fig. 3.8.
In the last devices, the two different semiconductors are similar to the n- and
p-region of a solar cell, and as the response of this devices might be faster, steady-
state might be reached. Consequently, the operation of this devices might be
resembling that of a HEMT under illumination and Eq. 3.2 might become true
again.





Chapter 4
An organic field-effect transistor as a
charge trapping memory element

Although organic circuitry is growing in complexity, a reliable, non-volatile and
electrically rewritable memory element that can be integrated with the transistors
of the digital logic is still missing. In Sec. 2.5, we discussed the organic ferroelec-
tric memory transistor as a possible approach to such a device. In these FeFETs,
the polarization of the gate dielectric leads to different, stable memory states. An-
other option is a charge trapping memory transistor, where charge carriers can be
written to and erased from trapping sites. The trapped charge carriers result in
different onset voltages, as discussed in Chapter 2, and if the traps are sufficiently
deep in energy, stable memory states can be accessed.
In this chapter, we discuss a possible structure for such an organic charge trapping
memory transistor (memFET) and evaluate the most important figures of merit.

In the first section, a short overview of organic charge trapping memory transis-
tors is given. As a comparison, the basic principles of charge trapping transistors
in Si technology are given as well. The next section handles the device structure
and the measurement method applied in this chapter. After that, the results are
presented and discussed. The last section summarizes the chapter in the conclu-
sions.
Parts of the results in this chapter are published in Ref. [137].
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4.1 Charge trapping memory transistors

4.1.1 Si charge trapping memory transistors

The main part of the non-volatile semiconductor memories in Si technology is
constituted of charge trapping memory transistors. In these devices charge car-
riers are trapped in the gate dielectric by tunnelling or hot carrier injection from
the channel. The gate dielectric is extensively optimized to maximize the memory
window, the retention and the endurance of the device.

Different technologies have made their way to industrialization. In Fig. 4.1 a few
basic concepts are presented as background for the structures of organic charge
trapping memFETs [138]:

• Floating gate: a polysilicon layer in between the channel and the gate is
completely isolated by a dielectric. This floating gate can be charged by the
trapping of charge carriers from the channel, resulting in a threshold voltage
shift [139].

• MNOS: in metal/silicon nitride/silicon oxide/silicon technology (MNOS),
the charge carriers are not trapped on a floating gate but in an insulating
Si3N4 layer [140]. In floating gate devices, one leakage path from the float-
ing gate is enough to loose all stored carriers. This is not the case in MNOS,
as the trapped carriers are not mobile in the nitride.

• SONOS: in polysilicon/silicon oxide/silicon nitride/silicon oxide/silicon
technology (SONOS), an additional SiO2 layer is added between the Si3N4
and the gate. This layer improves the retention by preventing trapped carri-
ers from leaking away towards the gate.

• SANOS: in SONOS technology, the electrical field over the top SiO2 is
equal to the field over the bottom SiO2. As a result, during programming,
charge carriers will not only be injected from the channel into the nitride,
but also from the gate into the nitride. As these carriers have opposite sign,
they cancel each other, resulting in a limited programming efficiency.
In so called polysilicon/aluminum oxide/silicon nitride/silicon oxide/silicon
technology (SANOS), the SiO2 between gate and nitride is replaced by a
high-κ dielectric [141]. This high-κ dielectric concentrates the electric field
during programming to the SiO2 between channel and nitride, limiting the
injection of charge carriers from gate to nitride.
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Figure 4.1: The operation and band structure of (a) a floating gate, (b) a MNOS,
(c) a SONOS and (d) a SANOS memory transistor.

4.1.2 Organic charge trapping memory transistors

As in Si memory transistors, the most obvious trapping medium in organic charge
trapping memFETs is the gate dielectric. In early examples, charge carriers were
trapped in a single layer organic gate dielectric [142]. High programming voltages
and long programming times were needed (trapping in poly(4-methyl styrene) and
a cyclic olefin copolymer after more than 1 min at 50 V in Ref. [56], trapping in
PVA after 40 s at 50 V in Ref. [68])
Later structures used a dielectric stack of an oxide and an organic dielectric (SiO2
and PαMS in Ref. [46], SiO2 and a wide rage of polymers in Ref. [143]), and
although programming times were reduced to ∼ 1 µs, programming voltages were
still ≥ 50 V. Trapping was suggested to happen in the polymer dielectric.
A stack of polymer dielectrics has been presented as well, where the charge car-
riers might be trapped at the interfaces between the polymer layers [144]. Pro-
gramming was realized at 40 V for 3 s, but the use of this device is limited, as
charge carriers with opposite sign are injected from the gate and the channel and
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cancel each other effect on the onset voltage. Recently, a more complex stack of
different high-κ oxides, comprising a tunnelling, trapping and blocking layer has
been proposed [145], showing fast programming (1 ms) at low voltages (12 V)
but only limited retention (33% of the memory window lost in the first 48 h).
More complex structures have been suggested, where the trapping centers were
metal nanoparticles in or on the gate dielectric (just a few examples: small evap-
orated Au islands between two polyimide layers in Ref. [146], Au nanoparticles
deposited from the liquid phase between two SAMs on top SiO2 in Ref. [147]
and the in-situ creation of Au nanoparticles in the micelles of a spin coated block
copolymer film in Ref. [148]). Also polymer layers doped with small molecules
have been applied [149]. Some of these structures enabled low programming volt-
ages, but for non of them retention data for more then a few days are presented
and the number of write and erase cycles is most often very limited.
In this chapter, a structure with a stack of an oxide and a polymer dielectric is used.
Programming voltages < 20 V, programming times of 1.5 ms, a good retention
over several months, and a few hundred write and erase cycles are demonstrated.

4.2 Experimental

4.2.1 Device structure

The device structures used in this chapter are depicted in Fig 4.2. Two different
structures are compared, both with top source and drain contacts. Differences
between the structures can be found in the treatment of the interface between the
organic semiconductor and the gate dielectric, similar to differences between the
structures in chapter 3. Both structures are fabricated on a heavily doped Si wafer
with 20 nm thermally grown SiO2 on top. In the first structure, the SiO2 interface
is left untreated, while in the second structure, a thin layer of PαMS is spin coated
on top of it. The thickness of the PαMS layer is 4 nm, unless stated differently.
On both structures, 40 nm of pentacene is deposited by OMBD. As a last step, Au
source and drain electrodes are evaporated through a shadow mask.

The transistors have a channel length L of 50-200 µm and a channel width W of
2000 µm. The initial hole mobility, µh,init, and the initial threshold voltage, VT,init,
of the devices with the untreated SiO2 are typically 0.3 cm2/(V.s) and 1.5 V. For
the device with the thin layer of PαMS, typically µh,init ∼ 0.8 cm2/(V.s) and VT,init

∼ −1 V. All these parameters are extracted from the linear regime.
The structure with the PαMS is the main device of this chapter, and most results
in this chapter relate to this structure.
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Figure 4.2: The two structures used in this chapter: (a) The SiO2 is left untreated
prior to the pentacene deposition. (b) The SiO2 is covered with 4 nm of PαMS.

4.2.2 Measurement method

The typical measurement protocol is given in Fig 4.3. First, the initial charac-
teristics are measured and the initial turn-on voltage of the device, Von,init, is de-
termined. Then, the device is subjected to a write pulse with pulse length tprog

and a negative programming voltage -VGS ,prog, followed by an erase pulse. The
erase pulse has the same length tprog as the write pulse, and a positive program-
ming voltage VGS ,prog, equal but opposite to the programming voltage of the write
pulse. The drain-source voltage during programming, VDS ,prog, is always kept at
0 V. To obtain a stable result, the write and erase cycle is repeated once.
After each of the last two pulses, a small part of the transfer characteristics is mea-
sured to determine Von. We denote by Von− the turn-on voltage after a negative
write pulse, while Von+ is the turn-on voltage after a positive erase pulse. The
memory window ∆Von is defined as the difference between Von+ and Von−. These
measurement steps can be repeated for different |VGS ,prog| or tprog to track Von as
a function of |VGS ,prog| or tprog.

Electrical data are obtained in a darkened nitrogen glove box. Samples are not
subjected to air.

4.3 Results and discussion

4.3.1 Charge trapping as a function of programming voltage

First, we apply the measurement method described above with tprog fixed at 1.5
ms and |VGS ,prog| increasing from 0 V to 20 V and decreasing back to 0 V. We
measure the shift of Von and compare the results for the device with and the de-
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Figure 4.3: The typical measurement protocol followed to characterize a mem-
FET.

vice without a thin PαMS layer on top of the SiO2.

First, the results for the PαMS device are discussed. In the inset of Fig. 4.4a,
the transfer characteristics after pulses of +/-17 V and +/-20 V are shown. A shift
of Von into the direction of the the applied programming voltage is observed. The
larger |VGS ,prog|, the larger this shift. As Von shifts towards the applied program-
ming voltage, charge carriers from the semiconductor side of the gate dielectric
are trapped. Changes in subthreshold slope and hole mobility are only minor and
will be discussed later (see Sections 4.3.4 and 6.2.1). The shifts of Von for all
|VGS ,prog| from 0 V to 20 V and back are summarized in Fig. 4.4a. For values of
|VGS ,prog| < 12 V, the transfer characteristics are hardly changed and the differ-
ence between Von− and Von+ is smaller than 0.025 V. However, when |VGS ,prog|

increases above the critical value of 12 V, Von− and Von+ start to shift into the di-
rection of the applied programming voltage. At a |VGS ,prog| of 20 V, ∆Von reaches
a maximum value of 12 V. When the device is subsequently subjected to a se-
ries of decreasing programming pulses, ∆Von as obtained in the backward series
(|VGS ,prog| from 20 V to 0 V) is identical to the values obtained in the forward
series (|VGS ,prog| from 0 V to 20 V), illustrating the stability of these shifts. When
the final Von− and Von+ are compared to Von,init, a small, overall shift is observed,
indicating that a net positive charge remains trapped.

The data in Fig. 4.4a reveal a number of important attributes that makes this ef-
fect promising to utilize in a memory cell. Most notably is the negligible threshold
voltage shift at low programming voltages which allows non-destructive read-out.
Furthermore, the large value of ∆Von allows easy read-out as this is translated into
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Figure 4.4: Von−, Von+ and ∆Von as a function of |VGS ,prog| with tprog fixed at
1.5 ms for (a) the device with a PαMS layer on top of the SiO2 and (b) the device
without a PαMS layer. The inset of (a) shows the transfer characteristics of the
device with a PαMS layer in the initial state and after programming pulses with
tprog = 1.5 ms and VGS ,prog = -17 V, 17 V, -20 V and 20 V.
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a large difference between drain currents in the different programmed states. At
a |VGS ,prog| of 15 V, ∆Von is 3 V and the corresponding ratio of the drain currents
in the two memory states, ID+/ID−, is 574 (ID+ and ID− measured at VGS ,read =

-2 V and VDS ,read = -0.02 V). Finally, this large memory window can be reached
for short programming times at low programming voltages thanks to the thin gate
dielectric (both SiO2 and PαMS layers). Interestingly, Von can be shifted towards
both positive and negative voltages by a sufficiently large respectively positive
and negative pulse to the gate. This indicates that both electrons and holes can be
trapped.

In Fig. 4.4b the same measurement data for the device without PαMS are given.
For this device, the write and erase pulses have no observable effect on Von. Von−

and Von+ do not shift away from Von,init and consequently, ∆Von is near zero for
all applied |VGS ,prog| (maximum ∆Von ∼ 0.01 V). This indicates that the presence
of the PαMS is key to achieve the desired charge trapping, both for holes and
electrons. Consequently, the charge carriers need to be trapped in the polymer
dielectric and/or at the interface between the polymer dielectric and the SiO2.
Trapping in the thermally grown SiO2 is anyhow unlikely.
Moreover, this behaviour clearly differs from the experiments in Chapter 3, where
more electron trapping is observed for devices with an untreated SiO2 interface.
These experiments illustrate that different trapping mechanisms are responsible
for the shift of Von in this chapter and Chapter 3.

Also devices with only a 100 nm thick PαMS layer as the gate dielectric have
been measured. For tprog = 1.5 ms, all these devices are shorted before a notice-
able ∆Von can be noticed. We argue that the oxide is necessary to protect the
PαMS from breakdown during programming.

4.3.2 Charge trapping as a function of programming time

To characterize the trapping mechanism in the device with the PαMS layer, the
dependence of Von−, Von+ and ∆Von on tprog is investigated. To do so, the mea-
surement procedure described above is repeated for different tprog. In Fig. 4.5a,
for longer tprog, the curves for Von+ and Von− are shifted towards the left and the
two separate memory states appear at lower |VGS ,prog|.
The measurement procedure described above can also be applied for an increasing
tprog and a fixed |VGS ,prog|, as in Fig. 4.5b. Both Von− and Von+ increase logarith-
mically with tprog. This logarithmic time dependence of the amount of trapped
charge on the programming time is well-known in charge trapping memory de-
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vices and points to tunneling from the semiconductor into the dielectric as the
trapping mechanism:

∆Von(t) = rd · log(1 +
t
t0

) (4.1)

This logarithmic relation is also observed in MNOS memory devices [71] and
a-Si field-effect transistors (see Sec. 2.3). The logarithmic relation is the result of
a tunneling rate depending exponentially on the density of the previously injected
charge. The tunneling mechanism can be direct tunneling or Fowler-Nordheim
tunneling, depending on the size and the position of the tunneling barriers. As the
energy levels of PαMS are not known, we can not distinguish between them.

Nevertheless, this logarithmic relation differs from the stretched exponential re-
lation in Chapter 3, confirming that different trapping mechanisms are playing.
In Fig. 4.6, the measurement procedure of Chapter 3, without illumination, is
repeated on the PαMS devices of this chapter, for different, negative VGS ,bias.
Fig. 4.6a plots ∆Von on a linear scale, Fig. 4.6a on a logarithmic scale. For small
negative VGS ,bias, a power law can be observed for ∆Von as a function of tbias, cor-
responding to charge trapping in the pentacene or at the interface between pen-
tacene and PαMS. For large negative VGS ,bias on the other hand, a logarithmic
relation can be noticed, corresponding to tunneling to traps in the PαMS or at the
interface between PαMS and SiO2.
This figure shows that in one and the same organic transistor device, different
trapping mechanisms can be present. As mentioned in Chapter 2, Powell et al.
made a similar observation in a-Si devices [40]. These authors proved that at low
fields, defect creation in the a-Si is dominating while at high fields, tunneling into
the Si3N4 gate dielectric is the main trapping mechanism. We show here that the
same observation might hold for organic field-effect transistors.

4.3.3 Retention

To be useful as a memory element, the Von after writing and erasing needs to be
stable over a sufficient long period of time. Fig. 4.7 schematically shows the band
diagram of an organic memFET with a hole trapped at the interface between the
PαMS and the SiO2. The different loss mechanisms are depicted as well [138]:
hole tunneling from the trap to the channel (I) or to the gate (II), electron tun-
neling from the channel (III) or the gate (IV) to the trap, and thermal detrapping
of the hole, followed by transport to the channel (V) or the gate (VI). The loss
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n++ Si SiO2 P MSa pentacene

Figure 4.7: Band diagram of an organic memFET with a trapped hole. The various
mechanisms involved in the the retention of the hole are depicted as well.

mechanisms for a trapped electron are similar.

In Fig. 4.8a, the retention of the trapped charge after a programming pulse of
-20 and 20 V is shown. In between the different measurement points, the sample
was kept in the dark in the glove box, without applying any voltages. Each data
point is the average of a measurement on four different devices.
After a positive programming pulse, Von+ decreases to 0 V within 3 h, indicating
that trapped electrons are readily released. The trapped holes on the other hand,
are more stable. After a negative programming pulse, Von− is only reduced from
-8 V to -3 V after 3 months. Loss mechanisms II and IV are unlikely as the ther-
mal SiO2 is 20 nm thick and a high quality material. In Fig. 4.8b, devices with
a different thickness of the PαMS layer are compared. As the retention of both
electrons and holes improves for thicker PαMS layers, mechanisms I and III seem
to be the main loss mechanisms. Although this experiment does not prove that
all the charge carriers are trapped at the interface, it indicates that in devices with
thicker PαMS layers, the charge carriers are trapped further away from the pen-
tacene.

From these figures, we can draw the important conclusion that the positive part
of the memory window (write and erase electrons) can not be used for practical
memory applications as the trapped electrons are rapidly released. The negative
part of the memory window (write and erase holes) on the other hand, is more
promising. This observation contrasts with the work of Baeg et al., who used the
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positive part of the memory window in a similar device [46, 143]. In their work,
the thicker polymer dielectric (∼ 70 nm) blocks the electrons from tunneling back
to the channel, improving the retention but also increasing the programming volt-
age. In our device we combine low programming voltages with a large retention
for the negative part of the memory window.

4.3.4 Endurance

A practical memory element should be able to be written and erased several times.
To keep the current ratio ID+/ID− high, the memory window ∆Von should stay large
and the subthreshold slope should not degrade during cycling. The endurance and
the degradation during the write-and-erase cycles of the device with the PαMS
layer is studied in Fig. 4.9.

Fig. 4.9a shows the evolution of Von−, Von+ and ∆Vonwith increasing number of
cycles (one cycle being a combination of a write and an erase pulse). After more
than 2000 cycles at |VGS ,prog| = 15 V and tprog = 1.5 ms, the memory window
∆Von stays reasonably constant and decreases from 3.0 V to 2.6 V.
Not only ∆Von is important for a large current ratio. In Fig. 4.9b the evolution of
ID+/ID− is depicted (ID+ is measured at VGS ,read = -2 V and VDS ,read = -0.02 V.
ID− is taken fixed at 100 pA to exclude variations in ID+/ID− due to the noise in the
cut-off current of the transistor). As the inset of Fig. 4.9b shows, the variations
in ID+/ID− are mainly caused by an overall decrease in the subthreshold slope.
A decrease in the subthreshold slope can be attributed to the creation of deep
hole traps at the interface between the pentacene and the PαMS, as described in
Sec. 2.1.3. The repeated tunneling of holes and electrons apparently damages
the PαMS layer. The inset of Fig. 4.9b also indicates that the trend of Von− and
Von+ towards more negative voltages after more than 1000 cycles, as observed in
Fig. 4.9a, is mainly an artefact of this decrease in subthreshold slope.

After 1 cycle, ID+/ID− is 574. After 98 cycles, ID+/ID− is still 330, and the
device still works as a memory transistor with two distinct states. From 100 cycles
on, ID+/ID− decreases more rapidly, and after 2345 cycles ID+/ID− is only 1.4.
Although these numbers clearly limit the reprogrammability, more than 350 cycles
can be achieved with an ID+/ID− higher than 100. Up to now only up to 10 write-
and-erase cycles have been shown for organic charge trapping memFETs [46,
150]. ID+, and accordingly ID+/ID−, can be boosted by applying a higher VDS ,read.
We only applied a VDS ,read of -0.02 V, but VDS ,read can be increased to almost 2 V
before ID+ ends up in the saturation regime and becomes independent of VDS ,read
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Figure 4.9: For a device with a PαMS layer: (a) Von−, Von+ and ∆Von and (b)
ID+/ID− as a function of the number of cycles for tprog= 1.5 ms and |VGS ,prog| =

15 V. ID+ is measured at VGS ,read = -2 V and VDS ,read = -0.02 V. ID− is taken fixed
at 100 pA. The inset in (b) shows the transfer characteristics in the two memory
states after different numbers of cycles.
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(see Sec. 6.3.1 where a higher VDS ,read, among other things, leads to a remarkably
higher current ratio).

4.4 Conclusions

In this chapter we show that both holes and electrons can be trapped in a gate
dielectric stack of an oxide and a polymer dielectric. The trapping mechanism
proves to be tunneling into the polymer dielectric or to the interface between the
polymer dielectric and the oxide. The mechanism differs from the trapping mech-
anism described in Chapter 3, where carriers are trapped in the semiconductor or
at the interface between semiconductor and gate dielectric.
As illustrated in this chapter, both trapping mechanisms can occur in one and the
same device. Trapping in the semiconductor or at the interface with the gate di-
electric dominates at low gate fields, while tunneling into the gate dielectric is the
main mechanism at high gate fields.

Furthermore, we show that the tunneling mechanism can be applied in an or-
ganic memory transistor. A thin oxide and thin polymer dielectric allow program-
ming at low voltages and short programming times. Holes can be trapped with
a gate voltage pulses of 1.5 ms at -15 V. Electrons can be trapped with a pulse
of 1.5 ms at 15 V. The resulting memory window is 3 V and the current ratio be-
tween the memory states 574, allowing easy distinction between the two states.
Moreover, the device can be read at lower voltages without disturbing the trapped
charges.
The retention of trapped holes was shown to be longer than 3 months. The reten-
tion of the electrons was only a few hours, indicating that only the negative part
of the memory window can be used. More than 350 cycles have been measured
with an ID+/ID− systematically larger than 100. The decrease of ID+/ID− is not
caused by a reduction of the memory window ∆Von but by a deterioration of the
subthreshold slope upon repeated cycling. That problem can, at least to a certain
extend, be compensated by the read procedure.



Chapter 5
On the role of electrons and holes in
an organic charge trapping
memory transistor

In Chapter 4 experimental evidence is given that both holes and electrons can be
trapped in the stacked gate dielectric of a pentacene field-effect transistor by a
short negative and positive voltage pulse. Measurements of the retention of the
trapped charge carriers indicate that holes remain trapped over a longer time pe-
riod than electrons. Consequently, for our structures, writing and erasing by the
trapping and detrapping of holes seems to be the most interesting process for ap-
plication in a memory element.
Nevertheless, also the trapping of electrons plays an important role in a pentacene
charge trapping memFET. In this chapter we show that a lack of electrons in the
channel limits the memory window of the device. Moreover, the most efficient
way to remove holes from the dielectric proves to be to overwrite them by elec-
trons, rather than to detrap the holes. As a consequence, the supply of both charge
carriers is a prerequisite for writing and erasing at low programming voltages. To
achieve this ambipolarity, the organic semiconductor, the polymer gate dielectric
and the electrode material should be carefully chosen, as all three have an im-
portant influence on the type of charge carriers that can be accumulated in the
channel.
In Chapter 3, we showed that illumination of the organic transistor can provide
extra, photogenerated, carriers in the channel region. In this chapter we investi-
gate if illumination can enlarge the memory window, in those cases where it is
limited by the supply of one type of charge carriers. In other words, the photoFET
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revisited.

The first section of this chapter immediately starts with the description of the
measured devices and the applied measurement method. In the second section,
experimental data are presented and discussed, to end with the conclusions in the
last section.
Parts of these results are published in Ref. [137].

5.1 Experimental

5.1.1 Device structure

The device structures used in this chapter are depicted in Fig 5.1. Three different
devices are compared, all with top source and drain contacts. One device is the
pentacene transistor with the thin PαMS layer on top of the SiO2, as already stud-
ied in Chapter 4. The second device is identical to the first but measured in air and
not in the glove box. In the third device, pentacene is replaced by N,N’-ditridecyl-
3,4,9,10-perylenetetracarboxylic diimide (PTCDI-C13H27). All structures are fab-
ricated on a heavily doped Si wafer with 20 nm thermally grown SiO2 on top. A
4-nm thick layer of PαMS is spin coated on the SiO2. On the first two struc-
tures, 40 nm of pentacene is deposited by Organic Molecular Beam Deposition
(OMBD) and Au source and drain electrodes are evaporated through a shadow
mask. On the third structure, 40 nm of PTCDI-C13H27 is deposited followed by
the deposition of LiF/Al source and drain contacts, again through a shadow mask.

The channel length of the transistor is 50 to 200 µm and the channel width 2000
µm. For the pentacene devices measured in the glove box, µh,init is typically 0.8
cm2/(V.s) and VT,init equals −1 V. For pentacene measured in air, these values be-
come 0.6 cm2/(V.s) and 0 V. For the PTCDI-C13H27 device, µe,init ∼ 0.1 cm2/(V.s)
and VT,init ∼ 1 V. All these parameters are extracted from the linear regime.

5.1.2 Measurement method

The measurement method is the same as the one applied in Chapter 4 (see Fig. 4.3
in Sec. 4.2.2) and only briefly repeated here. The devices are subjected to a nega-
tive write pulses and positive erase pulses with pulse length tprog and programming
voltage VGS ,prog. The drain-source voltage during programming, VDS ,prog, is kept
at 0 V. Von− is the turn-on voltage of the transistor after a negative write pulse,
while Von+ is the turn-on voltage after a positive erase pulse. ∆Von is defined as
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Figure 5.1: The three devices measured in this chapter: (a) pentacene measured
in the glove box, (b) pentacene measured in air and (c) PTCDI-C13H27 measured
in the glove box.

the difference between Von+ and Von−.

The pentacene devices are only subjected to and measured in air where clearly
stated. For illumination a blue LED emitting at 464 nm is used.

5.2 Results and discussion

5.2.1 An ambipolar device

From Chapter 4 we know that holes and electrons can tunnel from the channel of
the pentacene memFET into the stacked gate dielectric. This injection can only
take place if these holes or electrons are actually present in the channel. In other
words, this implies that holes and electrons can be accumulated in the channel of
the pentacene transistor, when a sufficiently large negative or positive gate voltage
is applied.

Pentacene is indeed reported to be ambipolar if carefully processed on the right
dielectric [16]. The ambipolarity of our pentacene device with the thin PαMS
layer and measured in the glove box is illustrated in Fig. 5.2. The initial transfer
characteristics, measured from -3 V to 14.5 V, show both a hole current and an
electron current with mobilities µh ∼ 0.8 cm2/(V.s) and µe ∼ 0.01 cm2/(V.s). The
values reported in literature are in the same order of magnitude [16].
The second transfer sweep in Fig. 5.2, measured from 14.5 V to -15 V and back to
14.5 V, shows how the memory transistor is programmed during this large sweep:
the Von of the first part of the sweep is shifted towards a more positive VGS with
respect to Von,init. This is the result of the accumulation of electrons in the transis-
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Figure 5.2: The initial transfer characteristics of a pentacene device measured
from -3 V to 14.5 V, followed by a sweep from 14.5 V to -15 V and back.

tor channel and the subsequent tunneling into the gate dielectric, around 14.5 V.
In the second part of the sweep, Von is shifted to a VGS more negative than Von,init

by the accumulation and the tunneling of holes around -15 V.
Although tprog and VGS ,prog are not accurately defined during this kind of sweeps,
this measurement confirms that Von can be moved both towards more positive
and more negative voltages by the accumulation and the trapping of electrons and
holes from the semiconductor side of the gate dielectric. This figure can be com-
pared to the schematic drawings in Fig. 2.5c and 2.5d.

5.2.2 No electron accumulation

In the previous section we observed that the pentacene memFET measured in the
glove box is ambipolar. By exposing the pentacene device to air, the electron ac-
cumulation can be prevented. Exposure to oxygen leads to electron traps in the
pentacene, which hamper the accumulation of electrons [133], resulting in a near-
zero electron mobility.

In Fig. 5.3a, we show the transfer characteristics of a pentacene device which
was left in air for one day and then measured in air. No electron current can be
measured in the initial sweep from -3 to 14.5 V. As a result, no electrons can tun-
nel into the gate dielectric and Von is not shifted towards more positive VGS in the
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Figure 5.3: For a pentacene device left in air for one day and measured in air:
(a) the initial transfer characteristics measured from -3 V to 14.5 V, followed by
two sweeps from 14.5 V to -15 V and back and (b) Von− and Von+ as a function of
|VGS ,prog| with tprog fixed at 1.5 ms.
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first half of the second sweep from 14.5 V to -15 V and back. Holes on the other
hand, can still be accumulated in the channel at negative VGS . Consequently, Von

is shifted towards more negative VGS during the second half of the second sweep
by the tunneling of holes. We note that the mobility of the holes decreases due to
the exposure to air (from 0.8 to 0.6 cm2/(V.s), probably caused by moisture [53]
or oxygen [103] related traps.
Remarkably, if the sweep from 14.5 V to -15 V is measured a second time, no
difference in Von for the first and the second part of the sweep is observed. This
means that even at 14.5 V trapped holes can not be removed from the dielectric.
As a result the memory window is actually decreased to zero. By comparing
Fig. 5.3a with Fig. 5.2, it becomes clear that electrons are needed to overwrite
the trapped holes which can otherwise not be removed from the dielectric at these
gate fields.

A similar observation can be made in Fig. 5.3b, where write and erase pulses
with an increasing |VGS ,prog| are applied to a pentacene memFET in air. At
|VGS ,prog| = 15 V, holes can be trapped but not be removed. At |VGS ,prog| = 20 V,
part of the trapped holes can be removed from the dielectric, but no electrons can
be trapped as Von does not increase above Von,init. This figure can be compared to
Fig. 4.4a, where an identical measurement is performed on a pentacene device in
the glove box. In the glove box, holes can be trapped and overwritten by electrons
at |VGS ,prog| = 15 V.
We draw from this experiment the important conclusion that in charge trapping
memory transistors, ambipolarity of the transistor channel, i.e. the possibility to
accumulate both types of charge carriers in the device channel, is a requirement
for achieving reprogrammability at low gate fields.
The tunneling of the holes is hardly influenced by the exposure to air. Plenty of
holes are still available for tunneling into the gate dielectric.

Fig. 5.4 shows how the tunneling of electrons into the gate dielectric gradually
fades away when the pentacene device is brought into air. To do so, a device on a
pristine sample is first measured in the glove box. Next, the sample is brought into
air and immediately, another device on the same sample is measured. Compared
to the first device measured in the glove box, a larger |VGS ,prog| is needed to split
Von− and Von+. Nevertheless, electrons can still tunnel into the dielectric at higher
|VGS ,prog|. The same sample is then left in air for eight days before a third device is
measured. Now, an even larger |VGS ,prog| is needed to create two distinct memory
states and Von+ is negative for all |VGS ,prog|, indicating that no electrons can tunnel
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Figure 5.4: Von− and Von+ as a function of |VGS ,prog| with tprog fixed at 1.5 ms for
a pentacene device measured in the glove box, a pentacene device brought in air
and immediately measured in air and a pentacene device left in air for eight days
and then measured in air.

into the gate dielectric anymore.

5.2.3 No hole accumulation

To verify the more general validity of the statement that ambipolarity is required
for erasing a programmed memory state at relatively low gate fields, we carried
out experiments using the perylene derivative PTCDI-C13H27 as the organic semi-
conductor. PTCDI-C13H27 is a good electron conductor; hole conduction has not
been reported for this material.

In Fig. 5.5a, a PTCDI-C13H27 device measured in the glove box only shows
electron current and no hole current. Only a shift of Von towards more positive
VGS can be noticed, resulting from the tunneling of abundantly present electrons.
No shift of Von towards more negative VGS is observed. By sweeping to 15 V, the
memory can be programmed only once, and trapped electrons cannot be removed
from the dielectric, even not at -15 V.

Fig. 5.5b confirms this observation: electrons can be trapped from |VGS ,prog| = 10
V on, but can not be removed. As a result, Von− moves together with Von+ towards
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more positive voltages. Even if |VGS ,prog| is increased to 20 V, the electrons stay
trapped in the dielectric. This is the pendant case of the pentacene device in air,
and corroborates the statement that in order to erase trapped charges at relatively
low gate fields, it is required to overwrite them with charges of the opposite sign,
rather than to remove them by detrapping.

5.2.4 Field distribution during write and erase

From the previous sections, it is clear that to maximize the memory window of
organic charge trapping memory transistors, the accumulation of both holes and
electrons needs to be possible. In this case, both charge carriers can be supplied in
the channel, and one type of charge carrier can be used to overwrite the other one.
These situations are schematically drawn in Fig. 5.6 for a pentacene memFET.

In Fig. 5.6a, a hole is accumulated in the channel and subsequently tunnels into
the dielectric upon the application of an appropriate negative VGS ,prog. The tunnel-
ing process depicted is Fowler-Nordheim and the traps are drawn at the interface
between the PαMS and the SiO2, although direct tunneling and other trap posi-
tions can not be excluded. The vertical electric field drops mainly over the two
gate insulators and the driving force to tunnel into the dielectric is large. The
electric field over the PαMS layer can be approximated by:

EPαMS = VGS ,prog
εS iO2

tPαMS εS iO2 + tS iO2εPαMS
(5.1)

In the ambipolar memFET, the memory window opens at VGS ,prog ∼ 12 V and at
that voltage, EPαMS equals 7.1 MV/cm. This is the critical field needed to pro-
gram the memFET.
In Fig. 5.6b, in an ambipolar device, electrons can accumulate in the channel
upon the application of a positive VGS ,prog. The electric field drops mainly over
the two insulators and the electrons can tunnel into the gate dielectric. First, the
injected electrons cancel the positive trapped charge, before a net negative charge
of trapped electrons is built up in the gate dielectric.
In Fig. 5.6c we sketch the situation when an equal positive VGS ,prog is applied in
the unipolar example of pentacene measured in air. No electrons are accumulated
in the channel, such that part of the electric field drops over the organic semicon-
ductor, reducing the electric field over the gate insulators. The remaining field
over the PαMS layer is, to first approximation:

EPαMS = VGS ,prog
εS iO2εs

tPαMS εS iO2εs + tS iO2εsεPαMS + tsεPαMS εS iO2

(5.2)
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Figure 5.5: For a PTCDI-C13H27 device measured in the glove box: (a) the initial
transfer characteristics measured from -3 V to 14.5 V, followed by two sweeps
from 14.5 V to -15 V and back and (b) Von− and Von+ as a function of |VGS ,prog|

with tprog fixed at 1.5 ms.
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and is insufficient to detrap the hole from its deep hole trap (for a unipolar pen-
tacene memFET is EPαMS only 2.4 MV/cm at VGS ,prog = 12 V). As a result the
memFET can not be erased at this VGS ,prog.

P MSa

pentaceneSiO2

n++ Si P MSa

pentaceneSiO2

n++ Si P MSa

pentaceneSiO2

n++ Si

(a)

writing: store a hole

(b) (c)

erasing in an ambipolar
memFET: overwrite the
hole with an electron

erasing in a unipolar
memFET: a higher
V is neededGS,prog

Figure 5.6: : (a) Writing in a pentacene memFET: a hole is stored in the gate
dielectric. (b) Erasing in an ambipolar pentacene memFET: an electron overwrites
the trapped hole. (c) Erasing in a unipolar pentacene memFET: a higher VGS ,prog

is needed to remove the hole from its trap.

5.2.5 Temperature dependent supply of charge carriers

In a next experiment, the pentacene device is cooled down in a vacuum setup.
Fig. 5.7 shows Von− and Von+ as a function of tprog for different temperatures.
The curves for Von− do not change with temperature, as could be expected from
the fact that tunneling is a temperature independent process. Von+ on the other
hand, decreases at lower temperatures. The shift of the curves for Von+ is parallel
and the parameter t0 of Eq 4.1 proves to be temperature dependent. We argue
that the temperature dependence of Von+ results from the temperature dependent
supply of electrons in the channel: the lower the temperature, the less electrons
available for tunneling. Both for Fowler-Nordheim tunneling [71] and direct tun-
neling [151], models have been proposed where the supply function appears in t0.
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Figure 5.7: For a pentacene device measured in the glove box: Von− and Von+ as
a function of tprog for |VGS ,prog| fixed at 15 V and for different temperatures.

The finding that a lack of electrons reduces the memory window in charge trap-
ping memory transistors should be kept in mind during the interpretation of other
results reported in literature. In the study of Baeg et al. [143], the memory win-
dow was shown to be smaller when a polar polymer dielectric, like poly(4-vinyl
phenol) (PVP) or poly(vinyl alcohol) (PVA), was deposited on top of the SiO2
instead of PαMS. Such polar dielectrics contain OH-groups which are known to
complicate the accumulation of electrons in the channel [22]. According to our
findings, the smaller memory window for these dielectrics can be partly explained
by the poorer electron supply. Similarly, Katz et al., showed that hydrophobic
dielectrics lead to larger shifts in VT than hydrophilic ones [56], which we can
directly relate to the corresponding electron accumulation which is expected to be
more difficult on hydrophobic dielectrics than on hydrophilic ones.

5.2.6 Supply of charge carriers by illumination

In the previous sections we argued that a lack of charge carriers in the channel can
limit the tunneling into the gate dielecric. A way to supply extra charge carriers is
to generate them by illumination. This principle has been applied in Chapter 3 for
the photoFET, where illumination was shown to accelerate bias stress by provid-
ing extra, photogenerated, electrons. In this section, we investigate if illumination
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can also accelerate the tunneling in those devices where there is a lack of one type
of charge carriers. This might even turn the memFET into a photoFET, where tun-
neling in the gate dielectric is used as the trapping mechanism instead of trapping
in the semiconductor or at the interface as in Chapter 3. As tunneling is a fast
process and as traps in the gate dielectric do not need to lead to an intrinsic device
instability, two of the major problems for the photoFET sketched in Chapter 3
could be overcome.

In Fig. 5.8, a pentacene device is exposed to air to prevent the accumulation of
electrons. After one day in air, the device is measured in air (no electron tunnel-
ing is observed and Von is brought to ∼ -6 V), and brought back in the glove box
to measure it under illumination. Von− and Von+ are measured as a function of
VGS ,prog with the known measurement protocol but illuminated by an LED during
the write and erase pulses. A blue LED is chosen as blue light is less absorbed in
the top part of the pentacene (see Sec. 3.3.3).
Von− does not increase above 0 V and there is no noticeable effect of illumination
on the memory window (full symbols in Fig. 5.8b). This can be understood by
the fact that the amount of photogenerated electrons during a short pulse of only
1.5 ms is low. The number of photons hitting the pentacene during 1.5 ms is ∼
20×1012 cm−2 (Pill = 6.1 mW/cm2, λ = 464 nm). If all these photons would re-
sult in a trapped electron in the gate dielectric, a ∆Von of 18 V should be noticed
(∆Von = Qtr/Cins with Qtr the density of trapped charges and Cins = 173 nF/cm2 if
we assume that the electrons are trapped at the interface between the PαMS and
SiO2). As this large shift is not noticed, we argue that only a fraction of the pho-
tons results in free charge carriers in the channel of the memFET (see Sec. 3.3.3).
To allow more photogenerated electrons to gather in the channel, an adapted write
and erase cycle is developed, as depicted in Fig. 5.8a. Before each write and erase
pulse with length tprog and programming voltage |VGS ,prog|, a precharge period is
applied with length tprecharge at a precharge voltage |VGS ,precharge|. The device is
illuminated during (tprecharge + tprog). During the precharge period, photogener-
ated carriers accumulate in the channel after which they can tunnel into the gate
dielectric during tprog. A control experiment with a precharge period but without
illumination does not show a pronounced effect on Von at the applied VGS ,precharge,
confirming that no substantial tunneling into the gate dielectric or trapping in the
semiconductor or at the interface occurs during tprecharge.
Fig. 5.8b shows that for longer tprecharge an improved electron tunneling can be
noticed (crossed symbols and open symbols). This experiment confirms that the
memory window is limited by the supply of electrons in the channel. Neverthe-
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Figure 5.8: : (a) A schematic drawing of the illumination during tprecharge and
tprog. (b) For a pentacene device measured in the glove box, after been exposed to
air for one day: Von− and Von+ as a function of |VGS ,prog| with tprog fixed at 1.5 ms,
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less, this device can not directly be used as a photodetector as long precharge
periods (tprecharge ≥ 1 s) are needed. Too few photons are harvested to result in a
quick response to illumination. Introducing a second semiconductor, as we sug-
gested for the photoFET in Sec. 3.4, will not help here. In those structures, the
electrons end up in the second semiconductor, while for tunneling they need to be
supplied in the pentacene.

The tunneling of holes is not influenced by the illumination, as the tunneling
is not limited by the hole supply in the channel. This observation (illumination
increases the electron trapping but not the hole trapping), is similar to the results
of Chapter 3 and is also noticed by other authors [152].

5.3 Conclusions

In this chapter we investigated the role of both holes and electrons in organic
charge trapping memFETs. We gave experimental evidence that in pentacene
memFETs the tunneling of the electrons is limited by their supply in the channel.
This is not the case for the holes, which are abundantly present in the channel.
Moreover, we showed that although hole trapping results in a better retention,
electron trapping is important as it lowers the erase voltage. The most efficient
way to erase a hole proves to be to overwrite it with an electron. As a conse-
quence, devices where the two types of charge carriers can be accumulated in the
channel should be preferred for charge trapping applications. Organic semicon-
ductor, gate dielectric and source and drain electrodes should be chosen to make
this possible. Devices where only holes or only electrons can be accumulated can
result in write-once-read-many (WORM) transistors.

We also studied the possibility to apply the tunneling process in a photodetec-
tor, where illumination compensates for the lack of charge carriers. Although
illumination showed to improve the electron trapping in a hole-only pentacene
memFET, the application as a photoFET is not realistic. Too few photons are har-
vested in a single pentacene layer to result in a pronounced effect on a short time
scale.

It is interesting to note that also in organic FeFETs, ambipolarity of the organic
semiconductor is preferred. In those devices, the possibility to accumulate both
charge carriers allows to invert the polarization of the ferroelectric material, rather
than to switch between one orientation and random [63] (see Fig. 2.5 in Sec. 2.2).
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Moreover, the retention of FeFETs is believed to increase if both types of charge
carriers can be accumulated, due to a stabilization of the polarization by counter
charges in the channel. A third and last possible advantage of ambipolarity in
FeFETs, which also holds for charge trapping memFETs, results from the fact that
a polarization or a trapped charge that is not compensated by mobile charges might
attract less mobile charges from within the semiconductor or the gate dielectric.
These charge cancel the effect of the polarization or the trapped charge on Von.





Chapter 6
Towards a charge trapping memory
transistor ready for integration

The organic charge trapping memFET presented in Chapter 4 can not be copied
directly into a memory array. At least three modifications to the structure need to
be made. First, the gate is common to all devices on the same sample. In an array,
each device should have its own, patterned gate. As a result, the gate can not be a
Si wafer anymore, and the gate dielectric can not be thermally grown SiO2. Sec-
ond, the source and drain electrodes are patterned by a shadow mask, limiting the
minimal device size and the complexity of the interconnects. To obtain a dense
and complex array, the source and drain electrodes should be patterned by photo-
lithography. Third, the pentacene is not patterned. To avoid interference between
transistors and to obtain a low off-current, the semiconductor should be patterned
as well.

Although in literature some examples of organic charge trapping memFETs with
a patterned gate can be found, most of them do no have photolithographically de-
fined source and drain contacts. No structures ready for integration have been
realized, not to mention arrays of charge trapping memFETs.
Also for FeFETs, photolithographically defined electrodes are not obvious as the
P(VDF-TrFE) might be damaged during processing. A memory cell, comprising
two transistors and a FeFET has been presented, but the electrodes inkjet printed
on top of the pentacene resulted in a cell size in the order of 1 cm2 [115].

In this chapter, we present our results on two more evolved charge trapping
memFET structures, that meet all or some of the three mentioned requirements.
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A first, intermediate, structure has source and drain contacts defined by photo-
lithography, but still a common gate and a not patterned semiconductor layer. The
second structure has, besides the photolithographically defined source and drain
electrodes, a patterned gate and a patterned semiconductor. This last structure can
be applied to realize an array of memory elements and can even be integrated with
the transistors of the digital logic on one and the same substrate.

As in the previous chapters, the device structures and the measurement method
are presented in the first section. In the second section, the results on the interme-
diate and the final structure are discussed. To end, the conclusions can be found
in the third and final section.
The results on the intermediate structure are published in Ref. [153]

6.1 Experimental

6.1.1 Device structure

In this chapter, the results for two device structures are presented. The first, inter-
mediate, structure is depicted in Fig. 6.1a. Gold source and drain electrodes are
defined by photolithography on 20 nm thermally grown SiO2. A highly doped Si
wafer serves as the gate electrode. The source and drain electrodes are interdig-
itated and covered with heptadecafluoro-1-decanethiol, and a 4-nm thick PαMS
layer is spin coated on top of the SiO2. The PαMS is compressed by the thiols to
the channel region in between the electrodes [32]. A 40-nm thick layer of pen-
tacene is deposited on top of the PαMS layer by OMBD.
The second, final, structure is depicted in Fig. 6.1b. The Au gate is deposited on
a carrier wafer and patterned by photolithography. In stead of the carrier wafer,
a flexible foil could be applied as the substrate. The gate dielectric is an 100-nm
thick sputtered Al2O3 layer. Gold source and drain electrodes and a 2-µm thick
SU-8 layer are patterned by photolithography on top of the Al2O3. The source and
drain electrodes are interdigitated and treated with perfluorinated benzenethiol,
before a few drops of PαMS are deposited by inkjet printing in the SU-8 well (see
Fig 6.2). Finally, 40 nm pentacene is deposited by OMBD and patterned by the
steep SU-8 walls (see Fig. 1.9).

The channel length of the transistors of the intermediate structure is 10 µm and
the total channel width is 1000 µm. The mobility µh,init is typically 0.3 cm2/(V.s)
and VT,init equals −0.3 V. For the final structure, L = 5 µm, total W = 1000 µm,
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Figure 6.1: The two devices measured in this chapter: (a) The intermediate struc-
ture with photolithographically defined bottom source and drain electrodes. (b)
The final structure with a patterned gate electrode, photolithographically defined
bottom source and drain electrodes and a patterned pentacene layer. The PαMS is
deposited by inkjet printing.

µh,init = 0.3 cm2/(V.s) and VT,init = -0.6 V. All these parameters are extracted from
the linear regime.

6.1.2 Measurement method

The measurement method is the same as the one applied in Chapter 4 (see Fig. 4.3
in Sec. 4.2.2) and only briefly repeated here. The devices are subjected to a nega-
tive write pulses and positive erase pulses with pulse length tprog and programming
voltage VGS ,prog. The drain-source voltage during programming, VDS ,prog, is kept
at 0 V. Von− is the turn-on voltage of the transistor after a negative write pulse,
while Von+ is the turn-on voltage after a positive erase pulse. ∆Von is defined as
the difference between Von+ and Von−.
The devices are not subjected to air.

6.2 Results on the intermediate structure

The intermediate structure differs from the memFET presented in Chapter 4, by
the position of the source and drain electrodes. For this bottom contact structure,
the programming voltage, the endurance and the retention are measured and the
values are compared with those for the top contact structure of Chapter 4.
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Figure 6.2: Optical microscope pictures of different amounts of inkjet printed
drops of PαMS in an SU-8 well. The rectangular in the middle of each picture
is the well in the SU-8 with the interdigitated source and drain electrodes on top
of the oxide. (a) One drop results in incomplete wetting of the oxide. (b) Two
drops result in incomplete wetting. (c) Four drops result in complete wetting and
give the best memFET results. (d) Eight drops result in a too thick layer to allow
programming and erasing.

6.2.1 Charge trapping as a function of programming voltage

In Fig. 6.3, Von−, Von+ and ∆Von are plotted as a function of |VGS ,prog|, with
|VGS ,prog| increasing from 0 V to 20 V in steps of 1 V. The programming time
tprog is fixed at 1.5 ms and the figure can be compared with Fig. 4.4 for the top
contact device.
For the bottom contact device, two separate memory states can be distinguished
from |VGS ,prog| = 14 V on and at |VGS ,prog| = 20 V, ∆Von = 10 V. At |VGS ,prog|

= 15 V, ∆Von is almost 2 V corresponding to a ratio of the drain currents in the
two memory states, ID+/ID−, of 159 (ID+ and ID− measured at VGS ,read = -2 V
and VDS ,read = -0.02 V). This behaviour corresponds well, both quantitatively and
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Figure 6.3: For the intermediate structure: Von−, Von+ and ∆Von as a function of
|VGS ,prog| with tprog fixed at 1.5 ms. The inset shows the hole mobility in the two
memory states.

qualitatively, with the behaviour of the top contact device. ∆Von is slightly lower
in the bottom contact device, probably caused by a slightly thicker PαMS layer.

It is interesting to note that the trapping of both holes and electrons affects the
hole mobility in the transistor. The inset of Fig. 6.3 depicts the hole mobility,
extracted in the linear regime of the transistor, after the negative write (µ−) and
positive erase pulses (µ+). Two trends in µ− and µ+ can be noticed when |VGS ,prog|

is increased from 0 to 20 V and decreased back to 0 V.
First, when |VGS ,prog| increases above 14 V, µ+ becomes smaller than µ−. This can
be related to the trapping of electrons in the dielectric. Calhoun et al. reported that
electrons trapped in the dielectric reduce the hole mobility in the channel, while
holes trapped in the dielectric do not [154]. These authors claim that electrons
trapped in a dielectric, close to the semiconductor, lead to shallow hole traps in
the channel by the Coulomb attraction between the mobile holes and the immo-
bilised electrons. The observation that µ is higher after a negative pulse than after
a positive pulse, is an extra indication that from 14 V on, electrons and holes are
indeed alternately trapped in the dielectric stack. This effect is also observed in
the top contact device of Chapter 4, but less pronounced.
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Secondly, there is an overall decrease in the hole mobility as a result of the re-
peated pulses at high |VGS ,prog| (µ+ and µ− are reduced from 0.28 cm2/(V.s) in
the initial state to 0.23 cm2/(V.s) at the end of the measurement). This overall
decrease results from shallow traps at the pentacene/PαMS interface. A possi-
ble cause can be damage at this interface by the repeated tunneling of electrons
and holes. Another cause could be the piling up of negative charges in the di-
electric stack. Although holes and electrons overwrite each other, this does not
mean that they all actually recombine. Holes and electrons can exist in different
traps next to each other, cancelling each other electrically but not physically. As
already mentioned, negative charges in the dielectric, close to the interface with
the semiconductor, can induce potential wells for the holes in the channel. These
potential wells are the equivalent of shallow traps and limit their mobility. Also
in the top contact devices, there is an overall decrease in the hole mobility (from
0.83 cm2/(V.s) to 0.69 cm2/(V.s)) during a similar measurement.

6.2.2 Endurance

Fig. 6.4a and 6.4b shows the evolution of Von−, Von+ ∆Von and ID+/ID− (ID+ mea-
sured at VGS ,read = -2 V and VDS ,read = -0.02 V. ID− taken fixed at 100 pA to
exclude variations in ID+/ID− due to the noise in the cut-off current of the transis-
tor) with the increasing number of cycles. These figures can be compared with
Fig. 4.9 for the top contact device.

After more than 500 cycles at |VGS ,prog| = 15 V and tprog = 1.5 ms, ∆Von de-
creases from 1.9 V to 1.4 V. The current ratio decreases from more than 159 to
46. More than 100 cycles are realized with a current ration of more than 100. The
values for ∆Von are slightly lower than for the top contact device, probably by a
slightly thicker PαMS layer. As a result, also the values for ID+/ID− are lower.
As the inset of Fig. 6.4b shows, the variations in ID+/ID− are caused by a slight
shift in Von+ and Von− (ID+/ID− rises) and an overall decrease in the hole mobility
(ID+/ID− decreases). This decrease in mobility and subthreshold slope is the same
as the overall decrease in mobility, observed in the inset of Fig. 6.3. After more
than 500 cycles, the device still works as a memory transistor with two distinct
states.
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Figure 6.4: For the intermediate structure: (a) Von−, Von+ and ∆Von and (b)
ID+/ID− as a function of the number of cycles for tprog= 1.5 ms and |VGS ,prog| =

15 V. ID+ is measured at VGS ,read = -2 V and VDS ,read = -0.02 V. ID− is taken fixed
at 100 pA. The inset in (b) shows the transfer characteristics in the two memory
states after different numbers of cycles.
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6.2.3 Retention

The retention of the trapped charges is shown in Fig. 6.5. The stability of Von+

is followed after a write pulse with VGS ,prog = -20 V and tprog = 1.5 ms. The
same was done on another device on the same sample after an erase pulse with
VGS ,prog = 20 V and tprog= 1.5 ms to track Von−. In between the measurements, the
sample was left in a darkened nitrogen glove box, without applying any voltages
to the electrodes. Each data point is the average of measurements on at least two
different devices. This figure can be compared with Fig. 4.8 for the top contact
device.
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Figure 6.5: Retention measurement for the intermediate structure. The first point
of the Von− curve is reached after a write pulse with VGS ,prog = -20 V and tprog

= 1.5 ms. The first point of the Von+ curve is reached after an erase pulse with
VGS ,prog = 20 V and tprog = 1.5 ms.

After 3 months, all trapped electrons are lost and Von+ is reduced to 0 V. Von−

on the other hand, tends to saturate towards -2 V. Both the retention of the trapped
electrons and the trapped holes is slightly better than for the top contact device,
indicating that the PαMS layer is indeed slightly thicker in the bottom contact
device. The good retention of the trapped holes confirms the possibility to use
this device as a non-volatile memory element.
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6.3 Results on the final structure

As the results on the intermediate structure confirm that the concept of the charge
trapping device can be successfully converted to bottom contacts, the step to a
patterned gate and a patterned semiconductor can be made. With a patterned gate
electrode, the SiO2 needs to be replaced by another oxide. We choose a sputtered
100 nm high-κ Al2O3 layer. Thinner Al2O3 layers lead to a low yield caused by
short circuits through the gate dielectric. The pentacene is patterned by the SU-8
wells and these wells are also used to confine the inkjet printed PαMS. Inkjet
printing allows to precisely determine the amount of PαMS in a well, while spin
coating over the deep wells is not straightforward. The optimal amount of PαMS
is experimentally defined (see Fig. 6.2). Too few drops result in incomplete wet-
ting of the oxide, while too many drops result in a too thick PαMS layer.

The inkjet printing might allow to define the memFETs and the transistors for
the digital logic on one and the same substrate. In such an implementation, the
transistors for the logic are not treated with PαMS and do not switch, while the
memFETs are programmable because of the thin PαMS layer.

6.3.1 Charge trapping as a function of programming voltage

In Fig. 6.6, Von−, Von+ and ∆Von are plotted as a function of |VGS ,prog|, with
|VGS ,prog| increasing from 0 V to 20 V and decreasing back to 0 V. The program-
ming time tprog is fixed at 1.5 ms.
Two separate memory states can be distinguished from |VGS ,prog| = 22.5 V on
and at |VGS ,prog| = 50 V, ∆Von = 30 V. Using Eq. 5.1, a programming voltage of
22.5 V corresponds to an electric field of 6.4 MV/cm to open the memory win-
dow. As it should be, this value approximates the critical electrical field of 7.1
MV/cm needed to program the top contact device of Chapter 4 (see Sec. 5.2.4).
At |VGS ,prog| = 30 V, ∆Von is 6 V corresponding to a current ratio of 2.6×104 (ID+

and ID− measured at VGS ,read = -5 V and VDS ,read = -1 V). This current ratio is
remarkably higher than in the top contact device and the intermediate structure,
due to a higher VDS ,read (almost two orders of magnitude) and a larger W/L (twice
as large) (see Fig. 6.8b). The programming voltages of -30 V and 30 V could be
lowered by decreasing the Al2O3 thickness, only at the condition that the Al2O3
layer is of sufficient quality to avoid high leakage currents.

Remarkably, Von− and to a smaller extent also Von+ saturate at higher |VGS ,prog|.
We did observe a similar behaviour in samples with a low quality gate dielectric.
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Figure 6.6: For the final structure: Von−, Von+ and ∆Von as a function of |VGS ,prog|

with tprog fixed at 1.5 ms. The inset shows the transfer characteristics in the initial
state and after programming pulses with tprog = 1.5 ms and VGS ,prog = -35 V, 35
V, -40 V, 40 V, -45 V, 45 V, -50 V and 50 V.

In those devices, the apparent saturation was caused by a high off-current, due to
leakage to the gate, which led to an erroneously registration of Von. However, the
inset of Fig. 6.6 shows that in this device, the saturation is not an artefact of a high
off-current. We argue that in this case the programming efficiency is limited by
the injection of charges from the gate into the Al2O3 at high gate fields, as de-
picted in Fig. 6.7. This effect has been observed for SANOS memory transistors,
typically for the erase operation (where holes are injected from the Si channel
into the nitride and unintentionally, also electrons from the gate into the nitride
through the Al2O3). To check this hypothesis in our device, gate electrodes with
a different workfunction should be compared1. If the saturation of Von− is due

1In so called TaN/aluminum oxide/silicon nitride/silicon oxide/silicon technology (TANOS)
technology, the polysilicon gate is replaced by a high workfunction metal to minimize erase
saturation[155].
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to the injection of electrons from the gate into the dielectric, there should be less
saturation for high workfunction gates and more for low workfunction gates. The
effect of the gate workfunction on the saturation of Von+ should be the other way
around.
As Au has already a high workfunction (5.2 eV), minimizing the saturation of
Von− by replacing the gate material is not obvious in the present structure. Nev-
ertheless, saturation only appears for |VGS ,prog| > 40 V, and the memory window
already opens at |VGS ,prog| = 22.5 V.

P MSa

pentaceneAl O2 3

Au

Figure 6.7: Write saturation: at high gate fields, the effect of holes injected from
the channel is partly cancelled by electrons injected from the gate electrode.

6.3.2 Endurance

In Fig. 6.8, ∆Von, Von−, Von+and ID+/ID− are plotted as a function of the number
of cycles for |VGS ,prog| = 30 V and tprog = 1.5 ms. A programming voltage of 30
V corresponds to an electrical field over the PαMS layer of 8.5 MV/cm, similar
to the field of 8.9 MV/cm for a programming voltage of 15 V in the structures
with 20 nm SiO2 as the oxide. This simplifies comparison between the different
devices.

The memory window ∆Von is stable around 6-7 V for more than 1000 cycles.
The current ratio (ID+ and ID− measured at VGS ,read = -5 V and VDS ,read = -1
V) decreases from 2.6×104 to 4.6×103. Clearly, this final device still works as
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Figure 6.8: For the final structure: (a) Von−, Von+ and ∆Von and (b) ID+/ID− as a
function of the number of cycles for tprog= 1.5 ms and |VGS ,prog| = 30 V. ID+ is
measured at VGS ,read = -5 V and VDS ,read = -1 V. ID− is taken fixed at 100 pA.
The inset in (b) shows the transfer characteristics in the two memory states after
different numbers of cycles.
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a memory device with two distinct states after more than 1000 cycles. Conse-
quently, the endurance is not the limiting factor for the application of this device
as a memory element. As already mentioned, the higher current ratio with respect
to the top contact device is caused by the smaller channel and the higher VDS ,read.

6.3.3 Retention

Fig. 6.9 sketches the retention of the holes and the electrons after a write and erase
pulse of 1.5 ms at -50 V and 50 V. As could be expected, the trapped electrons
escape within 1 day: Von− returns to zero in 27 hours. Unfortunately, the retention
of the holes is low as well. Within 27 hours, Von− is reduced from -18.1 V to -2.7
V. This figure can be compared with Fig. 6.5 where the retention for the interme-
diate structure is depicted. Clearly, the sputtered Al2O3 leads to a decreased hole
retention.

Referring to Fig. 4.7, we attribute this lower retention to the loss mechanisms
through the Al2O3, in particular mechanisms II and IV. Sputtered Al2O3 is known
to allow more transport of charge carriers than thermal SiO2 and this transport is
killing the retention. This assumption is confirmed by comparing the leakage cur-
rents through capacitors with 20 nm thermally grown SiO2 and 100 nm sputtered
Al2O3, which are depicted in Fig. 6.10. The leakage current through the Al2O3 is
larger than through the SiO2 for all applied electrical fields. Moreover, the break-
down field of the Al2O3 (8 MV/cm) is lower than the breakdown field of the SiO2
(14 MV/cm).

6.4 Conclusions and further outlook

In this chapter, we presented our results on two more evolved charge trapping
memFET structures as the simple top contact structure of Chapter 4 can not be
integrated into a memory array.

The results on the first, intermediate, structure illustrate that bottom contacts can
be implemented in a memFET structure. With programming pulses of 1.5 ms at
-15 V and 15 V, a memory window of 2 V and a current ratio of 159 is obtained
(for the top contact device: ∆Von = 3 V and ID+/ID− = 574). After 500 cycles,
ID+/ID− is reduced to 46 (for the top contact device: ID+/ID− = 58 after 500 cy-
cles). The memory window ∆Von is reduced from 8.2 V to 1.9 V after 3 months
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Figure 6.10: Leakage currents through capacitors with thermally grown SiO2 and
sputtered Al2O3. The structure of the SiO2 capacitor is Si/SiO2/Au and the struc-
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for each structures and all show similar characteristics.
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(for the top contact device: ∆Von goes from 11.2 V to 2.8 V in 3 months).

The second structure, with photolithographically defined source and drain, pat-
terned gate and patterned semiconductor, allows integration into a memory array.
A sputtered Al2O3 gate dielectric is applied and the PαMS is deposited by inkjet
printing, which allows in principle to realize the transistors for the driving and the
read-out on the same substrate as the memory array. Pulses of 1.5 ms at -30 V and
30 V result in a memory window of 6 V and a current ratio of 2.6×104. The elec-
tric field over the PαMS needed to open the memory window approximates the
field needed in the simple top contact device. After 500 cycles, ID+/ID− is reduced
to 1.4×104 and to 4.6×103 after 1745 cycles. However, the limiting factor for the
application of this device is the limited retention: ∆Von decreases from 26.0 V to
-3.4 V in one day.

Clearly, the oxide is the bottleneck for the integration of the organic charge trap-
ping memFET into an organic memory array. Replacing the sputtered Al2O3 by a
high quality Al2O3 layer grown by ALD might ameliorate the retention. A high
quality oxide might as well allow to thin the gate dielectric to bring the program-
ming voltages again below 20 V. Additionally, an extra blocking layer might be
introduced to lengthen the retention at the cost of a more complex processing,
similar to the transition from MNOS to SONOS technology (see Fig. 4.1).

In this work, we did not discuss the possibility of doping the polymer layer to
obtain trapped charges on the dopants, for example on Au nanoparticles as in
Ref. [148] or on organic small molecules as in Ref. [149]. The results booked at
IMEC with respect to both these techniques are excellently covered in the mas-
ter thesis of Ref. [156]. In summary, both Au nanoparticles and small molecules
allow to decrease the programming voltage, but no clear influence on the reten-
tion, the most problematic parameter, has been shown yet. Nevertheless, a broad
playing field lies open in this research field. The wide range of organic small
molecules with different energy levels and the ease of processing a polymer di-
electric and its dopant from the liquid phase, allows to engineer the trap level. As
the position of the trap level is a deciding factor for the retention, the optimum de-
vice structure for organic charge trapping memory transistors has not been reached
yet.





Chapter 7
General conclusions and future
outlook

We investigated the charge trapping mechanisms in organic field-effect transistors.
Charge trapping is one of the possible mechanisms causing shifts of the character-
istics of the field-effect transistor, characterised by a ∆Von in function of time and
the applied biases. Most often, these instabilities are unwanted as they decrease
the reliability of the device and the circuit. Nevertheless, if these shifts are well
controlled, they can be applied usefully.

In Chapter 3, we showed that charge trapping in the semiconductor or at the
gate dielectric/semiconductor interface is influenced by illumination. As a con-
sequence, also the observed ∆Von is affected by light. However, the effect of
illumination proved to depend on the applied gate bias and the illumination time.
At negative gate biases, holes are trapped at the interface or in the semiconductor.
In a p-type transistor, illumination does not alter the hole trapping as a function of
bias and time.
At positive gate biases, electrons are trapped. In contrast to the hole trapping, the
electron trapping in function of time and gate bias, and consequently also the ob-
served ∆Von, is accelerated by illumination. Both the electron trapping in the dark
and under illumination could be described with the same stretched exponential
function, adapted to take the effect of illumination into account. This observation
indicates that light merely promotes charge trapping by supplying more, photo-
generated, electrons in the channel of the device. Consequently, we concluded
that the electron trapping at the interface or in the semiconductor of a p-type de-
vice is limited by the supply of the electrons. Supplying more, photogenerated,
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holes in a p-type device does not speed up hole trapping as holes are omnipresent
in the channel.
Further, we showed that a treatment of the gate dielectric/semiconductor interface
by a SAM or a thin polymer layer can decrease the electron trapping in p-type
devices. We attributed this to a reduced density of trapping sites, or sites that can
be converted into a trap. Wether these sites are located at the interface and covered
by the treatment, or located in the semiconductor which growth is altered by the
treatment, is not obvious to distinguish.
The treatment of the interface has a second consequence: electrons might be able
to accumulate in the channel of the device, while this is not possible in an un-
treated device. As more electrons can be supplied in the channel by the contacts,
the acceleration of the trapping by illumination is less. The effect of the interface
and the influence of illumination on the electron trapping are incorporated in the
stretched exponential by a light accelerated time constant.
Finally, experiments at different wavelengths indicate that the acceleration by light
is low for wavelengths with a high absorption in the semiconductor. The photons
absorbed in the top layer of the semiconductor do not contribute to free electrons
in the channel.

As a result of these observations, we concluded that a simple organic field-effect
transistor, with one semiconductor, has no bright future as a charge trapping pho-
todetecting device, despite the numerous publications on this topic. The response
to light is rather slow and to accelerate the response, more trapping sites need
to be provided. Unfortunately, these trapping sites are located at the interface or
in the semiconductor, which renders the device intrinsically unstable as the same
sites are responsible for instabilities during read-out.
Nevertheless, some more advanced concepts were presented. These concepts in-
volve a second organic semiconductor which enhances the conversion of absorbed
photons into free electrons ready to be trapped. Moreover, the electrons are gath-
ered in this second semiconductor, and no longer at the interface or in the first,
p-type, semiconductor. As a result, the device does not need to be intrinsically
unstable to be highly sensitive to light.

In Chapter 4 and 5, another trapping mechanism was studied. In contrast to trap-
ping at the interface or in the semiconductor, charge carriers can also tunnel into
the gate dielectric. In these chapters, the gate dielectric consists of a thin polymer
layer (PαMS) and an oxide (thermally grown SiO2) and the trapping sites are lo-
cated in the polymer layer or at the interface between the polymer and the oxide.
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The thin polymer layer allows the accumulation of both holes and electrons in the
channel and we show that both types of charge carriers can tunnel into the dielec-
tric. Short pulses of 1.5 ms at write and erase voltages of -15 and 15 V are enough
to result in a memory window of 3 V and a current ratio of 574, clearly defining
two distinct states. As the retention of the trapped holes is more than 3 months,
this device can be applied as a non-volatile memory element. The retention of the
electrons is only a few hours and as a result only the negative part of the memory
window (write holes into the dielectric) and not the positive part (write electrons)
can be used in a memory application. To demonstrate the endurance of the mem-
ory device, more than 350 cycles were measured with a current ratio higher than
100. The current ratio can be raised by applying larger read out voltages.
Although the positive part of the memory window cannot be used to define a mem-
ory state, the tunneling of electrons is useful as it lowers the erase voltage for the
stored holes. The trapping of electrons into the dielectric happens at lower fields
than the release of holes from the dielectric does. In other words, electrons can
be used to overwrite the holes. We show that in devices where only one type of
charge carriers can be accumulated, the erase voltages are higher than in devices
where both can be accumulated. Similar to the trapping of electrons at the gate
dielectric/semiconductor interface or in the semiconductor, also for tunneling a
lack of electrons in a purely p-type device limits the trapping of electrons.
This knowledge can be used to render the position of the erased state light depen-
dent: electrons supplied by light can allow to erase the memory in devices and at
fields where this is not possible without illumination. We showed that illumina-
tion does indeed allow erasing by electrons in hole-only devices. Unfortunately
long illumination times > 1 s are needed as too few photons end up as electrons
in the channel.

In the final chapter (Chapter 6), two more evolved structures for the charge trap-
ping memory element were presented and discussed. As the simple memory ele-
ment of Chapter 4 and 5 has source and drain electrodes defined by shadow masks,
a common gate electrode and a not patterned semiconductor, it is not suited to re-
alize an array of memory elements.
In a first, intermediate, structure, the top source and drain contacts were replaced
by photolithographically defined bottom source and drain electrodes. We showed
that the figures of merit of this bottom contact device (programming voltage, pro-
gramming speed, endurance and retention) are comparable to those of the top
contact device.
In the second, final, device, also the other two requirements to be able to integrate
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the memory element into an array are fulfilled: both the gate electrode and the
semiconductor are patterned. To do so, the thermally grown oxide is replaced by
a sputtered one (Al2O3) and the deposition method of the polymer dielectric is
changed from spin coating to inkjet printing. This last technique allows to in-
tegrate the transistors for the driving and the read-out on the same substrate as
the memory array. We could demonstrate a current ratio higher than 4.6×103 for
1745 write and erase cycles with pulses of 1.5 ms, confirming the realization of
an organic memory technology compatible with flexible substrates.
Nevertheless, some clear problems remain, mainly related to the Al2O3 . Forced
by the low yield of thin Al2O3 layers, thick gate dielectrics needed to be used
resulting in write and erase voltages of 30 V and -30 V. Moreover, the retention
of the devices shrivelled to hardly more than 1 day, due to leakage of the trapped
charges to the gate electrode through the Al2O3.
Table 7.1 summarizes the figures of merit of the obtained structures and compares
them with an organic ferroelectric memory and a typical Si flash memory element.

Clearly, further research on organic charge trapping memory transistors should
pay attention to the oxide. A higher quality Al2O3 layer deposited by ALD for ex-
ample, may allow to decrease the thickness and could minimize the leakage paths
for trapped charges. Additional blocking layers might be added to optimize the
retention, as done in crystalline Si memory transistors, preferably at deposition
conditions compatible with flexible substrates.
Other concepts, like doping the polymer dielectric with metal nanoparticles or
small molecules look promising as well as this allows to control the energetic po-
sitions of the trappings sites. Especially doping by small molecules is an attractive
option opens, due to the wide range of available materials with different trapping
levels and the relative ease of processing. We suggest research should focus on
retention as this shows to be the most critical factor.
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programming programming retention endurance
voltages [V] time [s]

basic -15/15 1.5×10−3 > 3 months ID+/ID− = 58
structure after 500 cycles
intermediate -15/15 1.5×10−3 > 3 months ID+/ID− = 46
structure after 500 cycles
final -30/30 1.5×10−3 24 hours ID+/ID− = 1.4×104

structure after 500 cycles
organic -85/85 1×10−3 > 1 week ID+/ID− = 5×103

FeFET after 1000 cyclesa

Si flash -15/15 write: > 10 years 103-105 cycles
1×10−4

erase:
1-10 ×10−3

aIn this case, one cycle was not a set of a write and an erase pulse, but a sweep from 77.5 V to
-77.5 V and back.

Table 7.1: Figures of merit for the different memory structures applied in this
work. The basic structure has source and drain electrodes defined by a shadow
mask (see Fig. 4.2b). The read-out voltages are VGS ,read = -2 V and VDS ,read

= -0.02 V. The intermediate structure has source and drain electrodes defined
by photolithography (see Fig. 6.1a). The read-out voltages are VGS ,read = -2
V and VDS ,read = -0.02 V. The final structure has photolithographically defined
source and drain electrodes, a patterned gate and a patterned semiconductor (see
Fig. 6.1b). The read-out voltages are VGS ,read = -5 V and VDS ,read = -1 V. The val-
ues for the organic FeFET can be found in Ref. [113]. The read-out voltages are
VGS ,read = 0 V and VDS ,read = -1 V. The values for the Si flash device are derived
from Ref. [138].
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