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Zusammenfassung

Ziel dieser Arbeit war die Herstellung und Charakterisierung eines lichtemittierenden
ambipolaren organischen Feldeffekttransistors (OFET). In der Literatur wurden licht-
emittierende ambipolare Feldeffekttransistoren auf der Basis organischer Molekiile, die
von Interesse fiir neue elektro-optische Bauelemente sind, bisher noch nicht beschrieben.
Fiir die Realisierung eines lichtemittierenden ambipolaren OFETs wurden drei verschie-
denene Strategien verfolgt: Zum einen wurden konventionelle Einschichtstrukturen auf
ihre Elektrolumineszenzeigenschaften hin untersucht. Desweiteren wurden Zweischicht-
strukturen auf der Basis eines Elektronen- und eines Lochertransportmaterials hergestellt.
Schliefflich wurde ein vollig neues Konzept basierend auf koverdampften, d.h. gemischten
Filmen bestehend aus Locher- und Elektronentransportmaterial, realisiert. Die Einschicht-
strukturen fiir sich waren zwar emittierend, doch ist aufgrund der unipolaren Transport-
eigenschaften der organischen Materialien die Lichtemission auf einen Bereich an einem
Kontakt beschrinkt. Im Gegensatz dazu wurde an den Zweischichtstrukturen eine am-
bipolare Transportcharakteristik gemessen, jedoch keine Elektrolumineszenz beobachtet.
Schliellich konnte iiber das neue Konzept der koverdampften Bulk-Heterostruktur erst-
mals Elektrolumineszenz in einem ambipolaren OFET beobachtet werden.

Im Rahmen dieser Arbeit wurden in den Einschichtstrukturen verschiedene organische
Halbleitermaterialien auf ihre Transporteigenschaften hin untersucht: Tetracen, Penta-
cen, p-4P 1, p-6P 2, a-4T 3, a-5T % and PTCDI-C;3Hy; °. Dabei wurde die Ladungs-
tragerinjektion und Ausbildung eines leitfihigen Kanals aufgrund akkumulierter Ladungs-
trager an Metall-Isolator-Halbleiter (metal-insulator-semiconductor: MIS) Kondensator-
strukturen untersucht. Fiir die charakterisierten Materialien Oligoacene, a-Oligothiophene
und para-Oligophenyle wurde Locherinjektion beobachtet, fiir das Perylenederivat dage-
gen Elektroneninjektion. Variationen in der Austrittsarbeit des Kontaktmetalls haben zu
folgenden Erkenntnissen gefiihrt: (i) Trotz hoher Barrieren von bis zu 2 eV am injizie-

renden Kontakt kommt es zur Ladungstragerinjektion. (ii) In organischen Filmen, deren

para-Quaterphenyl

para-Sexiphenyl

a-Quaterthiophen

a-Quinquethiophen
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vi ZUSAMMENFASSUNG

rdumliche Ausdehnung grofler als die Kontaktflache ist, kommt es zur Akkumulation von
Ladungstrigern und damit zur Ausbildung eines leitfahigen Kanals auch in Bereichen
des organischen Films, die nicht direkt mit der Metallelektrode kontaktiert sind. (iii) Bei
hoherer Kontaktbarriere ist die rdumliche Ausdehnung des ausgebildeten Kanals gerin-
ger. (iv) Anzeichen fiir Inversion von Ladungstrdgern in einem organischen Halbleiter
konnten nur unter Inertatmosphére fiir Pentacene in Kombination mit Ca als Kontakt-
metall beobachtet werden. Allerdings findet die Inversion der Ladungstrager nur unmit-
telbar unterhalb des Kontaktes statt, d.h. ein ausgedehnter Kanal wird nicht ausgebildet.
Anhand von frequenzabhéngigen Kapazitits-Spannungs-Messungen (capacitance-voltage:
CV) konnten die MIS-Kondensatorstrukturen mittels eines Ersatzschaltbildes modelliert
werden. Daraus erhilt man die Kapazitit aufgrund des ausgedehnten Kanals und da-
mit auch die Kanallange als Funktion der angelegten Spannung. Bei Untersuchungen der
Transporteigenschaften und Transistorcharakteristik wurde besonderes Augenmerk auf
den Parameter Beweglichkeit gelegt. Die Beweglichkeit der Ladungstriger in einem organi-
schen Diinnfilm hé&ngt stark von dessen molekularer Ordnung ab, und diese wiederum von
den Aufdampfparametern, wie Substrattemperatur und Aufdampfrate. Deshalb wurden
Strukturuntersuchungen an den aufgedampften Filmen mittels Rontgenbeugung (X-ray
diffraction: XRD) vorgenommen, um die Kristallinitéit der Filme zu iiberpriifen. Filme
aus Pentacene, einem planaren Molekiil, weisen eine hohe Kristallinitdt mit einer Mo-
lekiilorientierung nahezu senkrecht zum Substrat auf. Selbst Filme aus para-Oligophenyl,
d.h. nicht planaren Molekiilen, welche weitaus schlechter geordnete Filme bilden, weisen
im XRD-Spektrum Strukturen auf, die auf texturierte, polykristalline Filme schlielen
lassen. Da p-4P am empfindlichsten auf Verdnderungen der Aufdampfparameter reagiert,
wurde anhand dieses Molekiils die Abhéngigkeit der Beweglichkeit von der Aufdampfrate
untersucht. Die Locherbeweglichkeit in p-4P konnte dabei zwischen 1.5x 107> ¢cm?/Vs und
4.8 x 107* ¢cm?/Vs variiert werden. Temperaturabhiingige Messungen der Transistorkenn-
linien geben Aufschluss iiber den Ladungstréigertransport. Sowohl die Beweglichkeit der
Locher in Pentacen, als auch die Elektronenbeweglichkeit in PTCDI-Cy3Hs7 ist thermisch
aktiviert, und in beiden Materialien nimmt die Beweglichkeit ausgehend von Raum-
temperatur mit sinkender Temperatur ab. Unter der Annahme von thermisch aktivier-
tem Hopping-Transport wurden fiir die Locherbeweglichkeit in Pentacene Aktivierungs-
energien von F, = 41 meV und 71 meV fiir entsprechende Raumtemperaturbeweglichkei-
ten von 6 x 1072 cm?/Vs und 4.4 x 1072 cm?/Vs bestimmt. Die Elektronenbeweglichkeit
in PTCDI-Ci3Hsy; weist eine Aktivierungsenergie von 87 meV auf.

Da in allen untersuchten Materialien nur unipolarer Transport festgestellt werden
konnte, wurden OFETSs bestehend aus Zweischichtstrukturen, in denen ein ausgewéhltes
Locher- und ein Elektronentransportmaterial kombiniert wurden, prapariert und auf ihre

Transporteigenschaften hin untersucht. Um effiziente Ladungstréigerinjektion zu gewéhr-
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leisten, wurden Metalle mit verschiedener Austrittsarbeit fiir den Quellen- und den Senken-
kontakt (source and drain contact) verwendet. Das Elektronentransportmaterial PTCDI-
Ci13Ho7 wurde jeweils mit dem Lochertransportmaterial Pentacene, p-4P oder a-5T kom-
biniert. In allen Féllen wurde eine ambipolare Transportcharakteristik beobachtet. Zur
elektrischen Simulation dieser Charakteristik wurden zwei verschiedene Ansétze gewéhlt:
Zum einen wurden die experimentellen Daten basierend auf einer modifizierten Shockley-
Gleichung mit den freien Parametern Elektronen- und Locherbeweglichkeit, sowie Schwel-
lenspannung fiir den Elektronen- und den Lochertransport simuliert. Zum anderen wurden
die experimentellen Daten unter Annahme des Drift-Diffusionsmodells simuliert. Beide
Ansétze konnen den qualitativen Verlauf der Charakteristik erklaren. Zusétzlich zu den
Parametern Beweglichkeit und Schwellenspannung liefert die numerische Simulation auch
Informationen iiber den Potentialverlauf und die Ladungstrigerdichten zwischen Quelle
und Senke, sowie iiber die Rekombination im ambipolaren Transistor. In keiner der OFET-
Zweischichtstrukturen konnte Lichtemission beobachtet werden, was unter anderem auf
zu schwache Coulomb-Wechselwirkung zwischen den akkumulierten Ladungstrigern in
beiden Filmen zuriickgefiihrt werden kann. Deshalb wurden unipolare OFETs auf ihre
Elektrolumineszenzeigenschaften hin untersucht. Verwendet wurden effizient emittierende
Transportmaterialien, wie p-6P, oder dotierte Filme, wie mit Ir(btp).acac ¢ dotierte p-4P
Filme. Im letzteren Fall konnte Lichtemission in der Ndhe des Senkenkontaktes nachge-

wiesen werden, was auch mit den Resultaten der numerischen Simulation iibereinstimmt.

Erst mit dem fiir OFETSs basierend auf kleinen Molekiilen vollig neuen Ansatz, dem
Koverdampfen eines Locher- und eines Elektronentransportmaterials, konnte erstmals
Lichtemission in ambipolaren OFETs beobachtet werden. Hierfiir wurde das Elektro-
nentransportmaterial PTCDI-C;3Ho7 mit dem Lochertransportmaterial a-5T kombiniert.
Entscheidend fiir die Wahl von a-5T war dabei zum einen die Energieliicke, zum anderen
die Planaritit des Molekiils, welche auch im koverdampften Film eine mo6glichst hohe Ord-
nung auf molekularer Ebene gewéhrleistet. Es konnte gezeigt werden, dafl durch variieren
der Anteile beider Materialien im koverdampften Film es moglich ist, die Elektronen- und
Locherbeweglichkeit gezielt zu beeinflussen und aufeinander abzustimmen. Die Locher-
beweglichkeit in koverdampften Filmen konnte zwischen 2.2 x 1073 c¢m?/Vs und 4 x
1075 c¢m?/Vs variiert werden, die Elektronenbeweglichkeit zwischen 6.7 x 1073 c¢m?/Vs
und 5.5 x 107* em?/Vs. Die Lichtemission in OFETs wurde mit Hilfe der bereits vorge-
stellten modifizierten Schockley-Gleichung unter Annahme von Langevin-Rekombination

modelliert.

Dariiberhinaus wurde im Rahmen dieser Arbeit zur Herstellung und Charakterisie-

rung der OFETSs eine kombinierte Vakuumanlage zur Deposition und elektrischen Cha-

6Iridium (IIT)bis(2-(2.-benzothienyl)pyridinato-N,C?) (acetylacetonate)
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rakterisierung, sowie ein Messplatz zur elektro-optischen Charakterisierung von OFETSs
konzipiert und aufgebaut. Die elektro-optische Charakterisierung der Filme wird in ei-
ner Handschuhbox unter Argonatmosphére vorgenommen. Die hier untersuchten OFET's
wurden ausschlieBlich auf Siliziumsubstraten préapariert, d.h. ein hochdotierter Silizium-
Wafer diente als Substrat und leitfahige Gate-Elektrode. Der Gate-Isolator SiOy wurde
durch thermische Oxidation hergestellt.

Der lichtemittierende ambipolare OFET basierend auf einem koverdampften Diinnfilm
eines Elektron- und eines Lochertransportmaterials ist ein vielversprechendes Konzept.
Die Arbeit wurde im Rahmen des EU Projektes ILO7 angefertigt. Basierend auf den
Ergebnissen des hier vorgestellten lichtemittierenden ambipolaren OFETs wurde ein An-

schlussprojekt beantragt.

"Injection Lasing in Organic Thin Films; Vertrag IST-2001-33057



Chapter 1

Introduction

1.1 State of the Art of OFETSs

The principle of the field-effect transistor (FET) was introduced by Lilienfield in 1930
[Lil30] and applied to organic semiconductors for the first time in 1970 for phthalocyanine
single crystals [Bar70] as well as for the organic semiconductor chloranil [Pet70], followed
by field-effect measurements of organic dye films in 1984 [Kud84]. In the late 80’s, several
researchers began investigating small-molecule organic materials with highly delocalized
m-electron systems. The strategy to increase intermolecular transport was to improve the

m-orbital overlap of adjacent molecules in highly oriented thin films of these materials.

Since then, organic materials have been successfully incorporated as active layers
in electronic thin-film devices, such as organic light-emitting diodes (OLEDs) [Tan87,
Bur90, Bei02, Rie03], organic solar cells [Peu03, Sha0l], and organic field-effect tran-
sistors (OFETSs) [Ebi83, Kud84, Hor89, Tsu86, Koe87, Sir98]. The devices are based on
either conjugated polymers [Bur90, Sha01, Ebi83, Tsu86, Koe87, Sir98] or small molecules
[Tan87, Peu03, Kud84, Hor89, Bei02, Rie03]. For example, OLEDs find broad application
in display devices [Raj00, Ter03]. The progress was recently highlighted by the demonstra-
tion of a 20-inch full-color active-matrix OLED display driven by a-Si thin-film transistors
[Tsu03, Rie04]. OFETs are being developed as switching devices for active-matrix OLED
displays [Jac98] and for low-cost electronics, such as low-end smart cards and electronic
identification tags [Gmb04]. The growing interest in organic-based thin-film electronics is
not only due to its immense progress in performance, but also due to the potential flexibil-
ity of the devices, their relatively easy processing and low production costs. Organic thin
films can be deposited and processed by thermal evaporation, spin-coating, micro-contact
printing, self-assembly or screen-printing.

Typically, in organic materials unipolar transport is observed, i.e. one type of charge

carrier is transported preferentially, therefore a transistor operates either as p- or n-

1



2 CHAPTER 1. INTRODUCTION

channel device. In Figure 1.1 the molecular structures of materials used for charge-
transport layers in OFETs are shown. The prime example for materials used in p-type
OFETs is pentacene: For evaporated thin films, mobilities of up to 2.2 ¢cm?/Vs have
been reported [Lin97] with a corresponding on/off current ratio of more than 10%. For
devices with such a high mobility, nearly temperature-independent transport has been
reported [Nel98], indicating that a simple transport model of thermally activated hopping
cannot be applied. These values can easily compete with those of devices fabricated from
amorphous silicon, which have a charge-carrier mobility of about 1 cm?/Vs [Tsu03] and
are limited to on/off current ratios of 10°. However, it has to be noted that OFETs
are typically driven at much higher voltages, i.e. up to 100 V, than amorphous silicon
thin-film transistors (TFTs). Another group of well-studied hole-transport materials are
oligothiophenes (see Fig. 1.1): the first a-6T ! based OFET was reported already in 1989
[Hor89]. The extracted hole mobility increased due to improvements in film preparation
from initially 2.2 x 1072 ¢cm?/Vs [Gar89] to 1 x 107! cm?/Vs [Hal03]. Oligophenyl, another
class of small molecules with a relatively high hole mobility, were introduced for OFETs
in 1997 [Gun97]. Here, the mobility increases with the chain length, that is from p-
4P 2. p-5P 3 to p-6P * from 1 x 1072 ecm?/Vs, 4 x 1072 cm?/Vs to 7 x 1072 cm?/Vs,
respectively, and on/off current ratios of 10° to 10° have been reported. The increase in
mobility with increasing chain length was also observed for the other systems discussed
above and was explained by an increased molecular order within the thin film. A detailed
study of the relation between molecular order and charge-carrier mobility can be found in
[Mue01]. Furthermore, p-channel devices have been fabricated from nickel phthalocyanine
[Gui89] and copper-phthalocyanine [Bao96] with hole mobilities of 7 x 107* ¢m?/Vs and
2 x 1072 cm?/Vs, respectively. The highest hole mobility in organic materials reported so
far is up to 20 cm?/Vs for rubrene single crystals [Pod03, Pod04, Sta04].

The choice of electron-transport materials is rather limited and in general, the charge-
carrier mobilities are lower. n-channel devices have been fabricated using Cgg, naphtha-
lene and perylene derivatives, fluorinated copper-phthalocyanine and fluorinated oligoth-
iophene derivatives. For the perylene derivative PTCDI-CgH;; ° an electron mobility
of 0.6 cm?/Vs with a corresponding on/off current ratio > 10° was reported [Mal02].
The first n-type sexithiophene was published in 2000 [Fac00], and electron mobilities of
1073 ¢cm?/Vs and 4.8 x 1072 cm?/Vs were reported for DFH-6T ¢ and DFH-4T 7, respec-

a-sexithiophene

para-quaterphenyl

para-quinquephenyl

para-sexiphenyl

®N,N’-dioctyl-3,4,9,10-perylene tetracarboxylic diimide
6 o w-diperfluorohexylsexithiophene

" o,w-diperfluorohexylquaterthiophene

1
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1.1. STATE OF THE ART OF OFETS 3
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Figure 1.1: Molecular structures of materials used for charge-transport layers in OFETs. The

compounds investigated in this work are shown in black.



4 CHAPTER 1. INTRODUCTION

tively [Fac03]. Moreover, fluorinated copper-phthalocyanine n-channel transistors [Bao98|
have been combined with p-channel devices in integrated circuits [Cro01]. Perfluorinated

n-type oligophenylenes [Hei00] have not yet been successfully employed in OFETs so far.

Extensive reviews on unipolar organic field-effect devices can be found in Refs. [Hor90,
Kat97, Hor98, Dim01, Dim02]. Further improvement of single-layer OFETs will depend
on the design and synthesis of new transport materials, improvements in device geome-
try, as well as optimization of device fabrication. The main disadvantage of OFETs as
compared with conventional amorphous Si TFTs does not originate in its intrinsic ma-
terial properties, but in the high contact resistance that requires relatively large device
dimensions, i.e. in the micrometer range, leading to high operation voltages. In the case
of shorter channel dimension, the device characteristics are dominated by the contact

resistance instead of the channel properties.

In contrast to inorganic materials, where ambipolar device characteristic is well under-
stood and described in detail, e.g. for amorphous silicon FETs [Pfl86a, PfI86b, Neu87a/,
in organic devices typically unipolar transport is observed. Because pure organic semi-
conductors are intrinsic and exhibit no significant difference between the electron and
the hole mobility, the unipolar transport characteristic observed in organic semiconduc-
tors has been attributed to impurities [Kar03]. Ambipolar transport in a single organic
material ® has so far been reported only for titanyl-phthalocyanine [Tad00], DCMT *
[Che03b] and pentacene [Mei03] thin films as well as for carbon nanotubes (CNTs)
[Mar01, Lin0O4a, Shi04]. The ambipolarity of CNTs has been proposed for application
in nonvolatile molecular memory elements [Rad02]. In case of titanyl-phthalocyanine,
ambipolar transport was observed in a transition state between unipolar electron and
hole transport, initiated by oxygen exposure. The unipolar electron mobility was 9 X
1075 ecm?/Vs, and the unipolar hole mobility 1 x 107 cm?/Vs. The ambipolar electron
and hole mobilities were even lower, with 2.7 x 107¢ ¢cm?/Vs and 2 x 1075 ¢cm?/Vs, re-
spectively. Thus, the ambipolarity in titanyl-phthalocyanine has no potential application
in integrated circuits. Also for DCMT, the ambipolar mobilities, with < 10™* cm?/Vs,
were much lower than in the unipolar n-channel device, for which an electron mobility of
0.2 cm?/Vs has been reported. In the case of pentacene the reported electron mobility of
1075 em?/Vs could be observed only in vacuum; its hole mobility is 1072 cm?/Vs [Mei03].
This result is consistent with the observation of electron accumulation below the contact

in in-situ characterized pentacene thin films described in Chapter 4 of this thesis.

8Previously reported results on ambipolarity and light emission combined with observed lasing in
organic single crystals had to be withdrawn due to scientific misconduct. For details see also Report on
the investigation committee on the possibility of scientific misconduct in the work of Hendrik Schén and

coauthors, September 2002. http : //www.lucent.com/news_events/pdf /researchreview.pdf
93’4’-dibutyl-5,5” bis(dicyanomethylene)-5,5” dihydro-2,2’:5°,2”-terthiophene
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Another approach for the fabrication of ambipolar OFETs was therefore the combi-
nation of an electron- and a hole-transport material in a bilayer heterostructure, as it
has been shown for the combination of Cgy and a-6T as well as PTCDA ° and H6T
[Dod95, Dod96]. A drawback of this structure is the limitation to symmetrical source and
drain contacts, leading to a large injection barrier for at least one type of charge carrier.
A pronounced ambipolar characteristic for a bilayer heterostructure OFET consisting of
pentacene and PTCDI-Cy3Hy; 12, which uses different contact metals for the source and
the drain electrode to achieve efficient electron and hole injection [Ros04a], is discussed
in detail in Chapter 5 of this thesis. This work has triggered further research on the
influence of injection barriers and the contact resistance on the ambipolar characteristic
of bilayer heterostructure OFETs [Kuw04].

For future technological application it would probably be advantageous to combine
both materials in a single layer. An ambipolar transistor based on a blend of a p-type
polymer, MDMO-PPV 3 and a soluble derivative of Cgy, PCBM !, i.e. a blend of
two otherwise unipolar materials, was reported for the first time in 2000 [Gee00]. The
composition of blend films has an influence on the electron and hole mobility, as shown
in [Pac03] for the combination of polyfluorene and PCBM. The ambipolar characteristic
of a film consisting of the n-type-polymer BBL ® and the p-type small-molecule copper-
phthalocyanine was improved by increasing the crystallinity of the copper-phthalocyanine
phase [Bab04]. Very recently, CMOS inverter circuits were fabricated using a blend of
PCBM and OC;C;,-PPV 6 [Mei03].

Ambipolar transport in a mixture of small molecules has been shown for single crys-
tals of the quasi-one-dimensional Mott-Hubbard insulator (BEDT-TTF)(F,;TCNQ)'®
[Has04]. The hole mobility in these crystals is ~1.5 times larger than the electron mo-
bility and shows at a temperature of T = 40 K a value of y = 2 x 1072 cm?/Vs. For
coevaporated thin films ambipolar transport was reported for the first time for a-5T °
and PTCDI-Cy3Hg; [Ros04b]. The striking feature, however, was the simultaneous obser-
vation of electroluminescence (EL), which could be tuned by the applied gate bias. This
concept will be discussed in detail in Chapter 6 of this thesis.

Operylene-3,4,9,10-tetracarboxylic-3,4,9,10-dianhydride
1o w-dihexylsexithiophene

12N, N’-ditridecylperylene-3,4,9,10-tetracarboxylic diimide
13poly(2-methoxy-5-(3,7-dimethyloctyloxy)-1,4-phenylenevinylene
14(6,6)-phenyl C61-butyric acid methyl ester
5poly(benzobisimidazobenzophenanthroline)

16 poly[2-methoxy-5-(3’,7-dimethyloctyloxy)]-p-phenylene vinylene
7his(ethylenedithio)tetrathiafulvalene

189 5-difluorotetracyanoquinodimethane

19 q-quinquethiophene
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a) combined transport and emission layer b) separated transport and emission layer
source drain
organic thin film source < light emission drain
light emission exciton transfer
exciton formation exciton formation
insulator insulator
gate gate

Figure 1.2: Device structures of light-emitting field-effect transistors. (a) Within a one-layer
structure, charge-carrier transport and light emission occurs in the same film. (b) In a two-
layer structure, charge-carrier transport and exciton formation are spatially separated from light
emission. This requires efficient energy transfer between the two layers. It should be noted that
the device dimensions are not shown in scale: the active device thickness is typically in the order
of 100 nm and the source-drain contact distance, i.e. the channel length L is typically in the
order of 100 pm).

1.2 Concept of Light Emission from OFETs

Combining light emission with switching characteristics in a single device, i.e. a light-
emitting field-effect transistor, is interesting from both a scientific aspect as well as a
technical point of view. On one hand it can give further insight into the understanding of
fundamental device physics, on the other hand it would increase the number of potential
applications of organic opto-electronic devices. Similarly to light emission in an OLED,
light emission from an OFET requires electron and hole injection and transport as well
as exciton formation followed by efficient radiative decay. Thus, ambipolar charge-carrier
injection and transport are thought to be required for an efficient light-emitting OFET.
Recently, in unipolar p-type tetracene thin-film OFETs [Hep03, San04] as well as in
unipolar polymer OFETs [Ahl04, Sak04] EL was reported. However, the recombination
zone and therefore also the EL in these unipolar OFETsS is restricted to a region in close
vicinity of the drain contact [Hep03, Rey04], resulting in quenching by the metal drain
contact. In ambipolar devices, the recombination zone can be shifted between source and
drain contact by the gate voltage, as it has been reported for ambipolar carbon nanotube
FETs [Fre04].

The emitting material can either function as both emitting and transport material,
or it can be placed on top of the transport layer and EL is based on exciton transfer.
Figure 1.2 shows the two different concepts of light emission from a FET. From an elec-
trical point of view both devices function identically: Electrons and holes are injected
at source and drain contacts and the accumulation of both types of charge-carriers in a

conductive channel is controlled by the gate electrode. In Figure 1.2(a), charge-carrier
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Figure 1.3: Singlet (filled symbols) and triplet (hollow symbols) energies of materials for charge-
transport layers in a light-emitting field-effect transistor. The values are taken from Table 1.1.
The groups of materials considered are oligoacenes, a-oligothiophenes and para-oligophenyls. In

addition, the spectral range of visible light is indicated.

transport and light emission is allocated to a single layer. Thus, the EL is quenched
by free charge carriers. In Figure 1.2(b), the charge-carrier transport is spatially sepa-
rated from light emission occurring in a second layer on top of the transport layer. Thus,
quenching by free charge-carriers is prevented, however, the EL is decreased by transfer
losses. The transfer rate depends on the intermolecular distance of donor and acceptor
and can be improved by decreasing the thickness of the transport layer, which however
as a consequence impairs the transport properties. Typical transfer radii for Forster and
Dexter transfer are a 5—10 nm or 1.5—2 nm, respectively. If the emission layer comprises
a sufficient concentration of a phosphorescent dye, the diffusion length of triplet excitons
will also contribute to the EL. The concept of separating the transport and the emission
layer is one of the subject of a European Project (ILO%).

Figure 1.3 shows the singlet and triplet energies for typical hole-transport materials,
which are also listed in Table 1.1. In addition, the spectral range of the visible spectrum
is presented. In general, the energy gap of the transport material has to be larger than
or within the visible spectrum. From an energetic point of view, materials from the class

of para-oligophenyls are the most promising ones. However, their transport properties

20Tnjection Lasing in Organic Thin Films; contract number IST-2001-33057
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Material Es | ¢ | Er | or Ref. LUMO | HOMO | E, Ref.
[eV] [eV] [eV] [eV] [eV]
naphthalene | 3.99 | 0.19 | 2.62 | 0.75 | [Mur93] | 1.2-1.4 | 6.5-6.7 | 5.1-5.5 | [Kar0Ola]
anthracene | 3.30 [ 0.30 | 1.84 | 0.71 | [Mur93] | 2.0-2.2 | 5.8-5.9 | 3.6-3.9 | [KarOla]
tetracene 2.63 | 0.17 | 1.27 | 0.62 | [Mur93] | 2.2-2.3 | 5.2-5.4 | 2.9-3.2 | [KarOla]
pentacene 2.12 1 0.08 | 0.78 | 0.16 | [Mur93] | 2.6-2.8 | 5.0-5.2 | 2.2-2.6 | [Kar0la]

322|507 | 185 | [Sch02a]
thiophene | 4.93 |~ |3.50 | - [AM99)]
a-2T 371~ 223094 | [dM99]
a-3T 317 |~ [1.93]0.93 | [dM99]
a-AT 2.86 | — | 1.81|0.71 | [AM99]
a-5T 269 | — | 1.72]060 | [dM99] 5.3 [Jon90]
a-6T 257 |~ | 173 |- [Pog02]
a-7T 2.50 | - 1.60 | 0.60 | [dM99]
biphenyl 5.09 | — 3.63 | — [Pog02]
p-3P 447~ [281]- [Pog02]
p-4P 4.15 | - 2.34 | - [Pog02]
6P 384 | | 188 [Pog02] | 2.27 | 607 |38 | [Schozb]
perylene 2.85 | 0.75 | 1.53 | 0.014 | [Mur93]
PTCDI-CH, 3.4 5.4 2.0 [Hir95]

Table 1.1: Singlet (Eg) and triplet (Er) energies, fluorescence quantum yield (¢4,), triplet
quantum yield (¢7), HOMO and LUMO levels of materials to be used as charge-transport layer
in a light-emitting field-effect transistor. The groups of materials considered are oligoacenes, «-
oligothiophenes and para-oligophenyls, all of which are p-type materials, and PTCDI-CHs with
a similar molecular structure as PTCDI-Cy3Ha; as n-type material. Values cited from [Mur93]
and [dM99] were derived in solution from optical absorption measurements. Thus, these values
depict only an indication for the actual HOMO-LUMO separation Eg4, since they do not account
for exciton binding energies. The same counts for the value of E4 in case of p-6P [Sch02b] and
PTCDI-CHs [Hir95]. Values cited from [Pog02] are excitation energies calculated with time-
dependent DFT. HOMO levels have been determined using XPS and UPS measurements.
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are difficult to control owing to the non-planar molecular structure, which results in a
low degree of molecular order. Oligoacenes show the best transport properties, with a
trade-off regarding the energy gap. a-Oligothiophenes exhibit good transport properties,

while having singlet and triplet energies within the visible spectral range.

1.3 Outline

In Chapter 2, the physics of organic semiconductor devices, i.e. the metal-oxide-semicon-
ductor (MOS) capacitor, the FET in unipolar and ambipolar function as well as organic
light-emitting devices are introduced. Furthermore, an overview of the theoretical con-
cepts of charge-carrier injection, transport and recombination in organic semiconductors
is given. The application of inorganic semiconductor theory to organic semiconductors is
briefly discussed.

Chapter 3 describes the device preparation and characterization, including gate-oxide
growth and substrate cleaning, purification of organic semiconductors as well as thin-film
growth by vacuum deposition. An integrated chamber for in-situ device preparation and
characterization, which was designed and set up during this thesis work, is described in
detail. It allows device preparation and characterization without transfer through and
thus exposure to air. For device characterization, special emphasis is put on the elec-
trical characterization, including capacitance-voltage (CV) measurements and impedance
spectroscopy on metal-insulator-semiconductor (MIS) diodes, as well as on the current-
voltage characteristic of organic field-effect transistors. A cryogenic probe station that was
designed with and purchased from CryoVac, allows the temperature-dependent character-
ization of the organic thin films. Of special interest hereby is the temperature dependence
of the mobility. Also, the electrical characterization of OLEDs is discussed briefly. In ad-
dition, optical characterization methods as well as X-ray diffraction (XRD) and atomic
force microscopy (AFM) were used for studying the film morphology.

In Chapter 4, experimental results on n- and p-type single-layer devices are presented.
This includes film growth and morphology, as well as a detailed description of charge-
carrier injection and channel formation as obtained by CV measurement in p-type and
n-type materials. These results are related to field-effect mobilities extracted from the
characterization of field-effect devices. The transport mechanism is discussed based on
temperature dependent transport measurements.

The combination of appropriate n-type and p-type materials results in an ambipolar
OFET, which is described in detail in Chapter 5. Different material combinations are
discussed, including pentacene and PTCDI-Cy3Hs7, p-4P and PTCDI-C;3H,y; as well as
a-5T and PTCDI-Ci3Hs;. A model for the current-voltage characteristic of ambipolar
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field-effect transistors is presented.

Chapter 6 deals with light-emitting OFETs. Two unipolar light-emitting OFETSs
based on p-4P and p-6P are presented in detail. A third system, based on a coevaporated
thin film of a-5T and PTCDI-Cy3Hs7, which is an ambipolar light-emitting OFET, is
also studied. Evaporating the n- and p-type materials simultaneously from two different
sources allows the electron and hole mobility to be tuned. Finally, a model for the
electroluminescence-current-voltage (EL-IV) characteristic of light-emitting transistors is

introduced.



Chapter 2

Physical Background

2.1 Organic Semiconductor Devices

Specific material parameters of inorganic semiconductors can be studied by varying de-
vice geometries and measurement methods. Three device geometries will be introduced:
metal-insulator-semiconductor (MIS) diodes, organic field-effect transistors (OFETSs) and
organic light-emitting diodes (OLEDs). MIS diodes are used to study the charge-carrier
accumulation by capacitance-voltage (CV) measurement. The transport properties of or-
ganic semiconductors are extracted from current-voltage characteristics of thin-film tran-
sistors (TFTs) and OLEDs are used to investigate the electroluminescence of organic

semiconductors.

2.1.1 MIS Diode

In a MIS diode the gate electrode is electrically isolated from the (organic) semiconductor
by a gate insulator. Thus, a MIS diode can be understood as a fragment of a top-contact
transistor structure, namely the source and the gate contact together with the (organic)
semiconducting thin film and the gate insulator. A schematic drawing of a MIS diode is
shown in Figure 2.1(a). Applying a voltage between gate and the semiconducting thin film
leads to the accumulation of charges on both sides. The number of accumulated charges
at a defined gate voltage is a function of the capacitance of the device, which is determined
by the contact area A, the insulator and semiconductor layer thicknesses, d,, and d,, as
well as the dielectric constants €., and €, respectively. The capacitance itself depends
on the charge-carrier distribution. Therefore, the measured capacitance as a function
of applied voltage provides information about the charge-carrier distribution within the
device. Due to the analogies of the device structures, the charge-carrier accumulation in
a MIS diode is equivalent to the channel formation in a transistor.

Basic characteristics of organic MIS diodes can be understood by the theory of inor-

11
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Figure 2.1: (a) Schematic drawing of a metal-insulator-semiconductor (MIS) diode. (b) Energy
band diagram of an ideal MIS diode at flat-band condition. The semiconductor is p-type. Ec,
Eyv, Er, and E; denote the energy levels of the conduction band, valence band, Fermi level and
intrinsic Fermi level, respectively. Vg is the potential difference between the Fermi level Er and

the intrinsic Fermi level E;.

ganic semiconductors. Deviations for organic semiconductors will be addressed later. The
most intensively studied MIS diode is the metal-oxide-silicon (MOS) capacitor. The en-
ergy band diagram for a MOS capacitor consisting of p-doped silicon is shown for flat-band
condition in Figure 2.1(b).

The characteristic of the device can be understood by the energy band diagram of the
device under bias condition, as it is shown in Figure 2.2. Applying a negative voltage, as
shown in Figure 2.2(a), leads to an increase of the Fermi level of the gate electrode by
+qV. The negative charge at the gate electrode results in an accumulation of positive
charges in the semiconductor/insulator interface. In the energy band diagram this is
equivalent with an upwards bending of the valence band, whereas the Fermi level remains
constant. The carrier density depends exponentially on the energy difference of valence
band and Fermi level, thus the band bending leads to an accumulation of majority carriers
at the insulator-semiconductor interface. The corresponding device capacitance Cl. is
equivalent to the geometric capacitance of the plate capacitor formed by charges on both

sides of the gate oxide C,, with

A
Cacc = Coa: - EOeoxd_ (21)

Here, A is the device area, €,, the dielectric constant and d,, the thickness of the gate
insulator. Applying a small positive voltage, as shown in Figure 2.2(b), decreases the
Fermi level of the gate electrode by —qV'. Overall charge neutrality leads to a negative
charging of the semiconductor at the interface, i.e. mobile positive charges are pushed

into the bulk material and negatively charged immobile acceptors remain at the interface.
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Figure 2.2: FEnergy band diagrams and schematic drawing of charge-carrier distribution for

p-type silicon in (a) accumulation, (b) depletion and (c) inversion.

This is equivalent with a downward bending of the conduction and valence band of the
semiconductor. Due to the only weak band bending, the electron density can be neglected
at the interface and the negative charge at the insulator/semiconductor interface is formed
only by immobile acceptors. This case is called depletion and the geometric capacitance is
a serial connection of the gate oxide capacitance C,, and the capacitance of the depleted

semiconductor C,:

Lo (2.2)
Cdepl B Co:c Os .
with
€0€s
C, = 2.3
x 23)

Here, €, the dielectric constant of the semiconductor and x4 is the width of the depletion

zone. The minimum capacitance C,,;,, for maximum depletion width 4,4, is

€
Cmin == > 2.4
dom + (Eom/es)xdmam ( )
with [Sze81]
_ [4e,kTIn(Ny/ny;)
Ldmaz = \/ 62NA (25)

Here, N4 is the acceptor impurity density and n; is the intrinsic charge-carrier concentra-

tion. Increasing the applied gate voltage further leads to a stronger band bending and the
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Figure 2.3: Simulation of the normalized capacitance as a function of applied gate voltage for
a p-type MOS capacitor with do, = 150 nm, ®yr = 4.1 eV and Ny = 7 x 10" c¢cm™3 in both
high-frequency (HF') and low-frequency (LF) measurement mode with ® s being the metal work

function.

intrinsic Fermi level E; falls below the Fermi level Er of the semiconductor (Figure 2.2(c)).
At this point, the electron density at the interface is larger than the hole density, which
is called inversion. The case of the electron density at the surface being larger than the
hole density in the bulk is called strong inversion. The threshold voltage, i.e. the onset of

strong inversion, depends on the doping level of the semiconductor [Sze81]:

2e,eN4(2¢)
C;

Vi = 205 + (2.6)

Here, g denotes the potential difference between the Fermi level Er and the intrinsic
Fermi level E;; see also Figure 2.1. C; is the capacitance per unit area of the insulator.
The CV characteristic of a MOS diode device is shown in Figure 2.3. CV measurements
are usually performed by applying a DC voltage, which is modulated by a small AC
amplitude of a defined frequency. A detailed description of the measurement technique is
given in Chapter 3.

For negative applied gate voltages, the normalized device capacitance is 1. Increasing
the gate voltage, the capacitance decreases. In case of low frequency measurement, the
capacitance has a minimum value C,,,;,, at the corresponding bias voltage V,,;, and returns

to the initial value of 1 for even larger gate voltage. In case of high-frequency measurement,
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Figure 2.4: Schematic device structure of an organic field-effect transistor. Additionally to

source, drain and gate contact the channel width L and the gate oxide thickness d,; are shown.
The channel width W describes the dimension of the field-effect transistor perpendicular to the

drawing plane but is not shown in the figure.

the capacitance does not show a minimum but decreases continuously for large positive
gate bias. Crp denotes the capacitance at the flat-band voltage Vip.

The formation of the accumulation layer by majority charges is a fast process and
depends only on the mobility of charge carriers. Thus, no dependence on the frequency
is observed. Contrary, the formation of an inversion layer and thus the increase of capac-
itance depends on the ability of the minority carrier concentration to follow the applied
AC signal. The minority carriers are thermally generated and inversion is only observed
for frequencies smaller than the generation-recombination rate of the minority carriers.

A major relevant difference in the CV characteristic of organic and inorganic semi-
conductors is its frequency-dependence. Whereas for inorganic semiconductors inversion
is observed at frequencies f < 100 Hz, in organic semiconductors the measurement has
to be performed under almost steady state conditions and in most cases it is difficult
to observe inversion at all. Even accumulation in organic semiconductors shows a strong
frequency-dependence and measurements are performed typically at 1 Hz. Firstly, organic
semiconductors contain a much smaller density of thermally generated charge carriers and
therefore the generation-recombination rate is much smaller than in inorganic semicon-
ductors. Thus, accumulated charges as well as inverted charges need to be injected at the
semiconductor/metal interface. Secondly, the charge-carrier mobility in organic semicon-
ductors is generally smaller than in inorganic semiconductors due to hopping transport

compared to band-like transport.

2.1.2 Unipolar Field-Effect Transistor

The schematic device architecture of an organic field-effect transistor (OFET) is shown

in Figure 2.4. The device consists of two electrodes, named source and drain, in direct



16 CHAPTER 2. PHYSICAL BACKGROUND

contact with the semiconductor. A third electrode is separated by the gate insulator.
The device shown here is called a top-contact architecture. Alternatively, source and
drain contact can also be placed in between the gate insulator and the semiconductor.
This device architecture is called bottom contact. In analogy to MIS diodes, applying a
voltage at Vi results either in accumulation or inversion of charge carriers at the semi-
conductor/insulator interface. These accumulated or inverted charges, depending on the
operation mode, form the conductive channel in which the transport of charge carriers
between source and drain takes place. Thus, for the charge-carrier transport in a FET
structure the semiconductor/insulator interface is crucial. Normally, MOS field-effect
transistors (MOSFETS) are operated in enhancement mode, i.e. a voltage has to be ap-
plied to the gate contact in order to form a conductive channel. In case a channel is
formed already at 0 V gate bias, the transistor operation is called depletion mode.
OFETs are operated typically in accumulation mode, since inversion is difficult to
achieve (see also Section 2.1.1). Depending on the threshold voltage of the device, OFETs

are operated either in enhancement or depletion mode.

Current Voltage Characteristic

FETs are characterized by two kinds of current-voltage characteristics, the output and
the transfer characteristic. For measuring the output characteristic, a constant voltage
is applied between source and gate contact and the drain current Ip is measured as a
function of the drain voltage Vps. The transfer characteristic is obtained by measuring
the drain current Ip as a function of the gate voltage V; for a constant drain-source
voltage. Measuring each characteristic for several constant Vi or Vpg leads to a set of
characteristic curves. In the following, such a set of characteristic curves will be denoted
as output or transfer characteristic.

In inorganic FETs the drain current is described by the Shockley equation, as it is
derived in detail in [Sze81]:

w 1
Ip = f/LC@' (Vo —Vr)Vps — §VD52 i Vps <Vg—Vr (2.7)
Here, W and L are the channel width and channel length, p is the field-effect mobility
and C; the capacitance per unit area of the gate dielectric, described the the geometric
capacitance of the gate insulator. For very small Vpgs we observe a linear region for the

drain current Ip:

w
Ip = f,uci(VG —Vr)Vps;  Vps < Vo —Vrp (2.8)
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For large Vpg with Vps > Vg — Vi, the drain current I, saturates and depends only
on Vg:

w
IDsat = ﬁﬂci<VG — Vi) Vps > Vo —Vr (2.9)

The simulated output and transfer characteristic for a FET with an electron mobility
tn = 1072 cm?/Vs, an oxide thickness of d,, = 100 nm, resulting in an oxide capacitance
C; = 3.45 x 1078 F/cm?, and a threshold voltage Vo = 0 V is shown in Figure 2.5. The
channel width-to-length ratio has been set to 8, a typical value for transistors studied
within this thesis work.

The output characteristic features a linear current increase for small Vpg and a sat-
uration region for large Vpg. At Vpg = 0 V the charge-carrier density in the conductive
channel is constant between source and drain contact. Thus, the device behaves in case
of ohmic contacts like a resistor with linear current increase. With increasing Vpg the
charge-carrier density in the channel in close vicinity to the drain contact decreases due to
a decrease in potential difference between drain and gate. Thus, the conductivity of the
channel near the drain contact decreases with increasing Vpg and increase in current turns
out to be sub-linear. For large Vpg with Vpg > Vo — Vp, the charge-carrier density close
to the drain contact is zero. This situation is also called pinch-off. Additionally applied
voltage drops over this pinch-off region and despite the voltage increases, the current Ipg

1S constant.

Field-Effect Mobility

The saturation field-effect mobility is extracted from the saturated drain current in trans-
fer characteristic, i.e. applying a large drain-source bias Vpg and measuring I as function
of V. By plotting the square root of drain current as function of gate voltage, the field-
effect mobility can be extracted from the slope my, of the curve using the following

relation:

2L 1
g =mE 2 2.10
2 Msat Mgat W Ci’ ( )

as shown in Figure 2.5(b). Additionally, the field-effect mobility can be extracted from the
linear region, i.e. applying a small drain-source bias Vpg and measuring /p as a function
of V. From the slope my;, of the linear fit the field-effect mobility is calculated using the

following relation:

1 (2.11)

L
= Hign = Miin * 75 °
H= l W
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Figure 2.5: (a) Simulated output characteristic of a n-channel OFET. Shown is the linear
region for small Vpg, the saturation region for large Vpg and the locus of the saturation drain-
source voltage Vpgat- (b) Simulated transfer characteristic of the same device. The graph shows
the semi-logarithmic plot of the drain current and the square root of the drain current as a

function of V. In the simulation, the threshold voltage has been set to Vo = 0 V.
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Extracting the field-effect mobility directly from the linear region of the output charac-
teristic might yield larger values for the field-effect mobility than the actual one, since
the drain current is linear only for very small Vpg and large V. In contrast, extracting
the field-effect mobility from the saturated region might yield rather conservative values
for the field-effect mobility, since the drain-current dependence from the gate-voltage be-
comes sub-quadratic for large Vi as well as for small Vg (see also Fig. 2.5). If not stated

otherwise, field-effect mobilities have been extracted from the saturated drain current.

Threshold Voltage

The threshold voltage, i.e. the gate voltage required to accumulate enough charges to
form a conductive channel, is for an inorganic MOSFET defined in equivalence with the

threshold voltage for an MOS capacitor as in Equation 2.6 [Sze81]:

2ese N4 (2¢p)
C;

Vr = 2¢p + (2.12)

By plotting the square root of the saturated drain current I versus the gate voltage Vi,
the threshold voltage Vi is derived from the intercept of the linear fit with the abscissa.
Similarly, in the linear region, the threshold voltage can be derived from the intercept of
linearly extrapolated value of the drain current with the gate voltage V. The threshold
voltage in OFETSs is extracted by the same method, although the theoretical description
is still incomplete [Hor98|.

On/Off Current Ratio

The on/off current ratio, which is derived from the semi-logarithmic plot of Ip versus
Ve, is a crucial device parameter considering application in integrated circuity. For a low

doping level of the semiconductor, the on/off current ratio is given by [Bro97]:

]on o MCEVD25'
]off N g GNAdg

(2.13)

Here, o is the conductivity and ds the thickness of the semiconductor thin film. Thus,
the on/off current ratio depends not only on the mobility to conductivity ratio, but can
be increased by decreasing the gate insulator thickness, the semiconductor thickness and

the semiconductor doping level.

Subthreshold Characteristics

The drain current at gate voltages below the threshold voltage is called subthreshold

current. This situation corresponds to the semiconductor in weak accumulation, where
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the drain current is dominated by diffusion. The subthreshold swing S, which is gate-
voltage required to increase or reduce the drain current Ip by one decade, is defined as

the inverse subthreshold slope [Sze81]:

5= ((Modg—\l/lm) - (2.14)

/{BT Cd Cd
~23—— -1+ — ) =5T. 1T+ — 2.1
S 3 . ( + Ci) 57.5meV ( + Ci) (2.15)

Here, C, is the depletion layer capacitance and C; is the capacitance of the gate oxide.
Additionally, interface charges @);; due to traps with energy states in the band gap of the
semiconductor are associated with a capacitance Cj, which is parallel to the depletion

layer capacitance Cy. Therefore, the traps influence the subthreshold slope according to:

Cy+Cy
(@5

kT
ng.3i-<1+

p (2.16)

Effects of Contact Resistance

The contact resistance can be determined by the transition line method (TLM). For small
drain-source voltages Vpg and high gate voltage V; it is assumed that the overall device
resistance R consists of the channel resistance R, plus the parasitic source-to-channel

and channel-to-drain resistance R, [Bus89], [Lua92].

Va
o Vs
olp

= R, + R, (2.17)

Vps—0
The channel resistance R, is given by [Sze81]:

L 1
WiC; (Ve — Vi)

R (2.18)

By plotting R - W as a function of the channel length L, a straight line is obtained,
whereas the intercept with the ordinate is at R, - W and the slope is R, - W/L. Thus,
TLM involves measuring the device characteristic of various OTF'Ts with different channel
length versus the channel length, and then extrapolating back to zero channel length to

extract the contact resistance.

2.1.3 Ambipolar Field-Effect Transistor

Evidence of the ambipolar behavior of a-Si:H thin-film transistors (TFTs) was observed
almost thirty years ago by Neudeck and Malhotra [Neu75]. Detailed investigations have
been presented early by Pfleiderer et al. [Pfl85b, Pfl85a, Pfl86a, Pfi86b], Hack et al.
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[Hac86], and Neudeck et al. [Neu87a, Neu87b|. Hack et al. emphasized that one obtains
much larger currents than in a conventional a-Si:H TF'T and proposed the possibility of
fabricating light-emitting transistors in the visible spectrum whose emission can be mod-
ulated at high speed. However, a-Si:H does not efficiently emit light and this new type
of device did not find applications. Recently, an ambipolar Schottky barrier silicon-on-
insulator metal-oxide-semiconductor (MOS) transistor with promising electrical proper-
ties has been presented [Lin03].

The most common TFT's based on amorphous hydrogenated silicon operate as unipolar
devices with the formation of either a n-channel or a p-channel. The operation in inversion
or accumulation mode is determined by the contacts, which are chosen either rectifying or
ohmic, respectively. If source and drain contact are ohmic for both, majority and minority
carriers, TFTs exhibit n-channel, p-channel and ambipolar operation, depending on the
applied gate-source and drain-source voltages, and have been studied in detail also in
Refs. [Hac86, Neu87a, Neu87b].

The essential feature in the output characteristic of the ambipolar device is a strong
increase of the drain current for large drain-source voltages in addition to the linear and
saturation regions. This can be understood as follows. For a negative effective gate-source
voltage Vi crr with Vg epp = Vo — Vi < 0, where Vi is the applied gate voltage and Vr is
the threshold voltage, a hole accumulation layer is formed due to hole injection at source
and drain contacts if these contacts are ohmic for holes. The electron inversion layer
for Vgepr > 0 cannot be formed if these contacts are blocking ones for electrons. For
small negative drain-source voltage Vpg < 0 the drain current I is in the active or linear
regime. Thereby the gate-drain voltage is effectively reduced to Vi, = Vg epr—Vps. With
Vbs approaching Vg (¢ the region close to the drain becomes depleted and I saturates.
For even larger negative Vpg the condition for inversion is fulfilled at the drain contact
but owing to the electron blocking drain contact this channel is not formed. Replacing
this contact by one which is ohmic for electrons [Pfl85b, Pfi85a, Pfi86a, PI86hH] leads to
the electron inversion channel near the drain contact for —Vpg > —Vi .f7 in addition to
the hole channel near source. The additional electron current leads to a strong increase of
the total drain current Ip. If both source and drain are ohmic for electrons and holes, the
transfer characteristics does not consist only of an "on”and an ”off’region, as it is known
from unipolar device operation. Instead ”on-off-on”states are observed for increasing gate
voltage.

Proposed circuit applications of these devices utilizing the peculiarities arising from
the ambipolar transport have not been realized until now. With hole injection at one
contact and electron injection at the other one, recombination becomes important for
the operation. Combining switching with light-emission by radiative recombination as

proposed in Ref. [Hac86| requires the replacement of a-Si:H by a suitable emitter.
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The state of the art of ambipolar OFETs has been discussed in detail in Chapter 1. In
Chapter 5 of this thesis a detailed simulation on the ambipolar characteristic in OFETs
is presented. The simulation itself was performed in collaboration with Dr. Thomas
Lindner and Dr. Gernot Paasch from the IWF in Dresden. Special emphasis is put on
the potential distribution, the charge-carrier density and recombination between source
and drain contact. In Chapter 6, the first ambipolar light-emitting OFET is presented

[Ros04b], being the first step towards new opto-electronic applications.

2.1.4 Organic Light-Emitting Diodes

In an organic light-emitting diode (OLED) at least one organic semiconductor is sand-
wiched between to electrodes, one of them is semitransparent. Applying a voltage leads
to the injection of charge carriers at both electrodes. Electrons and holes can form ex-
cited states, followed by radiative emission. The efficiency of OLEDs can be improved by
introducing multi-layer devices, improving the charge-carrier injection or the light out-
coupling. A detailed description of OLEDs, including preparation and characterization
methods which are relevant for this thesis can be found in [Rie02, Bei03].

2.2 Charge-Carrier Injection, Transport and Recom-

bination

The characteristic of a light-emitting transistor is determined by three important pro-
cesses: charge-carrier injection, charge-carrier transport and charge-carrier recombina-

tion.

2.2.1 Charge-Carrier Injection

The charge-carrier injection is more crucial for an OLED than for an OFET device.
The thickness of the organic thin-film stack in an OLED is in the order of 100 nm, in
an OFET the distance between source and drain is more than 1 pm. Thus, the IV
characteristic of an OLED is mainly determined by the injection barriers at cathode and
anode, the characteristic of an OFET is governed by the properties of the organic thin
film. Nevertheless, when downscaling of OFETs is required, e.g in order to reduce the
operating voltage, contact engineering becomes more important.

Since organic semiconductors typically have a large bandgap and only few intrinsic
carriers, they can be treated similar to wide bandgap semiconductors in inorganic semi-

conductor theory. Here, the injection barrier ®5 depends only on the work function ®,,
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Figure 2.6: Field dependence of mobility in organic semiconductors according to Poole-Frenkel.
For electric fields larger than 10° V/cm, the mobility increases significantly with the applied
electric field. L denotes the channel length of an OFET and d the thickness of an OLED.

of the metal contact, and the electron affinity xgs of the semiconductor:

Ideally, the resulting injection barrier is small. In this case, the charge-carrier density at
the contact is always larger than in the bulk of the organic semiconductor and the contact

behaves like an ohmic one.

2.2.2 Charge-Carrier Transport

In conventional semiconductors having delocalized states, transport is limited by phonon
scattering. Therefore, the mobility decreases with temperature. In amorphous or organic
semiconductors transport occurs by hopping of charges between localized states and is
phonon-assisted. Here, the mobility increases with temperature. The transition between
delocalized and localized processes occurs typically at a mobility around 0.1 and 1 cm?/Vs.
Even in highly ordered molecular crystals, the mobility is close to that limit, and therefore
the mobility is in most cases described by localized states.

The temperature dependence of the mobility can be described in analogy to the

temperature-dependent charge-carrier transport in amorphous silicon by the multiple
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trapping and release model [Hor98]:
= poexp(—E,/kT) (2.20)

where in case of a single trapping level E, corresponds to the distance between the trap
level and the delocalized band edge.

According to Poole-Frenkel, the mobility in organic semiconductors is field-dependent.
The with respect to 1(0) normalized Poole-Frenkel mobility u(F) is shown in Figure 2.6.
Considering OFETs with channel length larger than 50 nm, i.e. in devices structures

studied within this thesis, the field-dependence of the mobility can be neglected.

2.2.3 Charge-Carrier Recombination

Recombination is discussed in the Langevin model [Pop99]. Here, recombination is con-
sidered as a random process due to statistically independent injected electrons and holes.
An important value is the coulomb capture radius r., for which the kinetic energy of the

particle is equal to the attractive coulomb potential. For e, = 3.5 it is

62

e ™ dregekT

~ 16 nm. (2.21)

The coulomb capture radius r. determines the maximum thickness of the bottom transport
layer in bilayer heterostructure OFETSs, for which recombination of both charge carriers
can occur.

For energy transfer from the transport to the emitting layer in a light-emitting OFET,
Forster transfer and Dexter Transfer are the two important processes [BulO1]. Transfer
radii are 5 to 10 nm and 1.5 to 2 nm, respectively. The transfer radius determines the
maximum thickness of the transport layer in light-emitting OFET structures, for which

the transport is spatially separated from the emission layer.



Chapter 3

Experimental Methods

3.1 Device Preparation

3.1.1 Substrate Preparation

If not stated explicitly, Phosphor-doped (100) n-type silicon wafers with a resistivity of
1-10 mQem were used. This is equivalent to a doping density of 4 x 108 to 8 x 10 ecm 3.
Additionally, Boron-doped (100) p-type silicon wafers with an equivalent resistivity were

used, which is equivalent to a doping density of about 8 x 10'® to 1 x 10%° cm 3.

Oxide Growth

The silicon wafers were oxidized at 1050 °C for 4 h in order to obtain an oxide thickness of
150 nm. After oxidation, the oxide thickness was measured by spectral ellipsometry, using
an WOOLAM VASE® variable-angle spectroscopic ellipsometer. The oxide capacitance

was characterized by impedance spectroscopy.

Surface Treatment

Before further processing, the oxide was removed from the backside using HF, thus the
highly conductive wafer could be used as gate contact. In order to protect the gate oxide
against etching, it was covered by photoresist. The substrates were then cut and cleaned
by an acetone/IPA process, followed by piranha (HySO4/H203) cleaning for about 10 min
at 125 °C.

Contact Processing

The source and drain contacts were evaporated through shadow masks, whereas three
different mask designs were used for different purposes. The mask set shown in Fig-

ure 3.1(a), fabricated by nickel electroforming (Tecan Ltd., Dorset, UK), comprises a set
25
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Figure 3.1: Shadow mask design for capacitor and transistor structures. (a) The substrate
size is 50x 50 mm? and the masks allow the preparation of transistor structures with different
channel length L. (b) The substrate size is 35x 35 mm?. Two masks which are out-of-tune by
100 um are used for the deposition of different metals for source and drain contact. (c) The

substrate size is 35% 35 mm?2

. Two masks, which are out-of-tune by 40 um (left part) and 60 pm
(right part) are used for the deposition of different metals for source and drain contact. The

transistor structures are designed interdigitally in order to increase the channel width W.
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of capacitor and transistor structures with different dimensions. The capacitor structures
consist of squares with a dimension of 2 x 2 mm? (light grey) for the organic thin film and
an overlapping structure of 1 x 2 mm? (dark grey) for the metal contacts. The transistor
structures have varying channel lengths of 100, 50, 500, 400, 300, 200, 150, 75 and 50 pm.
The channel width is 3600 pum for the devices with a channel length of 100 and 50 pm
and 1200 pm for all other channel length. For each combination, four identical devices
are fabricated.

A second set of masks, shown in Figure 3.1(b), was used to evaporate different metals
for source and drain contact. Therefore, it consists of three different masks, one for the
organic thin film and two different ones for the metal contacts. Source and drain contacts
were evaporated in two subsequent steps. In order to obtain short channel length in the
range of 100 um despite of the mask-holder tolerance of 0.2 mm, the two metal-contact
masks were intentionally misaligned, leading to devices with varying channel length in
100 pm steps, starting at a random sub-100 pum value. The exact channel length was
measured after evaporation using a microscope. For each channel length, seven identical
devices were fabricated.

A third set of masks, similar to the previous one and shown in Figure 3.1(c), was used
in order to increase the channel width by a interdigitated contact pattern. Additionally,
reduced tolerances of the mask holder allowed the processing of shorter channel length
down to 40 pm. The masks shown in Figure 3.1(b) and (c) were fabricated by laser cutting
of 0.1 mm thick steel sheets (Digipack AG, Wetzikon, Switzerland).

3.1.2 Purification of Organic Materials

Pentacene, p-4P ' and PTCDI-C3Hy; ? were purchased from Fluka (Switzerland), p-6P 3
was purchased from TCI (Europe). As purchased organic materials were purified prior
thin film deposition, either by temperature gradient sublimation, similar to the system
described in [KarO1b] or by resublimation onto a cold finger. Whereas the resublimation
leads to the deposition of polycrystalline bulk material, in the tubular temperature gra-
dient sublimation polycrystalline thin films are obtained. Tetracene, a-4T * and a-5T °
were processed by Dr. Mauro Murgia at the ISMN-CNR in Bologna. Whereas tetracene
and a-4T were obtained commercially, a-5T was synthesized by the group of Dr. Giovanna
Barbarella, ISOF-CNR Bologna, Italy.

! para-quaterphenyl
2N,N’-ditridecylperylene-3,4,9,10-tetracarboxylic diimide
3para-sexiphenyl

4a-quaterthiophene

5a-quinquethiophene
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3.1.3 Thin-Film Growth

Thin films were grown by thermal sublimation of the organic materials from an effusion

cell using quartz crucibles.

Deposition Chamber

Two different deposition chambers were used. One is a stand-alone chamber, comprising
three sources centered towards the sample, which is fixed to a sample holder that can
be heated. Normally, substrate temperatures were varied between of 60 to 90 °C. The
thickness was monitored by a quartz balance. The second chamber, which I designed and
set up during my thesis, is an integrated system with two separate deposition chambers -
one for organic materials and one for metals - connected to an electrical characterization
chamber via a transfer backbone, see Figures 3.2 and 3.3(b). It allows the characterization
of samples without transfer through air. Here, both sample holders can be heated or
cooled. For cooling, either cooling water or liquid nitrogen can be used. Each deposition
chamber has four different sources, which are directed towards the center of the chamber,
where the sample holder is placed. The masks can be changed independent of the samples

and the film thickness is again monitored by a quartz balance.

Sample Holder

A photograph of the sample holder is shown in Figure 3.3(a). The sample holder was
designed such that it allows heating and cooling over a wide temperature range between 70
and 400 K. The heating is done by a heating wire, for cooling liquid nitrogen is used. The
temperature is controlled by a Eurotherm 2408 temperature controller. The temperature
is measured directly on the sample to assure accurate measurement. Furthermore, a
mask holder has been designed to allow the use of four different masks. The technological
challenge was to keep the distance between mask and sample as short as possible. Due
to the evaporation from tilted effusion cells, a distance between mask and sample surface

of e.g. 0.1 mm leads to significant variations in the channel length of about 20 pm.

Effusion Cell

The effusion cells for deposition of organic materials (WEZ 40-10-KS; Eber]l MBE-Komponenten
GmbH, Germany) containing quartz crucibles are mounted on a CF35 flange and are ac-
tively water cooled, in order to obtain temperature stability even at low temperatures, as
needed for the evaporation of organic materials. For metal deposition, high-temperature

cells with a pyrolytic boron nitride crucible were used.
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deposition and characterization system

deposition chamber deposition chamber
characterization chamber for metalization for organic materials
 E—  E—
turbopump turbopump

cryogenic probe station
with four probes and
liquid helium cooling

substrate holder, masks,
shutter, quartz balance,
sources

gate valve

— transfer backbone transfer backbone
OO [

E—7 gate valve % % turbopump
:

load lock

deposition chamber (side view)

! transfer fork

\ | .
sample holder quartz microbalance

mask holder [ | |

sample heating

and cooling }—{

effusion cells turbopump

Figure 3.2: Deposition and characterization chamber, which is an integrated system, where two
separate deposition chambers - one for organic materials and one for metals - are connected to

an electrical characterization chamber via a transfer backbone.
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Figure 3.3: (a) Sample holder and (b) deposition and characterization chamber.

3.2 Device Characterization

The device characterization includes electrical, electro-optical and optical methods. The
electrical characterization of the devices was performed solely under inert conditions,
either in an Argon filled glove box or under vacuum, in order to prevent device degrada-
tion due to oxidation. Optical characterization was performed under ambient conditions.
Additionally, the topology and morphology of the thin films has been investigated by
atomic force microscopy (AFM), laser scanning confocal microscopy (LSCM) and X-ray
diffraction (XRD).

3.2.1 Electrical Characterization
CV-Measurement and Impedance Spectroscopy

Capacitance-voltage (CV) measurement and impedance spectroscopy are powerful meth-
ods to study charge-carrier injection across interfaces and accumulation of charges at
barriers. A detailed description of the method can be found in [Mac87]. The CV charac-
teristic of metal-oxide semiconductor (MOS) capacitor structures was measured using a
Solartron 1260 impedance analyzer combined with the Solartron 1296 dielectric interface
(Solartron Analytical, UK) to extend the measurement range. Therefore, high impedance
samples up to 10'* Q could be measured with a frequency range from 10 pHz to 10 MHz.
Measurements were carried out in the reference mode, using an internal reference, and
data were averaged over five cycles. Typically, a voltage scan between —40 and +40 V

at different discrete frequencies and a frequency scan between 0.1 Hz and 10° Hz at dif-
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ferent discrete voltages was performed. The impedance data has been further analyzed
with the ZView© modelling software (Scribner Associates, Inc., NC) using an appropriate

equivalent circuit model.
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Figure 3.4: Open circuit and short-circuit limit for (a) the capacitance, and (b) the impedance
of the setup. The measurement has been performed at 0 V dc bias and an applied ac voltage
of 0.1 V. (¢) Equivalent circuit model for the set-up, where DUT denoted the device under
test. Additionally, the data for three reference capacitors with the capacities of 1071, 10710 and
10~° F are shown in the diagram. The increase in the short-circuit impedance for low frequencies

s due to ac coupling, but is not relevant for the characterization of high-impedance samples.

No additional electrostatic shielding was used. Therefore the measurement setup it-
self was characterized by open-circuit and short-circuit measurements. The open-circuit
capacitance of the setup was 2 pF and constant over the measured frequency range of
107! to 105 Hz, as it is shown in Figure 3.4(a). The impedance of the setup is shown
in Figure 3.4(b). Additionally, three capacitors of known capacitance were measured,
in order to elaborate whether the experimental data on metal-insulator-semiconductor
(MIS) diodes had to be corrected by the setup parasitics in order to be modelled cor-
rectly, according to Figure 3.4(c). The impedance shows for high frequency larger 10* Hz
an inductive component, for low frequencies smaller 10> Hz a capacitive component. The
the characteristic values of the short-circuit and open circuit limit can be fitted by using
a serial and parallel equivalent circuit, as shown in Figure 3.4(c). Here, Cs, Rg, and Lg
denote short-circuit capacitance, resistance and inductance, respectively. Analogous, R

and Cp are the open-circuit resistance and capacitance. The device-under-test is labelled
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reference value | 1071 F 10710 F 1079 F
uncorrected 1.28(2) x 107" F | 1.027(2) x 1071° F | 0.962(6) x 107° F
corrected 1.15(2) x 107 F | 1.041(2) x 100 F | 0.944(9) x 10 F

Table 3.1: Reference capacitance values extracted from experimental data using the uncorrected

and the corrected model.

top view cross section
contact Cch Cinj Ccon
contact
o~ organic — _ _
S semiconductor organic semiconductor
02 d silicon oxide silicon oxide

n-type silicon

Figure 3.5: Top view and cross sections of the MIS device structure. © denotes the overlap of
the metal contact and d the spread distance of charge carriers accumulated in the organic thin

film that is not directly top contacted, also referred to as dspread-

DUT. For the fit, either only open circuit or only short-cut compounds were taken into
account. In order to be able to judge, whether setup correction is necessary, the data
for three defined capacitances have been fitted with and without setup correction. The
obtained results are summarized in Table 3.1. For small capacitances, the corrected value
is closer to the reference value, however, for capacitances between 107!° and 107 F, the
correction does not correct the data appropriately. Thus, in order to keep the correspond-
ing equivalent circuit as simple as possible, uncorrected data were used for the fit of the
actual experimental data.

In order to derive an equivalent circuit model used for the fitting of the experimental
data, the device architecture and geometry were considered. The MIS device architecture,
fabricated with the shadow masks discussed previously, is shown in top view and cross
section in Figure 3.5. Three areas of interest can be distinguished with the circuit model
shown in Figure 3.6.

First, there is a region where the metal is in direct contact with the gate insulator
SiO,. The capacitance contributes to the overall capacitance with C; = C.,,,, which is the
oxide capacitance defined by the contact area of the metal with the silicon oxide surface,

Acon, and the silicon oxide thickness d,,:

Acon
Cl = Ccon = €0€ozx d_ (31)

with ¢y being the permittivity of free space and ¢,, the permittivity of the silicon oxide.



3.2. DEVICE CHARACTERIZATION 33

Figure 3.6: FEquivalent circuit for the characterization of a silicon wafer and the organic thin

film. The bias voltage is applied with respect to the metal contact.

Second, there is the actual injecting contact, where the metal contact is directly on
top of the organic thin film, contributing to the overall capacitance with a capacitance

Cinj, which is a serial composition of the organic thin film capacitance and the oxide

capacitance:
1 1 1
= 3.2
Cinj C’or‘g * Cox ( )
1 Ainj 1
Cinj — Cox ' oz dorg = €p€oz ° dow ' 1t or | dorg (33)
€org dow €org dow

The third interesting area of the device, which is covered only by the organic thin film,
contributes in the case of very strong accumulation, where charge carriers are not only

accumulated below the contact, but also besides the area covered with the metal contact:

Ach
doz

Con, = €0€oz - (3.4)
A.p, is variable and depends on the degree of accumulation. Its maximum value is given by
the size of the organic thin film. The special device architecture allows not only to study
the charge-carrier accumulation below the contact, but also in regions of the organic thin
film that are not directly top-contacted. This situation is equivalent to the formation of a
channel of accumulated charges in an OFET. The overall measured capacitance is a serial

combination of Cepp, Cipj and Cep:
C= C’con + Cinj + Cch (35)

whereas in depletion it is Cyep = Ceon + Cipj, in accumulation Cyee = Con + Cop and in

strong accumulation Cypreaq = Ceon + Cop + Cep. The areas Ag,y,, Ainj and Ay, can be
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expressed as following:

Acon = 01-2x
Am; = 0.1(0.2 — )
Ao = (05— 20)dupreas + (TFypa/2)
Achmaz = 0.04+0.1(0.2 — x) (3.6)

Here, dspreqq is the spread distance of charge carriers accumulated in the organic thin film
that is not directly top contacted.

Depending on the applied voltage, also the capacitance of the silicon wafer is modu-
lated due to accumulation, depletion and inversion of charge carriers at the silicon/silicon
oxide interface. However, due to the high doping level of the silicon wafer, depletion
occurs at much higher voltages than 40 V and can therefore be be neglected.

The equivalent circuit model is summarized in Figure 3.6: the three previously dis-
cussed capacitances are shown in parallel. The capacitance of the organic thin film is in
parallel with a resistor R,41. A contact resistance for charge-carrier injection is consid-
ered and in series to the channel capacitance Ce, the resistor R,.go is introduced. Using
the modelling software ZView©, the geometric capacitances Ceon, Cop and Cyrg are set
constant and only the channel capacitance C.;, and the resistors are assumed to depend

on the bias voltage.

Current-Voltage Characteristic of OFET's

The electro-optical characterization of the OFETs was done on a probe station inside a
glove box under argon atmosphere, using an Agilent semiconductor parameter analyzer
(Agilent 4155C), see Figure 3.7. For the output characteristic of an OFET, the drain
current was measured during drain-source voltage ramps from 0 to 100 V in 0.5 V steps
at discrete gate voltages, which were varied in 10 V steps. In order to reach equilibrium
after changing the gate voltage, a hold time of 5 s was used. The integration time for
the drain-source voltage scan was selected to "medium”. The transfer characteristic was
measured by scanning the gate voltage in 0.5 V steps for discrete drain-source voltage
changed in 10 V steps. A silicon photodiode (Hamamatsu S1337-1010BR) is placed on
top of the sample to measure the intensity of the emitted light. By shading the glove box,

the background current of the photodiode was reduced to values below 1 pA.

Temperature Dependence

Temperature-dependent current-voltage (IV) measurements were taken using a helium-
pumped flow-cryostat probestation in the temperature range of 50 - 450 K. The temper-
ature is measured at the sample holder by a silicon diode (DT-470-CO-13, Lakeshore,
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Glove Box

Evaporation
Chamber

Parameter Analyzer
Figure 3.7: Setup for the current-voltage characteristics of OFETs.

OH) and is controlled via a TIC 304-MA temperature controller (CryoVac, Germany).
The sample is fixed on the sample holder by mechanical clamps and thermal contact is
improved by using a thermally conducting paste (AIT Cool Grease 7016, Al Technology,
Inc., NJ). The setup is shown in Figure 3.8. To measure the temperature correctly, a
second silicon diode (DT-471-CO, Lakeshore, OH) is placed on top of the sample in or-
der to measure the device temperature as accurate as possible. The IV characteristics is
measured with an Agilent 4155C semiconductor parameter analyzer, as described above.
The data acquisition is automated using a Labview program, which controls both, the

temperature controller and the parameter analyzer.

Device Characterization of Organic Light-Emitting Diodes

Current-voltage (IV) and electroluminescence-voltage characteristics of organic light-emitting
diodes were measured inside a glove box using a Hewlett Packard semiconductor param-
eter analyzer (HP 4145B) together with a test fixture HP 16058A. The latter shields the
sample electrostatically and optically and records the EL intensity with a silicon photo-
diode (Hamamatsu S2281), which is placed in front of the OLED.

The spectral characteristic of the electroluminescence spectrum is recorded using a
calibrated spectroradiometer (Spectra Scan PR704, Photo Research, CA). The system
consists of a diffraction grating and a photodiode array, allowing measurements in the
spectral range of 380 — 780 nm with 2 nm resolution. The EL spectra is analyzed to

determine the CIE1931 z and y color coordinates are obtained.
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Figure 3.8: Setup of the temperature-dependent current-voltage measurement. (a) The recipient

with four manipulators, the helium transfer line, and the microscope. (b) Top view into the

chamber with the sample holder and prober needles.

3.2.2 Optical Properties
UV-VIS Absorption Spectroscopy

The absorption of organic thin films prepared on quartz substrates was measured using
a UV /Vis/NIR spectrophotometer (Lambda 900, Perkin Elmer, MA), offering a spectral

range of 175 - 3300 nm. Typically, a resolution of 1 nm was chosen.

Photoluminescence

The photoluminescence (PL) spectrum of the organic thin films was studied by using
a Hitachi F-4500 fluorescence spectrophotometer, which offers a spectral range for the
excitation and emission wavelength between 200 and 900 nm. Typically, measurements
were performed with a resolution of 0.2 nm. For PL measurements, the organic thin film
was prepared on quartz substrates, in order to acquire optical data on identical films.
Silicon/SiOy wafers were not used as substrates here, because this would lead to a shift

in the spectrum due to interference effects.

Additionally, PL excitation spectra were recorded. Here, the emission wavelength is
kept constant and the emission intensity is recorded as a function of excitation wavelength.

Thus, the PL excitation spectrum resembles the absorption spectrum.
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3.2.3 Swurface Characteristics and Film Morphology
Variable Angle Spectroscopic Ellipsometry

The organic thin-film thickness d was determined using variable angle spectroscopic ellip-
sometry (VASE). Additionally, the optical constants n and k of the organic thin film were
obtained. The ellipsometer (WVASE32©, J. A. Woollam Co., Inc., NE) allows charac-
terization within the wavelength range of 240 — 1700 nm. Typically, measurements were

performed with a resolution of 10 nm.

Atomic Force Microscopy

The surface morphology of the organic thin films was studied by atomic force microscopy
(AFM). Tapping mode AFM images were obtained using Pointprobe silicon cantilevers
(Nanosensors) with a Dimension 3000 Instrument (Digital Instruments). Contact mode
images were recorded by Dr. Franco Dinelli at the ISMN-CNR in Bologna, Italy, using
silicon cantilevers having a spring constant of 0.02 to 0.2 N/m (PARK Scientific) with a
PARK Scientific model CP AFM.

Laser Scanning Confocal Microscopy

LSCM was used to obtain high-resolution images of fluorescent samples. A focused laser
beam is scanned over the sample in x and y direction. The corresponding PL intensity
is recorded by a photomultiplier. A confocal aperture, i.e. a pinhole, is placed in front
of the photodetector in order to avoid out-of-focus contribution to the PL intensity in z
direction. Here, LSCM was applied to study a coevaporated thin film of two materials
having different PL spectra. By using appropriate optical filters, information about the
spatial distribution of both materials can be obtained. The measurements were performed
by Dr. Maria Antonietta Loi at the ISMN-CNR in Bologna, Italy.

X-ray Diffraction

The crystallinity of pentacene thin films and the crystal orientation with respect to the
surface was studied by grazing incidence X-ray diffraction (GID) at the BW2 beamline
at Hasylab in Hamburg in collaboration with Dr. Dag Werner Breiby from the Danish
Polymer Centre at the Risg National Laboratory, Roskilde, Denmark [Bre04]. The wave-
length was A = 1.2398 A corresponding to a photon energy of E = 10.00 keV. Figure 3.9
shows the geometry of the experiment. The incidence angle «; is kept fixed at a value of
~ 0.18°, which is below the critical angle of reflection of the substrate, thus giving total
reflection of the beam, effectively suppressing scattering from the substrate. The angle

20, denotes the vertical angular displacement of the point detector from the direct beam.
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Figure 3.9: Geometry of grazing incidence X-ray diffraction setup in (a) side view and (b)
top view. (c) The scattering vector @ can be decomposed in an in-plane component Qg and an

out-of-plane component Q.

Similarly, 26,, is the horizontal displacement. For the total scattering angle 26 it holds
cos20 = cos20,cos20,,. The in- and out-going wave vectors, k;, and k., respectively,
define the scattering vector Q) by @ = k,.: — kin. Because of random in-plane orientation
of the crystallites, i.e. 2D cylindrical symmetry of the sample, the scattering becomes
independent of the rotation angle of the sample around the film normal. The scattering
vector () can therefore be conveniently described by an in-plane component ()., and an
out-of-plane component (),. The angle x denotes the angle between () and the sample
plane.

The crystallinity of oligophenyl thin films was analyzed in-house using a D8 Discover
diffractometer (Bruker), equipped with a rotating anode generator (RAG). The measure-
ments were performed in § — 26 geometry 0.02° steps with an integration time of 5 s per
step. In order to increase the intensity, the Cu Kal (1.54056 A) and Ka2 (1.54439 A) lines
were used, resulting in a CuKa weighted average wavelength of 1.5418 A. The distance

dpr between molecular layers is determined using the Bragg equation:

Here, n is the diffraction order, A the wavelength and 6 the incident angle relative to
the substrate surface. (h,k,1) denote the Miller indices, which are related to the lattice
parameters a, b, and ¢ in case of orthorhombic cells by the following relation:
I h? k[P

e ettt (38)



Chapter 4
Single-Layer Devices

The device characteristic of an OFET is determined not only by the transport properties
of the organic semiconductor, but also by charge-carrier injection and channel formation.
In addition to the intrinsic material and contact properties, also the device architecture
and geometry influence the IV characteristic. In this chapter the transport properties of
various organic semiconductors in combination with different contact metals are studied by
means of impedance spectroscopy and current-voltage scans. The materials investigated
are tetracene, pentacene, p-4P !, p-6P 2, a-4T 3, a-5T * and PTCDI-C3H,; ®. Different
metals are applied as top or bottom contacts: Ca, Mg, and Au. Temperature-dependent
mobility measurements provide further insight into the transport properties. Moreover,
the transport properties are related to the thin film structure, which is investigated by
AFM and X-ray diffraction.

4.1 Film Growth and Morphology

Organic semiconductors can be prepared as single crystalline, polycrystalline or amor-
phous films. The highest charge-carrier mobilities are obtained in single crystals. Evap-
orated thin films generally are polycrystalline or amorphous. For application in OFET
devices, rod-like molecules, such as oligoacene, oligophenyls or oligothiophenes are pre-
ferred because of their relatively high degree of molecular order even in evaporated thin
films. The overlap of m-orbitals, which is optimized in the crystalline order, is decisive for
charge-carrier transport. When aiming for transport parallel to the organic thin film /SiO,

interface, as in OFETSs, it is favorable that the aromatic rings of the molecules are ori-

para-quaterphenyl

para-sexiphenyl

a-quaterthiophene

a-quinquethiophene
®N,N’-ditridecylperylene-3,4,9,10-tetracarboxylic diimide

1
2
3
4
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15 nm

0 nm

Figure 4.1: AFM tapping-mode images of pentacene on SiOy. Shown are films with different
nominal thicknesses of (a) 3 nm, (b) 5 nm, and (c) 7 nm. The greyscale bar quantifies the
topography of the film between 0 and 15 nm. The thinnest film shows more terrace-like islands,
which are partially connected. Additional evaporated material tends to agglomerate in isolated
dendritic structures rather than to complete the first few monolayers of the film. The grey-scale

bar quantifies the topology between 0 and 50 nm.
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ented perpendicular to that interface instead of lying flat on the SiO5 surface. The growth
of organic semiconducting polycrystalline films can be influenced by parameters such as
substrate pretreatment, substrate temperature and evaporation rate. In the following
section the growth of pentacene and p-4P is studied.

In Figure 4.1 atomic force microscopy (AFM) images of pentacene on silicon oxide are
shown for different nominal film thicknesses of 3, 5 and 7 nm. The film (a) with a nominal
thickness of 3 nm shows large interconnected islands indicating terrace-like growth. In
the upper right area of the image tendencies towards more dendritic growth are observed,
which are also present in the 5 nm sample of Figure 4.1(b). In the image of the film with
7 nm nominal thickness, mainly dendritic growth is observed having topographical peaks
of 15 nm. The large interconnected islands of only few monolayers thickness cannot be
distinguished from the background anymore. In an OFET the lateral charge-carrier trans-
port between source and drain takes place within the first few monolayers of the organic
thin film. Thus, the dendritic growth after few deposited monolayers has little effect on
the charge-carrier transport. Nevertheless, measuring the mobility as a function of layer
thickness, nominally much thicker layers are needed for a saturation of the mobility. This
is due to the voids, which are still observed in the 3 nm thick film. Due to the preferred
dendritic growth, these voids are not completely filled and it requires nominally thicker
films to achieve a largely continues film of a few monolayers thickness. With respect to
impedance spectroscopy discussed later on, the film roughness is neglected and an effective
film thickness is used for all data analysis and discussion.

Figure 4.2 shows the X-ray diffractogram in Q-space of a pentacene thin film deposited
at standard conditions. Using grazing-incidence XRD, the pentacene thin film exhibits
several strong and sharp diffraction peaks, indicating a high degree of crystallinity. Com-
paring Figure 4.2 (a) and (b), which show the in-plane and out-of-plane intensity, respec-
tively, reveals a high degree of preferential crystal orientation, with the c-axis of the unit
cell tending to orient perpendicularly to the sample surface. The data indicate that the
molecules are tilted by about 25 — 30° with respect to the surface normal. Furthermore,
the film is found to have domains with random in-plane orientation. Considering the
deposition method of thermal evaporation onto a thermally grown SiO, surface, random
in-plane orientation is expected.

In Figure 4.2(b), a peak splitting is observed with harmonics of Q = 0.407 A~ and
Q = 0.436 A=, which is equivalent to doo; = 15.4 A and dyy; = 14.4 A. Attempts to relate
the observed peaks to reported crystal structures of pentacene [Bri03, Mat01] showed that
this splitting can be interpreted as being due to a coexistence of two phases. This is in
agreement with other reports of vacuum deposited pentacene structures [Sch99]. The
various crystal structures of pentacene are all similar in having two molecules per unit

cell, rotated with respect to each other to form a herringbone-like arrangement. The
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Figure 4.2: In-plane (a) and out-of-plane (b) grazing-incidence X-ray diffraction pattern for a
pentacene thin film deposited under standard conditions. The intensity is shown as a function of

the in-plane and out-of plane component of the scattering vector Q. (c) Herringbone crystalline
structure of pentacene.
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Figure 4.3: Hole mobility in 20 nm thick p-4P films as a function of the deposition rate.

corresponding model is given in Figure 4.2(c). In order to check, whether the pentacene
thin film was partially oxidized, the diffractograms were also compared with the reported
structure for 6,13-pentacene-quinone, however, no indication for oxidation could be found.

The hole mobility in p-4P was found to depend much stronger on substrate tempera-
ture and deposition rate then the one in pentacene. Thus, the hole mobility was measured
in devices deposited at different deposition rates at a substrate temperature of 90 °C. The
extracted field-effect mobility of holes was minimal for a deposition rate of 0.5 A /s. This
is most likely due to two competing processes: at a low deposition rate the films show a
better crystallinity, at higher deposition rates, the substrate coverage is better.

Figure 4.4 shows AFM images of p-4P thin films of different thicknesses. The substrate
temperature during evaporation was kept at 90 °C and the evaporation rate was 0.1 A /s.
Starting at 3 nm (a), well separated nucleation centers with a density of 10" cm™2 are
observed. Increasing the nominal film thickness to 5 nm, the density of nucleation centers
increases, but no significant growth in maximum thickness is noticed. Increasing the
nominal film thickness further to 7 nm, the substrate coverage appears to be almost
complete and a granular structure is observed, which is even denser at a film thickness of
50 nm.

Figure 4.5 shows the out-of-plane XRD pattern measured in-house of a p-4P thin film
deposited under standard conditions. The film exhibits sharp diffraction peaks, indicating

a high crystallinity of the vacuum-deposited thin film. Analysis of the peak-to-peak
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50 nm

0 nm

Figure 4.4: AFM images of p-4P thin films on silicon oxide. The films have different nominal
thicknesses of (a) 3 nm, (b) 5 nm, (c) 7 nm, and (d) 50 nm. The film growth starts from many
nucleation islands and the film forms a granular structure. Therefore, it is assumed that the film
close to the silicon interface has a high density of grain boundaries, resulting in trap states. The

grey-scale bar quantifies the topology between 0 and 50 nm.
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Figure 4.5: Out-of-plane X-ray diffraction pattern of a p-4P thin film.
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Figure 4.6: Out-of-plane X-ray diffraction pattern of a p-6P thin film.
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Figure 4.7: Capacitance C and phase angle 0 for the configuration Si/150 nm SiOs/Au MOS

diode. The contact area is 0.02 cm?.

spacing reveals a 260 periodicity of 5.14°, which is equivalent to a lattice parameter of
17.67 A in the (001) direction. This value is in good agreement with previously reported
cell parameters for the monoclinic unit cell of p-4P: ¢ = 811 A |, b = 5.61 A , and
¢ = 17.91 A [Del76, Bau78]. In contrast, in the diffractogram of a p-6P thin film, as shown
in Figure 4.6, peak-splitting is observed, which indicates the coexistence of two phases,
as it is also reported in [Gun97]. The 26 periodicity is 3.24° and 3.40° with corresponding
lattice parameters in the (001) direction of 27.27 A and 25.99 A, respectively. These
values are in good agreement with the reported doy spacing of 26.22 A in p-6P single
crystals [Gun97]. The results show that the molecules are oriented with the long axis

perpendicular to the substrate surface.

4.2 Charge-Carrier Injection by CV-Measurements

In order to determine, whether an organic semiconductor is p-type, n-type or ambipolar,
i.e. whether holes as well as electrons are transported, MIS diodes were studied by means
of frequency- and bias-dependent impedance spectroscopy. Analyzing the capacitance as
a function of the applied dc bias reveals, whether holes or electrons are accumulated at the
insulator interface. Frequency-dependent studies give information about the dynamics.
Before the charge-carrier accumulation in organic thin films was studied by impedance
spectroscopy, the capacitance of the Au contacted Si/150 nm SiOs substrate was mea-
sured, as shown in Figure 4.7, in order to account later for eventual artifacts. For low
frequencies, the capacitance and the phase angle is constant at about 0.46 nF and —90°.

However, for frequencies > 10* Hz, the capacitance is decreasing with increasing fre-
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Figure 4.8: HOMO and LUMO position of the organic materials tetracene, pentacene, p-4P,
p-6P, a-5T and PTCDI-Ci3Ho7 together with the work function of metals used as source and
drain contact: Au, Mg and Ca.

quency and the phase value increases, having a maximum of —75° at a frequency of
10° Hz. According to [Sze81] this behavior can be attributed to interface-trap charges at
the silicon/silicon oxide interface and is modelled by the basic equivalent circuit shown
in the inset of Figure 4.7(a). Hereby, Cg;02 is the SiO, capacitance and the frequency-
dependent capacitance C), and conductance G, are associated with interface-traps. The
simulated oxide capacitance C,, is 4.54 x 107!% F. This is in good agreement with the
geometrical capacitance of 4.6 x 1071° F calculated from a contact area of A = 0.02 cm?
and a SiO, thickness of d,, = 150 nm.

4.2.1 Influence of Contact Metal

Figure 4.8 shows the HOMO and LUMO position of organic hole-transport materials
together with the work function of different contact metals. The data correspond to
the values given in Table 1.1. The work function of Au seems to be suitable for hole
injection into oligoacenes and oligothiophenes, an injection barrier is expected in case of
combination with oligophenyls. Furthermore, Au appears to be not very well suited for
electron injection into these materials. Alternative contact metals are Ca and Mg due to
their low work function. The disadvantage of Ca is its fast oxidation, thus demanding for
inert conditions. Mg appeared to have a low sticking coefficient on most organic materials
and only on PTCDI-C;3H,7 top contacts could be formed.

For impedance spectroscopy, thermally evaporated pentacene thin films were struc-
tured by a shadow mask to yield 2 x 2 mm? pads which were top-contacted either by Au
or Ca and measured without exposure to oxygen. The contact pad of 1 x 2 mm? was
arranged in a way that 3/4 of its area covered the organic thin film and 1/4 was in direct

contact with the SiO, insulator. The resulting capacitances were determined solely by the
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Figure 4.9: Device capacitance as a function of applied bias voltage for pentacene with Au and
Ca contacts. The inset shows the corresponding phase. Cyep 15 the depleted capacitance, Cyee s
the capacitance measured for accumulated charge carriers below the contact pad, and Cpqy the
mazimum capacitance, corresponding to accumulated charges within the complete organic thin
film. For further details see also Section 3.2.1.

sample geometry, layer thicknesses and the dielectric constant according to Section 3.2.1.
Here, for charge carriers accumulated below the contact pad an overall capacitance of
Cace = 0.35 nF is expected. In case of depletion, i.e. no charge carriers are injected, the
capacitance is composed of the two parallel capacitances of the organic thin film and in
series with the gate oxide below the organic thin film and the capacitance of the gate oxide
below the overlapping contact pad. With the pentacene thin-film thickness of 20 nm, a
depleted capacitance Cge, = 0.32 nF is expected.

Results

Figure 4.9 shows the capacitance as a function of applied bias between —30 and +30 V
measured at a frequency of 1 Hz. For positive voltage, the capacitance is almost inde-
pendent of the applied voltage and the contact metal. The measured value of 0.33 nF
is in between the theoretically predicted depletion and accumulation capacitances. For
negative bias voltage, the capacitance increases with increasing |Vj.s| and saturates. The
maximum value of the capacitance is different for Au and Ca, whereas the onset of the

increase is independent of the applied contact metal. The maximum capacitance obtained
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contact metal | Cryap | Atot | dopread | Qace daverage

nF] | [em?] | [gm] | em™? [nm]
Au 0.78 | 0.045 | 500 5.8 x 101 | 13.1
Ca 0.57 | 0.033 | 290 1.8 x 102 | 74

Table 4.1: Eztracted values of maximum capacitance Cpa., effective device area Aior, spread
distance for accumulated charge carriers dspreqaq, accumulated charge density Quec and average

distance between accumulated charges dqverage-

for the Au contact is C,,., = 0.78 nF and for the Ca contact C,,,, = 0.57 nF. The polarity
indicates that the accumulated charges are holes.

The phase as a function of the applied bias voltage is shown in the inset of Figure 4.9.
For the Au contact and positive bias, a purely capacitive behavior is observed, whereas
for negative bias in the region of increasing capacitance the phase decreases, indicating a
transition to conductive mode. As soon as the capacitance saturates, the device acts again
purely capacitively. Thus, the increase of capacitance can be associated with a charging
current. For the Ca contact, the capacitance shows a minimum for both negative and
positive bias voltage. The minimum at negative voltage occurs at a larger bias than for
the Au contact.

Discussion

The accumulation of holes is concluded from the increase of the capacitance with negative
applied bias voltage. Since the measured capacitance exceeds the accumulated capacitance
given by the size of the contact pad, it is assumed that charge carriers spread within the
organic thin film, which is larger than the contact pad, and thus increase the effective area
of the capacitor. It should be noted that the counter electrode formed by the highly doped
silicon wafer is unstructured and therefore not limiting the device area. The maximum
capacitance is therefore given by Ciua: = €€g - Agor/dor and the total device area Ay is
derived from data to 0.045 cm? and 0.033 cm? for Au and Ca, respectively. For Au,
the area corresponds to the overall device area composed of the organic thin film and
the overlapping contact pad. Therefore, it can be concluded that charge carriers are
accumulated over the complete organic thin film. In case of Ca, the area is smaller than
the overall device area. Assuming a constant accumulated charge carrier density, the
maximum spread distance dgpreqq for charge carriers is calculated to be 290 pm. The
corresponding area is shaded light grey in the schematic top-view drawing of Figure 4.9.

Using the relation C' = @Q/U the accumulated charge at the onset of saturation is
estimated and used in conjunction with the effective device area to determine the average

distance between accumulated charges. The resulting data are summarized in Table 4.1.
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In case of Ca, an additional minimum in capacitance is observed at a bias voltage of
11 V, which is also reflected in a minimum of the phase, similar to the phase minimum for
negative voltage and hole accumulation. Thus, it can be treated as indication for electron
injection. The measured capacitance does not exceed Cl.., thus the injected electrons are
only accumulated below the contact pad and do not spread laterally in the organic thin
film. This effect could be only observed in films which where measured without exposure
to oxygen. The observation of electron accumulation in pentacene is also reported in
[Mei03].

4.2.2 Frequency-Dependent Capacitance
Results

Figure 4.10 shows the capacitance and phase of a Au/45 nm pentacene/150 nm SiO,/n*-Si
MOS capacitor as a function of bias voltage between —40 and 440 V for different frequen-
cies between 107! and 10® Hz and as a function of frequency between 10~* and 10® Hz for
several discrete bias voltages. In the voltage scan the capacitance is frequency-independent
for positive bias voltage larger 35 V and shows a constant value of 3.8 x 107!° F. At lower
bias voltage, the capacitance is frequency dependent and its value is increasing with de-
creasing frequency. A first level of saturation is observed at a capacitance of 4.6 x 1071 F,
which corresponds to the geometric capacitance of the silicon oxide layer below the con-
tact pad. Decreasing the bias voltage further below 0 V, a second level of saturation is
observed at 1.04 nF for frequencies between 107! and 10' Hz. For higher frequencies,
the capacitance increases for bias voltages below —5 V| but does not reach the saturation
level of 1.04 nF. The corresponding phase shows pure capacitive behavior for bias voltages
larger than 35 V. For bias voltages between 35 and 0 V| it shows a first minimum and for
bias voltages between 0 and —40 V a second minimum. The positions of the minima co-
incide with the maximum slope of capacitance. The minimum in the phase is attributed
to a resistive component in the device, i.e. the device does not react purely capacitive
anymore. This can be interpreted as a charging process of the capacitor.

Considering the frequency scan in Figure 4.10(b), the capacitance is voltage-independent
for frequencies larger than 10° Hz, with a value of 2.7 x 1071° F. For lower frequencies, the
capacitance increases and saturates in dependence on the applied bias voltage at three
different levels at 3.8 x 10710 F, 4.6 x 1071° F and 1.04 nF. The increase in capacitance is
strongest for an applied gate voltage of —40 V and decreasing with increasing bias volt-
age. Also in the frequency scan the corresponding phase is purely capacitive for saturated
capacitances and shows a minimum for maximum slope in the capacitance. It should
be noted that the voltage independent level at 2.7 x 1071° F for high frequencies is also

observed in the voltage scan. However, in order to increase the visibility within the phase
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Figure 4.10: Capacitance and phase versus frequency and voltage for a pentacene MIS diode
with an oxide thickness do, = 150 nm and an organic thin-film thickness of dorq = 45 nm. Cyep is
the depleted capacitance, Cyee 18 the capacitance measured for accumulated charge carriers below
the contact pad, and Cipee the mazimum capacitance, corresponding to accumulated charges

within the complete organic thin film. For further details see also Section 3.2.1.
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Figure 4.11: Channel capacitance Cep, (symbols with corresponding error bars) and spread
distance dgpreqqd (line) as function of the applied bias voltage for the pentacene MIS diode with

an ozide thickness do, = 150 nm and an organic thin-film thickness of dorg = 45 nm.

diagram, the data for frequencies larger 10% have been omitted.

Discussion

The data of the frequency-dependent scan can be fitted for each applied bias voltage using
the equivalent circuit introduced in Section 3.2.1. The voltage-independent capacitance
of 2.7 x 1071% F is attributed to to interface traps as discussed before and is taken into
account for modelling the device by considering an additional parallel RC-circuit as shown
in Figure 4.7. It is applied in series to the equivalent circuit of the organic MIS diode.
The obtained channel capacitance and spread distance of charge carriers as a function
of the applied gate voltage is shown in Figure 4.11. The onset of channel formation is
at 0 V with an increase for negative gate bias. The maximum capacitance is reached at
a bias voltage of —15 V. The maximum spread distance d,,q, obtained from the fitted
data is 520 pm, which is slightly larger than the maximum spread distance according to
the sample geometry, which is 500 ym. Here, it has to be noted that for the extraction
of dgspreqqd from the experimentally derived capacitance C' an infinite organic thin film is
assumed. Thus, the geometry of the additional contact area A, is not angular but shows
round corners. In case of charge accumulation all over the limited contact pad, that model

does not hold any more, due to charge accumulation also at the angular corners of the
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material p [em? /Vs]
pentacene 1.3 x 107t
tetracene 3.4x1073
p-6P 1.9 x 1072
p-4P 25 x 10~
a-5T 1.1 x 1072
a-4T 4.0 x 107°
PTCDI-Cy3Hy7 | 4.9 x 1073

Table 4.2: Charge-carrier mobility p for the hole-transport materials pentacene, tetracene,
p-6P, p-4P, a-5T, a-4T and the electron-transport material PTCDI-Ci3Hoz.

organic thin film. Therefore, the extracted spread distance is slightly larger than the
actual one.

Not shown are the data for the oligophenyls and oligothiophenes, for which also hole
accumulation was observed. In PTCDI-C;3Hy; MIS diodes, electron accumulation was

observed for both Mg as well as Au contacts.

4.3 Transport Properties at Room Temperature

4.3.1 Charge-Carrier Mobility

Single layer OFETs were prepared in order to extract the charge carrier mobility of the
hole and electron-transport materials. Figure ?? shows the output and transfer char-
acteristic of a single-layer pentacene transistor with symmetrical Au top contacts. The
output characteristic, i.e. the drain current Ip as a function of drain-source voltage Vpg,
exhibits a linear increase of |Ip| vs. |Vpg| for small |Vpg| and a saturation region for
large |Vps|. The characteristics show a typical behavior with Ip,, scaling quadratically
with V. From the transfer characteristic, i.e. the square root of I as a function of V,
a hole mobility of 0.13 cm?/Vs can be extracted from the saturated drain current. The
threshold voltage V7 is —43 V, and an on/off current ratio larger than 10* is obtained.
Typical output and transfer characteristics for OFETs prepared of tetracene, p-4P,
p-6P, a-4T, a-5T and PTCDI-C;3Hs; are shown in Appendix A. The extracted field-effect

mobilities for these materials are summarized in Table 4.2.

4.3.2 Influence of Contact Metal

Tetracene OFETSs have been prepared using Au and Ca top contacts. Figure 4.13 shows
the output characteristic of a tetracene OFET with Au and Ca top contacts. Both devices
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Figure 4.12: (a) Output and (b) transfer characteristics of a 45 nm pentacene transistor with
Au top contacts.
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Figure 4.13: Output characteristic for a tetracene OFET with Au and Ca top contacts. The

inset shows the saturated drain current versus the threshold voltage (symbols) together with its
linear fit (line).

show a typical p-channel characteristic, however, the current density at equivalent bias
voltage is lower for the device with Ca source contact. The inset shows the square root of
the drain current in saturation for both devices. From the linear fit the threshold voltage
can be derived to Vr = 20(2) V for Au and Vp = 21(4) V for Ca source contact. Due
to the large error range, both values have to be treated as practically identical, i.e. the
onset of current is independent of the contact metal. This result is in good agreement
with the CV measurements using Ca and Au as hole injecting contact. Here, the onset
of capacitance increase was also independent of the applied voltage. However, due to a
larger contact resistance, the effective applied gate voltage is reduced and the saturated
drain current decreases. This effect of source contact resistance on the saturated drain
current has been described theoretically in [Sch03]. As a result, the extracted field-effect
mobility is below the actual value, which is as an intrinsic material property independent
of source and drain contact metal. It cannot be excluded that also Au does not form a
purely ohmic contact, thus in case of contact resistances the extracted field-effect mobility
is always smaller than the actual mobility, except the extracted mobility is corrected for
the contact resistance.
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Figure 4.14: Temperature dependence of the drain current at a drain-source voltage Vps =
-80 V for a pentacene OFET.

4.4 Temperature-Dependence of Charge-Carrier Mo-
bility

Figure 4.14 shows the transfer characteristic of a pentacene OFET at a drain-source
voltage of Vpg = —80 V for temperatures ranging from 294 to 192 K. The square root
of the drain current, which is decreasing with decreasing temperature, is plotted as a
function of the gate voltage, allowing the extraction of field effect mobility and threshold
voltage. Furthermore, the threshold voltage is shifted from Vy = —4 V at 294 K to Vi =
—28 V at 192 K. A similar shift was also observed in other pentacene devices measured
with decreasing temperature. In order to clarify whether the threshold voltage shift is
simply due to degradation occurring with measurement repetition, the device was also
characterized with increasing the temperature, i.e. starting at low temperatures. Here,
the observed threshold voltage showed a positive shift of only 3 V, i.e. the shift occurred
in the opposite direction, however, was nearly negligible. Thus it can be concluded that
the observed shift in threshold voltage is a combination of degradation and temperature-
dependent effects. In PTCDI-Ci3Hy; OFETS, such a temperature dependence of the
threshold voltage was not observed.
The extracted field effect mobility of the pentacene OFET is shown on a semi-logarithmic

scale in Figure 4.15 as a function of the inverse temperature. At room temperature, the
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Figure 4.15: Temperature dependence of the charge carrier mobility in pentacene and PTCDI-
Ci3Hor.

device exhibits a hole mobility of 4.4 x 1072 ¢cm?/Vs. Additionally, the data of a pen-
tacene OFET exhibiting higher room temperature hole mobility (6 x 1072 ¢cm?/Vs) and a
PTCDI-Ci3Hy; OFET are shown versus the inverse temperature. The room temperature
electron mobility in PTCDI-Ci3H,y; is 3.4 x 1073 em?/Vs. All devices show a decrease of
the extracted field-effect mobility with decreasing temperature. The activation energy of

such a thermally activated process is described by the following equation [Hor98]:

= poexp(—E,/kT) (4.1)

and F, is typically ascribed to trap states.

The values obtained for g and E, are summarized in Table 4.3. The activation energy
E, and mobility pre-factor g for the high-mobility pentacene device (pentacene#1) were
reproducible, independently of the scan direction. Comparing the pentacene#1 and #2
devices, the one with the higher hole mobility at room temperature shows the smaller
activation energy, which is an expected result for the association of the activation energy
with trap levels. The electron-transport material PTCDI-C 3Hy; exhibits the largest

activation energy.
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material E, [meV] | po [cm?/Vs|
pentacene#1 41 0.38
pentacene#1 42 0.44
pentacene#2 71 0.07
PTCDI-Cy3Hy7 | 87 0.11

Table 4.3: Activation energy and mobility prefactor g for the hole-transport material pentacene
and the electron-transport material PTCDI-C3Ho7.

4.5 Conclusion

Vacuum-deposited thin films of pentacene, p-4P and p-6P are polycrystalline. For pen-
tacene, a perpendicular orientation of the molecules with respect to the substrate surface
was found.

Au as well as Ca can be used to inject holes into pentacene thin films. The charge-
carrier injection is more effective for Au, which results in a larger average spread distance
of the accumulated charge carriers within the organic thin film. Furthermore, for Ca,
indications of electron injection could be found; however, charges are accumulated only
below the contact and thus, no channel is formed. Similarly, both Mg and Au can be used
for electron injection into PTCDI-Cy3H,7.

Functioning p-type OFETSs based on tetracene could be demonstrated with both Au
as well as Ca contacts. The increased contact resistance due to the injection barrier in
the case of Ca leads to a lower saturated drain current for equal gate voltage. Thus, the
extracted field-effect mobility is lower than the actual value. The threshold voltage is not
influenced significantly by the injection barrier.

Temperature-dependent measurements revealed that the charge-carrier mobility is a
thermally activated process: Both the hole mobility in pentacene as well as the electron
mobility in PTCDI-Cy3Hy7 increase with increasing temperature, thus confirming that the

model of hopping transport rather than band-like transport can be applied.



Chapter 5

Ambipolar Organic Field-Effect

Transistor

Organic bilayer heterostructure FETs are presented as model structure for ambipolar
transport, i.e. simultaneous p- and n-channel formation. The bilayer is prepared by subse-
quent evaporation of a hole-transport and an electron-transport material. The ambipolar
transport characteristic is studied for different hole-transport materials, i.e. pentacene,
p-4P 1 and o-5T ? combined with the electron-transport material PTCDI-C3Hy7 2. The
hole-transport materials differ in their HOMO-LUMO gaps and hole mobilities. Thus, the
influence of different hole mobilities and contact resistances on the ambipolar characteris-
tic is investigated. Au and Mg are used as injecting contacts, and the device characteristics
are studied in forward and reverse bias, i.e. the characteristics of almost ohmic contacts
and non-ohmic contacts are compared. Finally, two approaches for the theoretical simu-
lation of the ambipolar current characteristic are introduced: an analytical model based
on a modified version of the Schockley equation and a numerical calculation based on the
drift-diffusion model.

5.1 Pentacene/PTCDI-C3H,;; OFET

The preparation of a bilayer heterostructure consisting of the hole-transport material
pentacene and the electron-transport material PTCDI-C;3Hs7 leads to an OFET with
pronounced ambipolar current-voltage characteristic, i.e. simultaneous p- and n-channel
formation. An OFET structure is investigated that has been optimized for efficient charge-
carrier injection by selecting Mg top and Au bottom contacts for injection of electrons and

holes into the PTCDI-Cy3Hs7 and pentacene layers, respectively. This device architecture

Ipara-quaterphenyl
2a-quinquethiophene
3N,N’-ditridecylperylene-3,4,9,10-tetracarboxylic diimide

99
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Figure 5.1: (a) Schematic drawing of a bilayer heterostructure organic field-effect transistor

combining 40 nm pentacene and 50 nm PTCDI-Ci3Hy7. A highly doped silicon wafer is used
as substrate and gate contact, with 130 nm thick thermally grown SiOy layer as gate insulator.
The device is bottom-contacted by Au (30 nm) and top-contacted by Mg (50 nm). (b) Molecular
structure of PTCDI-Ci3Ho7 and pentacene. Reprinted from [Ros04a).

serves as a model structure for ambipolar field-effect transistors, which are regarded as a
requirement for efficient light-emitting field-effect transistors.

The schematic drawing of the pentacene/PTCDI-C;3Ha7 bilayer heterostructure OFET
together with the molecular structure of both organic semiconductors is shown in Fig-
ure 5.1. A heavily doped silicon wafer is used as substrate and gate contact, with a 130 nm
thermally grown SiO, layer as gate insulator. Subsequently, a 30 nm Au contact for hole
injection into pentacene, a 40 nm pentacene layer, a 50 nm PTCDI-Cy3Hs; layer, and
a 50 nm Mg top contact for electron injection into PTCDI-C;3Hy; have been thermally
evaporated. The channel length and width are 140 pm and 2000 pm, respectively.

The energy levels of the highest occupied (HOMO) and the lowest unoccupied molecu-
lar orbital (LUMO) of pentacene and of PTCDI-C;3Hy; with respect to the work functions
of Au and Mg are shown schematically as straight lines in Figure 5.2. The band diagram
reflects only the situation between source and drain contact; the effect of the gate is not
considered. The HOMO level of pentacene is 5.0 eV [Kar03], which is well-aligned with
the work function of Au at 5.1 eV [Lid96], resulting in an efficient injection of holes into
the pentacene layer. Mg was chosen for its work function of 3.7 eV [Lid96] to reduce the
barrier for electron injection into the PTCDI-Ci3Ho7; LUMO level at 3.4 eV. The values
for the relevant energy levels of PTCDI-Cy3Ha; were estimated from [Hir95].

Results

As the device architecture itself is highly asymmetric with respect to source and drain
electrodes and the two organic layers, it is necessary to differentiate not only between
positive and negative gate bias, but also between the two cases of Au or Mg being defined

as source contact. Figure 5.3 shows the transistor output characteristic of a heterostruc-
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Figure 5.2: Energy level diagram of HOMO and LUMO of pentacene [Kar03] and PTCDI-
C13Ha7. The values for PTCDI-Ci3Hor are estimated values from [Hir95]. Also shown are the
work functions of the two contact metals, Au and Mg [Lid96]. Reprinted from [Ros04a)].

ture transistor with the Au electrode biased as source (common) contact. The typical
voltage range for gate and drain-source bias was +50 V. Applying a negative gate bias
Ve, typical p-channel characteristic is observed for negative drain-source voltages with
[Vbs| < [Vonset| as shown in Figure 5.3(a). For |Vpg| > |Vonset| @ steep increase in the
drain current is observed, which is reproducible and not observed in the corresponding
gate current. From the characteristic, the following empirical relation for V,, s is ob-
tained: Vs ~ Vg — 10 V.

The drain current Ip for positive gate bias applied relative to the Au source contact is
shown in Figure 5.3(b). For gate voltages between 0 and 10 V, the drain current increases
with a positive curvature and shows no saturation. For gate voltages Vi > 15 V and small
Vps with Vpg < V,,.se¢ the characteristic behaves like an n-channel device with a linearly
increasing and saturating drain current. For Vps > Vs, again a pronounced increase
of the drain current is observed. The magnitude of that additional current decreases with
increasing V. The scale for the drain current in Figure 5.3(b) is two orders of magnitude
lower than in (a).

The transistor output characteristic with Mg defined as source (common) contact and
positive gate bias is shown in Figure 5.4(a). For Vi > 15V, typical n-channel characteris-
tic is observed, i.e. the magnitude of the saturated drain current I increases linearly with
increasing Vi and saturates for Vps > Vpsar, as expected for normal transistor output
characteristic. However, for Vg < 10 V, a pronounced increase of the drain current with
increasing Vpg for large drain-source voltage values is observed. The current increases
with decreasing Vi, and for Vi < 5 V no contribution of linearly increasing and saturating
current is observed for small drain-source voltage Vpg.

Applying a negative gate bias |Vg| > 10 V with respect to the Mg source contact,

the observed characteristic is typical for p-channel device operation, even though the
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current increase for small |Vpg| shows a rather positive curvature instead of being linear.
The current increases with increasing gate bias and saturates for large Vpg, as shown in
Figure 5.4(b). A tendency of saturation is observed for gate voltages with |Viz| < 30 V. For
|V| > 35 V saturation occurs beyond the measurement range of |Vpg| < 50 V. For small
negative Vi with |Vg| < 5 V, the additional current increase with positive curvature
is observed for large |Vpg|. The current increases with decreasing |Vg|, resulting in a
crossing of the Vg =0V and Vg = —5 V curves. Thus, in reverse-biasing the ambipolar

characteristic is maintained, even though the current density is much lower.

Discussion

All four contact configurations of the pentacene/PTCDI-Ci3Hy; bilayer heterostructure
OFET show in the transistor characteristic additionally to the typical current increase
and saturation an increase in drain current for large |Vpg|. In Figure 5.3(a), the typical
p-channel characteristic for |Vpg| < |Vonset| originates from an accumulation layer of holes
formed at the pentacene/SiO, interface. For |Vpg| = 0 V holes are equally accumulated
at both, source and drain contact. However, the charge-carrier concentration at the drain
contact decreases with increasing |Vpg| and for |Vpg| = |V — Vip|, with Vi, being the
threshold voltage for p-channel device operation, the gate bias at the drain contact is zero
with no charges accumulated at the interface. Thus, the p-channel is in pinch-off and the
drain current saturates. Increasing |Vpg| further, the gate contact effectively exhibits a
positive bias with respect to the drain contact. As the Mg contact energetically favors
electron injection into PTCDI-C;3Hy7, an accumulation layer of electrons is expected to
form in the PTCDI-C;3Hy; layer on top of the pentacene layer. Therefore, the current
increase is attributed to the injection of electrons into the PTCDI-C3Hy7 layer. Since the
pentacence/PTCDI-Cy3Hy; interface forms a barrier for electron injection from PTCDI-
Ci3Ho7 into pentacene, the pentacene layer is expected to serve as an additional gate
insulator for electron transport. Thus, the transport of electrons occurs in a channel
formed close to the pentacene layer. The threshold voltage V7, for n-channel operation
determines the onset of the additional electron current as follows: |Vonset| = |V — Virp —
Vrn|. From Figure 5.3(a) the empirical relation V,,se; ~ Vg — 10 V was obtained. Thus
Vrp + Vrp, =~ 10 V. The non-linear current increase for small |Vpg| originates from an
additional series resistance most likely due to an injection barrier at the Au contact.
The ambipolar current characteristic in Figure 5.3(b) can be understood using simi-
lar arguments as before. Assuming, the observed n-channel characteristic originates from
electrons being transported within the PTCDI-C3Hy7 thin film adjacent to the pentacene
layer and the additional drain current is due to a p-channel formed within the pentacene

layer, the ambipolar transport mechanism itself is unchanged. The significant difference
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Figure 5.4: Output characteristics of a pentacene/PTCDI-Cy3Hay bilayer heterostructure tran-

sistor with the Mg electrode defined as source contact. The gate is biased (a) positive and (b)
negative. Reprinted from [Ros04a].
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between both cases is the injection of charge carriers. An electron channel, represented
by the linearly increasing and saturating drain current, is formed only for Vi > 15 V. In
this case, electrons are injected into the PTCDI-Cy3Hsy; layer from the Au source contact
through the pentacene layer, i.e. with a large injection barrier. The additional nonsatu-
rating drain current is observed already at Vi; = 0 V. Since holes are injected from the
Mg contact through the PTCDI-Cy3Hy7 layer, also the hole injection is dominated by a
large barrier. Therefore the device characteristic is determined by high injection barriers
(Fig. 5.2) and large contact resistances, which is reflected in the output characteristics
(Fig. 5.3(b)). For example, the current density is reduced by one order of magnitude com-
pared to the forward bias regime, where positive and negative charge carriers are directly
injected from the metal contacts into the corresponding hole- and electron-transporting
layer.

In Figure 5.4(a) the linearly increasing and saturating drain current is due to electrons
injected from the Mg contact into the PTCDI-Cy3Ho; thin film, which are expected to
be transported adjacent to the pentacene layer. The formation of this n-channel occurs
only for Vi > 10 V. The additional nonsaturating drain current is observed for drain
source voltages up to to 50 V only for Vi < 10 V. In this voltage regime of Vpgs >V, set,
the gate contact is negatively biased with respect to the drain contact and therefore
the nonsaturating current originates from holes injected from the Au contact into the
pentacene layer. The typical p-channel device characteristic in Figure 5.4(b) originates
from holes which are injected from the Mg contact through the PTCDI-Cy3H27 layer into
the pentacene thin film. This injection mechanism is associated with a high impedance,
non-ohmic contact resistance, reflected in the positive curvature of the ideally linearly
increasing drain current for small drain-source voltages. The additional drain current
for [Vg| < | — 10| V and |Vpg| > |Vonset| can be attributed to the injection of electrons
since the gate contact is positively biased with respect to the drain contact, and therefore
the nonsaturating current originates from electrons injected from the Au contact through
the pentacene layer into the PTCDI-Cy3Hg; thin film. The current in Figure 5.4(b) is
again lower than in (a), which is caused by the large contact resistance due to the high
injection barriers for hole injection from the low work function Mg source contact into
the pentacene thin film through the PTCDI-C;3Hy; layer and for electron injection from
the Au drain contact through the pentacene layer into the PTCDI-C;3Hy; thin film.

Conclusion

The pentacene/PTCDI-C3Ho; bilayer heterostructure OFET shows for both contact con-
figurations a typical transistor characteristic with an additional increase in the channel

current, which is a typical feature of ambipolar device operation. From Figure 5.3(a) and
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Figure 5.5: Schematic drawing of a bilayer heterostructure OFET combining 35 nm p-4P and
45 nm PTCDI-CysHo7. Highly doped silicon is used as substrate and gate contact, with a 130
nm thick thermally grown SiOy layer as gate insulator. The layers are top contacted by Au (30
nm) and Mg (50 nm). (b) Molecular structure of PTCDI-Ci3Har and p-4P.

5.4(a), it can be concluded consistently, that the electron mobility of the ambipolar device
is higher than the hole mobility.

Even though the combination of pentacene and PTCDI-C;3Hs; results in a pronounced
ambipolar current characteristic over a large range of bias voltages, no light emission is
observed. The experimental results do not allow a prediction on the recombination rate
of electrons and holes, which can either recombine between source and drain contact or
pass each other in two independent parallel channels and leave the device at the other
contact without recombination. Independent of that uncertainty, the energy levels are
not matched for radiative recombination of electrons and holes of these two materials, as

can be deducted from the energy level diagram in Figure 5.2.

5.2 p—4P/PTCDI-ClgH27 OFET

In order to observe electroluminescence (EL) in an ambipolar heterostructure OFET, it
seems to be favorable that HOMO and LUMO levels of both combined materials are
chosen such a way that the HOMO and LUMO of the emitting material is within the
HOMO and LUMO of the material with the larger gap. From these considerations one
concludes that either pentacene or PTCDI-Ci3Hy; should be replaced by a transport
material with appropriate HOMO and LUMO levels. The choice of electron-transport
materials is limited compared to the variety of hole-transport materials. Additionally,
PTCDI-Cy3Hs7 is a fluorescent material with emission in the red, and thus a prospective
emitter. Hence, a hole transporting material with HOMO and LUMO positions matching
PTCDI-Cy3Hs7; as electron-transport material and emitter was searched, i.e. the band-gap
of this new hole-transport material should be larger than the band-gap of PTCDI-Cy3Hs7
and the HOMO and LUMO levels of PTCDI-C;3Hy; should be within the ones of the
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Figure 5.6: Energy level diagram of HOMO and LUMO of p-4P and PTCDI-Ci3Ha7 and work
function of the two contact metals, Au and Mg [Lid96]. The values for p-4P were estimated
based on the HOMO and LUMO level of p-6P [Sch02b] and the singlet energy of p-4P [Pog02].
The values for PTCDI-C\3Ha; were estimated from [Hir95].

hole-transport material. From an energetic point of view, p-4P is a promising candidate
to be used due to its large band-gap of 3.9 eV and relatively good transport properties,
which were described in Chapter 4. The device characteristic of a p-4P OFET is shown
in Figure A.2.

The investigated device structure is shown schematically in Figure 5.5 together with
the molecular structure of both organic compounds. The p-4P thin film is grown directly
on top of the silicon oxide and top contacted by Au. The top contact was chosen in order
to not disturb the growth of p-4P, which is very sensitive to parameters such as surface
energy, substrate temperature and deposition rate. Thus, the top contact avoids growth
defects that would be caused by a SiOy/bottom Au contact interface. Subsequently,
PTCDI-Cy3H,7 is deposited, followed by a Mg top contact. The thicknesses of the organic
layers are 35 nm and 45 nm for p-4P and PTCDI-C;3H7, respectively. The metal contacts
are 30 nm (Au) and 50 nm (Mg) thick. The channel length and channel width are 200 and
1200 pm, respectively. Due to the device architecture, PTCDI-Cy3Hy7 is directly contacted
with Au and Mg, whereas the p-4P thin film is contacted with the Mg electrode only via
the PTCDI-C;3Ho7 layer.

The HOMO and LUMO levels of both organic transport materials and the work func-
tion of the metal contacts are shown in Figure 5.6. The work function of Mg matches
the LUMO of PTCDI-C;3H,7, whereas the work function of Au does not exactly match
the HOMO position of p-4P, however decent injection is still given. This device structure
is again highly asymmetric with respect to the materials chosen as well as the energetic
levels and the two cases of either Mg or Au being defined as source contact have to be

distinguished for voltage scans in both directions.
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(a) PTCDI-C,,H,, on silicon oxide (b) 50nm p-4P on silicon oxide
¥ : i ; 50 nm

0 nm
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(C) PTCDI-C,;H,, on p-4P

= VAL T

Figure 5.7: AFM images of PTCDI-Cy3Ha; on silicon (a) and on top of p-4P (¢) and (d). For
comparison, p-4P on silicon is shown as well (b). The scale of (a) and (c) is 15um, the scale of

(b) and (d) 30 um. The grey-scale bar quantifies the topology between 0 and 50 nm.
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In order to control the growth of PTCDI-Ci3Hy7; and p-4P, AFM images were taken
(Fig. 5.7). On SiO,, PTCDI-Ci3Hy; forms smooth films, while p-4P grows in quite
large crystallites of 1 —2 pm. When PTCDI-C;3Hs; is deposited on p-4P, the morphology
resembles the elongated large p-4P grains and is completely different to the one of PTCDI-
C13Hg7 directly on silicon oxide. Therefore it can be concluded that PTCDI-C;3Hg7 covers

p-4P and a good contact between both materials is provided.

Results

The qualitative behavior of the output characteristic measured for positive and negative
bias voltage |Vps| and |Vi| up to 80 V resembles the characteristic features of ambipolar
transport as discussed before. Figure 5.8(a) shows the output characteristic for the case of
Mg defined as source contact. The graph is composed of two independent measurements,
one for positive bias and one for negative bias voltage. Each scan was performed for
increasing drain-source voltage |Vpg| starting at 0 V. The characteristic for Au as source
is shown in Figure 5.8(b). Additionally to the drain current, the measured gate current is
shown in both graphs, and appears with being more than 2 orders of magnitude smaller
than the drain current, to be almost zero on the drain-current scale. Only for Au as source
and negative bias applied, the gate current appears to be noisy, which is also reflected in
the corresponding drain current.

Similar to pentacene/PTCDI-C;3H,; devices, for both positive and negative bias scans
an almost linear current increase followed by saturation and an additional strong current
increase with positive curvature are observed. In each of the four characteristics, the
ideally linear increase of the drain current for small |Vpg| shows here a positive curvature.
In contrast to the previously discussed pentacene/PTCDI-Ci3Hy; device, the saturated
drain current is in the same order of magnitude for all four characteristics.

Also for the p-4P/PTCDI-Ci3Hy; bilayer heterostructure OFET no light-emission
could be observed. In order to investigate whether this is due to a mismatch of HOMO
and LUMO level of p-4P and PTCDI-Cy3Hy; or due to the bilayer heterostructure be-
ing an inappropriate device architecture, both materials have been combined in a bilayer
OLED. Using Au as anode and Mg as cathode, red emission of PTCDI-C,3Hs; could be
observed [Rost, unpublished]. Thus, the combination of the two materials can in principle

emit light.

Discussion

Considering positive bias voltage, the saturated drain current in Figure 5.8(a) and (b)
is due to accumulated electrons at the p-4P/PTCDI-Ci3Hy; interface. The electrons are
either injected from the Mg contact (a) or the Au contact (b), depending which of the
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Figure 5.8: Output characteristics of the p-4P/PTCDI-Ci3Hor bilayer heterostructure transis-
tor. The bias voltage is either applied against the Mg contact (a) or the Au contact (b). Ip was

measured for negative and positive values of Vpg, respectively. the values of Vg are indicated in
the diagram.
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two contacts is defined as source. The pronounced increase in current, which is gate-
voltage-dependent, is due to hole injection from opposite drain contact. Contrary, for
negative bias voltage, holes are injected from the source contact, either Mg or Au, and
accumulated at the p-4P/SiO5 interface. The pronounced, gate-voltage-dependent current
is due to electron injection from either Au or Mg, respectively.

Comparing the magnitude of the drain current for either positive or negative voltage
bias in Figure 5.8(a) and (b), a difference between injection of electrons and holes from
either Au or Mg is observed. Considering the accumulation of electrons, the saturated
drain current for injection from Mg is 1.5 times larger than the saturated drain current
for injection from Au. Consistently, for the accumulation of holes, the saturated drain
current for injection from Au is even 1.8 times larger than the saturated drain current
for injection from Mg, which is through the PTCDI-C;3H,; layer into the p-4P thin film.
Regarding the band diagram in Figure 5.6, the band offset for hole injection from Au is
1.1 eV, for hole injection from Mg via PTCDI-Cy3H7 it is composed of two barriers with
the energies 1.7 and 0.8 eV. The electron injection into PTCDI-C;3Hy; from Mg can be

associated with a barrier of 0.3 eV, from Au with a barrier of 1.7 eV, respectively.

Conclusion

The bilayer heterostructure OFET of p-4P and PTCDI-C;3H,7 shows an almost symmetric
pronounced ambipolar characteristic. Even though both mobilities seem to be in the
same order of magnitude, the hole mobility appears to be slightly larger than the electron
mobility. The quantitative mobility values will be discussed in detail in Section 5.4.1. No
light emission is observed from the bilayer heterostrcucture OFET, although EL could be
observed in bilayer OLED devices composed of p-4P and PTCDI-Cy3Hs7;. The emission
spectrum could be allocated to emission from PTCDI-Ci3Hy;. Therefore, a mismatch of
the energy levels of the two organic materials can be excluded as the limiting factor for
the EL from an OFET structure. It is assumed that either the electron and hole channels
are formed parallel to each other and thus no recombination takes place, or the current
densities and recombination rate are too low, and thus the EL intensity is below the
detection limit of the photodiode.

5.3 &-5T/PTCDI-C13H27 OFET

An increase in ambipolar current densities can either be achieved by decreasing the channel
length and increasing the channel width, or by replacing p-4P with a hole-transport
material having considerably higher mobilities, such as a-5T. The HOMO and LUMO

levels of a-5T are in between the ones of p-4P and pentacene, whereas the HOMO level of



72 CHAPTER 5. AMBIPOLAR ORGANIC FIELD-EFFECT TRANSISTOR

27
2.6
ST 3.4
L
54 5.1 53 54 5.1
Au ———— —— Au
a-5T  PTCDI-C43Hy7
-6 +
v

Figure 5.9: Energy level diagram of HOMO and LUMO of a-5T and PTCDI-C\3Ho7 and work
function of the two contact metals, Au and Mg [Lid96]. The values for a-5T are based on its
HOMO level [Jon90] and singlet energy [dM99]. The values for PTCDI-C\3Hyr were estimated
from [Hir95].
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Figure 5.10: Schematic drawing of a bilayer heterostructure OFET combining 50 nm a-5T and
45 nm PTCDI-CysHo7. Highly doped silicon is used as substrate and gate contact, with a 150nm
thick thermally grown SiOs layer as gate insulator. The device is symmetrically contacted by
Au. (b) Molecular structure of PTCDI-C13Ha7 and a-5T.

a-5T is with 5.3 eV [Jon90] similar to the one of PTCDI-Cy3Hy7, as shown in Figure 5.9 .
The investigated device structure is shown in Figure 5.10. The thin film of a-5T is grown
directly on silicon oxide and top contacted by Au, in order to avoid growth defects at
the SiOs/bottom contact interface. PTCDI-Cy3Hy; is deposited as the top layer. For this

device Mg could not be employed as contact metal due to processing limitations.

This device structure is symmetric with respect to source and drain contacts as can
be seen from the schematic drawing in Figure 5.10. The symmetry in device architecture
comes along with an asymmetry with respect to contact resistance, as it is shown in the
energy level diagram in Figure 5.9. The gold contact forms an almost ohmic contact for
hole injection into a-5T, however, the contact is clearly non-ohmic for electron injection

into PTCDI-C;3Hg7. This leads to a higher contact resistance and therefore smaller elec-
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Figure 5.11: Output characteristic of the a-5T/PTCDI-Ci3Ha7 bilayer heterostructure tran-
sistor. The gate has been either biased positive or negative. Ip was measured for positive and
negative values of Vpg wvaried between 0 and £ 80 V, respectively.

tron currents than expected from the electron mobility in PTCDI-Cy3Hs7. Both organic
layers are directly contacted with both electrodes, excluding additional contact resistances

due to charge-carrier injection via an organic layer.

Results

Due to the device symmetry with respect to source and drain contacts, only the two cases
of positive and negative bias have to be considered, independent on which of the two
top contacts are defined as source. Figure 5.11 shows the output characteristics of two
independent measurements, one for positive bias and one for negative bias voltage. They
were performed starting from 0 V and increasing the drain-source voltage Vpg to 80 V
for discrete gate bias of the same sign, also varied from 0 to £80 V. For both polarities,
typical transistor characteristics are observed with a saturation region for the n-channel
regime as well as for the p-channel regime. Also in both cases, for large |Vps| > |Vonser| the
additional nonsaturating current characteristic for ambipolar device operation is observed.

Figure 5.12 shows the ambipolar transfer characteristics of the device, whereas in
(a) the drain current is plotted semilogarithmic versus the gate voltage for drain-source
voltages from 0 to £100 V and in (b) the square root of the drain current for |Vpg| = 100 V

is shown, from which the electron and hole mobility can be extracted. Each graph is
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Figure 5.12: Transfer characteristic of the a-5T/PTCDI-Ci3Hayr bilayer heterostructure

OFET. (a) Semilogarithmic plot for the drain current Ip versus the gate voltage V. (b) Square
root of the drain current Ip versus the gate voltage Vi for |Vpg| = 100 V. The dotted line is
the linear fit in the unipolar limit at large gate bias, from which electron and hole mobilities can
be extracted to pi, = 2 x 107* em?/V's and pp = 1.5 X 1073 em?/V's, respectively.



5.3. Oé-5T/PTCDI—ClgH27 OFET 75

composed of two independent measurements, one for positive and one for negative bias
voltages. The scan direction was chosen in each case with start at 0 V and increasing
the bias voltage up to 100 V. In the transfer characteristic of unipolar devices only
for gate voltages above threshold a drain current is observed, which is increasing with
both the drain-source and gate bias. This current is also observed for. However, whereas
unipolar devices are in the " off”-state for gate voltages below threshold, for which only gate
leakage is observed, here a drain current is observed also for gate voltages below threshold.
This drain current is increasing with increasing drain-source voltage, but decreasing with
increasing gate voltage. Thus for each applied drain-source voltage, a minimum in the

drain-current versus gate voltage curve is observed.

Discussion

For positive voltage scans, electrons are injected from the source contact and the observed
saturation region of the current is due to accumulated electrons at the PTCDI-Cy3Ha7 /-
5T interface. The strong increase in current, which is gate voltage dependent, is due
to hole injection from the drain contact. Contrary for negative bias voltages, holes are
injected from the source contact and the observed saturation region of the current is due
to accumulated holes at the a-5T/SiOq interface. The strong increase in current, which

is gate voltage dependent, is due to electron injection from the drain contact.

The ambipolar transfer characteristic shows an ”on-off-on”transition, whereas the
drain current in the "on”-state for large |V is identical to the unipolar drain current,
i.e. a hole current for negative gate bias and an electron current for positive bias. From the
slope of that current, hole and electron mobility can be extracted as 1.5 x 1073cm?/Vs and
2 x 107%*cm?/Vs, respectively. Around the minimum region of the drain current, electron

and hole transport overlap and the transistor operates ambipolar.

Conclusion

The bilayer heterostructure OFET of a-5T and PTCDI-C;3H,; shows an ambipolar char-
acteristic, that is not as symmetric as the one of p-4P and PTCDI-C 3Hs7, due to the
larger hole mobility of a-5T. The hole current is approximately one order of magnitude
larger than in the case of p-4P applied as hole transport matrial, whereas the electron
current is unchanged. Also for this device, no light emission is observed. Thus it is as-
sumed that even in case of emitted light the intensity is still below the detection limit
of the silicon photodiode. From the ambipolar transfer characteristics, hole and electron
mobility of 1.5 x 1072 cm?/Vs and 2 x 10~*cm?/ Vs could be extracted.
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5.4 Simulation of Ambipolar OFET Characteristic

Modelling the ambipolar device characteristic is motivated by the idea of describing the
ambipolar current in a similar way as the unipolar transistor characteristic is described by
the Shockley equation. There, the device characteristic is described by the charge-carrier
mobility p as the only material parameter, the threshold voltage Vi describing the inter-
face properties and the device dimensions channel length L and channel width W and the
insulator capacitance C;. In a first approach, the Shockley equation is modified for the
quantitative description of ambipolar transport. However, this approach neither consid-
ers recombination nor eventual modifications in the effective channel length. Therefore
in a second approach, the ambipolar device characteristic is simulated analytically ap-
plying the drift-diffusion model and considering only material parameters and the device
geometry. This approach delivers not only the current-voltage characteristic, but also the
potential distribution and charge-carrier concentration between source and drain contact.

Additionally, charge-carrier recombination is considered.

5.4.1 Model Based on a Modified Shockley Equation

The observed characteristic of an ambipolar transistor can be understood in a qualitative
manner as a superposition of the characteristics of two unipolar organic field-effect tran-
sistors. This requires the analysis of the complete characteristic with a voltage scan for
gate and drain-source bias not only in the typical operating regime, but also in the re-
verse voltage regime, i.e for example the measurement of the drain current for a n-channel
device not only for positive gate and drain-source voltages, but also for negative gate and
drain-source voltages.

Regarding an OFET where electrons are the majority charge carriers, the typical
operating regime, characterized by the linear region for small drain bias and the saturation
region for large drain bias, is hereby for a n-channel device located in the first quadrant
of an Ip versus Vpg diagram. The reverse scan, which features no saturation, is located
in the third quadrant, as it is shown in Figure 5.13(a). Whereas I in the first quadrant
increases with the gate bias Vi, the current in the third quadrant decreases with increasing
gate voltage. In the first quadrant, the drain current dependence on the gate voltage is
theoretically described as a quadratic one, however, the experimental curve shows a sub-
quadratic increase of the saturated drain current with the applied gate voltage. This
deviation from theory is most likely due to traps within the organic thin film [Ref].

Considering the n-channel device for the stationary case in which no drain-source-
voltage, but a negative gate voltage is applied, electrons are depleted at the gate-insulator

interface. Consequently, applying a small negative drain-source voltage with |Vpg| <
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Figure 5.13: (a) Measured output characteristic of a unipolar, n-channel single-layer transistor
in the complete bias range of positive and negative drain-source and gate voltages. The drain
current in the first quadrant of the Ip versus Vpg diagram shows saturation, whereas in the third
quadrant no saturation is observed. (b) Schematic drawing for the drain-source and gate voltage
bias that leads to an electronic current flow in the first quadrant. (c) Schematic drawing for
drain-source and gate voltage bias that leads to electronic current flow in the third quadrant. In
this case, a negative drain-source and negative gate voltage is applied with respect to the source
contact. (d) Redefining the drain contact as common contact. This notation is equivalent to a
positive drain-source voltage and a positive gate voltage (for |Vps| > |Val), being applied with
respect to the drain contact. The effective gate voltage is then Vg—Vpg. Therefore, for each data
point in the third quadrant, an equivalent data point in the first quadrant can be found. However,
the scan of Vpg for discrete Vg is then a simultaneous scan of the effective drain-source and

gate voltage, resulting in a nonsaturating current. Reprinted from [Ros04a).
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|V — V|, no current flow is observed. Vr is the threshold voltage for n-channel transistor
operation. Increasing the magnitude of the drain-source bias above values of |Vg — Vr|,
the drain contact is biased more negative than the gate contact, i.e. with respect to the
drain contact a positive net gate bias is applied. Consequently, electrons are injected
from the drain contact and accumulated at the interface close to the gate insulator. A
drain-source current is observed as a consequence of the drain-source field.

Since the drain contact is now acting as injecting contact and only electrons are consid-
ered, it is convenient to redefine it as common or source contact, i.e. express the voltages
applied to the source and gate contact with respect to the drain contact, as schematically
shown in Figure 5.13(b)-(d). The resulting net source-drain voltage V§, is therefore given
by:

Vip = —Vps (5.1)
and the net gate voltage V., is given by:
Vép = Ve —Vr — Vps (5.2)

For negative Vpg with |Vpg| > |V — Vr|, both VI, and V., are positive values.
Whereas for the typical output characteristic with injection from source contact the ap-
plied drain-source voltage and gate voltage are independent, for the reverse characteris-
tic, the effectively applied gate voltage is a composition of the applied drain-source and
gate voltage. Therefore the transistor output characteristic in reverse direction is not a
drain-source voltage scan for discrete gate voltages. Rather, with increasing drain-source
voltage, not only the net source-drain voltage V§,, is increasing, but also the net gate
voltage V{.p, resulting in a non-saturating drain current. Increasing the magnitude of the
negative applied gate voltage V; leads for a constant applied negative drain-source voltage
Vps according to Equation 5.2 to a decreasing positive gate voltage V(.. Therefore, the
reverse drain current is decreasing with increasing V.

The previously discussed OFETSs featuring ambipolar device characteristic are bilayer
heterostructures of a hole and an electron transport-material, i.e. a combination of a
p-channel and a n-channel device. In a first approximation, the ambipolar current is com-
posed of a hole and an electron current. Therefore, regardless of whether the device is
scanned in the positive or negative bias regime, one of these currents saturates, whereas
for the other one no saturation is observed. In the heterostructure transistor we therefore
always measure a superposition of both, the saturating and the nonsaturating character-
istic, independent of the applied voltage regime (positive or negative bias), leading to the
characteristic features of the ambipolar current.

In a simple approach, the ambipolar current characteristic can therefore be modelled

as a superposition of a hole and an electron current. The effective applied drain-source
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and gate voltages for one of the charges have to be adapted from Equation 2.7 and 2.9
using Equation 5.1 and 5.2.
Considering positive gate bias Vg with Vg — Vi, > 0 and positive drain-source voltage

Vps with Vpg < Vig — Vi, the electron current Ip, is given by

%% 1
Ipn = fﬂncz (Ve = Vra) Vs — §VD32 ; for Vps < Vg —Vpy (5.3)

Here, p, is the field-effect mobility for electrons and Vp, the threshold voltage for
n-channel operation. For large Vpg with Vpg > Vig — Vi, the drain current Ip,, saturates

and depends only on Vi:

W
]Dnsat - ﬁ,unOZG/G - VTn)2; for VDS Z VG - VTn (54)

The corresponding hole current Ip,, is zero for Vpg < Vo—Vp, and is for Vpg > Vo=V,
with 0 < Vi — Vpy, given by
w

1
Ip, = fupci (Ve = Vip — V) (=Vbs) — §VDS2 ; for 0< Ve —=Vp,  (5.5)

Here, p,, is the field-effect mobility for holes and V7, the threshold voltage for p-channel
operation. For 0 > Vi — Vpp,, the drain current Ip, is given by

Ci(Vg — Vi — Vpg)?; for 0> Vg —Vp, (5.6)

Ippsat = K/~Lp
2L

Similar expressions hold for the electron and hole current under negative drain-source
and gate bias. The total ambipolar current Ipg,,,; is the sum of electron and hole current.
The analytical expression for the total ambipolar current Ipg,, used for simulation with
Mathcad®© can be found in Appendix B. Free parameters are the electron mobility j,,, the
hole mobility s, and the threshold voltages for n- and p-channel device operation, Vz,, and
Vrp, respectively. The model does not account for any contact resistances and injection
barriers, change in effective channel length and the modified gate insulator capacitance
for the top layer.

The simulated and measured data for the pentacene/PTCDI-Ci3Hy; device (Fig-
ure 5.3(a) and 5.4(a)) are shown in Figure 5.14. The values for the channel length L, the
channel width W, and the capacitance C; are fixed parameters and the values are set ac-
cording to the device geometry to L = 140 pum, W = 1200 um, and C; = 2.3x 1078 F/ch.

First, the threshold voltages for p- and n-channel operation have been extracted from
the experimental data with Vp, = —4 V and V7, = 8 V. Subsequently, the mobilities
have been adjusted to fit the experimental data. Hereby, the weakness of the model due
to not taking contact resistance and injection barriers into account is obvious. In the

linear region of the measured data of Figure 5.14(a) the drain current shows a concave



80 CHAPTER 5. AMBIPOLAR ORGANIC FIELD-EFFECT TRANSISTOR

(@)_9.20
] Pl ]
_ Vg=0V -5V -10V-15V-20V -25V -30V

% -0.15- . i
_D o
+~ -0.10- :
© - . Vg=-50V
% /1
3 : Vg=-45V
'% -0.051 </Gi_4ov
g _

0.00-

0 10 20  -30 40 50

.."""'l":.'l%'l"

drain-source voltage Vpg [V]

Figure 5.14:  Simulated (line) and measured (symbols) output characteristic of the

pentacene/PTCDI-CysHoy bilayer heterostructure transistor. (a) Au is defined as source contact,
(b) Mg is defined as source contact. The best fit is obtained for threshold voltages Vi, = -8 V
and Virp, = 4 V and mobilities of p, = 1.2 x 1072 em?/Vs and pp, = 2 x 107* ecm?/Vs.
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device structure contact | Vip, | fin contact | Vi, | ptp

metal | [V] | [em?/Vs] | metal | [V] | [em?/Vs]
pentacene/PTCDI-C3Hy; | Mg 8 1.2x 1072 | Au 4 | 2x10™*
p-4P /PTCDI-C3Hy; Mg 15 | 4x10* Au 225 | 8 x 1074
a-5T/PTCDI-Cy3Hyy Au 15 | 4x10™* Au -15 | 1.5 x 1073

Table 5.1: Fitted values for Vr, and Vr, and electron and hole mobilities p, and p, for
the different bilayer heterostructure OFETs obtained by the modified Shockley approrimation.
Influences of contact resistance and modified gate capacitance and channel length have been

neglected.

increase with increasing drain-source voltage instead of a linear one. Consequently, the
saturated drain current is smaller than it would be without contact resistances. Since
contact resistances are neglected in the model, the fitted values for the electron and hole
mobility reflect only the correct order of magnitude, but not the correct value of the
actual mobility. Furthermore, the saturated drain-current in Figure 5.14(b) shows a non-
quadratic dependence on the gate voltage, which is also omitted in the model, leading
only to an approximation for the mobility. Nevertheless, the best fit has been obtained
for electron and hole mobilities of p,, = 1.2 x 1072 em?/Vs and p, = 2 x 107* cm?/Vs for
that particular device.

For the p-4P/PTCDI-Cy3Hy; and the a-5T/PTCDI-Ci3Hy; bilayer heterostructure
OFETs, threshold voltages for n- and p-channel operation and electron and hole mobilities
are obtained with the same approach. The results are summarized in Table 5.1.

Due to the discussed disadvantages of the model and its inability to make predic-
tions about the voltage distribution, charge-carrier densities between source and drain
contact and recombination, a more advanced model based on numerical two-dimensional

simulations has been applied.

5.4.2 Advanced Simulation using the Drift-Diffusion Model

To investigate the basic ambipolar effects without the additional influences of the special
bilayer heterostructure, a single layer model structure is considered. Thus, the additional
influence of mixed bottom and top contacts, an additional organic/organic interface and
modified gate capacitance for the top layer are neglected. An electron as well as a hole
mobility is ascribed to the organic transport material and the HOMO and LUMO levels
have been chosen to the ones of pentacene. Source and drain electrodes are bottom
contacts of Au and Mg, thus having different work functions. The thickness of the organic
thin film and the metal contacts is 30 nm. The SiOs gate insulator has a thickness of

doxy = 150 nm with a relative dielectric constant of e¢,, = 3.9. The channel length is
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L X
. 30nm organics drain
’ 150nm SiO,,
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Figure 5.15: Single layer model structure with an organic thin-film thickness of 30 nm and a

channel length of 140 um.

L = 140 pm and the channel width W is for simplicity chosen as 1 pm. The simulated
channel length including contact regions is 160 pm. The monolayer model structure is
shown in Figure 5.15.

Simulations have been carried out using the drift-diffusion model in combination with
the two-dimensional device simulation programm ISE-TCAD [AG99]. Its applicability
to organic materials has been shown in detail in [Sch00, NguO1, Nes02]. The program
simultaneously solves the Poisson equation for the electrical potential ¢ and the continuity
equations for the hole and electron densities p and n, respectively. In the non degenerate
limit, they are connected with the hole and electron quasi-Fermi potentials ¢r, and ¢p,
by p = njexple(¢r, — ¢)/ksT] and n = n;exple(¢ — ¢r,)/kgT]. The intrinsic density n;
is related to the gap energy F, and the effective densities of states Ny and N¢ in the
valence and conduction band by n; = /Ny N¢ exp[—FE,/2kpT]. For a molecular material,
the molecular or monomer density has to be used rather than the effective density of
states [NguO1].

Material parameters of the organic thin film have been chosen equivalent to pentacene:
relative dielectric constant ¢, = 3.5, electron affinity x = 3.22 eV, band gap E; = 1.85 eV
[Sch02a], and effective density of states Ng = Ny = 10*! cm™ (monomer density).
Constant mobilities for electrons and holes are assumed, but the absolute values are
varied. Unless otherwise noted, u, = 1.2 x 107 ¢m?/Vs and p, = 1.2 x 107* cm?/Vs
are used as standard values. The material is assumed to be intrinsic. In addition direct
recombination was taken into account. For an organic material with low mobility the

bimolecular rate Rgireet described by the Langevin form: [Pop82, Blo98] is
Rgirect = k [”p - Tlﬂ ) (57)
with

k::

(i + 1) (5.8)

The source, drain and gate contact materials are described as metals. The gate contact

material is characterized solely by its work function, which has been chosen to 4.08 eV,
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Figure 5.16: Simulated output (a) and (c) and transfer characteristic (b) and (d) for the
monolayer model structure shown in Figure 5.15. The two cases of Au (a) and (b) and Mg (c)

and (d) defined as source contact are distinguished.

corresponding to n™ — S7 with a doping concentration of Np = 8 x 10'® cm™3. The exact
value is not really of interest because only the flat band voltage is directly influenced.
In contrast, the work functions of the source and drain contacts are crucial quantities.
These work functions differ to enable hole injection from one and electron injection from
the other contact. Thus, for the Au contact we have chosen 5.0 eV, which is close to
the HOMO level of pentacene. For the Mg contact 3.635 eV is used as standard value.
The difference between these metal work functions and the energy of the transport states,
i.e. x for electrons and (x + E,) for holes, where y is the electron affinity acts as barrier
at the contacts. Possible dipole layers or Fermi-level pinning can be modelled by choosing
a corrected work function. For any given set of parameters, one simulation with the Au
contact as source and one with Mg as source have been carried out. All results correspond

to a temperature of 300 K.
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For the standard barriers, the hole density at the Au contact is 6.6 x 10! cm ™2, whereas
the electron density at the Mg contact is rather low, i.e. 1.0 x 10** cm™2 . Therefore, the
Au contact will be an accumulation contact for holes. Its properties remain unchanged
for small variation of its work function. On the other hand, at the Mg contact, depletion
exists as far as the electron channel is formed and the electron current depends sensitively
on small variations in the value of the Mg work function. Additionally, the ambipolar
current consisting of an electron current injected at Mg and a hole current injected at Au
depends on the ratio of the electron and hole mobilities. The standard parameters used

have been chosen such that the device clearly exhibits ambipolar properties.

Results and Discussion

Current-voltage characteristics simulated with the standard parameters defined above
are shown in Figure 5.16 for both cases of Au defined as source and Mg defined as
source. The output characteristic in Figure 5.16(a) and (c) qualitatively exhibits the
same characteristics of ambipolar behavior as the experimental dependencies do for the
asymmetric bilayer heterostructure in Figure 5.3(a) and 5.4(a), however, there are also
some differences. The simulated transfer characteristics are shown in Figure 5.16(b) and
(d) on a linear scale.

In the simulated output characteristic with Au as source (Fig. 5.16(a)), typical p-
channel characteristic is observed for negative gate and drain-source voltage up to where
saturation sets in. In contrast to the experimental data (Fig. 5.3(a)), which show a soft
onset of the drain current with positive curvature, in the simulated data the current
increase is linear. For higher |Vpg| the steep almost linear increase of the current begins
abruptly, with a gate source voltage dependence that indicates an electron current, and
an almost equidistant parallel shift with V;. The onset of this increase is clearly at a lower
drain-source voltage than in Figure 5.3(a). A shift of this onset voltage can be caused by
interface charges [Paa05]. The transfer characteristic with Au as source shows the normal
linear dependence of the active region for low negative drain-source voltage and negative
gate voltage for the p-channel. If the gate voltage is changed in the positive direction, the
onset of the electron current injected from the Mg drain contact occurs. This electron
current becomes larger than the hole current for increasing positive gate voltage due to
the higher electron mobility. On the other hand, the gate voltage dependence of this
current becomes then sublinear as expected from a nonohmic electron injecting contact.
Although the current exhibits a minimum, there is no real off-state.

The simulated output characteristic for Mg as source shows, in addition to the n-
channel formation at low drain-source voltages, the additional current for large drain-

source voltages arising from hole injection at the Au drain. Similar to the experimental
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Figure 5.17: (a) Simulated internal field distribution, (b) concentration profile for holes and (c)
electrons, and (d) recombination rate per unit volume for the monolayer model structure shown

in Figure 5.15 under different bias conditions for the case of Au defined as source contact.
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data shown in Figure 5.4(b), the onset is visible only for low gate voltages within the con-
sidered drain-source voltage range up to +50 V. In good agreement with the experiments,
the drain-voltage dependence of the additional hole current is almost quadratic. Also,
the electron current increases in saturation almost linearly with the gate-source voltage,
in contrast to the normal quadratic dependence. This is also observed in the simulated
transfer characteristic (Fig. 5.16(d)), which here becomes sublinear for large positive gate
voltage. The hole current again exhibits a linear gate-source voltage dependence.

To summarize, the simulated model system indeed qualitatively shows the charac-
teristics typical of ambipolar operation, which have been measured at the asymmetric
heterostructure device. The two deviations of the measured characteristics from the the-
oretical description at low drain-source voltages, i.e. the soft onset of the current with
a positive curvature for Au as source and the rather weak gate-voltage dependence of
the drain current for Mg as source do not occur in the simulations due to the simplified
description of the contacts. Further insight can only be obtained by an inspection of the
internal field and concentration profiles.

The internal device physics is described by three variables, the electrical potential
¢, the electron concentration n and the hole concentration p. They are shown in Fig-
ure 5.17(a) to (c) for Au as source contact along the channel at the interface to the
gate oxide. The gate voltage Vi is —10 V and the negative drain-source voltage Vpg is
varied between 0 and -20 V. The corresponding current-voltage characteristics is shown
in Figure 5.16(a). For low —Vpgs < 8 V, the potential drops linearly, as the transistor
operates in the active transistor region, the electron concentration is negligible, and only
the p-channel is formed with a carrier concentration ~ 3 x 10'® cm=2, which is less than
the concentration at the Au contact. At Vpg = —12 V the potential starts to decrease
towards the Mg contact, as in the transition into saturation, but then the curvature
changes, indicating the formation of the electron channel with an extension of ~ 6 ym. In
this voltage range the hole channel has vanished. Already for Vps = —16 V the electron
channel extends for more than ~ 90 pym and the hole channel is getting correspondingly
shorter. At Vpg = —20 V the onset of the electron channel is further shifted towards the
source contact. The occurrence of the electron channel at Vg = —12 V is reflected in the
corresponding output characteristic by the onset of the electron current (Fig. 5.16(a)). As
expected, recombination occurs at the transition between the two channels, i.e. for n & p,
as depicted in Figure 5.17(d). Thus with increasing drain-source voltage the recombina-
tion zone is shifted through the channel towards the Au source, and increases slightly
with increasing drain-source voltage. The length of the recombination zone is only few
micrometers.

For Mg defined as source contact, the corresponding dependencies are shown in Fig-

ure 5.18. A significant difference to the case of Au defined as source exists. because of the
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electrons, and (d) recombination rate per unit volume for the monolayer model structure shown
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higher electron mobility, the n-channel is longer than the region of the injected holes near
the drain, even at Vpg = 20 V. Therefore, in the output characteristic for Vg = 10 V,
the hole current begins to predominate only above Vpg ~ 35 V at Vi = 10 V. For the
same reason, the location of the recombination moves only to a lesser degree from drain
to source. Moreover, recombination is largest near the hole-injecting Au electrode, at a
drain-source voltage at which the hole current is not yet visible in the current character-
istic, and then decreases with the further increase of Vpg.

The simulation shows another remarkable difference between the Mg and the Au con-
tact. Directly at the Mg contact, independent of whether it is defined as source or as
drain, there is an abrupt potential drop that increases with |Vpg|. No such a potential
drop occurs at the Au contact. The hole concentration at the Au contact is larger than
in the accumulation channel, as discussed before. Thus the Au contact yields an excess of
holes. For holes, the Mg contact is a forward-biased Schottky contact. Therefore, if Au
is defined as source, the normal p-channel transistor characteristic is obtained for small
Vps, as shown in Figure 5.16(a). With Au defined as drain and for sufficiently large |Vps|,
i.e. when the hole channel predominates, the device operates similarly as a forward-biased
diode under space-charge-limited condition, leading to the quadratic |Vpg| dependence.

The situation is rather different at the Mg contact, which provides electron injection.
For Mg as source, the n-channel is formed because of the applied gate voltage, and, owing
to the Mg work function, this contact is a reverse-biased Schottky contact for electrons,
with a depletion zone growing with increasing Vpg. This depletion at the source limits
the n-channel transistor current, and is also responsible for the nonquadratic dependence
of the current on the gate voltage. This effect of a Schottky-type source has already been
described in [Lin04b]. For Mg defined as drain, the electron-injecting contact is again a
reverse-biased Schottky contact. The n-channel is formed only for large |Vps|, and the
narrow depletion zone increases slightly with increasing |Vpg|. Nevertheless, with a width
of only about 100 nm, the narrow depletion zone acts effectively as ohmic resistance in
series with the rather extended accumulation channel, resulting in a linear dependence of

Ip on the drain-source voltage.

5.5 Conclusion

Ambipolar transport is observed for the combination of different hole-transport materials,
i.e. pentacene, p-6P and a-5T, with the fluorescent electron-transport material PTCDI-
Ci13Ho7 in a bilayer heterostructure OFET. However, no light emission could be detected,
even in the case of energetically matched HOMO and LUMO levels of both transport ma-

terials. The absence of light emission is probably due to the bilayer heterostructure device
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architecture, in which both channels, the electron and the hole channel, are localized in
different layers, parallel to each other along the entire channel length and with only little
or no charge recombination taking place.

The ambipolar current characteristic is modelled under the assumption that the total
current is a superposition of independent electron and hole currents. It could be shown
for the first time that a modified Shockley equation leads to an analytical expression of
the ambipolar current that qualitatively resembles the experimental data. The electron
and hole mobilities and the threshold voltages for n- and p-channel operation are used
as free parameters. The approach does not account for contact resistances at source and
drain, a reduced gate capacitance for the top organic thin film, and an effective channel
length. Therefore, the extracted electron and hole mobilities and threshold voltages can
be considered only as approximate values showing tendencies.

Numerical two-dimensional simulations for a single-layer model system yield current-
voltage characteristics with similar characteristic features of ambipolar operation as ob-
served experimentally in double-layer structures with an electron-injecting top contact.
The origin of the typical ambipolar transport characteristic has been clarified by ana-
lyzing the internal field distribution, the electron and hole densities, and by considering
recombination. The ambipolar properties depend on the barriers at the injecting contacts
and on the ratio of the electron and the hole mobility. According to the simulations,
effective recombination occurs only in a narrow region with n ~ p. For small |Vpg|, this
recombination zone is located at the drain contact. Increasing the drain-source bias shifts
the recombination zone towards the source contact, which is in agreement with recently

published results on infrared emission of an ambipolar carbon nanotube FET [Fre04].
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Chapter 6

Light-Emitting Organic Field-Effect

Transistor

Light-emitting organic field-effect transistors (OFETs) were the scope of the ILO! project
and this work. The first publications on light-emitting OFETSs based on thin films of small
molecules were published within the ILO consortium [Hep03, San04]. These devices con-
sisted of a single-layer tetracene thin film, which was bottom-contacted with Au and
showed only a unipolar p-type characteristic. It is assumed that in these devices the less
mobile electrons are trapped and recombine with mobile holes in close vicinity of the
drain contact at which they are injected. The EL efficiency is determined by, among
other things, the low fluorescence efficiency of tetracene. Therefore, in parallel, the EL
properties of p-6P 2 and p-4P 3 were investigated in unipolar OFETs. Both materials have
a larger bandgap than tetracene and are therefore suitable for doping with an efficient
phosphorescent emitter, as it was one of the goals of the ILO project. In the follow-
ing, the electro-optical properties of para-oligophenyl based light-emitting OFETs will be
discussed.

Unipolar light-emitting OFETs do not offer any advantages compared to existing
OLED devices, as recombination is pinned to the drain contact. More flexibility is ex-
pected from ambipolar light-emitting OFETs. However, ambipolar OFETSs based on a
bilayer heterostructure discussed in Chapter 5 did not exhibit light emission. The prob-
lem is most likely the low recombination rate between two spatially separated conduction
channels. In this chapter, a concept is introduced that allows, for the first time, the re-
alization of an ambipolar light-emitting OFET by coevaporation of a hole-transport and
an electron-transport material. The influence of the ratio of these two materials on the

electron and hole mobilities as well as the EL properties are investigated.

'EU project: Injection Lasing in Organic Thin Films; contract number IST-2001-33057
2para-sexiphenyl
3 para-quaterphenyl
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Figure 6.1: (a) Molecular structure of p-6P, (b) schematic drawing of the Au/p-6P/Au OFET,
and (c¢) energy-level diagram of the device showing the source and drain contact metal work

functions [Lid96] and the p-6P HOMO and LUMO levels, taken from [Sch02b].

Furthermore, a theoretical description of the EL of unipolar and ambipolar OFETs

based on a modified Shockley equation and Langevin recombination is given.

6.1 Unipolar Light-Emitting OFETSs

Unipolar light-emitting OFETs based on the oligophenyl compounds p-4P and p-6P have
been prepared. p-6P is used as both the transport material and emitter, whereas the
bandgap of p-4P is too large for EL in the visible spectral region. Therefore, it has been
doped with an efficient phosphorescent dye and a modified drain contact has been used
for efficient electron injection. Thus, the location of the recombination zone could be

determined.

6.1.1 p-6P Light-Emitting OFET

p-6P films have been utilized successfully as emissive layer in single-layer [Yan02] and
multilayer [Yan02, Yan97, Era95] OLED structures. The bandgap of p-6P is 3.8 eV
[Sch02b], and the maximum of its blue fluorescence spectrum is at 423 nm, equivalent
to 2.9 eV. The optical properties, i.e. the absorption spectrum together with the pho-
toluminescence emission and excitation spectra of p-6P, are shown in Appendix B. Its
good hole-transport properties allow the application of p-6P in field-effect devices. Fig-
ure 6.1 shows the molecular structure of p-6P, together with the schematic OFET device
architecture and the energy-level diagram of source and drain contacts with the HOMO
and LUMO levels of p-6P [Sch02b]. The device is designed as a top contact architecture

in order to ensure a film growth that is as defect-free as possible. The p-6P film has a
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thickness of 49 nm. Au has been used as source and drain contact, resulting in injection
barriers for holes and electrons of 1.1 eV and 2.1 eV, respectively. Attempts to use Mg

as top contact were not successful, due to its apparently low sticking coefficient on p-6P.

Results

The output characteristic of the p-6P transistor is shown in Figure 6.2, together with the
gate leakage current and the EL intensity. The EL is measured as the photodiode current
of a Si photodiode placed on top of the transistor structure, thus shown in units of pA.
The drain current follows a typical unipolar characteristic for p-channel device operation.
For negative gate and drain-source bias, an active region with increasing current and an
saturation region for large |Vpg| is observed. The current increase at small drain-source
bias is not linear as expected, but shows a concave characteristic, indicating a contact
resistance due to the large injection barriers formed between Au and p-6P. For positive
bias voltage, drain current is observed only for large Vpg, and the onset shifts to even
larger Vps with increasing gate bias V. The magnitude of the current is decreasing with
increasing V. The gate leakage current is three orders of magnitude smaller than the
drain current, thus gate leakage can be excluded as source for EL.

For positive bias voltage, the onset of EL is in good agreement with the onset of the
drain current, and is therefore easy to be allocated. For negative bias voltage, the onset
of EL coincids with the onset of saturation of the drain current Ip, which is denoted by
square symbols in the output characteristic of Figure 6.2(a).

Plotting the photodiode current versus the drain current, as shown in Figure 6.3(a),
provides further insight into characteristic features of the device. For negative gate volt-
ages, the onset of EL is very sharp and shifts towards higher drain currents with increasing
gate voltage. Contrary, for positive gate voltages, the onset of EL appears independent
on the applied gate bias. It occurs already at a current of only 1 pA, as shown in the

semilogarithmic plot of the EL intensity as a function of drain current in Figure 6.3(b).

Discussion

The output characteristic with the observed saturation for negative bias voltage is due
to hole transport in the channel. No electron transport is observed. As the device shows
EL, electrons must be injected at the drain contact. The observed EL and its relation to
the drain current is explained by analyzing the charge carrier accumulation in the channel
formed between source and drain contact.

For negative gate bias and no drain-source voltage applied, a conductive channel is
formed by hole accumulation at the SiOq/p-6P interface. The charge-carrier density is

the same at source and drain. Applying a negative drain-source bias, the charge-carrier
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Figure 6.3: (a) EL intensity as a function of drain current Ip. (b) Semi-logarithmic plot of
EL intensity versus drain current Ip. (c¢) Slope of the linear fit of the EL intensity as function

of the drain current versus the applied gate bias.

density nearby the drain contact decreases and is zero for drain source voltages with
|Vbs| = |V — Vr|. For this voltage, the channel is in transition to pinch-off. Increasing
|Vps| further, the additionally applied voltage drops at the drain contact, which is then
negatively biased with respect to the gate contact, resulting in injection of electrons at
the drain contact. No additional electron current is observed, thus, the electron mobility
in p-6P is negligible and the current does not increase significantly with increasing |Vps|,
but saturates. However, transported holes and injected electrons recombine and EL is
observed. For positive gate bias, electrons are injected from the source contact into the
p-6P layer, however, even in case of an applied positive drain-source voltage, no current
flow is observed due to the low mobility of electrons in p-6P. Increasing Vpg further with
Vps > Vo — Vp, the drain contact is positively biased with respect to the gate, and holes
can be injected at the drain into the p-6P thin film. Due to the non-zero hole mobility,
a drain current is observed as shown in Figure 6.2. These holes recombine close to the
source contact with the injected electrons, resulting in EL observed directly proportional
with the drain current.

Therefore, in Figure 6.3 the onset of EL intensity for positive drain current occurs at a

hole current of 1 uA, since electrons are injected already at low drain-source voltage. The
current threshold for EL of about 1 pA is given by the threshold for the photodiode. The
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Figure 6.4: Internal quantum efficiency nin: versus the drain-source voltage Vpg of the p-6P
OFET shown in Figure 6.1 for different gate voltages. The symbols for negative drain-source

and gate voltage indicate the equivalent data for the positive bias voltage.

slope is determined by the number of electrons injected into the device, which depends on
the applied gate voltage. For negative drain current, electrons are injected at the onset
of saturation but do not contribute to the net current through the device. Therefore, the
onset of EL is equivalent to the corresponding saturated drain current, which is almost
constant for a defined gate voltage. Thus the slope appears to be very steep. For negative
bias voltages, the slope varies between —3.2 x 107® and —1.1 x 107° for gate voltages
between —30 and —80 V, respectively. Contrary, for positive gate voltages, the slope
dependence on the applied gate voltage is more distinct, varying between 4.7 x 10~7 and
9.9 x 1077 for gate voltages between 0 and 30 V, respectively. The slope as a function
of the applied gate voltage is shown in Figure 6.3(c). From this plot it can be concluded
that electrons are injected even at 0 V gate voltage, which is most likely due to positive
interface charges resulting in a shift of the effective gate voltage.

The measured external efficiency of the device is obtained by the ratio of the EL
intensity Ig; and the drain current Ip and taking the geometry factor of the setup,

determined by the area and position of the photodiode, into account:

I A emisphere
Next = PL ph (61)
I D Aphotodiode

with Appotediode being the area of the photodiode, and Apemisphere being the surface area of
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the hemisphere formed around the emitting device with a radius of the device-photodiode-
distance.

The internal quantum efficiency 7;,,; can be derived by additionally taking into account
the absorption of half the intensity in the silicon substrate, the outcoupling efficiency of
1/n?%, the photodiode sensitivity S,, and the photon energy E,;, according to the emitted

wavelength:

]EL . Ahemisphere 9. TL2 . 1 (62)
I D Aphatodiode Sph ' Eph

Nint =

Here, n denotes the refractive index of the organic material. The internal quantum effi-
ciency is equivalent to the number of emitted photons per charge. For the emission spec-
trum of p-6P, as shown in Figure B.1, the photodiode sensitivity S, is about 0.2 A/W
and the photon energy E,, can be set to 3 eV. With n = 1.7, Apemisphere = 9.4 cm?,
Aphotodiode = 1 cm? it is 1 = 91 - Igr/Ip. The internal quantum efficiency as a function
of the applied drain-source voltage is shown in Figure 6.4. For negative bias voltages, the
efficiency depends on both the gate voltage and the drain-source voltage. For positive gate
bias, the efficiency is almost constant for a given gate voltage. The applied drain-source
and gate voltage in case of positive bias can be transcribed into negative bias voltage
according to the method described in Chapter 5. This is shown by the symbols connected
with dotted lines.

Conclusion

The p-6P OFET is a unipolar device, emitting light for positive and negative bias voltages.
The observation of EL is not correlated with the gate leakage current but requires pinch-
off of the hole channel and consequently the injection of electrons at the drain contact.
The internal efficiency of the device is in the order of 10~%, whereas the measured external
efficiency is two orders of magnitude smaller. The absolute intensity is too low for optical
allocation of the position of the recombination zone. Thus, an additionally doped device

structure will be discussed in the following section.

6.1.2 p-4P/p-4P:Ir(btp).acac Light-Emitting OFET

p-4P is an organic hole-transport material with a relatively large bandgap of 4.1 eV
[Pog02]. Thus in order to emit in the visible spectrum it has to be doped with an efficient
emitter. Doped p-4P films, however, show poor transport properties, because the dopant
does not only compromise the film growth and decrease the molecular order within the
thin film, the dopant molecules act also as trap sites, therefore additionally decreasing

the mobility. Thus, the transistor is designed as a bilayer heterostructure of an undoped
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Figure 6.5: (a) Schematic drawing of a heterostructure OFET combining an undoped p-

4P and an Ir(btp)racac doped p-4P layer. The undoped p-4P layer has a thickness of
10 nm, the doped layer is 30 nm thick. Au (40 nm) is used for hole injection and an
Algs (20 nm)/Ca (15 nm)/Mg (8 nm) contact for electron injection. (b) Molecular structures
of Ir(btp)racac, Algs and p-4P.

p-4P layer for charge-carrier transport and a doped p-4P layer on top. As dopant the
phosphorescent dye Ir(btp)sacac * has been used, which is known as efficient emitter in
OLED devices [Ada01, Che03a].

The schematic device structure of the Ir(btp)sacac doped p-4P OFET is shown in
Figure 6.5(a). The transistor consists of an undoped p-4P thin film in order to optimize
the charge-carrier transport close to the SiOs interface. This undoped p-4P thin film
is covered with an Ir(btp)sacac doped p-4P thin film. The doping density is 5 — 10%.
The device is top contacted to ensure defect-free film growth. Au is used for efficient
hole injection and a Ca/Mg contact for efficient electron injection. In order to improve
the electron injection and thus increase the EL efficiency, an Alqs ° intermediate layer
is introduced. Figure 6.5 shows the molecular structure of Ir(btp)sacac, p-4P and Alqs.
The layer thicknesses are 150 nm for the gate insulator SiO,, 10 nm for the undoped p-4P
layer, 30 nm for the Ir(btp)sacac doped p-4P thin film and 20 nm for Algs. The channel
length and width of the device are 60 pm and 2000 pm, respectively.

The energy level diagram for the device between source and drain contact is shown
in Figure 6.6. Since charge carrier transport takes place at the insulator interface, the
transported charges have to pass the Ir(btp)sacac doped p-4P thin film twice. Hence, the
energetic levels of this layer are shown at the source as well as at the drain contact. Addi-
tionally, the work function of the contact metals Au and Ca are shown. The Ir(btp)sacac

doped p-4P layer contributes an additional series resistance at both contacts.

4iridium (I1I)bis(2-(2.-benzothienyl) pyridinato-N,C?) (acetylacetonate)
Stris(8-hydroxyquinoline) aluminum
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Figure 6.6: FEnergy level diagram between source and drain contact of a heterostructure OFET
combining an undoped p-4P and an Ir(btp)racac doped p-4P layer, as in Figure 6.5. At both
contacts, injected charge carriers cross the Ir(btp)yacac doped p-4P layer prior to accumulation
within the p-4P thin film. At the Ca/Mg contact, an additional Algs layer is sandwiched in
between the metal contact and the Ir(btp)yacac doped p-4P layer. The energetic values for p-4P
were estimated based on the HOMO and LUMO levels of p-6P [Sch02b] and the singlet energy
of p-4P [Pog02]. The levels of Ir(btp)aacac are taken from [Che03a], of Algs from [Che01].

Results

Figure 6.7 shows the output characteristic for the device for negative gate and drain-
source bias. The characteristic can be devided in an active region with linear current
increase for low |Vpg| and a second region at higher |Vpg|, for which no clear saturation
is observed. Additionally, the gate current is plotted as dotted lines to exclude EL caused
by gate leakage. Even though the Algs thin film assists efficient electron injection from
Mg into the organic thin film, no electron transport is observed.

Figure 6.8(a) is a top view photograph of the device, which shows both source and
drain contacts, the organic thin film and the contact needles. The contact pads are
highlighted by a thin white borderline and the channel length L is indicated. Operating
the device, EL is be observed by eye as a bright line close to the drain contact, as shown in
Figure 6.8(b). The EL appears rather white and its intensity is increasing with increasing
drain-source voltage, but was not intense enough to record an emission spectrum.

The photoluminescence (PL) excitation and emission spectrum of the undoped p-4P
and the Ir(btp)sacac doped p-4P film on quartz are shown in Figure B.2. The emission
spectrum of p-4P peaks at 400 nm. Doped films show the typical Ir(btp)sacac emission
with its maximum at 621 nm and a remaining contribution of p-4P emission. The exci-
tation spectrum taken between 200 and 600 nm reveals that the Ir(btp)sacac emission is
most intense for excitation of p-4P, instead of direct excitation of Ir(btp)sacac.

In order to investigate the EL properties of an Ir(btp)sacac doped p-4P thin film, an
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Figure 6.7: Output characteristic of a heterostructure OFET combining an undoped p-4P and
an Ir(btp)racac doped p-4P layer.

OLED structure has been prepared. Single layer devices could not be prepared without
short-circuit, attributed to pinholes in the organic film, which are filled by the electrode
metal. Therefore, an additional Alqs film has been sandwiched between the doped p-4P
film and the Ca/Mg cathode. The film does not only prevent short-circuits, but also
improves electron injection. The device structure is shown as inset in Figure 6.9(b).
The normalized EL spectrum of the device is shown in Figure 6.9(a) for different current
densities between 0.1 and 20 mA /cm?. For low current densities, the Ir(btp)sacac emission
is dominating with only a small contribution of Alqs emission. With increasing current
densities, Algs emission increases and becomes the dominating one for current densities
larger than 10 mA /cm?. The shift of emission from Ir(btp)sacac to Alqgs is also observed

in the color coordinates, which are shown in Figure 6.9(c).

The electrical characteristic of the OLED is shown in Figure 6.10 for an applied bias
voltage between —4 to 8 V. The current voltage characteristic is rectifying with moderate
leakage for reverse bias. The onset of light-emission is at 2.2 V| in good agreement with
the onset of forward-bias current at 2.0 V. The onset of light-emission appears shifted to
slightly higher voltage due to the dark current of the diode.
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Figure 6.8: Microscopic top view of the p-4P / p-4P:Ir(btp)racac OFET without (a) and with
(b) applied negative bias voltage. The outline of source and drain contact are marked with thin
white lines for better recognition. L indicates the channel length of 60 pum. The EL under bias

voltage is observed as a bright line close to the drain contact.
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Figure 6.9: (a) Emission spectrum of the anode/45 nm p-4P:Ir(btp)sacac/20 nm Algs/Ca/Myg
device for different current densities. The doping concentration is 5-10 %. (b) Intensity ratio
of Ir(btp)eacac and Algs emission versus the current density. The device structure is shown in
the inset. (c) Shift of the CIE1931 color coordinates with increasing current densities from red

to green.
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Figure 6.10: IV characteristics and luminance of the OLED structure shown in Figure 6.9.
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Discussion

The nonlinear onset of the drain current in the output characteristic of Figure 6.7 indi-
cates high contact resistance for the injection of holes. Saturation occurs only for large
drain-source voltages, however, even for small gate bias, no electron transport could be
observed. This interpretation is consistent with the top view photograph of the emit-
ting OFET, where emission takes place in close vicinity of the drain contact. The PL
excitation spectrum indicates energy transfer between p-4P and Ir(btp)sacac. The peak
intensity ratio of Ir(btp)sacac and Algs emission as a function of the the current density
in the OLED structure is shown on a double-logarithmic plot in Figure 6.9(b). From the
linear fit, which is plotted as dotted line, a slope of -1/3 is obtained. The shift from red
Ir(btp)sacac to green Alqs emission with increasing current density is also reflected in the
shift of the CIE1931 color coordinates, as can be seen in Figure 6.9(c). The color coordi-
nates are not located at the periphery of the NTSC color triangle, but rather grouped not
far from the center white point, which is in agreement with the observation of a rather

white emission.

Conclusion

Unipolar light-emitting field-effect transistors prove that the injection is not the limiting
parameter for ambipolar transport in organic thin films, even in the case of high injection
barriers. Rather the transport itself is truly unipolar. Consequently, recombination,

exciton formation and radiative decay occurs close to the metallic drain contact.

6.2 Ambipolar Light-Emitting OFET

A definite drawback of a bilayer heterostructure is the small interface area between the
electron and the hole transport layers and thus the low recombination rate of electrons and
holes. According to the simulation of ambipolar devices in Section 5.4.2, recombination
occurs in the region of equal electron and hole concentration. At this position the gate field
between source and drain contact is zero. Therefore, the recombination of electrons and
holes in a bilayer heterostructure relies only on Coulomb interaction. With a separation of
the hole and electron channel of 30 nm, the electric field is according to E = e/4mweeqr? ~
10* V/em. In an OLED, EL is observed only for electric fields larger 10°> V /cm. Therefore,
the distance between both channels has to be reduced by an order of magnitude. However,
from single layer experiments it is known that a thin film of only 3 nm is not well connected
and therefore shows no charge-carrier mobility. An approach to decrease the distance
between both channels with keeping the original film thickness of several 10 nm is to

mix electron- and hole-transporting moieties in a single layer, a bulk heterostructure.
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Figure 6.11: Dewvice structure of a coevaporated thin-film transistor consisting of 50 nm «a-5T
and PTCDI-CisHo7. The device is top-contacted with Au. The gate insulator is a 150 nm thick
thermally grown SiOs on top of a highly doped silicon wafer, used also as gate contact. Reprinted
from [Ros04b].

a-5T

Additionally, the interface area of both materials is increased. An ambipolar OFET
based on a bulk heterostructure has been demonstrated with solution-processed polymer
OFETs recently [Gee00, Mei03]. However, the mixing thought to be not suitable for small
molecules, since mixing reduces the order within the organic thin film and thus reduces

the charge-carrier mobility.

6.2.1 o-5T/PTCDI-C3Hy; Light-Emitting OFET

With the coevaporation of a-5T ¢ and PTCDI-C;3H,; 7 the principle of an ambipolar
light-emitting field-effect transistor was demonstrated for the first time. a-5T was chosen
as hole-transport material in order to match PTCDI-C;3Hy; as an electron-transport
material with considerably high mobility and fluorescent properties. Among the series of
oligothiophenes, a-5T is distinguished by its combination of band-gap and mobility. In
order to avoid the formation of charge transfer excitons the HOMO and LUMO levels of
PTCDI-Cy3Hs7 should lie within the levels of the hole-transport material. Thus, tetracene,
pentacene and a-6T can be excluded energetically. From an energetic point of view, a-4T
would be even more preferable than a-5T, however, the hole mobility in a-4T devices is
two orders of magnitude lower than in a-5T, as summarized in Chapter 4. Compared to
oligophenyls like p-6P or p-4P, the field-effect mobility in oligothiophenes was found to be
less sensitive to variations in deposition parameters or impurities. Thus, a-5T has been
chosen as hole-transport material to be combined with PTCDI-C;3Ho7.

The molecular structure of a-5T and PTCDI-Cy3Hy; and the schematic device ar-

chitecture are shown in Figure 6.11. A heavily doped, n-type Si wafer (doping level:

6 a-quinquethiophene
"N,N’-ditridecylperylene-3,4,9,10-tetracarboxylic diimide
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Figure 6.12: Energy levels (HOMO and LUMO) of a-5T (solid lines) and PTCDI-Cy3Hoy
(dashed lines) and work function of the Au contact. The values for a-5T are based on its
HOMO level [Jon90] and singlet energy [dM99]. The values for PTCDI-Ch3Hyr were estimated
from [Hir95].

10" em™3) with an aluminum back contact acts as gate electrode and substrate. The
gate insulator consists of a thermally grown SiO, layer with a thickness of 150 nm. Prior
to processing, the oxidized wafer was cleaned with a standard wet-cleaning procedure,
comprising ultrasonic cleaning in acetone and isopropanol. The organic thin film used
in this study was prepared by coevaporation of a-5T and PTCDI-C;3Hy; with ratios of
9:1, 3:1, 1:1, 1:3, 1:9. Additionally, pure a-5T and PTCDI-C,3H,; OFETSs were prepared
The deposition rate was 0.3 A /s for the coevaporated thin film having a final thickness of
50 nm. The Au source and drain contacts were thermally evaporated and had a thickness
of 40 nm. The lateral dimensions were defined by shadow masks. The channel length and
width of the coevaporated OFET were 40 um and 55.1 mm, respectively.

The relevant value for charge-carrier injection is the work function of source and drain,
as it is shown in Figure 6.12. Au with its work function of 5.1 eV matches the HOMO
level of a-5T for efficient hole injection. Even though the combination of Au and PTCDI-
Ci3Hg7 results in a high barrier for electron injection, decent injection is still given, as

discussed for single layer devices in Chapter 4.

Results

The study of the morphology of the coevaporated thin films by means of atomic force
microscopy is not feasible due to the liquid crystalline properties of PTCDI-C;3Hy7 and
its high mobility on the substrate, which did not allow to record morphological mappings.
Therefore, the structure and phase composition of the coevaporated thin films were studied
by laser scanning confocal microscopy. The maxima of PL emission of a-5T and PTCDI-

Ci3Ho7 are well separated with 550 nm and 690 nm, respectively. Therefore, it is possible
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Figure 6.13: Laser scanning confocal micrograph images (30 pm x 30 pm) of coevaporated
thin films of a-5T and PTCDI-Cy3Hyy with the respective volume ratio of 3:1 (a,b), 1:1 (c,d)
and 1:8 (e,f). The red channel for PTCDI-Ci3Hy; emission is shown in (a,c,e) and the green
channel for a-5T emission in (b,d,f). The images in (a) and (b) have been taken with 5 times

higher intensity.
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to study the phase separation in the bulk heterojunction by selectively recording the
spectral ranges related to each material. Figure 6.13 shows the laser scanning confocal
microscopy (LSCM) images of coevaporated films of a-5T and PTCDI-C;3Hs; of different
ratios 3:1, 1:1 and 1:3 from top to bottom. The left images show the red emission of
PTCDI-Cy3Hs7, whereas the right images show the green emission of a-5T. It should be
kept in mind that the quantum yield of PTCDI-C;3H5; is much higher than the one of
weakly emitting a-5T. The coverage for PTCDI-Cy3Hs7 increases from top to bottom,
whereas the coverage of a-5T decreases.

Detailed analysis of the charge-carrier accumulation at the gate insulator was per-
formed by capacitance-voltage (CV) measurements on a metal-oxide-semiconductor (MOS)
capacitor structure as described in Section 3.2.1. Applying a DC bias voltage of +£40 V,
an accumulation layer of electrons or holes is formed, respectively. The superimposed
AC voltage is modulated with a frequency between 10* and 1 Hz. Films with a a-5T
to PTCDI-Cy3Hs7 volume ratio of 3:1 and 1:1 have been selected exemplarily because
they show the transition from dominating hole mobility to dominating electron mobil-
ity (Fig. 6.14). Three distinct values of the capacitance are determined by the sample
geometry. First, the lowest capacitance the system exhibits is its depleted capacitance
Clep, for which no carriers at all are injected. It is composed of the capacitance of the
gate insulator below the contact pad in parallel with the serial capacitance of the gate
insulator and the organic thin film below the top contact. Second, the accumulated ca-
pacitance C,.., which is equivalent to charge carriers accumulated below the contact. It is
given by the geometric capacitance of the gate insulator for the area of the whole contact.
The third capacitance C,,,, originates from the fact that the organic thin film is larger
than the contact pad and together with the substrate as an even larger second electrode
charge carriers can spread over the whole area of the organic thin film, thus increasing
the effective geometric capacitance of the gate insulator. C),,, describes the maximum
capacitance obtained by the geometric gate insulator capacitance determined by both,
the contact area and the organic thin-film area.

For the sample with a ratio of 3:1 (Fig. 6.14(a)), the capacitance at 1 and 10 Hz is
larger for hole accumulation than for electron accumulation. The capacitance surpasses
Coaee for 1 Hz at —5 and +15 V, and for 10 Hz at —14 and +26 V for hole and electron
accumulation, respectively. For frequencies larger than 100 Hz, electron accumulation
below the contact yields to larger capacitances than hole accumulation. The sample with
equal proportions of a-5T and PTCDI-Cy3Hy; (Fig. 6.14(b)) shows for each frequency
stronger electron accumulation. The electron accumulation reaches at a frequency of
1 Hz almost the maximum value of C),,,, and the hole accumulation is still strong enough
for a channel accumulation. The capacitance surpasses C,.. for electron accumulation at
—7, =3, +3 and +17 V for frequencies of 1, 10, 100 and 10* Hz. For hole accumulation,
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Figure 6.14: CV measurement for coevaporated thin films with an «-5T to PTCDI-Ci3Hor
volume ratio of (a) 3:1 and (b) 1:1. The bias voltage was scanned from -40 to +40 V for
frequencies between 1 and 10* Hz.
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the capacitance surpasses C,.. at —26 V for a frequency of 10 Hz.

Figure 6.15 to 6.18 show the output and transfer characteristics of coevaporated thin-
film transistors of a-5T and PTCDI-C3Hy; with different ratios of both materials. The
corresponding EL intensity is shown in units of the photodiode current. Each figure is
composed of two independent measurements, one for positive and one for negative gate
bias, whereas all scans were performed starting at 0 V.

The devices with a a-5T to PTCDI-C;3H7 ratio of 3:1 and 1:1 show ambipolar output
and transfer characteristic (Fig. 6.15 and 6.16), for which the current in the output char-
acteristic is classified into a region of linear or sublinear increase, a region of saturation
and a region of an additional pronounced current increase. In Figure 6.15, i.e. for the
device with a a-5T to PTCDI-C;3Hy; ratio of 3:1, the saturated drain current is larger
for negative bias voltage, in Figure 6.16 it is larger for positive bias voltage. The transfer
characteristic shows the semilogarithmic plot of Ip versus Vi as dashed lines and the
square root of Ip at a drain-source bias Vpg = 4+80 V as solid lines. Additionally, the
linear fit to the square root of Ip as a function of gate bias for large bias voltage is shown
as dotted line. Extracted values such as electron and hole mobility p, and p,, the ratio
of EL intensity Iz, to drain current Ip, and the drain current at the onset of EL, Iponset-
The semilogarithmic plot of Ip from Vi = 0 V, features a decreasing current which turns
for further increasing |V| into an increasing one. In between, the drain current shows a
minimum /p,,;,. The corresponding gate voltage Vgmin is a function of Vpg and the value
of [Ipmin| is increasing with increasing |Vpg|. The most striking feature, however, is the
light emission monitored by the photocurrent of the photodiode, as shown in Figure 6.16.
In the output characteristic for negative Vpg and Vi, the light output is apparently corre-
lated with the nonsaturating drain current. The highest brightness is achieved for Vg = 0
V and Vpgs = —50 V and the intensity decreases with increasing |V|. The onset and mag-
nitude correlates well with the drain current, whereas for positive bias voltages only weak
emission is observed and no obvious correlation with the drain current seems to exist. To
verify that light emission indeed originates in the recombination of electrons and holes
injected at drain and source, the gate current has been measured simultaneously. Even
though a small gate leakage current was observed, no correlation between light emission
and gate current could be found. For the device with a a-5T to PTCDI-Cy3Hs7 ratio of
3:1 no EL is observed.

The output and transfer characteristics for devices with an excess of PTCDI-Ci3Hy7,
i.e. an a-5T to PTCDI-Cy3Hy; ratio of 1:3 and 1:9, is shown in Figure 6.17 and 6.18. For
both devices, a unipolar current with saturation in the positive bias regime is observed.
The saturated drain current is larger for the device containing a higher ratio of PTCDI-
Ci3Hg7. The transfer characteristic for positive bias voltage shows the typical unipolar

features with leakage current only for small applied gate voltage with Vi < Vp and a
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Figure 6.15: (a) Output and (b) transfer characteristic for the coevaporated a-5T/PTCDI-
Ci3Hay thin film with a ratio of 3:1. The solid lines in (b) denote the square root of the drain
current at a drain-source voltage of 280 V. The linear fit for the saturated region is shown as
dotted line. Its slope is used to extract the hole and electron mobility. The dashed lines in (b)

correspond to the semilogarithmic plot of the drain-current versus the gate voltage.
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Figure 6.16: (a) Output and (b) transfer characteristic showing the drain current and EL
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Figure 6.17: (a) Output and (b) transfer characteristic showing the drain current and EL
intensity for the coevaporated a-5T/PTCDI-Ci3Hor thin film with a ratio of 1:3. The solid
lines in (b) denote the square root of the drain current at a drain-source voltage of 280 V. The
linear fit for the saturated region is shown as dotted line. Its slope is used to extract the hole

and electron mobility. The dashed lines in (b) correspond to the semilogarithmic plot of the
drain-current versus the gate voltage.
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Figure 6.18: (a) Output and (b) transfer characteristic showing the drain current and EL
intensity for the coevaporated a-5T/PTCDI-Cy3Hor thin film with a ratio of 1:9. The solid
lines in (b) denote the square root of the drain current at a drain-source voltage of =80 V. The
linear fit for the saturated region is shown as dotted line. Its slope is used to extract the hole

and electron mobility. The dashed lines in (b) correspond to the semilogarithmic plot of the

drain-current versus the gate voltage.
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ratio L LLn %II—EDL %II’”;L IDonset Iponset

a-5T : PTCDI-C13Hy7 | [em?/Vs] [em?/Vs] Vps = 0V Vbs = —10V | Vpg =40V | Vpg = 50V
3:1 22x 1073 | 55%x 107* | n/a n/a n/a n/a
1:1 86x 1074 [9.0x107* 1 92x1077|1.2x107% |1 uA 1.7 uA
1:3 n/a 3.6 x 1072 | 1.7x 1077 | 5.1 x 1077 | 36 pA 49 pA
1:9 n/a 6.7x 1073 | 2.1 x 1078 | 4.7 x 1078 | 63 pA 88 uA

Table 6.1: Summary of the current characteristic and EL properties of a-5T and PTCDI-
Ci3Ho7 coevaporated OFETs with different ratios of both materials.

sharp current increase above threshold voltage. Contrary, the drain current for negative
bias voltage is decreasing with increasing |Vg| and the onset voltage is not constant, but
a function of Vpg. For both devices, EL is observed. In the output characteristic, EL
occurs only at large drain-source bias, whereas the onset voltage |Vpsonset| is increasing
with increasing |Vi|, as does the slope, resulting in a crossing of curves corresponding to
different V. In the transfer characteristic, no EL is observed for Vz = 0 V and large gate
voltages with [Viz| > 60 V. In between, the EL shows a maximum. The position of the
maximum shifts with increasing |Vpg| to larger |Vi| and the intensity is increasing with
increasing |Vps|. Whereas in the output characteristic for negative bias voltage the EL
correlates with Ip, for positive bias voltage and also for the transfer characteristic, no
obvious relation seems to exist.

Figure 6.19 shows the EL intensity of the output characteristic of devices with an a-5T
to PTCDI-Cy3Ho7 ratio of 1:1, 1:3 and 1:9 as a function of the drain current. A striking
feature of all three graphs is the fact that for negative drain bias, the onset of EL is at
virtually zero drain current with the slope varying with the applied gate bias. Contrary
for positive gate bias, the onset shifts with the applied gate bias, however, the slope is

almost constant.

Discussion

The morphology of the a-5T/PTCDI-Cy3Hy; thin film with a material ratio of 3:1 in
Figure 6.13(a,b) appears to be rather granular. Whereas PTCDI-C;3Hy7 seems to form
an interconnected network, a-5T seems to form clusters of about 1 ym. The observation of
cluster formation and phase segregation is further confirmed with the observation of bulk
emission in PL spectra of the coevaporated thin film. Thus, both materials are not mixed
homogenously on a molecular level, but instead a bulk heterojunction is formed in contrast
to a bilayer heterojunction discussed in Chapter 5. The observation of isolated clusters
contradicts with the observed ambipolar characteristic of the device, since the occurrence
of both, electron and hole mobility would require not only the PTCDI-Cy3H5; thin film
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Figure 6.19: FEL intensity as a function of drain current for devices with different ratios of

a-5T and PTCDI-Ci3Haz: (a) 1:1, (b) 1:3, and (c) 1:9.
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to be interconnected, but also the a-5T thin film. CV measurements confirm that both
films are interconnected, since holes as well as electrons are not just accumulated below
the contact, but spread within the organic thin film, which is necessary for the channel
formation in an OFET device structure. Thus, the a-5T clusters must be interconnected,
even though that is not clearly visible in the LSCM images.

Coevaporated thin films with increasing PTCDI-Ci3Ho; content as shown in Fig-
ure 6.13(c,d,e,f) appear to be rather homogenously mixed. The clusters of a-5T are
smaller and seem to be quite homogenously distributed within the film. For the device
with a material ratio of 1:1, as shown in (c¢,d), an ambipolar characteristic is observed
(Fig. 6.16), which is also confirmed by CV measurements, as shown in Figure 6.14(b).
Thus it can be concluded that the a-5T clusters are interconnected, whereas for the co-
evaporated thin film with a material ratio of 1:3 they are isolated and enclosed by an
interconnected PTCDI-Cy3Hy; layer.

Detailed analysis of the CV scans reveal the electron and hole injection for positive
and negative bias applied to the silicon wafer. The accumulated charge depends on the
concentration of each material within the coevaporated thin film. The CV data are in
agreement with the transistor characteristic, from which for an excess or equal ratio of
a-5T an ambipolar characteristic is observed, whereas for an excess of PTCDI-C;3H,7,
only unipolar transport has been found. Thus, the mobility of a-5T is stronger affected
by coevaporation than the one of PTCDI-Cy3Hs7. It can be assumed that the thin film
growth and crystallinity of PTCDI-Cy3Ho7 is less affected by coevaporation than the one
of a-5T. Additionally, the interconnectivity of islands of PTCDI-C;3H7 might me better
than the one of the observed a-5T clusters, as it was concluded already from the LSCM
images.

Whereas the devices containing an excess of PTCDI-Cy3Hs; show only unipolar elec-
tron current, the devices with an equal ratio of both compounds or an excess of a-5T
function as ambipolar OFETs. The discontinuity in the output characteristic of Fig-
ure 6.16 at Vpg = 0 V originates from gate leakage at large gate bias. The magnitude of
the gate leakage is the same for positive and negatives voltages.

The transfer characteristic, which features an ”on-off-on” behavior in ambipolar de-
vices, is used for the extraction of charge-carrier mobility. The "on”state for small gate
bias originates from charge-carrier injection at the drain contact, i.e. for negative gate
bias, it is an electron current, for positive gate bias a hole current. The residual drain
current around the ”off”’-state is ambipolar, i.e. is composed of both types of charge car-
riers, whereas the drain current at large gate bias is carried by charges injected at the
source contact, equivalent to unipolar devices. A detailed description of the ambipolar
transfer characteristic can be found in Chapter 5. From the linear fit to the square root

of this region, charge-carrier mobilities in ambipolar devices can be extracted. The ex-
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Figure 6.20: Tuning of the electron and hole mobility in the coevaporated a-5T/PTCDI-Cy3Hor

thin film depending on the ratio of both materials.

tracted electron and hole mobilities for different ratios of a-5T and PTCDI-C;3Hy; are
shown in Figure 6.20. The data include the values shown in Table 6.1, together with the
mobilities extracted from a larger number of samples to indicate the reproducability of
film formation. Additionally, the electron and hole mobility of pure reference devices of
PTCDI-C3Hy; and a-5T are included. The hole mobility in a-5T is 2.5 x 1072 cm?/Vs
and the electron mobility in PTCDI-Cy3Hy; is 5 x 1073 ¢cm?/Vs.

For a defined gate voltage, the EL intensity is increasing with increasing |Vpg| for
IVbs| = |Vbsonset|- However, for a defined drain-source voltage, a maximum value for
the EL intensity exists. Figure 6.21(a) compares the EL intensity as a function of the
drain current for devices with different material ratios at Vpg = 0 and —10 V. The
data are taken from the outpput characteristics in Figure 6.16 to 6.18. Since the device
geometry is the same for all three devices, the absolute EL intensity can be compared.
For 0 V as well as for -10 V, the device with a ratio of both materials of 1:1 shows the
highest EL intensity. Although it is not the device with the overall highest charge-carrier
density, it is the one with the most balanced electron and hole mobility. The higher
the PTCDI-Cy3Hs; content, the lower is the EL intensity and the more unbalanced are
the charge-carrier mobilities. Even though the main emission is expected to origin from
PTCDI-Cy3Hy7, as it can be deduced from PL data in Figure B.3(a), the absolute EL

intensity is observed to be rather a direct function of the mobilities than of the content
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of the electroluminescent material.

The internal quantum efficiency, as defined in Equation 6.2, is plotted versus the drain-
source voltage in Figure 6.21(b). According to the PL spectrum of the coevaporated film
of a-5T and PTCDI-C;3Hy7, the photodiode sensitivity Sy, is 0.4 A/W and the photon
energy is about 2 eV. Thus, the internal quantum efficiency is 7;,; = 68-Igy/Ip. The data
refer again to the output characteristics in Figure 6.16 to 6.18. The curves are restricted
to gate voltage of 0, —10 and —20 V, since the data for the device having a a-5T to
PTCDI-Cy3Ho7 ratio of 1:1 are available only for these gate voltages. Again, the device
with balanced electron and hole mobility shows the highest efficiency and the one with
the most unbalanced mobilities shows the lowest efficiency. The efficiencies obtained from
the transfer characteristic cannot be compared in such a way, since EL occurs for different

gate and drain-source voltages, i.e. at different internal fields.

Conclusion

With the coevaporation of the hole-transport material a-5T and the electron-transport
material PTCDI-C3H47, an ambipolar light-emitting field-effect transistor could be demon-
strated for the first time. The light intensity is controlled by both the drain-source voltage
Vps and the gate voltage V. Moreover, the latter can be used to adjust the charge-carrier
balance for a given Vpg in such a way, that the EL intensity is maximized.

The simultaneous formation of an electron and a hole channel combined with am-
bipolar transport shows that even though the two materials are coevaporated, they form
interconnected thin films. The charge-carrier mobilities can be tuned by the ratio of
both materials and varied over three orders of magnitude. Thus the ambipolar bulk-
heterostructure OFET demonstrates the general concept of adjusting electron and hole
mobilities by coevaporation of two different organic semiconductors.

Regarding EL, the advantage of a bulk heterostructure over a bilayer heterostructure
is the increased recombination rate compared to bilayer devices due to shorter distances
and thus stronger Coulomb interaction. Furthermore, the effective interface between both
materials is increased. The recombination rate depends on the mobility and accumulated
charge of both materials in the bulk heterostructure. Thus, the efficiency depends directly
on the ratio of both materials. The efficiency is maximal for the material ratio of 1:1,
i.e. for balanced mobilities, according to Figure 6.20. The system can still be improved
regarding its EL efficiency by the choice of a more efficient emitting material than PTCDI-
Ci3Haz

The bulk heterostructure requires the two materials to be deposited in a way that the
mixing does not occur on a molecular scale, but rather on a nanoscale to microscale, in

order to obtain defect free growth and simultaneously increase the interface area of the
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Figure 6.21: (a) Comparison of the EL intensity versus the drain current at a gate voltage of
0 and —10 V and different ratios of a-5T and PTCDI-Ci3Ha7. (b) Comparison of the internal
quantum efficiency nine as a function of the applied drain-source voltage Vpg at a gate voltage
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heterojunction.
The device structure serves as a model system for ambipolar light-emitting OFETs
and demonstrates the flexibility given by the bias voltage and ratio of both materials, as

demonstrated in the next section.

6.2.2 Modelling the Electroluminescence of Ambipolar OFETSs

In the following, a basic analytical model for the EL of an ambipolar OFET will be
derived. It is based on the modified Shockley equation for the ambipolar drain current
as derived in Section 5.4.1, which is a superposition of an electron current and a hole
current. Furthermore, Langevin recombination is assumed [Lam70], thus the EL intensity
and recombination rate of electrons and holes between source and drain electrode can be

expressed as:

Iep / - (ala) + py(a)) o) - pla) - (6.3)

with €, the dielectric constant of the coevaporated organic layer, n(z) and p(x) the electron
and hole densities, and p,(x) and y,(z) the electron and hole mobilities along the channel,

respectively. It can be rewritten to:

Ton o< [ = (afe) (o) i) + (o) - (o) -l (64)

With Ip, = e pu,(z) - n(x) and Ip, = e - p,(x) - p(z), it can be rewritten as

Tow < [ = (Ia(o) - pla) + (o) - @) (6.5)

Er&o

Assuming that the recombination current is much smaller than the drain current, thus
recombination can be neglected, it is Ip,(x) = const = Ip,, and Ip,(z) = const = Ip, with
Ipy, and Ip, being the superimposed electron and hole current resulting in an ambipolar
characteristics as described previously in Equation 6.3 to 6.6. Furthermore, also the
accumulated charge is assumed to be constant, which can be done since recombination
is restricted to a narrow region between source and drain contact, in which the charge-
carrier density in a first approximation can be considered to be constant. Thus the EL

can be expressed as:

Ipp o “Upn-p+1Ipp-n), (6.6)

Eréo
With n = Ip,/eu, and p = Ip,/ep,. The overall expression for the EL intensity gy,
used for simulation with Mathcad© can be found in Appendix C. It is obtained by insert-

ing Equation 5.3 to 5.6 into Equation 6.6. Free parameters are the electron mobility p,,
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Figure 6.22: Drain current and EL intensity for the simulated output and transfer char-

acteristic.

Lp = 4 X 1075 em? Vs, respectively. All other parameters are described in the text.

The electron and hole mobility are chosen to p, = 4.5 x 107* ¢cm?/Vs and
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Figure 6.23: Simulated EL intensity as a function of the drain current for an ambipolar light-

emitting OFET with different ratios of electron and hole mobility.

the hole mobility 1, and the threshold voltages for n- and p-channel device operation, Vp,
and Vp,, respectively. The model does not account for any contact resistances, injection
barriers and eventual change in effective channel length. Furthermore, the recombination
rate is only described by the charge-carrier mobilities and the accumulated charge. It
does not account for the separation of both charges in the bulk heterojunction and the
fluorescence efficiency.

The parameters have been chosen for the device with an a-5T to PTCDI-C;3H»; ratio
of 1:1 and thus according to the experimental data in Figure 6.16(b), i.e. the electron
mobility is p, = 4.5 x 107* cm?/Vs, the hole mobility is p, = 4 x 107° c¢m?/Vs, the
threshold voltage for n-channel device operation is Vr,, = 24 V, the equivalent threshold
voltage for p-channel operation is Vp, = —6 V, the channel length is L = 40 pm, and
channel width is W = 55100um.

Results

The simulated drain current and EL intensity for output and transfer characteristic are
shown in Figure 6.22(a) and (b). The simulation has been performed for a drain-source
and gate voltage range between 0 to +80 V and is shown as dotted line. Since the
simulated device of Figure 6.16 has been characterized only for a voltage range between

0 to £50 V, the simulated data referring to the latter voltage range are shown as solid
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lines. The drain current shows all characteristic features of an ambipolar characteristic
as discussed in detail in Chapter 5. Thus, the emphasis will be put on the description of
the EL intensity.

For a defined gate voltage, the EL intensity increases with |Vpg|, whereas the onset
of EL shifts with increasing |V| towards larger |Vpg|. The slope of the EL as a function
of |Vpg| also increases. In contrast, in the transfer characteristic for defined drain-source
voltage, a maximum exists in the EL intensity. The onset of EL at |Vonser| does not
depend on the applied drain-source voltage and is determined by the threshold voltages
Vrn, and Vp,. For a gate bias larger than |Vionset|, the EL intensity first increases, then
reaches a maximum value Igpmq.(Vps) and decreases again until turn-off is reached at
|Vaossl, the value of which depends on the applied drain-source voltage, as does the
position of the maximum EL intensity. The maximum value increases with increasing
|Vps|, as expected from the output characteristic.

Figure 6.23 shows the EL intensity as a function of the drain current for different
applied gate voltages. As before, the simulated data for the applied bias range of +50 V
referring to the device shown in Figure 6.16 are shown as straight lines and the simulated
data for the full bias range of 80 V are shown as dashed lines. For negative bias voltage
and |V| < 30 V, the onset is independent of |V|, and the slope increases with increasing
|Ve|. For gate voltages of —40 and —50 V, the onset shifts towards larger |Ipg|. Increasing
the gate bias further, the EL intensity is zero within the given drain-source voltage range.
For positive gate bias below a gate voltage of 30 V and above 70 V, the EL intensity is
zero within the drain-source voltage range given . In between, the onset shifts towards

larger drain currents with a constant slope for increasing gate bias .

Discussion

Considering the simulation for a voltage range of +50 V, the simulation qualitatively
represents the experimental data, even though some significant differences have to be
mentioned: For negative gate bias the experiment shows EL already at 0 V gate bias.
This is in agreement with the experimental transfer characteristic, for which the EL onset
appears to be at positive gate voltage. The discrepancy to the theoretical simulation
originates from the treatment of the threshold voltage versus charge-carrier injection. The
experimentally derived threshold voltage is the onset voltage for charge-carrier transport
in a channel in which a sufficiently large number of charges are accumulated. This value
has been used in the theoretical description for the onset of charge-carrier injection, for
which however the threshold is actually smaller. Even if a corrected threshold voltage
were introduced, such a constant value would not describe the charge carrier injection

over an injection barrier correctly.
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In the transfer characteristic, the EL is observed in a region that is attributed to the
ambipolar current, i.e. the region where the transition from a unipolar electron current
to a unipolar hole current or vice versa takes place. For gate voltages outside this range,
the current is unipolar, carried either by electrons or by holes. The position of the
maximum in EL intensity shifts with the observed minimum in drain current in the
transfer characteristic, for which the current is ambipolar.

For the EL as a function of the drain current, a general statement can be derived from
the simulation, which is in agreement with the experimental data obtained on both the

p-6P and the coevaporated thin films:

e If the applied bias voltage is such that the charge carrier of higher mobility is injected
at the source contact and the one of lower mobility at the drain, the onset of EL

shifts with increasing |Vi| towards larger |Ip|.

e In contrast, if the applied bias voltage is such that the charge carrier of lower mobility
is injected at source and the one of higher mobility at the drain contact, the onset of
EL as function of the drain current is close to zero and independent of the applied
gate voltage. The EL intensity increases linearly with Ip and the slope increases
with increasing |Viz|. Only for very large gate bias and for a nonzero mobility of the
charge carrier injected at source, will the EL onset also shift with further increasing

|Ve| towards higher drain currents.

This can be understood because in the first case charge carriers at the drain contact are
injected only for gate voltages at which a gate-voltage-dependent current exists between
source and drain contact. In the second case, even though charge carriers are injected
at the source already for small gate bias, they do not contribute to the current owing to
their low mobility. However, if the gate voltage exceeds the threshold for injection of the

more mobile charge carrier at the drain, the drain current increases and EL is observed.

Conclusion

It could be shown for the first time that the EL observed in ambipolar and unipolar
OFETSs can be modelled based on a modified Shockley equation combined with Langevin
recombination. Even though the model does not account for contact resistances, injection
barriers, reduced effective channel length in ambipolar devices, recombination radii and
fluorescence efficiency, it qualitatively describes the characteristic features of EL from

OFET devices in good agreement with the experimental data.
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6.3 Conclusion

Unipolar light-emitting OFET's based on oligophenyl compounds have been demonstrated.
The EL observed in unipolar OFETSs requires a pinch-off of the conductive channel and
the injection of the opposite charge at the drain contact. The internal efficiency of the
unipolar light-emitting OFET based on p-6P is in the order of 10~%; the external efficiency
is even two orders of magnitude smaller. An Ir(btp)sacac-doped p-4P unipolar transistor,
emitting with higher intensities, thus allowing inspection by optical microscopy, revealed
that the emission is indeed localized in close vicinity of the drain contact. Thus, unipolar
light-emitting field-effect transistors prove that injection is not the limiting parameter
for ambipolar transport in organic thin films, even in the case of high injection barriers.
Rather the transport itself is truly unipolar.

For the first time, a light-emitting OFET based on a coevaporated thin film of a-5T
and PTCDI-Cy3Hy7 that exhibits pronounced ambipolar conduction over a wide range of
bias conditions accompanied by light emission has been demonstrated. Light emission is
correlated with the drain current, and can be modulated by both the drain-source voltage
Vps and the gate voltage V. Moreover, the latter can be used to tune the balance of
charge carriers for a given Vpg in such a way that the EL intensity can be maximized.

The simultaneous formation of an electron and a hole channel combined with am-
bipolar transport shows that even though the two materials are coevaporated, they form
interconnected thin films. The device serves as an excellent model structure for light-
emitting OFETSs. By coevaporation of two different organic semiconductors, an electron-
and a hole-transport material, the electron and hole mobilities can be adjusted, i.e. the
resulting ambipolar characteristic is controlled by the stoichiometry of the two materials.
The efficiency is maximum for a material ratio of 1:1, where the mobilities have equal
values of about 5 x 107* c¢m?/Vs.

A model based on the modified Shockley equation and Langevin recombination has
been introduced to describe the EL observed in ambipolar and unipolar OFETs. Even
though the model does not account for contact resistances, injection barriers, reduced
effective channel length in ambipolar devices, recombination radii and fluorescence effi-
ciency, it qualitatively describes the characteristic features of EL from OFET devices in

good agreement with the experimental data.
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Summary

The goal of this thesis was the fabrication and characterization of a light-emitting am-
bipolar organic field-effect transistor (OFET). In the literature, light-emitting ambipolar
field-effect transistors (FET) based on small molecules, which are of interest for novel
electro-optical devices, have not yet been described. For the realization of such a light-
emitting ambipolar OFET, three different strategies were pursued: Firstly, conventional
single-layer OFET's were investigated in terms of their electroluminescent properties. Sec-
ondly, bilayer heterostructures based on an electron- and a hole-transport material were
prepared. Thirdly, a novel concept based on coevaporated, i.e. mixed films consisting of
an electron- and a hole-transport material, has been realized. Although the single-layer
structures were light-emitting, the unipolar transport properties of the organic materials
restrict light emission to a region close to one contact. In contrast, in bilayer heterostruc-
tures an ambipolar transport characteristics was measured, but no electroluminescence
(EL) observed. Finally, with the novel concept of a coevaporated bulk heterostructure,
EL in an ambipolar OFET could be observed for the first time.

Within the scope of this work various organic semiconducting materials were inves-
tigated with respect to their transport properties in single-layer structures : tetracene,
pentacene, p-4P 1, p-6P 2, a-4T 3, a-5T * and PTCDI-C,3Hy; °. Thereby, charge-carrier in-
jection and the formation of a conducting channel due to accumulated charge carriers was
studied in metal-insulator-semiconductor (MIS) capacitor structures. For the oligoacene,
a-oligothiophene and para-oligophenyl compounds, hole injection was observed, whereas
for the perylene derivative electron injection was found. Varying the work function of the
contact metal yielded the following conclusions: (i) Charge carriers are injected despite
high barriers of up to 2 eV at the injecting contact. (ii) In organic films with spacial
extension larger than the contact pad, charge carriers are accumulated, and thus a con-
ductive channel is formed, also in those regions of the organic film that are not directly

contacted with the metal electrode. (iii) For higher contact barriers, the spacial exten-

para-quaterphenyl

para-sexiphenyl

a-quaterthiophene

a-quinquethiophene
®N,N’-ditridecylperylene-3,4,9,10-tetracarboxylic diimide

1
2
3
4
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sion of the channel formed is smaller. (iv) Indications of inversion of charge carriers in
organic semiconductors could only be observed for pentacene measured under inert at-
mosphere in combination with Ca as contact metal. However, the inversion of charge
carriers occurs only directly below the contact, i.e. no extended channel is formed. The
metal-oxide-semiconductor (MOS) capacitor structures could be modelled on the basis of
frequency-dependent capacitance-voltage (CV) measurements using an appropriate equiv-
alent circuit. From functional analysis the extended channel capacitance and the channel
length as function of the applied voltage are extracted. In investigating the transport
properties in organic materials in OFETs, special emphasis was put on the parameter
mobility. The charge-carrier mobility in an organic thin film strongly depends on its
molecular order, which in turn depends on the deposition parameters, such as substrate
temperature and deposition rate. Therefore, a topology analysis of the evaporated films
was performed by means of X-ray diffraction (XRD) to investigate the crystallinity of
the films. Films consisting of pentacence, a planar molecule, exhibit strong crystallinity
with a molecular orientation almost perpendicular to the substrate. Even films of para-
oligophenyl, which are non-planar molecules and thus produce films that are less well
ordered, exhibit structures in the XRD spectrum that indicate textured, polycrystalline
films. As p-4P reacts most sensitively to variations in the deposition parameters, the
dependence of the charge-carrier mobility on the substrate temperature was investigated
using p-4P. Temperature-dependent measurements of the transistor characteristics yield
information on charge-carrier transport. Both the hole mobility in pentacene and the
electron mobility in PTCDI-C;3Hy; are thermally activated, and in both materials the
mobility decreases with decreasing temperature, starting at room temperature. Assuming
thermally activated hopping transport, activation energies of F, = 41 meV and 71 meV
for the hole mobility in pentacene for room temperature mobilities of 6 x 1072 ¢cm?/Vs
and 4.4 x 1073 cm?/Vs, respectively, could be determined. The electron mobility in
PTCDI-Cy3Hs7 shows an activation energy of 87 meV.

In all investigated materials unipolar transport was found. Therefore, OFETSs con-
sisting of a bilayer heterostructure combining an electron- and a hole-transport material,
were prepared and their transport properties investigated. Metals with different work
functions were used for the source and the drain contact to ensure efficient charge-carrier
injection. The electron-transport material PTCDI-C;3Hy7 was combined with each of the
following hole-transport materials: pentacene, p-4P and a-5T. In each combination am-
bipolar transport was observed. For the electrical simulation of this characteristic two
different approaches were chosen: Firstly, the characteristic has been simulated based on
a modified Schockley equation with the free parameters electron and hole mobility as
well as the threshold voltages for n- and p-channel device operation. Secondly, the char-

acteristic has been simulated under the assumption of the drift-diffusion model. Both
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approaches explain the qualitative characteristics of the curves. The numerical simula-
tion also yields, in addition to mobility and threshold voltage, information on the gradient
of the potential and the charge-carrier density between source and drain as well as the
recombination in the case of ambipolar transport. In none of the bilayer heterostruc-
ture OFETs, light-emission could be observed, which can most likely be ascribed to the
weak Coulomb interaction between the accumulated charges in the two layers. There-
fore, unipolar OFETSs were investigated in terms of their EL properties. Either efficiently
emitting transport materials, such as p-6P, or doped films, such as Ir(btp)sacac ¢ doped
p-4P films, were employed. For the latter case, light emission could be demonstrated in
close vicinity of the drain contact, which is in agreement with the numerical simulation.

Only by using the novel approach of coevaporating an electron- and a hole-transport
material could light emission be observed for the first time in an ambipolar OFET. The
electron-transport material PTCDI-C 3Hy; was combined with the hole-transport mate-
rial a-bT. Decisive for the selection of a-5T were the energy gap and the planarity of the
molecule, which ensures an ordered film growth on the molecular scale even in coevap-
orated thin films. It could be demonstrated that the electron and the hole mobility in
the coevaporated thin film can be tuned systematically by varying the ratio of the two
materials in the coevaporated film. The hole mobility in coevaporated films could be
varied between 2.2 x 1073 ¢cm?/Vs and 4 x 107° cm?/Vs, the electron mobility between
6.7x 1073 cm? /Vs und 5.5 x 107* ¢cm?/Vs. The EL intensity in OFETSs has been modelled
using a modified Schockley equation under the assumption of Langevin recombination.

Moreover, within the scope of this thesis, an integrated UV deposition and charac-
terization chamber as well as an electro-optical characterization setup for OFETs were
designed and set up. The electro-optical characterization of the films was performed in a
glove box under argon atmosphere. The investigated OFETs were all prepared on silicon
substrates, i.e. a highly doped silicon wafer was used as substrate and conductive gate
electrode. The gate insulator SiO, was prepared by thermal oxidation.

The light-emitting ambipolar OFET based on a coevaporated thin film of an electron-
and a hole-transport material is a promising concept. The thesis has been performed
within the scope of the EU project ILO?. Based on the results of the discussed light-
emitting ambipolar OFET a followup project has been applied for.

Siridium (I1I)bis(2-(2.-benzothienyl) pyridinato-N,C?) (acetylacetonate)
"Injection Lasing in Organic Thin Films; contract number IST-2001-33057
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Appendix A

Transistor Characteristics -

Experimental Data

In Chapter 4, single layer OFETSs based on different organic semiconductors have been
discussed and the output and transfer characteristic of a pentacene OFET was studied in
detail. For the other materials, i.e. tetracene, p-4P, p-6P, a-4T, a-5T and PTCDI-C;3Hs7,
the extracted field-effect mobilities were summarized. Here, the original experimental data

of these devices are shown, whereas typical characteristics have been selected.
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Figure A.1: (a) Output and (b) transfer characteristics of a 80 nm tetracene transistor with

Au top contacts. The organic thin film was not patterned, but deposited over the entire substrate,
resulting in high leakage currents.
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Figure A.2: (a) Output and (b) transfer characteristics of a 20 nm p-4P transistor with Au

top contacts.
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Appendix B

Optical Properties - Experimental
Data

In Chapter 5, light-emitting OFETs based on p-4P, p-6P and coevaporated thin films of
a-5T and PTCDI-C,3-Hy; have been discussed. In the following, the optical properties,

i.e. the absorption and emission spectra of thin films, are presented as a reference.
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Figure B.1: Absorption, emission and excitation spectrum of p-6P on quartz.
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Figure B.2: (a) Absorption, emission and excitation spectrum of p-4P on quartz. (b) PL emis-
sion and excitation spectrum of an Ir(btp)aacac doped p-4P thin film. Emission and excitation
artifacts are due to higher-order excitation. Ir(btp)sacac emission is excited only via excitation

of p-4P. The p-4P emission is not completely quenched by the dopant.
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Appendix C

Simulation of Ambipolar Transistor

Characteristic

As previously described in Chapter 5.4.1, the current characteristics of an ambipolar
OFET can be modelled in a first approximation by the sum of the electron and hole current
according to the Shockley model. The analytical expression obtained from Equations 5.3

to 5.6 used for simulation with Mathcad is as following for positive values of Viz and Vpg:

Ipamy =

Vo = Vrant+ | Va = Vrn | Vg = Vrn — Vps+ | Vg — Ve — Vbs |
Q(VG - VTn) 2(VG —Vrn — VDS)

w 1
f#nci |:(VG —Vra)Vbps — EVDSQ}

Vo = Voot | Vo = Vrn | Vo — Vrn — Vbs— | Vo — Vn — Vbs |
2(Vg — Vrn) 2(Va — Vrn — Vps)

W -
+T/Jncz (VG - VTn)2:|
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2(Va — Vrp — Vbs) 2(Va — Vrp)

w [ 1
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Vo —Vrp —Vps— | Vg — Vrp — Vbs | Va — Vrp+ | Vo — Vrp |
2(Ve — Vrp — Vbs) 2(Vg — Vrp)

- i
+fﬂpci (Vo — Vrp — VDS)Q}
(C.1)

and as following for negative values of Vz and Vpg:

IDamb =
w [ 1 Vo = Vrp— | Vo —Vrp | Vo — Vrp = Vps— | Vo — Vrp — Vps
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Appendix D

Simulation of Electroluminescence
from OFET's

As previously described in Chapter 6.2.2, the electroluminescence of a light emitting
OFET can be modelled qualitatively in a first approximation by using the expression for
the ambipolar electron and hole current according to Equation C.1 and C.2 and assuming
Langevin recombination. The analytical expression used for simulation with Mathcad is

as following for positive values of Vi and Vpg:

Ipr =

Va —Vrn+ | Vo — Vrn | Vo — Vi — Vbs+ | Vo — Vi — Vb |
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w 1
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and as following for negative values of V; and Vpg:

Ipp =

Vo —Vrp— | Vo = Vrp | Vg = Vrp — Vbs— | Vg — Vrp — Vs |
2(Va — Vrp) 2(Vag — Vrp — Vps)

w 1
(—fﬂpci [(VG —Vrp)Vps — §VD5‘2]

Vo —Vrp— | Va = Vrp | Vo = Vrp — Vps+ | Vo — Vrp — Vs |
2(Va — VTp) 2(Vag — Vrp — Vbs)

*Kupci {(VG - VTp)2:| )

L

Va —Vrn — Vps+ | Va — Vo — Vbs | Va — Vep+ | Vo — Vi |
2(Va = Vrn — Vbs) 2(Vg — Vrn)

w 1
(—TC’@' {(VG —Vrn —Vbs)(=Vbs) — 5VDSQ:|

Vo = Vrn —Vps+ | Va = Vrn —Vbs | Va — Vrp— | Va — Vi |

w
——C |:(VG — Vry — Vps)? )

L 2(Vg — Vrn — Vps) 2(Va — Vra)
(—KC- {(VG — Virp)Vbs — lVDSﬂ Vo —Vrp— | Va = Vrp | Va = Vrp — Vps— | Va — Vrp — Vs |
1
L P 2 2(Va — Virp) 2(Ve — Virp — Vbs)

Vo —Vrp— | Va = Vrp | Vo = Vrp — Vps+ | Vo — Vrp — Vps |
2(Vg — VTp) 2(Vg — Vrp — Vps)

6| Ve - vy )

Ve —Vrn — Vps+ | Vo — Vrn — Vps | Va — Vop+ | Va — Vg |
2(Vg = Vrn — Vbs) 2(Va — Vrn)

w 1
(—funCi {(VG —Vrn —Vbps)(=Vbps) — §VDS2}

Vo —Vrn —Vps+ | Vo = Vrn — Vps | Va — Vrn— | Va — Vg |
2(Va — Vrn — Vps) 2(Vg — Vrn)

*KﬂnCi |:(VG —Vrp — VDS)Q} )

L
(D.2)



Abbreviations

Symbols

Ach
Acon
Ainj

Ospread
Cmin
Cmam

oxr

S

spread

d
d
Qorg
d
d
d

average

device area

channel area

contact area

area of organic thin film below injecting contact
total device area

capacitance per unit area

oxide capacitance

capacitance of organic thin film

contact capacitance

capacitance of organic thin film and insulating layer below injecting contact
channel capacitance

capacitance for depleted device

capacitance for accumulated charges
capacitance for strong accumulation

minimum capacitance for depleted charges
maximum capacitance for accumulated charges
capacitance of the depleted semiconductor
capacitance due to interface traps

depletion layer capacitance

capacitance at flat band condition

film thickness

thickness of gate insulator, gate oxide
thickness of organic thin film

thickness of semiconductor thin film

spread distance of accumulated charge carriers

average distance of accumulated charge carriers
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E electric field

E, activation energy

Enn photon energy

Er Fermi level

By top of valence band

Ec bottom of conduction band

E, energy band gap

E; intrinsic Fermi level

Eg singlet energy

Er triplet energy

F electric field

Ip drain current

Ipsar saturated drain current

Ip, drain electron current

Ipnsat saturated drain electron current

Ipp drain hole current

Ippsat saturated drain hole current

Ipamp ambipolar drain current

It ambipolar drain current for negative applied bias
I ambipolar drain current for positive applied bias
Iponset onset current for electroluminescence

Igr photodiode current

1, drain current in on-state

Y drain current in off-state

L channel length

Megat slope of square root of saturated drain current versus gate voltage
Miin slope of linear drain current versus gate voltage
n electron density; refractive index

Ny acceptor impurity density

N¢ density of states in the conduction band

Ny density of states in the valence band

n; intrinsic charge carrier density

P hole density

Qi interface charges

R resistance

R, channel resistance

R, parasitic resistance

Riirect bimolecular recombination rate
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Rorg1 parallel resistance in equivalent circuite

Rorgo serial resistance in equivalent circuite

Te coulomb capture radius

S subthreshold swing

Sph photodiode sensitivity

T temperature

V voltage

Vbs drain-source voltage

Ve gate voltage relative to source contact

Va,ef f effective gate voltage relative to source contact

Vip net source-drain voltage relative to drain contact

Vip net gate voltage relative to drain contact

Vr threshold voltage

Virn threshold voltage for n-channel device operation

Vi threshold voltage for p-channel device operation

Vonset onset drain-source voltage for ambipolar current

Vb Sonset onset drain-source voltage for electroluminescence
Vbsat drain-source voltage at onset of saturated drain current
Vinin voltage corresponding to minimum device capacitance
Vis flat band voltage

Vbias bias voltage

%4 channel width

x width overlap of the metal contact in capacitor device structures
Xq width of depletion zone

Tamaz maximum depletion width

€ou relative dielectric constant of gate insulator

€s relative dielectric constant of the semiconductor

n efficiency

Nint internal quantum efficiency

Next external quantum efficiency

1 field-effect mobility

Lhn, electron mobility

Lp hole mobility

sat field-effect mobility extracted from saturated drain-current
[iin field-effect mobility extracted from linear drain-current
o conductivity

Dy metal work function

% contact barrier hight
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brp
Grn
oy
or
X

Xs
Up

ABBREVIATIONS

electrical potential

hole quasi-Fermi potential

electron quasi-Fermi potential
fluorescence quantum yield

triplet quantum yield

electron affinity

electron affinity of the semiconductor

potential difference between Er and E;

Devices and Methods

OFET
OLED
FET
TET
MOS
MIS
Ccv

IV

PL

EL
HOMO
LUMO
AFM
XRD
LSCM
VASE
XPS
UPS
ILO

Materials

p-4P

p-6P

a-4T

a-bT
PTCDI-Cy3Hsr
Alqgs
Ir(btp)sacac

organic field-effect transistor

organic light-emitting diode
field-effect transistor

thin-film transistor
metal-oxide-silicon
metal-insulator-semiconductor
capacitance voltage

current voltage

photoluminescence
electroluminescence

highest occupied molecular orbital
lowest unoccupied molecular orbital
atomic force microscopy

X-ray diffraction

laser scanning confocal microscopy
variable angle spectroscopic ellipsometry
x-ray photoelectron spectroscopy
ultraviolet photoelectron spectroscopy

injection lasing in organic thin films

para-quaterphenyl

para-sexiphenyl

a-quaterthiophene

a-quinquethiophene
N,N’-ditridecylperylene-3,4,9,10-tetracarboxylic diimide
tris(8-hydroxyquinoline) aluminum

iridium (I1T)bis(2-(2.-benzothienyl) pyridinato-N,C?) (acetylacetonate)
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