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Abstract

Organic semiconductors are at the basis of a relatively new research field, called
Organic Electronics. The study of the photo-conductive, electrical and optoelec-
tronic properties of organic materials, the charge and exciton transport as well
as the thin film growth has led to the development of organic transistors, LEDs
and solar cells. More complex organic designs, like flexible electronic circuits,
photovoltaic panels and Radio Frequency IDentification (RFID) tags are under
development, while OLEDs modules are nowadays one of the most promising
technologies for display and lighting application and their break-in the main-
stream electronic markets is forthcoming.

In this context the stability over time of the organic semiconductor, the use of a
proper encapsulation, and a sufficient lifetime of the encapsulated organic devices
become essential in order to achieve the success of this technology. Moreover, the
investigation of the physical phenomena behind the degradation of the perfor-
mance of the basic organic devices is both a scientific challenge and an appealing
quest for the research community.

During the last three years I mainly focused my studies on two kind of organic
devices, namely Organic Light-Emitting Diodes (OLEDs) and Organic Thin-Film
Transistors (OTFTs).

More precisely I have worked in two domains: the first part of my work concerns
the study of the reliability and thermal properties of OLEDs, mostly based on
Alg3 Electron Transport Layer (ETL), and NPD Hole Transport Layer (HTL).
These studies have been carried out by investigating the variation of the electrical,
optical and thermal characteristics of the devices, during reliability stress tests.
Within this work we have tested OLEDs with different inner structure (sort and
thickness of the organic layers as well as of the contacts), different size and shapes
of the active area. Both temperature and current have been singularly used as
stress accelerating factors. The carrying out of reliability tests at different stress
current values has allowed to extrapolate degradation laws, and consequently to
calculate lifetime laws. Our studies on phosphorescent OLEDs stressed at differ-
ent current levels, show an increase of the operating voltage univocally correlated
with the number of carriers injected in the devices during the stress.

Electro-luminescence degradation mechanisms in small-molecules based OLEDs
have been investigated. In particular, we focused on intrinsic degradation phe-
nomena that determine the decrease of the optical power during standard oper-
ation. The results of this analysis provide information on the physical processes
responsible for OLEDs degradation, suggesting a strong correlation between the
reduction in the luminance intensity of the devices and the occurrence of defects
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and positive trapped charge at the Alq3/NPD interface.

Moreover, we studied the uneven decrease of the optical power along the active
area of OLEDs subjected to electrical stress tests. This phenomenon has been
correlated to the self-heating and surface temperature profile of the devices. A
current crowding phenomenon has been hypothesized in order to explain the light
emission, as well as the surface temperature distribution.

An extensive study has been applied to the thermal properties of the anode layer
of the OLEDs, by comparing devices built with different Transparent Conduc-
tive Oxides (TCO). Particularly, the performance and reliability of OLEDs with
Indium-Tin Oxide (ITO) and Indium-Zinc Oxide (IZO) anode contact layer have
been investigated. The devices have been compared in terms of efficiency, thermal
resistance and reliability. The results of this study have shown that OLEDs with
IZ0O anodes guarantee performance comparable with OLEDs with ITO anodes,
and proved a better heat dissipation as well as longer lifetime.

The last part of my work is related to the technological development of both
bottom and top contact OTFTs, and to the study of their stability. By working
in collaboration with the European microelectronic research centre IMEC, we
have manufactured innovative photo-lithographic patterned top contact OTFTs.
By using a wet etching process, we have realized top contact OTFTs with 10um
channel length, obtaining mobilities greater than 0.5¢m?/(V's). Moreover, we
have developed an innovative process flow that allows the patterning of Silver
source-drain contacts on the top of the organic semiconductor, by using plasma
dry etching. The process flow has been proved on silicon, as well as on foil sub-
strate. Finally, we have investigated the reliability of standard Pentacene-based
organic transistors and the encapsulation of these devices by using a poly(p-
xylylene) polymer (Parylene C).
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Sommario

I semiconduttori organici sono alla base di un relativamente nuovo campo di
ricerca, chiamato Elettronica Organica. Lo studio delle proprieta elettriche,
foto-conduttive e optoelettroniche dei materiali organici, il trasporto di carica
e di eccitoni, e lo studio della crescita di film sottili, ha permesso lo sviluppo
di transistors, LED e celle solari basati su semiconduttori organici. Design piu
complessi, quali circuiti elettronici e pannelli fotovoltaici flessibili, RFID (Radio
Frequency IDentification) tag sono al momento in via di sviluppo, mentre i display
OLED sono considerati una delle tecnologie piti promettenti per quanto riguarda
i display e l'illuminazione, ed e prevista come imminente la loro diffusione nel
mercato elettronico mondiale.

In questo contesto la stabilita nel tempo del semiconduttore, I'utilizzo di un in-
capsulamento adeguato e un sufficiente tempo di vita del dispositivo incapsulato,
diventano essenziali al fine di ottenere il successo di questa tecnologia. Inoltre lo
studio dei fenomeni fisici alla base del degrado delle performance dei dispositivi
basati su semiconcuttore organico, rappresenta per la comunita scientifica sia una
sfida, sia un’affascinante ricerca.

Nel corso degli ultimi tre anni mi sono occupato principalmente dello studio
di due tipi di dispositivi organici: LED a semiconduttore organico (OLED) e
transistor a semiconduttore organico (OTFT). In particolare ho lavorato in due
diversi ambiti: la prima parte del mio lavoro riguarda lo studio dell’affidabilita
e delle proprieta termiche di OLED, basati sull’electron transport layer (ETL)
Alg3 e sull’hole transport layer (HTL) NPD. Questi studi sono stati realizza-
ti monitorando la variazione delle caratteristiche elettriche, ottiche e termiche
dei dispositivi durante test di stress accelerato. All'interno di questo lavoro ab-
biamo testato OLED con differente struttura interna (tipo e spessori sia degli
strati organici che dei contatti), con differente dimensione e forma dell’area at-
tiva. Entrambe temperatura e corrente sono state singolarmente utilizzate come
fattori acceleranti. La realizzazione di stress di affidabilita utilizzando differenti
valori di corrente di stress, ha permesso di estrapolare leggi di degrado, e con-
seguentemente di calcolare il tempo di vita dei dispositivi. I nostri studi su OLED
fosforescenti sottoposti a stress elettrico, con differenti valori di corrente di stress,
hanno mostrato un aumento della tensione operativa dei dispositivi univocamente
correlato con il numero di portatori iniettato nei dispositivi durante lo stress.
Sono stati investigati meccanismi di degrado dell’elettroluminescenza di OLED
basati su oligomeri. In particolare ci siamo concentrati sui fenomeni di degrado
intrinseco che provocano una diminuzione della potenza ottica durante il funzion-
amento standard. I risultati di questa analisi forniscono informazioni sui processi
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fisici responsabili del degrado degli OLED, e indicano una significativa corre-
lazione tra la diminuzione dell’intensita luminosa dei dispositivi e la presenza di
difetti e carica positiva intrappolata all’interfaccia tra Alqz e NPD. Inoltre abbi-
amo investigato la disuniforme diminuzione di potenza ottica lungo 'area attiva
di OLED sottoposti a test di stress elettrico. Questo fenomeno e stato correlato
all’auto-riscaldamento e al profilo superficiale di temperatura dei dispositivi. Si
e ipotizzata la presenza di un effetto di current crowding al fine di spiegare la
presenza delle due disuniformi distribuzioni, ottica e termica.

Uno studio approfondito e stato realizzato sulle proprieta termiche dello stra-
to di anodo degli OLED, confrontando dispositivi realizzati con diversi ossidi
trasparenti conduttivi (TCO). In particolare si sono investigate le prestazioni e
'affidabilita di OLED con ossido di Stagno-Indio (ITO) e ossido di Zinco-Indio
(IZO) come contatto di anodo. I dispositivi sono stati confrontati in termini
di efficienza, resistenza termica e affidabilita. I risultati di questo studio hanno
dimostrato che gli OLED realizzati con anodi di IZ0O hanno performance con-
frontabili con dispositivi con anodi di ITO, e mostrano una migliore dissipazione
termica e maggiore tempo di vita.

La seconda parte del mio lavoro ¢ legata allo sviluppo tecnologico di OTFT
di tipo bottom e top contact, e allo studio della loro affidabilita.
Collaborando con il centro europeo di ricerca di microelettronica IMEC, abbiamo
prodotto innovativi top contact OTFT realizzati con fotolitografia. Utilizzando
un processo di wet etching, abbiamo realizzato dispositivi di tipo top contact
con lunghezza di canale di 10um, ottenendo mobilitd maggiori di 0.5cm?/Vs.
Inoltre abbiamo sviluppato un innovativo processo che permette il patterning fo-
tolitografico di contatti d’Argento sopra il semiconduttore organico, utilizzando
dry etching mediante plasma. Tale processo di patterning stato dimostrato sia
su substrato di silicio che di pellicola. Infine abbiamo investigato ’affidabilita di
transistor organici basati sul Pentacene, e I'incapsulamento di questi dispositivi
con il polimero Parylene C.
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Chapter 1

General Introduction

In 1976 the Alan MacDiarmid sowed the seed of a revolutionary technology by
proving the first conducting polymer [I]. Thanks to this discovery, he was invested
with the Nobel prize for chemistry. Years later, when the first organic transistor
was built, the applied physics tried to investigate the utility of these materials for
a wide range of applications. The research field concerning the study of devices
based on conductive polymers took the name of Organidl| Electronics.

In this first chapter it is provided a small introduction to organic electronics
and to the organic devices that are more relevant within this work, i.e. OLEDs
and OTFTs.

1.1 Organic Electronics

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

Since semi-conduction in organic crystals and polymers films has been proved
(between the 1950s and 1970s [2 B]), organic conjugated macromolecules and
polymers have generated a large scientific interest. These materials combine the

!The name “organic” is an historical name,dating back to 19** century, when it was be-
lieved that organic compounds could only be synthesised in living organisms through vis vitalis.
Namely an organic compound is every member of a large class of chemical compounds whose
molecules contain carbon, with exception of carbides, carbonates, carbon oxides and gases con-
taining carbon. The dividing line between organic and inorganic is contended and historically
arbitrary; generally speaking, however, organic compounds are defined as those compounds
which have carbon-hydrogen bonds.



2 General Introduction

ability to conduct electronic charge, typical of semiconductors and metals, with
specific plastic properties like reduced cost and mechanical flexibility. Moreover,
organic materials offer several processing advantages over conventional semicon-
ducting materials, including a reduced thermal budget and the possibility to
process on the top of inexpensive substrates, such as polymers and glass. The
perspective of low cost device fabrication on large, flexible substrates is clearly not
achievable by using the standard inorganic semiconductor processing technology.
Instead, manufacturing electronic devices on large substrates will most likely be
based in printing-based techniques (e.g. screen printing, micro contact printing,
ink jet printing, etc.), stamping, or low vacuum deposition methods, such as or-
ganic vapour phase deposition (OVPD). The lower processing costs entail lower
cost for the finalized device. An important market for devices with massively low
cost per unit could be the health one. Due to the safety requirements, single-use
devices are highly desirable, without forgetting the bio-compatibility of the most
of these polymers, which clearly makes them useful for specific bio-sensing appli-
cations.

Moreover, organic materials are characterized by a huge variation in structure
and properties, and this adaptability is one of the principal reason for studying
their application to electrical engineering problems. These remarkable materials
still represent an enormous range of challenging in synthesis, and structure for
chemists, such as the wide choice of their molecular structure and the possibility
to incorporate side-chains or grains with specific behaviour into the bulk ma-
terial or on the surface, enabling the production of films with specific physical
and chemical properties [4]. Foe example many molecules and polymers have
pronounced optical qualities that can be adjusted by modifications of chemical
structure. Electrical properties such as conductivity are also dependent on molec-
ular design. Thanks to this flexible, and/or optically transparent polymers and
oligomers could open new scenes to electronic devices in the next future. Totally
new and innovative applications can be realized by achieving sufficient device
performance at considerably reduced cost. Organic solar cells is for instance one
of the promising research field of organic electronics [5]. Solar cells have been in-
vestigated for a long period of time, using several inorganic materials. Although
organic solar cells most likely will never be able to compete with inorganic so-
lar cells in terms of efficiency, they actually have a few advantages compared to
their inorganic counterparts. They can be produced more cheaply, such that the
price per unit energy generated by the cell may turn out to be lower than that of
inorganic solar cells. Then, the absorption coefficient of organic semiconductors
is much larger than that of inorganic semiconductors. Moreover, organic solar
cells can be reproduced on flexible substrates, which allows for the integration
of solar cells on textiles. Other organic fields of research are related to: Organic
Light emitting Diodes (OLEDs, see section , organic thin film transistors
(OTFTs, see section , organic lasers, organic sensors and other innovative de-
vices. More complex organic designs, like flexible electronic circuits, photovoltaic
panels and Radio Frequency IDentification (RFID) tags are under development,
while OLEDs are going to conquer the lighting and the display worldwide market.
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1.2 OLEDs

Research in the optoelectronic properties of organic material has already been
going on for nearly 100 years, starting with the publication of the discover of
photo-conductivity in organic crystals in 1906 [6]. The first actual OLED, based
on anthracene, was fabricated in 1963 (even still with extremely high operating
voltage). Nevertheless, for a real breakthrough we have to wait till 1987, with the
work by Tang and Van Slyke about the performance of green emitting thin film
OLEDs based on the small organic molecule tris(8-hydroxy quinoline) (Alg3) [7].
In 1990, Bradley described the first polymer OLED, based on poly(p-phenylene vi-
nylene) (PPV) [8]. It showed that was possible to spin coat a precursor polymer
onto the transparent conducting indium-tin-oxide (ITO) anode substrate, ther-
mally converting the precursor to PPV, and finally evaporating a thin Aluminium
cathode layer on the PPV. Since then, the competition between small-molecule
OLEDs and solution processed OLEDs continues in parallel. Improvements , also
in terms of reliability, have been terrific: from devices with a lifetime in air of
less than 1 minute, to green OLEDs capable to operate continuously for over 20
thousands hours at a brightness of 100 cd/m? [9]. Moreover, these devices can
count on several potential advantages:

e Relative easy and low cost fabrication

e Opportunity to be solution processed, or evaporated on any kind of sub-
strate

e Wide viewing angle

e Great brightness

In the last years, several multinational companies (i.e Sony, Samsung) have
started to show previously passive, and subsequently active matrix displays based
on OLEDs. Small OLED-based displays are already commercially available,
usually in mobile applications, such as in cell phones, mp3-players, etc. More-
over, OLEDs are suitable for flexible displays not only because they have a thin,
solid-state and flexible structure, but also because their wide viewing angle allows
them to be viewed even when they are flexed. Other advantages of OLEDs are
their wide colour gamut and quick response times, enabling full-colour smooth
moving images even on flexible films. OLED technology is a promising candi-
date for the front plane of a high-quality flexible display and its performance
can be enhanced when the OLED is driven in active-matrix (AM) operation. In
2005 Samsung presented a 40-inch OLED TV display, demonstrating the proof
of principle for a large OLED display. Recently, Organic Light-Emitting Diodes
have demonstrated efficiencies as high as 102 lm/W, demonstrating a path for
future adoption of OLEDs as light sources [10]. Therefore, another market seg-
ment in which OLEDs could come into play, is ambient lighting. OLEDs provide
a technology for large area diffuse light sources, while leaving the freedom to
design panels in any kind of shape [I1]. Whereas OLED displays consist of an
array of small red, blue and green pixels, OLED lighting applications require an
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homogeneous, pleasant white light, i.e. a required colour rendering index of at
least 80. In addition, lighting requires high brightnesses (roughly 1000 cd/m?, as
compared to 100 cd/m? for display applications), and OLED lighting panels need
to be highly efficient. The luminous efficacy should be preferably larger than
50 Im/W. Therefore, it is clear that OLED lighting imposes different and more
demanding requirements than OLED displays. One of the most critical part is
nowadays the emitter used for the blue part of the spectrum, especially in terms
of operational lifetime.

In the next paragraph we report the state of art of intrinsic degradation in
Alg3-based OLEDs. An extensive study of this relevant topic is then reported in

chapter [3.1]

1.2.1 Intrinsic degradation on Alqg3-based OLEDs

Since the report on the first efficient OLED by Tang and Van Slyke in 1987 [7],
tris(8-hydroxyquinoline)aluminium (Alg3) has been one of the most widely adopted
emitter material in OLED technology. Alq3 can be used for the realization of de-
vices emitting in the green-red spectral region. The degradation of OLEDs during
operation time can be strongly determined by the worsening of the properties of
Alg3 layer. In fact, Alg3-based OLEDs can be affected by several failure mech-
anisms, such as the formation of dark spots [12] [13], catastrophic failures [14],
and long-term intrinsic degradation that is responsible for the OLED brightness
decrease over time, without any visible deterioration of the active area. Over
the last decade, the first two issues have been overcome, by both using improved
sealing techniques and depositing organic materials with high purity degree. On
the other hand, intrinsic degradation still remains an open issue, which is worth
of investigation, even though several hypotheses on the origins of this kind of
degradation have been already proposed. For a long time the morphological in-
stability of the Hole Transport Layer (HTL) has been depicted as one of the
main mechanism responsible for OLED degradation [15, 16]. This resulted into
the research of hole transport materials with high glass transition temperatures
(T¢) [17, [1§]. These studies led to the synthesis of several important OLED
materials. Although it has been demonstrated that the use of HTLs with high
T increases the device robustness to high temperature environments, it does
not impact its operational stability, especially at room temperature [19, 20]. Fur-
thermore, OLED stability has been chased by different methods, such as the
introduction of a Copper Phthalocyanine (CuPc) buffer layer between the ITO
and the Hole Injection Layer (HIL), and the doping of the HTL. Nevertheless, the
argued reasons behind the success of these technological solutions were often in-
complete and sometimes contradictory. In particular, the key issue concerned the
localization of the degradation processes, in the HTL or in the Electron Transport
Layer (ETL). A turning point was set by Aziz that observed that in Alg3 signif-
icant photo-luminescence decrease is observed during holes injection, while the
photo-luminescence stays almost constant during electrons injection [21]. These
results, therefore, provided strong evidence that injection of holes into the Alg3
layers can be responsible for the optical degradation of OLEDs. The enhanced
stability of OLEDs developed inserting a mixed layer at the HTL-Alg3 interface,
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confirmed this hypothesis, suggesting that OLEDs degradation mainly takes place
at or close to that interface. Furthermore, the long-term luminance decrease has
been related to the instability of the Alq3 cationic species [22] and to the accumu-
lation of positive charge at the emitting OLED interface [23| 24]. The instability
of the cationic species induces the creation of by-products that have been related
to a decrease in device electro luminescence. Moreover, it has been shown that
these by-products play different roles as charge traps, electron-holes recombina-
tion centres and fluorescence quenchers. However, holes injection into the Alq3
layer still appears to be one of the main factors responsible for OLED optical
degradation. This hypothesis is confirmed by the fact that cyclic voltammetry
on Alg3 in solutions showed the irreversibility of the Alq3 oxidation process [25].

1.3 OTFTs

For more than two decades now, organic thin-film transistors (OTFTs) based
on conjugated polymers, oligomers, or other molecules have been studied as a
possible alternative to more traditional, mainstream thin-film transistors (TFTs)
technology, based on inorganic materials. Traditional crystalline Silicon (Si) field-
effect transistors are the leader technology in semiconductor industry. Neverthe-
less, there are application where crystalline Si is not the best option. Crystalline
wafer limits the substrate size and the versatility, being a rigid base. On the con-
trary thin-film semiconductors do not come in wafers, but they can be deposited
on arbitrary sized substrates. Although Crystalline Si performance and cost per
transistor cannot be achieved by thin-film based devices, by using this technology
unique products can be manufactured. The most established thin film technol-
ogy is Amorphous Si (a-Si). Another emerging thin-film technology is the one
related to metal oxide semiconductors. These materials showed high mobilities
(up to 100 cm?/(Vs), versus 1 cm?/(Vs) for a-Si), low temperature deposition
(availability of flexible substrates) and optical transparency.

Organic semiconductor technology is clearly another competitor of thin-film
technologies. Integrated circuits (ICs) fabricated using organic TFTs (OTFTs),
offer the potential of enabling low-cost processing, flexible, adequately perform-
ing logic circuits (an example of microprocessor on foil is reported in fig. [I.1]). As
mentioned before, organic semiconductors can be processed at low temperatures,
allowing deposition on different kind of substrates (Silicon, glass, polymers, tex-
tiles). An organic semiconductor layer can be grown virtually on any kind of sur-
face if properly treated. No epitaxial growth on a crystalline substrate is required.
A wide range of deposition methods can be used (OMBD, CVD, etc). Moreover,
OTFTs may be solution-processed, allowing the fabrication of large-area devices.
Nowadays the mobility of OTFTs and of a:Si TFTs are comparable. Nevertheless,
it is foreseen that OTFTs should be patterned by printing, potentially lowering
down considerably the price of this technology compared to the a:Si one [26].
Therefore, Organic thin-film transistors have been recognized as a breakthrough
technology for next generation electronics due to their unique advantages, such
as light-weight, flexibility, and low-cost fabrication [27, 28]. Recently it has been
proved that also a:Si TFTs can be processed at around 100°C on a flexible sub-
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strate, with good off-current and mobility, and great environmental stability [29].
However, low temperature processed a:Si are affected by low bias stability due to
the huge amount of unsaturated bonds that can act as traps. On the contrary
organic semiconductors do not show any unsaturated bonds.

Figure 1.1: The industry’s first flexible 8-bit asynchronous microprocessor by
Epson.

To manufacture an organic TFT, the organic semiconductor and the other
materials required (gate electrode, gate dielectric, source and drain contacts) are
deposited as thin layers on the surface of an electrically insulating substrate, such
as glass or plastic foil. The total thickness of the device can be less than 100 nm.
Several methods exist for the deposition and patterning of the individual layers of
the TFT. Gate electrodes and source and drain contacts are often prepared using
inorganic metals. Non-noble metals, e.g aluminium or chromium, are suitable
for the gate electrodes while noble metals, most notably gold, are a popular
choice for the source and drain contacts, since they tend to provide better contact
performance than other metals. The gate dielectric material must be compatible
with the substrate used, and the thickness is a compromise between the desire to
work at low voltage levels, and the need of a low leakage current.

Organic transistors are potentially useful for applications that require elec-
tronic functionality with low or medium complexity distributed over large areas
on unconventional substrates, i.e. applications in which the use of silicon devices
and circuits is technically or economically not feasible. Potential applications
include postage stamps [30, [31], radio frequency identification (RFID) tags [32],
“smart” cards [4, B3, B4]. OTFTs can be processed on plastic films (like PEN
or Parylene) achieving field-effect mobility higher than 0.1 cm?/Vs and a cur-
rent on/off ratio greater than 10°. This means that they can be used in an
Active-Matrix (AM) display allowing the production of thin, flexible displays
[35, 36l 37]. The entry of these products in the worldwide market is imminent
(see in Fig. and , some Sony prototypes of flexible AM-OLED display).
Strategies for increasing the performance of organic TFTs include further im-
provements in the carrier mobility of the organic semiconductor by synthesizing
new materials, improving purification and enhancing the molecular order in the
semiconductor layer [38], and scaling of the organic transistor dimensions.
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SONY

Organic TFT - Flex OLED

Figure 1.2: Sony full-color top-emission QQVGA AM-OLED display.

Figure 1.3: Sony OTFT-OLED display operating with bending condition.



8 General Introduction

1.3.1 A bit of history

The first organic TFT with the small molecule Pentacene as organic semiconduc-
tor, was first reported in 1992 [39]. In 1995, an OTFT was fabricated by using
the n-type semiconductor Buckminsterfullerene (C60), resulting in an electron
field-effect mobility of almost 0.1 ¢m?/(Vs) [40]. In the same year, the Philips
group published the worldwide first results of an organic integrated circuits [41].
For the first time, OTFTs were sufficiently good performing to construct logic
gates that displayed voltage amplification. Moreover the fabrication of a ring
oscillator demonstrated that these logic gates could switch subsequent gates and
perform logic operations. This breakthrough delineated the start of a new era in
the field of organic electronics, as it became clear that OTFTs might provide a
useful technology for certain applications, accepting a relatively low performance,
but at the same time requiring low cost. Since 1992 we have observed a constant
increase in mobility, which was achieved either by improving the processes used
for the fabrication of the transistors and by synthesizing new organic materials.
In 1999, Pentacene OTFT were fabricated with a field-effect mobility in excess
of 2em?/(Vs) [42]. In terms of mobility, OTFTs became more performing than
amorphous silicon TFTs. In order to obtain these high mobility values, the mor-
phology of the Pentacene film was optimized by applying surface treatments.
Thanks to the efforts of many research groups working in the field of organic
electronics, the OTFT performance steadily increased. In 2003, the 3M research
group showed that a Pentacene OTFT mobility in excess of 5cm?/Vs could be
systematically fabricated [32]. Even so, the success of OTFTs is still not guar-
anteed. Potential obstacles are yield, lifetime, and insufficiently fast progress in
low-cost production technologies (printing and solution processed OTFTs). In
addition, other thin film technologies like Silicon, polysilicon, chalcogenide, Zinc
Oxide (Zn0O), and carbon nanotubes have progressed concerning the mobility as
well as low deposition temperatures.

1.3.2 Basic Operation

Traditional Si transistors operate by exploiting the inversion of the channel. By
increasing the gate-source voltage the channel is depleted and consequently a layer
of minority carriers is formed. In this regime the transistor is on and applying
a voltage between drain and source it is possible to have a current flow. On
the contrary, if we increase the gate-source voltage in the other direction we
get the creation of an accumulation layer with majority carriers, and applying
a voltage between drain and source we have no current flow due to the double
reverse biased pn junctions. Instead an organic transistor usually operates in
accumulation. By increasing in the proper way the gate-source voltage, we get
the creation of an accumulation layer that allows the flow of holes (in a p-OTFT)
between the electrodes, if subjected to a voltage bias. If the gate voltage is
increased in the other direction, the organic semiconductor gets depleted and
can create an inversion layer. Nevertheless the flowing current is limited because
most of organic semiconductors transports only one kind of carrier. In order to
limit the parasitic currents , the thickness of the semiconductor is usually kept
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small (30 to 50nm). Despite that, OTFTs can be modelled by using the inorganic
typical transistor equations [43]. Two curves are usually measured to characterize
a field-effect transistor: the transfer characteristics and the output characteristics.
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Figure 1.4: OTFT transfer characteristic in the linear regime.

In order to measure the transfer characteristic, the drain-source voltage is kept
constant, while we have a variation of the gate-source voltage. Depending on the
drain-source voltage, the transistor is operating in the linear or in the saturation
regime. Fig. [1.4] shows the transfer characteristics of a p-type organic transistor,
measured in the saturation regime.

Assuming the conventional gradual channel approximation, the current Iy,
measured between drain and source in the saturation and linear regime can be
described as following:

w
[ds = _ﬁﬂgzns(‘/gs - ‘/;)27 H/ds‘ > "/gs - V;f’ (131)

w Vds

Ids = _f,ucins(‘/;]s - ‘/t - T)Vds’ |‘/ds| < |‘/95 - ‘/t| (132)

where W is the channel width, L. the channel length, x the mobility, Cj,s is
the capacitance of the gate dielectric per unit area

Cz'ns = E0ins (133)

tins

where gg is the vacuum dielectric constant, ¢;,, is the relative dielectric con-
stant, and t;,s is the thickness of the dielectric. Finally, V; is the threshold
voltage. For silicon MOSFETSs, the threshold voltage V; is defined as the mini-
mum gate-source voltage required to induce strong inversion. As over mentioned,
organic TFTs do not operate in inversion mode, so actually it should not be pos-
sible to define a threshold voltage. Nevertheless, the threshold voltage concept
is useful for organic TFTSs, since it represents the minimum gate-source voltage
required to obtain appreciable drain current, and because it marks the transition
between the different regions of operation.

Equations(1.3.1, clearly state that is possible to extrapolate the mobility
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of the OTFT from the I4, vs. V,, characteristic. In particular it follows that

the mobility p is proportional to I;s in linear regime and to its square root [ ;5{2
in saturation regime. The two mobilities can slightly differ, we have decide to
work with the one calculated in saturation regime because it is less affected by
parasitic currents. Two other parameters are usually consider to evaluate the
performance of an organic transistor: one is the onset voltage V,,, defined as
the gate-source voltage at which I; increases abruptly (see figure: , and the
inverse of the sub-threshold slope S™!, that is the voltage step needed to gain one
decade in current at V,,. The sub-threshold slope depends on the gate dielectric
capacitance and on the trap states at the interface [44].
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Figure 1.5: OTFT output characteristic.

An output characteristic is obtained by measuring the current I varying the
drain-source voltage for different gate voltage levels (see Fig. . Here we can
distinguish two regimes, the linear one, where Iy, is linearly proportional to Vi,
and the saturation one, where I4, should be almost independent of V.

1.3.3 Pentacene

All the OTFTs that we have manufactured within this work, used Pentacene
as organic semiconductor. For this reason we have considered appropriate to
dedicate a subsection to this organic material.

Although a substantial number of small-molecule semiconductors have emerged,
Pentacene consistently provides the largest carrier mobilities, due to its favor-
able crystal structure. This organic material is constituted by five linearly-fused
benzene rings (CyoHyy) and it has the appearance of a dark-blue powder (its
structure is shown in figure . Being a small molecule, Pentacene can be de-
posited by evaporation in ultrahigh-vacuum (around 107® torr in our system)
with a technique called Organic Molecular Beam Deposition (OMBD). The Pen-
tacene is heated in a Knudsen cell until it sublimates (usually around 200°C).
The molecules evaporate inside a chamber where the sample is usually anchored
upside down (see App. [C|for more details). The growth of the Pentacene layer is



1.3 OTFTs 11

highly influenced by the temperature of the cell and of the substrate. Pentacene
can also be deposited using an OVPD system. In this case the molecules of the
material are transported by a carrier gas at low vacuum.

ﬁ‘x‘“\
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Figure 1.6: Structure of a molecule of Pentacene (CyoHyyg).

In the following I will provide some details about the Pentacene growth re-
lying on Stijn Verlaak’s PhD thesis about the growth of small-molecule organic
semiconductors [45, 46]. During the semiconductor deposition from a gas phase,
Pentacene molecules hit the substrate and start to accumulate at the surface.
When several molecules aggregate, a nucleus is formed. This nucleation process
can be modelled thermodynamically. Simulations reveal that due to the increas-
ing number of aggregated molecules, the nuclei start to growth determining the
start of the Pentacene thin-film growth. Depending on the growth condition,
two-dimensional or three-dimensional nuclei can be formed. These two differ-
ent growths are, electronically speaking, very different. Three-dimensional nuclei
form ill-connected, isolated grains while two-dimensional growth, on the contrary,
leads to the formation of a continuous film. The growth on one regime, or the
other one, is determined by the deposition rate and the substrate temperature.
Obviously, also the kind of substrate plays a role on the morphology of the film.
Chemically treating the substrate, i.e with self-assembled monolayers, it is possi-
ble to tune the surface energy of the substrate (for more details see App. . Prior
to the real deposition, vacuum sublimation and/or absorption chromatography
are used to purify Pentacene. The grade of purity of the material has a tremen-
dous impact on the mobility of the finalized devices. As previously mentioned,
with this organic semiconductor it is possible to obtain OTFTs with mobilities
up to 5 cm?/Vs [47]. One of the drawbacks of using this material, it is the fact
that it quickly degrades in presence of oxygen and light. An unstable transis-
tor can be characterized by a shift of the transfer curves towards more positive
or negative voltages. This voltage shift can be influenced by an extended ap-
plied bias, illumination or other environmental conditions. For this reason, all
the organic devices, manufactured using Pentacene as a semiconductor, need an
effective encapsulation (a specific study about this topic is provided in chapter @
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Chapter 2

OLEDs optical investigation

For studying optoelectronic devices it is interesting not only to investigate the
amount of light generated by the device, but also the distribution of this emitted
light along the active area. Such a study can give many information about the
device, like the current distribution, heat distribution, presence of defects, hot
spots, etc. Often during the ageing, the device modifies its light emission dis-
tribution, and the investigation of this variation can help in understanding the
physical mechanisms behind the degradation of the optical and electrical char-
acteristics. The light emission distribution of an OLED along its active area,
can be measured by using an emission microscopeﬂ In this chapter we present
two optical studies that we have carried out on phosphorescent OLEDs, and on
solution-processed OLEDs.

2.1 PHOLED size and shape impact on light
emission

In the following we present an optical analysis that we have carried out on phos-
phorescent OLEDs (PhOLEDs), with different size and shape. In particular, we
measured devices with 5mm?, 1mm?, and 0.0lmm? active area with square and
circular shape. All the different devices have been biased with equal current
density in order to correctly compare their light emission profiles, i.e. the distri-
bution of the light emission intensity all along the active area. We have arbitrary
decided to bias the devices at two different current density levels: 1mA /cm? and
40mA /cm?. In this study we have used an Hamamatsu emission microscope, and
its parameters have been set in order to maximize the CCD acquisition range. We
have used microscopic lenses with different magnifications and the light emission
profiles have been normalized to their maximum.

The Light Emission Profiles (LEP) have been analysed by using false colours

!An emission microscope is a microscope furnished with a CCD camera that counts the
photons emitted by the focused device, providing a number that is proportional to the light
emitted. By keeping unchanged the measurement positions and parameters, it is possible to
follow the optical degradation of a device over time.

13
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Figure 2.1: Light emission profiles of squared PhOLEDs with different size, mea-
sured at 1mA/em? and 40mA/cm?: (a) square 5mm? at ImA/cm?, (b) square
smm? at 40mA/cm?®, (c) square Imm? at ImA/cm?, (d) square Imm? at
40mA/em?, (e) square 0.01mm? at 1mA/cm?, (f) square 0.01mm? at 40mA/cm?



2.1 PHOLED size and shape impact on light emission 15

Y Axis [mm]
Y Axis [mm]

0.25 0.50 0.75 0.25 0.50 0.75

X Axis [mm] X Axis [mm]

Y Axis [um]

200

Y Axis [um]
o
g

06875
0.7500

200 300 400 300 400
X Axis [pum] X Axis [um]
(c) (d)

B

]
-
D
&

=

=3
-
o
=3

o
0.06250
01250
01875
0.2500
o 03125 —
E 03750 E
= 75 0.4375 = 75
@ 0.5000 E
% 05625 <
> 50 06250 > 50
05875
07500
25 08125 25
08750
09375
25 50 75 100 125 150 e, 25 50 75
X Axis [um] X Axis [um]
(©) (5)

Figure 2.2: Light emission profiles of circular PhOLEDs with different size, mea-
sured at 1mA/em? and 40mA/cm?: (a) circular Imm? at 1mA/cm?, (b) cir-
cular 1mm? at 40mA/em?, (c) circular 0.25mm? at ImA/cm?, (d) circular
0.25mm? at 40mA/cm?, (e) circular 0.01mm? at ImA/cm?, (f) circular 0.01mm?
at 40mA /em?
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maps, normalized to the maximum intensity along the active area. As clearly
shown in the LEPs shown in Fig. and Fig. [2.2] light emission is quite con-
centrated in the centre of the active areas. The phenomenon is more pronounced
at high current density (40mA /cm?). The effect seems to be independent of the
size of the device area, being present both in the small, medium and large area
devices. Reducing the area, it is not possible to obtain a fully uniform emission
pattern. As previously mentioned the light is concentrated more in the centre of
the device, therefore at the corners of the squared structures we can observe a
lower intensity of the light emitted (see Fig. . Nevertheless, even observing
the circular devices reported in Fig.[2.2] we notice a border effect that is probably
related to a crowding current effect. Such an effect will be further investigated in
chapter 4 where it will be related with the surface thermal distribution of the de-
vices. Finally, we have tried to compare the integrated optical power of a square
device with a circular one on equal area, in order to understand if a structure
could be more efficient than the other one in terms of total optical power. The
experiment has been repeated at different bias current levels. The results are
reported in Fig. [2.3] that shows that there is no significant difference in the total
light emitted by the two different devices.
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Figure 2.3: Integrated optical power of a circular and a square device of equal
area (1mm?), measured at different current density levels.

2.2 Light emission distribution of solution pro-
cessed OLEDs

In the following, we report an investigation on the optical properties of solution
processed OLEDs. We have performed emission profile and spectral measure-
ments for analysing the optical uniformity of the devices. As in the study pre-
sented in the previous section, the emission profiles have been measured by using
an Hamamatsu Phemos emission microscope. The devices have been biased by
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means of a Keithley current source. The 2mm? devices have biased with a current
of 60uA. The emission profiles reported in the figures below have been normalized
to their maximum, in order to better describe the range of light intensity vari-
ation at devices surface. Measured emission profiles are shown in the following

figures (Fig. and Fig. for a set of 7 devices.
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Figure 2.4: Light emission profiles of solution processed OLEDs biased at 1mA.

For devices reported in Fig. the bias current level has been adjusted
in order not to saturate the CC[ﬂ of the microscope. This device showed a
non-uniform emission pattern, with a spot-like emission behaviour (region A in
Fig. [2.5(a)]). After the electro-optical characterization we have noticed that the
emission pattern in region A has changed (see Fig. . This effect has been
attributed to the presence of some material, accumulated between the anode and
the coating that seems the result of a combustion process (shown by using a
stereoscopic microscope in Fig. .

2CCD stands for Charge-Coupled Device.
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Figure 2.5: Light emission distribution measured before (a) and after (b)
electro-optical characterization.

¥ e

Figure 2.6: Stereoscopic microscope picture of impurities formed upon device.
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Using an Ocean Optics USB 4000 spectrometer we have measured the emis-
sion spectra of this solution processed OLEDs. The light emission has been nor-
malized to the peak value in order to allow the comparison of the spectra shape
of the different devices. We did not detect any dependence of the spectral shape
on the injected current level (see Fig. [2.7]). For this reason, we have arbitrary
compared the behaviour of the different OLEDs carrying out spectra measure-
ments at ImA (see Fig. . All the devices showed nearly the same spectral
shape. In particular, not even the spectrum of device with uneven light emission
distribution, previously shown in Fig. has shown any significant difference
from other devices.
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Figure 2.7: OLED Emission spectrum at different current levels.

In order to further investigate possible relation between luminescence uneven-
ness and spectrum emission, we have measured local emission spectra by integrat-
ing our spectrometer with a microscope. In this way we were able to obtain small
focused portion of the active area. The emission spectra collected in 9 different
regions are reported in Fig. and We have normalized the light emission
spectra to their peak values in order to detect possible variations of spectral shape
among the nine zones of the active area. Nevertheless, no significant variation
has been detected between the different regions.

Therefore, the solution processed OLEDs that we have tested showed uneven
emission distribution all along the active area, especially if compared with the
evaporated OLEDs showed in the previous section. This fact suggests that the
unevenness of the emission profile does not correspond to modification in the
spectral characteristics, but it is correlated only to differences in current/emission
distribution, reasonably related to technological defects.
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Figure 2.8: OLED emission spectra of different devices.
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Figure 2.9: Emission spectra measured in 9 different parts of the active area.
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Figure 2.10: Emission spectra measured in 9 different parts of the active area.



Chapter 3

Reliability stress tests on
Alq3/NPD OLEDs

In this chapter, first we present a study about the investigation of the reliability
of small molecules OLEDs, with simplified structures, consisting of NPD as hole
transport layer, and Alg3 as electron transport layer. The results of this analysis
provide information on the physical processes responsible for OLED degradation.
Secondly, we focused on a reliability study that we have performed on phospho-
rescent OLEDs stressed at different current levels. The variation of the electrical
and optical characteristics of these devices have been monitored in order to study
the degradation effects, and extrapolate a time to failure law.

3.1 Optical and electrical degradation of NPD/Alq3
OLEDs

As previous mentioned, OLEDs have attracted much attention for their large
potential in flat panel display application. In this context lifetime of OLEDs
is a critical parameter in order to fulfil market standards. OLEDs luminance
reduction over time has been deeply investigated [48] 49, 50, [5I] and driving
strategies and new materials have been developed in order to solve this critical-
ity in OLEDs spread [52], 53 54]. In the following we present our study on the
electro-luminescence degradation mechanism in NPD/Alq3 based (a resume of the
state of the art of this relevant topic has been reported in chapter . More-
over, we focused on intrinsic degradation phenomena that determine the decrease
in the optical power of OLEDs during standard operation. The study was carried
out on simplified OLED structures, by means of combined optical and electrical
characterization techniques. Our investigations were carried out on simplified
undoped OLED structures, because such devices allow an easy interpretation of
the impedance measurements. The approach we followed here, favours simplicity
in studying the degradation mechanisms of the organic materials interface, over
exactness in determining the real device lifetime, which is not our primary goal.
In fact, the degradation kinetic highlights a quite fast degradation (with a strong

21
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reduction after 1000-hour stress), which is not unexpected, but it is due to the
simple OLEDs structure.

In this work we have tested OLEDs with NPD as HTL and Alq3 as ETL and
as Emitting Layer (EML). The device structure is reported in Fig. 3.1l The anal-
ysis was performed on devices with different thicknesses for the HTL and ETL
layers (as summarized in Fig. , with the aim of understanding whether the
thickness of the different layers could influence the OLED reliability. Samples
were prepared on commercial Glass-ITO substrates, which consisted of a 20nm
S104 barrier layer between the soda lime glass and 120nm thick I'TO. All organic
layers were deposited under high-vacuum conditions (1x10~7 Torr) and the de-
vices were transferred directly from vacuum into an inert environment glove-box,
where they were encapsulated using a UV-curable epoxy, and a glass lid with a
moisture getter. A 10nm thick HIL is deposited between the HTL and the ITO,
in order to improve the hole injection rate from the anode during the forward bias
condition. The cathode consisted of Aluminum deposited on Lithium Fluoride
and the active areas were defined by an insulating grid. The OLED emission
profiles were assumed to be Lambertian, and the luminance was measured with
a Si-photodiode mounted on an integrating optical sphere.

Al

ETL— Alq,

HTL—-NPD

HIL

Glass—ITO

Figure 3.1: Cross section of the device structure employed in this study.

120nm 10nm NPD [100nm]| Alg3 [60nm] Al [100nm]
120nm 10nm NPD [60nm] | Alg3 [60nm] Al [100nm]
120nm 10nm NPD [40nm] | Alg3 [60nm] Al [100nm]
120nm 10nm NPD [60nm] | Alq3 [100nm] Al [100nm]
120nm 10nm NPD [60nm] | Alg3 [80nm] Al [100nm]
120nm 10nm NPD [60nm] | Alg3 [40nm] Al [100nm]

Figure 3.2: Table with the layers thicknesses of OLEDs studied within this work.

The devices were fully electrically and optically characterized. In particular,
we periodically carried out Current density vs Voltage (J-V), Capacitance vs
Voltage (C-V), and Luminance vs. Current density (L-J) measurements during
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ageing time. We also used an Hamamatsu Phemos light emission microscope
to measure the luminance profile all over the device active area. The devices
subjected to this characterization and reliability study have an active area of

2mm?2.
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Figure 3.3: Luminance of OLED plotted as a function of bias current density.
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Figure 8./: OLED Current density (log scale in the left, linear scale in the right)
vs. wvoltage.

Fig. shows the luminance as a function of the current density (L-J) for a
typical OLED with the structure above described. The curve shows quite a linear
relation between optical power and the injected current density. Fig. shows
the J-V typical curve taken on a device with 100nm Alg3 and 60nm NPD layers,
plotted in semi-logarithmic scale. In order to simplify the following discussion, we

arbitrary distinguish four regions on the basis of current dependence on applied
voltage (V*):

Region 1: The reverse bias region V¥*< 0V

Region 2: The low-forward bias regions V*> 0V and V*< 2V
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Region 3: The exponential forward region (namely, 2 <V*< 5V), where the
current exponentially increases with voltage

Region 4: The linear forward region (namely V*> 5V), where the current lin-
early increases with the anode voltage

The horizontal marker in Fig. defines the operative current of our OLEDs,
i.e. 40mA/cm?. In the following, we will arbitrarily refer to Voy as the an-
ode voltage needed to achieve such current density level. All the devices were
stressed at a constant current density of 120mA /cm?, i.e. three times larger than
the nominal current density. We chose such a current in order to achieve a rea-
sonable acceleration of the life tests, avoiding the formation of parasitic leakage
paths across the organic films, and the consequent device breakdown. During the
electrical stress the devices were kept at room temperature. The accelerated elec-

trical stress was periodically interrupted in order to perform the characterization
of the devices (L-I, J-V, and C-V).

After the initial characterization, we have selected a number of samples with
average performances for the subsequent ageing tests. In Fig. |3.5| we plot the
L-J curves taken in an OLED before stress (fresh) and during stress at different
stress times. A good linear relation exists between the luminance and the current
density both before and after stress at a current of 120mA /cm?, but the slope
monotonically decreases as the stress time increases, indicating a reduction of
the OLED efficiency. It is worth noticing that the percentage of optical power
degradation is independent of the measuring current level. After a 1000-hours
stress, the luminance of the device reduces down to 55% of its initial value. In
such accelerated working conditions, the test structures considered within this
work have shown an extrapolated 50% time to failure of about 1270 hours. No
catastrophic failures or formation of dark spots have been detected, which in-
dicates the exclusion of external factors (such as the interaction with particles,
moisture, and oxygen) in the optical degradation mechanisms. A quantitative
description of the reduction in device efficiency is given in Fig. |3.6] where we
plotted the optical power degradation as a function of the stress time, for all the
analysed devices. Noticeably, all the devices listed in the table of Fig.|3.2] showed
similar degradation kinetics suggesting that the degradation rate is nearly inde-
pendent on the NPD and Alg3 layer thicknesses. For this reason, in the following
we discuss only the data obtained on the samples with a 100nm NPD layer and
60nm Alg3 layer, representative for all the sets of analysed OLEDs. As shown
in Fig. |3.6] the optical power decreased down to the 55% of its initial value after
1000 hours of stress at 120mA/cm?. The entity of luminance degradation was
found to be independent of the measuring current level.

The analysis of the light emission profiles (LEP), measured by using a PHE-
MOS Emission Microscope, provides further information on the degradation pro-
cess. Fig. [3.7(a)| reports a false colour maps of the light emission profile of a
fresh device, driven at the nominal current density of 40mA/cm?. The emission
scale has been normalized to the maximum detected on the scanned area. Before
stress, the emission intensity is slightly concentrated at the centre of the device
area. In fact the edges have a 10% lower luminance compared to the centre of
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Figure 3.5: Normalized Luminance of OLED wunder stress, plotted as a func-
tion of current density at different stress times (accelerated electrical stress at

120mA /em).

—e+—NPD [60nm] Alg3 [60nm]
—a—NPD [40nm] Alg3 [60nm]

90% - ‘-\ —¥—NPD [60nm] Alg3 [100nm]
1 \ NPD [60nm] Alg3 [B0nm]
80% - —<—NPD [60nm] Alg3 [40nm]

L™

100% - —=—NPD [100nm] Alg3 [50nm|
N

70% -

Luminance

80% -

50% -

200 400 600 800 1000
Time [h]

[ |

Figure 3.6: Optical degradation kinetics of OLEDs with different structural pa-
rameters, monitored at 100 mA/cm. FElectrical aging has been carried out at
120mA/em.

the active area. This result suggests that the devices show some current and
emission crowding that should be correlated with a stronger self-heating near the
centre of the emitting area. This hypothesis is in agreement with what discussed
in chapter and with the OLED thermal behaviour that will be described in
chapter . Fig. shows how the spatial distribution of the emitted light is
modified after the accelerated electrical stress of the device: the measurements
have been normalized as in Fig. so that they provide a direct indication
of the intensity decrease at each point on device area. We can notice an emission
decrease along the entire active area of about 45%, and this is in agreement with
the luminance decrease shown in Fig. [3.6] In order to achieve more quantitative
information on the degradation of the light emission profiles, we have analysed
the intensity profiles on the median lines of the devices (longitudinal intensity
profiles), reported in Fig. . During stress time the emission intensity be-
comes lower, but more uniformly distributed on device active area. Noticeably,
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the intensity decrease is more pronounced in the centre of the OLED area, with
respect to the border region. This idea is consistent with the fact that the cur-
rent density is higher at the centre of the devices and therefore can explain the
stronger degradation.
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Figure 3.7: Light Emission profile of an OLED biased at 40mA/cm? before
(a) and after (b) 1000h of stress at 120mA/cm?. c¢) Longitudinal light emis-
sion profile of an OLED biased at 40mA/cm?, measured during the accelerated
electrical stress at 120mA/em? for different stress time.

The J-V characteristics of the OLEDs are shown in Figs. |3.8(a)[and [3.8(b)|in
semi-logarithmic and linear current scale, respectively. The J-V characteristics of
Fig. , in the reverse bias region (down to -5V), represents an almost linear
dependence (shown in the inset in Fig. [3.8(a)). The linear relation between
current and voltage suggests that this current is due to different contributions,
such as the drift of the intrinsic carriers [55], the surface conduction at device
borders, and the parasitic current contribution of our equipment. The leakage
current increases during stress if a weak forward bias is applied (Region 2 in
Fig.|3.8(a))). Applying a positive voltage, we observe that the rapid increase in the
current starts at a voltage of about 2V, which corresponds to the estimated work
function difference between the ITO and the Al-LiF. This value is in agreement
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with those reported in literature [56]. If we consider the current above 2V, i.e.
in the Region 3, we observe a progressive decrease in the slope in the semi-
logarithmic scale during stress time (Fig/3.8(a)|). This change suggests the build
up of a negative trapped charge at the interface. This trapped charge tends to
reduce the electric field across the ETL, but at the same time it tends to increase
the electric field across the HTL. In order to explain the J-V slope decrease
during stress, we must assume that the quantity of negative charge rises as the
gate voltage increases. This occurs if defects are pushed below the quasi-Fermi
level, capturing one electron, as the anode voltage is increased. In the linear
forward region, the behaviour of the OLED is mainly influenced by the series
resistance of the device, resulting in a linear relation between voltage and current
for high bias conditions. Interestingly, the slope of the J-V characteristics in
this region does not strongly change during stress, suggesting that the series
resistances of the ETL and HTL layers remain nearly constant during the ageing.
Moreover, stress induces a significant rigid shift of the linear J-V curves towards
higher voltage levels (Region 4 in Fig. , corresponding to an increase in the
operating voltage (Vou) of the devices. In Fig. [3.8(c)| we show the increase in the
OLED operating voltage Voy. This result supports the idea that the degradation
of the electrical characteristics is dominated by an intrinsic degradation at the
interface between NPD and Alg3. The inter facial degradation mechanism is also
supported by the fact that different thicknesses of NPD and Alg3 do not affect
the OLEDs lifetime.

In order to achieve a more comprehensive picture of the degradation process,
during stress we have carried out capacitance vs voltage (C-V) measurements at
two different frequencies, namely 300Hz and 10kHz. C-V measurements have been
carried out by using a HP 4284 A precision LCR meter in a 4 cables configuration.
The system has been calibrated before the measurements, in order to avoid the
influence of the cables in the impedance measurement. A sinusoidal ac signal of
50mV amplitude has been superimposed to the dc bias. The evolution of the
C-V curves during stress is shown in Fig. and Fig. B.9(b)| respectively.
Remarkably, during the electrical stress, the C-V curves shift rightward and the
transition region of the C-V curves is progressively more stretched as the stress
time increases. We quantify the shift of the C-V by measuring the position of
the inflex point as conventionally done in literature [23], [56]. The results are
summarized in Fig. as a function of the stress time, and they highlight
a linear relation between the C-V shift and the stress time. Furthermore, we
repeated the C-V measurement for the 1000-hours stressed device after a 3-month
storage (see Fig. [3.9(a)). The results show that negligible variation occurred,
suggesting that most of the charge trapping derives from irreversible phenomena.
Finally in Fig. by performing a double sweep C-V, we show that a very small
hysteresis (as large as 50mV in fresh device and 100mV after 1000-hour stress)
appears in the devices under test.

Electrical aging of OLEDs generates defects near the HTL/ETL interface,
which are likely responsible for the luminance decrease during electrical stress.
In order to ascertain the nature of the NPD/Alq3 interface defects, we performed
and analyzed the evolution of the C-V curves during the accelerated electrical
stress. At this purpose, we have adopted the model described by Kondakov [23].
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current stress at 120mA/em?. (c) Evolution of Voy during constant current
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and after the stress. As shown the hysteresis is negligible in the fresh device as
well as after 1000 hours of stress.

First of all, we have to consider the band model of the OLED qualitatively de-
picted in Fig. [3.11] The cathode work function (in our case LiF-Al) is close to
the LUMO level of the Alg3, allowing for a good electron injection in the ETL.
Still the employment of a HIL guarantees a good hole injection in the HTL. In
first approximation, I'TO does not allow injection of minority electrons during
reverse bias, the same is for aluminum respect to holes. Kondakovs model also
assumes that the interface between HTL and ETL blocks holes in the HTL and
electrons in the ETL. In reverse voltage condition there are no carriers inside the
device, and two equal amounts of charges with opposite polarities are stored in
the cathode and in the anode. The total capacitance measured in this region is
given by the series of the three dielectrics (HIL, HTL and ETL). If then we move
from OV to positively bias voltage values (Figs.[3.11] (b) and (c)), the capacitance
increases due to the onset of the hole injection from the anode. Since the hole
injection is more efficient than electron injection, a higher electric field is gen-
erated across the ETL than across the HTL. This difference in electric field is
maintained by a net positive charge at the HTL/ETL interface. Under high hole
injection conditions, the capacitance of the HIL and HTL is screened, and the
resulting capacitance is equal to that of the Alg3 layer. In our devices, the ca-
pacitance transition occurs almost at 0V (see Fig. [3.9(a)), which is not the same
voltage at which the conduction starts (approximately 2V in Fig. [3.9(a)|). This is
because the C-V transition is correlated to the formation of a mobile hole charge
sheet at the Alq3/NPD interface, due to the different carrier injection efficiency
from the cathode and the anode. Instead, the OLED current is determined at
a larger degree by the electron injection rather than hole injection. We can ten-
tatively explain what occurs during the constant current stress with the aid of
Fig. (d) and (f). It has been reported in literature that accelerated electrical
stress produces positive charge at the Alq3/NPD interface [24]. This charge is
likely responsible for the rightward shift of the C-V curves in Fig[3.9(c)] In fact,
the positive charge trapping decreases the electric field across the NPD layer, and
it opposes to the hole injection from the anode. This is schematically depicted in
Fig. (d), where the dashed lines represents the band structure before stress
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and the solid line are the bands after stress. Hence, a higher voltage is needed to
produce the same electric field across the NPD layer, and the consequent capac-
itance transition. The evolution of the J-V curves in Fig. |3.8(a)|is apparently in
contrast to this interpretation. In fact, because the OLED current is determined
at a larger degree by the electron injection, we should expect a leftward shift of
the J-V curves, due to the increase of the electric field across the ETL. This is
not observed either at low positive voltage (around 2V), where the current is only
marginally modified by the stress, or at higher electric field, where Voy behaves
even oppositely (see Fig. [3.8(c)). We have already discussed that the increase
in Voun cannot be only ascribed to an increase in the series resistance, because
OLED with different thicknesses, feature quantitatively the same behavior dur-
ing stress. In fact, if some appreciable change of the series resistance occurred,
we would expect to observe a much larger increase of Vo in those devices with
greater layer thicknesses, which has not been observed. The J-V behavior can
be tentatively explained by assuming that the constant current stress produces
both a fixed interface trapped charge and a number of neutral interface states, as
schematically depicted in Fig.[3.11|(d). These states may come from the oxidation
of the Alq3, as previously reported [22], and they should act as electron interface
traps, which captured an electron as soon as its energy level moves below the
Fermi level. As soon as the voltage increases, more and more defects are pushed
below the quasi-Fermi level at the NPD/Alq3 interface; if we assume that, each
time a defect goes below the Fermi level, it captures an electron or, equivalently,
it releases a hole, the increase in the anode voltage, translates in a progressive
increase in the net negative charge, which compensates the initial positive fixed
charge. This is confirmed by Kondakov et al. [57], who shows the formation of
weakly emission deep electron traps in the vicinity of the interface between the
hole and electron transport layers.

Following this interpretation, at moderately low voltage, i.e. when only the
hole injection should be appreciable, the contribution of the positive charge is
dominating because the majority of the defects are empty, being located above
the Fermi level. Therefore the C-V curves are expected to shift rightward, due to
the reduction of the hole injection rate at the anode interface. On the other hand,
electron injection should be easier thanks to the positive charge (see Fig.|3.11|(e)).
In principle this should increase the OLED current in that voltage range. Un-
fortunately, in that voltage range the OLED current is dominated by parasitic
leakages and transient trapping/detrapping contributions. If we consider the cur-
rent above 2V, the contribution of the neutral defects becomes comparable to that
of positive charge. In fact, for voltage around 2V, there is a moderate shift of
the J-V curve. When the bias voltage exceeds 2V the contribution of the neutral
defects become dominant (Fig.[3.11] (f)) and the rightward shift of the J-V curves
becomes larger and larger as the anode voltage increases. As soon as the electric
field across the ETL is high enough, an appreciable electron conduction begins,
the device enters the linear region, the band bending of the NPD becomes negligi-
ble (see for instance [58)]), and the quasi-Fermi level at the Alq3/NPD interface is
pinned to that of the NPD layer. In this way, the interface trapped charge reaches
its maximum value and the J-V curves remain parallel to each other. The fact
that Vou increases during stress, suggests that the contribution of the electron
interface traps is dominant at high electric field (Fig. [3.11] (f)), with respect to
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Figure 3.11: Qualitative and simplified band diagram model of the OLED structure
considered in this work (not to scale). (a), (b), and (c) refer to the qualitative
band positions of a fresh OLED. For sake of simplicity we neglected any charge
trapped in the fresh device before stress, and we omitted the hole injection layer
between ITO and NPD. (d), (e), and (f) represent the modification of the band
structure induced by the stress. The dashed lines represent the band structure
before stress, and the solid line represents the band structure after stress. The
position of the trapped charges and the neutral defects is only qualitative and it
must be considered concentrated very close to the organic film interfaces.

the positive fixed trapped charge. A rough estimation of the fixed trapped charge
can be done by using the method proposed in [59]. Fig.[3.12] summarizes the evo-
lution of the trapped charge from the C-V shift. A good linear relation appears
as a function of the stress time.
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Figure 3.12: Interface charge as a function of stress time, estimated with the
method proposed in [59].
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3.2 Phosphorescent OLEDs submitted to accel-
erated stress

In this section we report a reliability study that we have performed on phospho-
rescent OLEDs (PhOLEDs) with NPD as HTL and Alg3 as ETL. The emission
layer was Alq3 doped with Iridium-based guest. We tested devices with 2mm?
area. For our study we have considered four devices that have been subjected
to a preliminary electrical and optical characterization. Then we have carried
out ageing stress using current as accelerating factor. The OLEDs have been
stressed using four different current density values (40, 80, 120 and 160mA /cm?).
The degradation of the electrical and optical characteristics has been monitored
during stress. In particular, the optical degradation kinetic has been analysed
in order to extrapolate the Time To Failure dependence on the operating cur-
rent density. The optical measurements have been realized both with a Si-photo
diode, as well as with a light emission microscope. The electrical characteristics
of the OLEDs have been measured by using an HP 4155A Parameter Analyser.
All measurements were performed at room temperature and devices were pro-
tected from environment illumination during the measurements. After the initial
electrical and optical characterization we have periodically measured the devices,
in order to follow the electrical and optical degradation kinetics.

The electrical characteristics of the fresh OLEDs were reproducible and over-
lap each other, as shown in Fig. 3.13] The semi-log plot in Fig. shows the
current density as a function of bias voltage (J-V) for the four devices before the
electrical stress. Before submitting the devices to the accelerated stress, we have
verified that they had a similar electrical behaviour, as well as a similar optical
behaviour. This is reported in Fig[3.14] where we have plotted the optical power
as a function of current density, and effectively the optical curves of the devices
before stress are almost superimposed.

Fresh devices

Density Current [A/cm?]

5E—s T T T T T T T T T T T T T
6 54321012 345¢6T7 328
Voltage [V]

Figure 3.13: Current density vs Voltage, plotted in a semi-log scale for fresh
devices.

In Fig. it is reported the J-V curves for different stress times for each de-
vice. It is possible to notice that there is no significant increase of the reverse bias
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Figure 3.14: Optical power plotted as a function of current density for fresh de-
vices.

current during stress. On the contrary, remarkable modifications of the curves
occur after the turn on voltage, with the operating voltage that increases during
the ageing. This increase is qualitatively shown in Fig. for the reference
current density of 40mA /cm?.

The operative voltage increases more for higher stress currents. The faster
degradation kinetics may come from two contributions: the larger number of in-
jected carrier, which increases by increasing the stress current density; and the
higher electric field across the organic films, which depends on the voltage drops
across the overall stacked layers. The higher the electric field, the higher is the
energy a carrier may achieve while moving across the organic semiconductor. In
inorganic semiconductor device, it has generally been observed that the degrada-
tion rate increases as the average carrier energy increases. In order to separate
these two contributions, we plotted in Fig. the evolution of the operating
voltage as a function of the cumulative injected charge during stress, namely
(Tstress © Jsiress). In this case the 4 curves are very close to each others, and only
a moderate dependence on the stress current density is observed. This means that
the electrical degradation rate is only marginally affected by the current density
level during stress, and then, by the electric field across the organic layers.

Predictably, the degradation of the optical characteristics features the same
trend than the electrical characteristics with higher optical degradation rate for
higher stress current densities. In particular, looking at the device subjected to
the highest stress level (stress current density of 160mA /cm?), we can observe
a loss of the 80% of the initial optical power after 290h of stress (as reported
in Fig. . Moreover, as shown by the almost horizontal curves of Fig. [3.19
(which shows the optical power, measured at different stress times, normalized
to the fresh condition), the degradation rate is independent of the bias current
density.

During the stress, we have also monitored the change of the light emission
profile of the devices. We have measured the same spatial degradation reported
in the previous section. In Fig. we have showed the initial emission profile
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Figure 3.15: Current density vs voltage curves, plotted in a semi-log scale for the
devices aged at different stress current levels.

condition, and the modified profile after 400 hours of stressed at 160mA /cm?.
The measurements have been performed biasing the device at 1mA/cm? and
40mA /ecm?. We have observed the typical higher degradation in the centre of the
device. In particular, we have focused our attention on the evolution of the optical
emission in a longitudinal line. The plot in Fig. shows that, starting from an
initial condition of almost uniform emission along the centre of the active area,
after 400h of stress we reach an uneven condition where the emission at the edges
is significant higher than the emission in the centre of the device (as highlighted
in Fig. [3.22)). This behaviour has been observed in all the devices subjected to
stress, even if it is more evident when the device has lost more than 50% of its
initial luminance.

In Fig. we have reported the luminance degradation kinetics for all the
devices subjected to accelerated stress, plotting their optical power in a semi-log
scale as a function of stress time, and normalizing to each initial optical power. As
over mentioned, the electrical degradation was solely dependent on the number
of carriers injected in the OLED (see Fig. [3.17)). Instead if we plot the optical
degradation kinetics as a function of the cumulative injected charge Tgess* Jstress
(see Fig. , we can observe that the optical degradation rate remains higher
for devices stressed at higher current densities. This means that the optical
degradation is not dependent only by the injected charge. We can suppose that
the optical degradation is affected also by the temperature reached by the device
during the stress, and by the electric field across the device.

The optical degradation kinetics reported in Fig. allows for the extrapo-
lation of a Time To Failure law (TTF). If we consider the 70% Time To Failure
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Figure 3.16: Voltage rise during stress time for the 4 devices under stress. The
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Figure 3.17: Voltage rise during stress time for the 4 devices, plotted as a function
of injected carriers.

(TTF7g%) for all the four devices (orange arrows in Fig. [3.23)), and we plot these
values as a function of stress current density (shown in Fig. , we can calcu-
late a TTF law. By plotting the TTFy as a function of stress current density
in a log-log scale, we obtain a linear relationship that can be fitted (as reported
in Fig. [3.20(d)|). So we can hypothesize the following relation between TTF;q
and the bias current density J:

log,o(TT Fros) = —1.56log,o(J) + 5.07

TT Fogyy, = 1000810077 7)4+5.07) — 117490 5 156

(3.2.1)

(3.2.2)

Using this equation it is possible to foresees the TTF ;s for any bias condition.
For example if we consider a bias condition of 2mA /cm? and 5mA /cm? (values
closer to the working point of these devices in real applications), we can obtain
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Figure 3.18: Optical Power plotted as a function of current density at different
stress times for device stressed at 160mA/cm?.
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Figure 3.19: Normalized Optical Power plotted as a function of current density,
at different stress times for device stressed at 160mA /cm?.
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Figure 3.20: Light Emission Profiles of device stressed at a current density of
160mA/cm?: (a) fresh, measured at 1mA/cm?; b after 400 hours of stress, mea-
sured at 1mA/cm?; (c) fresh, measured at 40mA/cm?; d after 400 hours of stress,
measured at 40mA/cm?; .
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Figure 3.22: Longitudinal Light Emission Profile of a device biased at 1mA/cm?,
fresh and after 400 hours of accelerated stress at 160mA /cm?.
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Figure 3.23: Optical power degradation kinetics for four devices, stressed using 4
different current levels. Orange line refers to 30% luminance decrease.
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Figure 3.24: Optical power degradation kinetics for four devices, stressed using 4
different current levels and plotted as a function of cumulative injected charge.
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Figure 3.25: 70% Time To Failure (that corresponds to a 30% luminance de-
crease) plotted as a function of stress current density.
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Figure 3.26: 70% Time To Failure as a function of current density, plotted in a
log-log scale. Red line indicates the linear fitting of the curve, while in the table
are reported the values of the fitting.
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a TTF7oy of about respectively 40 and 10 thousand hours.
TT Froy(J = 2mA/cm?) = 39847hours
TT Fron(J = 5mA/em?) = 9541 hours

Our studies on phosphorescent OLEDs stressed at different current levels,
show an increase of the operating voltage univocally correlated with the number
of carriers injected in the devices during the stress. Moreover, studying the optical
kinetics, we have observed a higher optical loss in the centre of the active area
This stress effect will be further discuss in the next chapter. We have shown
that is possible to extrapolate a Time To Failure law by analysing the optical
degradation kinetics.



Chapter 4

Thermal study on Alq3/NPD
OLEDs

This chapter is dedicated to the thermal study of organic light emitting diodes.
In section it is reported the description of a method for the evaluation of an
important thermal parameter, i.e the junction thermal resistance. This method
has been applied to standard Alq3/NPD, as well as to phosphorescent devices
with different anode materials (see section . Moreover, we continue our study
on the uneven light emission profiles reported in chapter 2], by studying the surface
temperature distribution in section

4.1 Evaluation of the junction thermal resistance

As previously mentioned in chapter [I], all the organic semiconductor materials
need to be processed at low temperature (or at least much lower than their glass
transition temperature). This limitation occurs also during the working of the
finalized organic device, whose use is allowed only in a specific temperature range,
in order no to decrease the expected life of the device. The determination of
these thresholds is not straightforward, and it is strictly related to the operating
conditions of the device. It is definitely important to be able to estimate the
working temperature of a device in specific operating conditions and its capacity
to exchange heat with the environment. The knowledge of these parameters can
allow safe operation of the finalized device, but moreover it can help at a former
level by influencing the choice of the materials, the design, and the kind and shape
of encapsulation. Ultimately, the estimation of the thermal parameters, during
and after the development phase, is essential in order to improve the performance
and the lifetime of the finalized device.

A standard parameter that is considered for the thermal study of optoelec-
tronic devices is the junction thermal resistance (Ry,). This parameter gives
informations about the operative temperature of the device. Knowing the Ry,
and the power dissipated by the device, it is possible to calculate the junction
temperature (T;) of the device. As over mentioned, the operative temperature
of the device is usually related to its lifetime and to the optical and electrical

43
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degradation mechanisms. In section 4.3| we will show a study where we compare
the Ry, of OLEDs built on different kind of substrates, namely ITO (Indium Tin
Oxide) on glass, IZO (Indium Zinc Oxide) on glass. Finally, the thermal resis-
tance can also be monitored during a reliability accelerated test, and the study
of its variation can contribute in understanding the degradation mechanism that
is taking place inside the device.

In order to evaluate the junction temperature (7;) in OLEDs devices, we
have used a method that monitors the change in the operation voltage of the
device, allowing the extrapolation of the Ry, (a detailed description of this tech-
nique is given in App. . This method has been already adopted in other field
of opto-electronics, for instance in the measurement of junction temperature in
GaN-based laser diodes [60] and GaN-based light-emitting diodes [61} [62]. We
have tested devices with NPD as HTL, and Alg3 as ETL. Voltage measurements
have been carried out at different current densities (between 4 and 100 mA /cm?)
and temperature levels (between 55 and 75°C). All the voltage measurements
have been carried out by using short current pulses (300us), in order to avoid
devices self heating (in these conditions we can assume that the junction temper-
ature corresponds to the controlled oven temperature). Fig. shows that for
each measuring current level the relation between the corresponding voltage and
temperature is roughly linear. Subsequently, the chamber temperature has been
fixed at 55°C, and the devices have been biased for a fixed period of 60 seconds at
each of the measuring current levels used before. The voltage variation across the
OLED has been monitored, in order to obtain the thermal transient of the device
(as shown in Fig. . The asymptotic voltage value at each current level, can be
used to extrapolate the junction temperature (see App. . Junction temperature
versus current density and versus electrical power are reported in Fig. 4.3]
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Figure 4.1: Voltage drop across the OLED, measured at different currents and
oven (junction) temperatures.

In particular, from the linear fitting of this last graph (see Fig. [4.3(b)|) we can
extrapolate two important parameters, the intercept and the slope:

e The intercept is around 55°C, and this proves the reliability of our measure-
ments being the oven temperature with switched-off device exactly at the
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Figure 4.2: Voltage thermal transients, measured at different bias current densi-
ties.

same temperature.

e The slope is the junction-to-ambient thermal resistance, that indicates the
dissipation capability of the device.

It is worth noticing that the extrapolated thermal resistance slightly under-
estimates the actual value, due to the fact that the calibration measurements
represented in Fig. have been carried out assuming the junction temperature
to be exactly equal to the temperature set in the thermal chamber, but a slight
self heating can take place even during the short current pulses used for the char-
acterization. The analysis repeated on a larger set of devices, has resulted in a
junction thermal resistance between 300 and 500K/W for this kind of OLEDs.

4.2 OLEDs surface thermal analysis

In this section we present the study of Alq3-NPD OLEDs with an active area
of 5mm?, subjected to thermal investigation by using an infra-red camera. In
particular we have measured the surface temperature of these devices by using a
Thermo Vision A20-M IR camera. This camera tool has a spatial resolution of
about 50um and a temperature resolution of 2°C. The setup has been calibrated
by calculating the emissivity coefficient, the entire procedure is automatically
completed by the IR camera software.

First we had tried to measure the temperature surface profile at environment
temperature, but the glass substrate naturally reflected the infrared emission of
the circuitry of the camera beside the Focal Plane Array, introducing artefacts
in the image. To avoid this reflection and others environment interferences, we
have put the sample inside a thermal chamber at a temperature of 55°C, leaving
accessible the light emission side of the device. Then, after reaching the ther-
mal equilibrium, we have mapped the surface temperature profile at the desired
current level.
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Figure 4.3: (a) Junction temperature vs current density. (b) Junction tempera-
ture vs electrical power.
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Figure 4.4: Planar (a) and 3-D surface temperature profile of a 5mm? OLED,
biased at 5mA.
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Figure 4.5: Planar (a) and 3-D light emission profile of a 5mm? OLED, biased
at 5mA.

Y Axls [mm]

Figure 4.6: (a) Thermal surface profile of a 0.5¢cm* OLED, biased at a current
density of 40mA/cm?. (b) Picture of heating distribution, obtained by using an
IR thermal camera. (c) Light emission distribution above the active area.
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A surface thermal map is reported in Fig. for a device biased at bmA. We
can observe that the self heating is more pronounced in the centre of the active
area, and that it assumes a radial descendent trend. This is in agreement with the
optical behaviour of this kind of devices, and we presume that it could be strongly
related to current spatial distribution. In fact, analysing the light emission profile
of the sample, at the same bias conditions (reported in Fig. , it is possible to
notice the higher emission in the centre of the active area, already reported in
chapter [2, The analysis has been repeated on a large area OLED (0.5¢cm?), biased
at 40mA /cm? (data reported in Fig. . A reasonable explanation behind the
two observations can be the following: biasing the device, the centre of the OLED
becomes warmer due to a more difficult heat draining of the centre of the OLED
compared with the border area. This means that raising the bias current, the
effect should increase, and this is in agreement with what shown in chapter 2 An
increase of the temperature determines a localized increase of the current density,
thus generating a larger photon emission at the centre of the device. Moreover,
the increasing of the flow current in the centre of the device raises the temperature
of that portion of the active area, creating a positive feedback that is limited by
the exchange of heat with the environment.

4.3 Thermal study on OLEDs with different an-
ode materials

The performance of OLEDs are strongly influenced by the properties of the anode
layer, that must have low resistance, high transparency, good chemical stability
and exceptional surface smoothness. The most widely adopted anode material
is ITO [63]: however, the use of this material presents a set of critical issues,
including the release of oxygen and indium into the organic layers, chemical in-
stabilities in a reduced ambient [64], and the need of high temperatures (up to
250°C) for the optimization of the electrical and optical properties of ITO anodes.
ZnO-doped In,05 (IZO) has been proposed as a viable alternative to ITO, be-
cause of its high work function and transparency [64] [65], high etching rate [66],
low-temperature processing and good conductivity [64, [66, [67]. Recently, studies
on the use of IZ0 for the realization of OLEDs has been reported, as well as on
the comparison of the performance of devices with ITO and IZO anode [64, [6§].
Nevertheless, no detailed analysis of the influence of an IZO anode layer on the
reliability of the OLEDs has been presented up to now. In the following we show a
comparison of the performance and reliability of Organic Light-Emitting Diodes
with Indium-Tin Oxide and Indium Zinc Oxide anode contact layer. In collabora-
tion with the American company Universal Display Corporation (UDC) we have
performed a study comparing devices with different anodes material in terms of
efficiency, thermal resistance and reliability.

The analysis has been carried out on two sets of 0.1mm? OLEDs. One set
of samples was prepared on commercial glass/ITO substrates, which consisted of
a 20nm SiO, barrier layer between the soda lime glass and a 80nm thick ITO
layer. The second set of devices was developed on glass/IZO plates, obtained by
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etching off the ITO from commercial Glass/ITO substrates and then by sputter
coating 80nm of [ZO onto the substrates. The OLED contained a hole injection
layer (HIL), a phosphorescent doped emissive layer (EML), a blocking layer (BL),
and an electron transport layer (ETL). The cathode consisted of Aluminum (Al)
deposited on Lithium Fluoride (LiF), and the active areas were defined by an
insulating grid. All the devices have the same inner structure and they differ
only for the anode layer material. An Atomic Force Microscopy (AFM) has been
used in order to check the smoothness and uniformity of the two Transparent
Conductive Oxides (TCO) . AFM image analysis of glass substrates coated with
ITO and IZO lines (see Fig. show a quite smooth surface profile with an
RMS value below one nanometer for both substrates.

Glass-ITO

Figure 4.7: (a) AFM image of a commercial glass-1TO substrate (b) AFM image
of a glass-substrate coated with 1Z0.

All organic layers were deposited under high-vacuum conditions (1x10~7 Torr)
and devices were transferred directly from vacuum into an inert environment
glove-box, where they were encapsulated using a UV-curable epoxy, and a glass
lid with a moisture getter. The OLED emission profiles were assumed to be Lam-
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bertian, and luminance normal to the substrate was measured with a SpectraScan

PR705.

Before submitting the devices to the accelerated electrical stress, the electrical
and optical characteristics of the samples on ITO and IZO substrate have been
compared by means of current density-voltage (J-V) and luminance vs current
density (L-J) measurements. A method for the evaluation of the thermal resis-
tance of the samples has been developed on the basis of the technique proposed
by Xi et al. [69]. The thermal resistances of the devices with different anode
materials have been compared by means of this method (summarized in App. .
Finally, a set of devices with average characteristics has been selected for the age-
ing tests: OLEDs with ITO and IZO layer have been submitted to ageing tests
at constant current density. The stress current levels were selected in order to
obtain an initial luminance of 2000cd/m?, and they corresponded to 73.1mA /cm?
and 75.6mA /cm? for the devices with ITO and IZO anode respectively. During
stress, we have continuously monitored the optical power and the forward voltage
of the devices, in order to achieve a good description of the degradation kinetics.
The devices have been physically realized in the company UDC' and have been
subsequently characterized in our labs in Padova. Results of this analysis are
reported in the following.

First of all the different devices have been optically compared. Fig. shows
the luminance expressed in candles per square meters (cd/m?) of a device with
ITO anode and one with IZO anode layer. The emission intensity of the two
different samples has been found comparable.
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Figure 4.8: Luminance vs current density (LJ) characteristic of devices with ITO
and 170 anode and equal inner structure.

Subsequently, the devices have been electrically characterized. As shown from
the current-density vs voltage graph of Fig. [4.9] the use of an IZO contact im-
proves the electrical properties of the OLED structure, allowing a slight reduction
of the operating voltage of about 0.4V. In fact, at nominal current density of
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40mA /cm?, the voltage drop on the OLED with ITO contact is 11.31V, while it
decreases to 10.91V for the device with IZ0O anode.

10°
10°

—ITO Contact
-------- 120 Contact

Vdltage (V)

Figure 4.9: Current density vs Voltage (J-V) characteristics of devices with ITO
(solid line) and 1Z0 anode (dashed line) an a semi-log scale.

After the electrical and optical characterization we have performed a thermal
analysis. The evaluation of the thermal resistance of the samples has been carried
out by using the method proposed by Xi et al. in [69], and explained in section
and App. [Al This method consists of two phases, a calibration phase and a
thermal resistance evaluation phase. During the calibration phase, we have placed
the devices in a thermal chamber, and evaluated the dependence of the forward
voltage on junction temperature (in the range between 35 and 65°C) for different
measuring current levels. The measurements have been carried out by means of
short current pulses, so that no significant self-heating was introduced. Under
these conditions the junction temperature (T;) corresponded to the chamber
temperature, allowing the mapping of the forward voltage as a function of the
junction temperature at a given current level (I,;). For each I, the junction
voltage was found to have a linear dependence on temperature, as shown by the

V(Iy;T¢) curves reported in Fig. 4.10

After this initial calibration phase, we have fixed the temperature in the oven
at 35°C, driven the OLEDs at each of the measuring current levels I, used in the
calibration phase, and we have evaluated the voltage reached by the devices at
the end of the self-heating transients (see Fig. . From these voltage values it
is possible to evaluate the junction temperature at the different driving current
levels, and therefore to evaluate the thermal resistance of the devices [69]. From
this analysis we have found that the devices with IZO contact have a significantly
lower thermal resistance (Ry,= 5.7K/mW), compared to the OLEDs with ITO
anode (Ry,= 10.3K/mW). Detailed results for the set of analysed devices are
reported in Fig. [1.12] Subsequently, we have decided to investigate the reliability
of the different devices. In Fig. we compare the typical optical degradation of
devices with I'TO and IZO as anode contact. Both the sets of devices showed an
initial recovery phase where, in the first 10 hours of electrical stress, the optical
power increased of about 5% with respect to the initial value. After this phase we
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Figure 4.10: Voltage as function of oven temperature, for a device biased at dif-
ferent current density levels.
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Figure 4.11: Voltage transient of a device biased at a current density of
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Figure 4.12: Thermal resistance evaluated for devices with ITO anode and with
IZO anode (two sets of four devices). The devices with ITO and IZ0 anode show
respectively an average thermal resistance of 10.3 K/mW and 5.7 K/mW.

found a different degradation behaviour for the two sets of devices. In particular
OLEDs with ITO as anode contact showed a faster optical degradation compared
to the devices with IZO contact: the 70% time to failure (TTFryg, i.e. time
necessary for a 30% decrease of the optical power) was 140h and 200h, for the
OLEDs with ITO and [ZO anode contact respectively.

This results indicate that the use of an IZO contact can guarantee a significant
improvement of the reliability of the devices, even under the accelerated stress
conditions used within this work. Finally, in Fig. we report the trend of
the voltage drop on the devices during the stress phase. OLEDs with ITO as
anode, has a higher forward voltage compared to the devices with IZ0O anode.
In particular for both devices during the stress we have a rise of the operating
voltage: 29% of increase for both devices when they reach the 60% of their initial
luminance.

Therefore, we have demonstrated that Indium Zinc Oxide could be a good
candidate to substitute Indium Tin Oxide in OLEDs technology. In particular
the results of this study indicates that:

e The use of an IZ0O anode ensure optical efficiency comparable to the use of
ITO contacts.

e Devices with [ZO contact have a significantly lower thermal resistance, com-
pared to the ones with ITO anode, therefore they are subjected to a lower
self heating during standard operation conditions.

e Accelerated stress tests show that the OLEDs with IZO anode shows longer
lifetime compared to devices with ITO anode.
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Figure 4.13: Luminance degradation curves measured during stress for OLEDs
with ITO (solid line) and IZO anode (dashed line).
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Figure 4.14: Forward voltage increase, measured during accelerated electrical
stress for OLEDs with ITO and IZ0O anode.



Chapter 5

OTFTs technology development

In the previous chapters we have reported characterization and reliability stud-
ies on OLEDs, while from this chapter on we deal with OTFTs processing and
development. In particular, we focused on the development of silver top con-
tact OTFTs, realized by photo lithography, by using both wet and dry etching
processes.

5.1 OTFTs processing

Organic thin-film transistors can be fabricated in a number of way, depending on
the aim of the experiment or the field of application of the final device. Figurel|5.1
shows some of the possible configurations. These structures are obtained by ex-
changing the positions of the fundamental elements (source and drain, gate, di-
electric and the organic semiconductor) that constitutes the device. Each configu-
ration clearly imply a specific flow of processing. In the case of a Bottom-Contact
configuration the source and the drain are covered by the organic semiconductor
(as in the Top-Gate configuration). Instead, in the case of a Top-Contact con-
figuration the organic semiconductor is put upon the dielectric, and the contacts
are built upon the semiconductor (see fig. [5.1)).

Top Contact OTFTs can be processed on a highly doped n++ Si wafer that
acts both as a substrate and as a gate electrode. On the top of the n++ Si it
is present a thin layer of silicon dioxide (SiOj), that plays the role of dielectric
of the final transistor. Si0s can be thermally grown on Si wafer or deposited
by sputtering or chemical vapour deposition (CVD) on other substrates. At the
backside of the sample, a thin layer of evaporated Aluminium usually ensures a
better ohmic contact between the gate and the chuck probe during the measure-
ments. The contact pads are usually realized in Gold (Au) that, due to its work
function, ensures great holes injection. The research community is putting effort
on replacing this expensive metal with other materials.

In the following sections I will show our results on this specific research field.
For processing OTFTs we can mainly distinguish 2 ways : with or without pho-
tolithography. By using shadow mask it is possible to define the semiconductor

95



56 OTFTs technology development

Source Drain
z
Semiconducior 8 L.
Dislectric SO

Gate!Substratn

Gate

%
Bottom-Contact Top-Contact
- — - Top-Gate
Bottom-Gate

Figure 5.1: Different structures of organic thin-film transistors.

and the contact pads area directly during their evaporation. This technique
prevents the need of the expensive and time-consuming photolithographic steps.
Unfortunately, the main and decisive drawback of this technique is that it does
not allow to define channel lengths lower than 30um. Also the rough alignment
of the masks, during different processing steps, limits the use of this technique for
developing complex structures and circuits. The other way of processing OTFTs
adopts photolithography. Photolithographic steps can be used for patterning
the metal contacts, the dielectric, the semiconductor and to open the vias. The
lithographic processing allows the scaling down of the channel length till few mi-
crometers and the alignment of different photolithographic steps can be done with
submicron accuracy. The patterning of the semiconductor is essential in order to
lower leakage current and therefore to improve the Ipy/Iopp current rate [11].
The OTFTs developed within this work contain a Pentacene layer deposited by
OMBD. The deposition takes place in ultra high vacuum conditions at a rate of
about 0.25 A /s and keeping the substrate at a temperature of about 68°C. Further
details about this deposition technique, and about the specific tool used in this
work are provided in App. [C]

In the following I will provide some details about the processing techniques
that have been used during this work. Initially the Si-SiO, substrates are sub-
jected to a standard cleaning that consists in an ultrasonic bath of few minutes,
dipping in Acetone at a temperature of about 60°C for 1 minute and dipping
in isopropanol (IPA). The cleaning is completed by a fast oxygen plasma treat-
ment. Before the deposition of the organic semiconductor, a specific surface
treatment protocol has been applied (details in App. , in order to allow a good
growth of the Pentacene upon the dielectric and/or upon the metal pads, and
achieve high level mobility. The thickness of the semiconductor has been chosen
quite thin (between 30 and 50nm) in order to reduce the parasitic current. For
the photolithographic steps we have used chromium masks manufactured by the
British company Photronics (UK) LTD. The masks have been designed in order
to pattern interdigitate structures with different W/L (width/length) ratio. After
lift off and etching processes, the samples were rinsed in deionized water (DIW).
At the end of the processing flow, the devices have been electrically measured by
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a probe station in nitrogen atmosphere.

5.2 Photolitographic top contact OTFT's

Processing of thin films of small molecule organic semiconductors is more prob-
lematic compared to their inorganic counterpart. The electrical properties of
these films are sensitive to chemical effects during the fabrication, such as ex-
posure to organic solvents, resists and developers, plasma treatments, therefore
many conventional processes cannot be directly used. Such limited processibil-
ity constrains also the use of specific device geometries. As it will be shown in
section [6.1] standard OTFT for prototype applications uses an inverted device
structure with a gate electrode, a dielectric, and two bottom source-drain contacts
deposited and patterned before the pentacene layer evaporation. This structure
implies a high contact resistance [70]. In addition, with the bottom contact de-
vice structure, the metal of the contacts must be resistant to oxidation and other
chemical effects before the thermal evaporation of pentacene. This limits the
choice of metal to high work function, stable materials like Au and Palladium
(Pd). Therefore huge effort has been put by the research community in trying to
develop a top contact processing flow for organic transistor. A variety of exotic
methods for depositing or attaching top contacts on organic thin films have been
reported. Examples include silicon membrane masking, shadow masking, lift off
with re-entrant profiles, and ink-jet printing. These processing are often com-
plicated, limited in resolution, or with degraded performance [7T1], [72]. Recently,
this topic gained in importance due to the development of active-matrix flexible
OLED displays. Top-emission OLED driven by OTFTs has been reported by
SONY in 2007 [73]. As shown in the cross-section of Fig. [5.2] Sony used a top
contact OTF'T, where the organic semiconductor was patterned by using an in-
tegrated shadow masif] With this solution a wide selection of flexible substrates
can be taken in account for a top-emission structure. Sony proved its OLED
display both on glass and PES film.

More recently, Sony has showed an upgraded full-color flexible top-emission
AM-OLED display driven by organic TFT backplane [75] (pictures have been
reported in Fig. and Fig. . Moreover, what it is highly inherent to the
present work, it is that the Sony researchers were able to manufacture an OLED
active matrix by using a lift-off free and shadow mask free process (not even
the integrated one used in the previous work dated 2007). They used a low-cost
copper electrode for the source drain contacts (see Fig. . Understandably,
no details were provided by Sony about the actual processing. One goal of the
present work was to study an innovative processing flow for photolitographically
patterning top contact OTFTs without the use of Au for the source-drain contacts

(see structure in Fig. [5.7).

L An integrated shadow mask is typically a patterning that is realized upon a substrate. In a
lift-off process a pattern is realized with a resist, a material is deposited upon the pattern and
finally the resist is removed with some solvents, leaving behind the patterning of the material
that was deposited above. In the case of the use of an integrated shadow mask the process is
similar, but the resist is not washed away, but it physically remains inside the device [74].
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Figure 5.2: Cross-section of flexible SONY OLED display. Note the pattern-
g of the organic semiconductor by using an integrated shadow mask‘ (source:

SID 09 [73)).
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Figure 5.3: Cross-section of flexible SONY OLED display. Note the patterning
of copper contacts on the top of the organic semiconductor (source: SID 07 [73]).
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First of all we want to point out which were the main challenges of this research
work. In literature it is reported how difficult is to use other metals in place of
gold for contact pads in bottom contact OTFTs. Nevertheless, the use of a top
contact structure should somehow ease this issue thanks to the strong vertical
electric field that is created between the contact pads and the semiconductor and
the gate in a vertical structure. This vertical field strongly enhances the injection
of carriers. Therefore we can state that the substitution of the gold for the
contacts, is strictly related to the development of a top contact structure. This
has been proved by some preliminary tests where we have realized top contact
OTFTs with different metals like, Chromium (Cr), Copper (Cu), and Silver (Ag)
evaporated by using shadow masks. A shadow mask is a metal mask that is
screwed upon the sample before the evaporation of the metal, in order to get
the deposition only in specific areas. In this way it is possible to have a rough
direct definition of the contact pads. The mobility curves of these samples are
reported in Fig. [5.4] and The graphs show maximum mobilities between
0.2 and 0.4 cm?/(Vs). These curves showed that it is possible to realize top
contact OTFTs with good mobility without using Au. Similar tests have also
been realized by using Aluminium and Titan Tungsten.
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Figure 5.4: Mobility curves of OTFTs with Chromium contacts evaporated
through shadow masks.
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Figure 5.5: Mobility curves of OTFTs with Copper contacts evaporated through
shadow masks.

These results where in agreement with what reported in literature, that is
the possibility to manufacture top contact OTFTs with different kind of metal
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Figure 5.6: Mobility curves of OTFTs with Silver contacts evaporated through
shadow masks.

evaporated though a shadow mask [76] [77]. Unfortunately, the use of a shadow
mask does not allow to realize devices with a channel length lower than 30um.
The realization of complex organic circuits, even with the use of interdigitate
structures, implies the use of OTFTs with a maximum channel length of 5-10um.
Such a low resolution is achievable only by using photolithographic techniques,
and this is what this work aimed for.

Two were the main challenges of this work:

1. The first was to find proper photolitho products that do not damage the
organic semiconductor below during processing. It is known that exposure
of the semiconductor to a traditional solvent-based photoresist or developer
would lead to a severe degradation of the semiconductor [78]. A further
proof of the impossibility to use standard photolitho techniques upon Pen-
tacene will be given in section [6.3]

2. The second one was to develop a feasible processing flow to concretely realize
the top contacts OTFTs, by using a lift-off or an etching process.

An etching patterning is generally preferred because it gives a better spatial
uniformity on the characteristics of the final devices. At the same time, as it will
explained below, the realization of a dry etching on top of an organic semicon-
ductor can severely damage it.

The first challenge has been partially solved by using innovative products de-
veloped by the Orthogonal INC' (to this day several patents are pending on these
new solvents). This company is developing innovative Hydrofluoroethers (HFEs)
products that behave as orthogonal solvents for non-fluorinated organic materials.
Here the adjective orthogonal means that there is not chemical reaction between
fluorinated solvents and the not fluorinated materials. These products showed
to work optimally and reproducibly for patterning organic semiconductors (in
agreement with what reported by the inventors in [79, 80, [81]). Unfortunately,
the critical step in our processing was the patterning of the metal on the top
of the semiconductor. This required to try out different recipes with different
parameters (spinning time, baking time and temperature, exposure, post baking
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time and temperature, developing time) before finding a working solution. More-
over, the parameters showed to be dependent on the kind of metal that should
be patterned. Specific details about the various tunable parameters of the spin
coater are given in App. [D], while informations about the mask aligner tool used
within this work are reported in App. [E] A specific filter has been used to adapt
the ultraviolet (UV) light of the MA6 lamp to the exposure specifications of the

orthogonal resist.
Metal Meta

Figure 5.7: Top contact OTFT structure.

Referring to Fig.[5.7] in all our tests we have used standard Si-SiO substrates.
After a surface treatment with SAM monolayers we have evaporated 30nm of
Pentacene. Afterwards a 50nm metal layer was evaporated upon the Pentacene.
The main issue was to pattern this metal layer by using a lift-off, a wet etching or
a dry etching process in order to obtain an OTFTs with the structure shown in
Fig[5.7 Of course we were linked to the use of the orthogonal products in order
not to damage the organic semiconductor. Many attempts have been performed
by using Chromium, as well as Copper and Silver. No significant results have been
obtained by using Chromium and Copper. The best results have been obtained
by using Silver in place of Gold. Nevertheless, we want to point out that the lift
off of the Silver did not worked due to the difficulties to pattern the Silver leaving
no residuals upon the Pentacene. We will show how this issue has been overcome
in section 5.4l

In the following I will explain in details the processing related to the develop-
ment of Silver top contacts OTFTs, patterned by wet and dry etching.

5.3 OTFT with wet etched Silver Top Contact

As over mentioned, after several attempts with different metals and patterning
techniques we were able to define a processing flow for patterning photolitho-
graphic top contact OTFTs. The main processing steps are reported in Fig. |5.8|
As shown in Fig. our processing start from standard Si-SiO, samples.
Firstly we have evaporated 30nm of Pentacene by OMBD (see App. . Sub-
sequently the semiconductor layer has been patterned by using the orthogonal
resist, developer and stripper. As mentioned in the previous section, such a pho-
tolitho step does not degrade the organic semiconductor. In Fig. [5.§ we have
omitted photolitho steps for the organic semiconductor because they can be con-
sidered a standard process. All photolitho steps have been carried out in the
yellow area of a clean room. The mask alignment and the exposure step have
been realized by using an MAG6 tool (for more details see App. @ and App. .

After the patterning of the Pentacene we have evaporated a 50nm layer of
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Resist

Figure 5.8: Wet etched Silver top contact flow: (a) Si-SiO substrate after the
evaporation of 30nm of Pentacene, (b) after the patterning of the Pentacene with
the orthogonal resist, (c) a 50nm layer of Silver is evaporated and a 700nm layer
of orthogonal resist is spin coated upon the substrate, (d) the orthogonal resist is
adequately patterned, (e) the silver is wet etched by using a chromium etchant
solution, (f) the resist is removed by using the proper stripper.
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Silver upon the substrate, and then spin coated a 700nm layer of orthogonal resist
as shown in Fig. [5.8(c), with the aim of realizing an etching process. Afterwards,
by using a proper mask, we have patterned the resist. Here we had some optical
problems in the developing of the resist. With standard photolitho products the
correct developing of the resist after the exposure, and eventually, post-exposure
bake phase, is verified under the microscope. The operation is done by checking
if the channels are open, that is verifying if the developer had enough time to
remove the resist also in the thinnest areas. This was not possible by using the
special orthogonal resist for patterning the silver. Fig. show one of our test
structure after the development of the orthogonal resist. As you can notice, the
5um line looks open, but a further investigations with a Dektat tool revealed that
the development was not completed. This optical problem was the cause of many
failed experiments before the definition of the correct development time.

Figure 5.9: Test structure with incomplete development after exposure and post-
exposure bake. The Sum channel looks open but actually it is not.

Subsequently, we had to face the most critical step, the wet etching of the
silver (reported in Fig.|5.8(e)]). The silver has been chemically attacked by using
a chromium etchant solution.

We used two techniques to perform the etching:

1. The first technique consists in the simple immersion of the sample in a
becker filled with the etchant solution diluited with water. Several solution
concentrations and different immersion times have been tried in order to get
the best recipe. An accurate etching was necessary in order to etch com-
pletely the 50 nm of silver without harming the Pentacene semiconductor
below, that was clearly sensible to contact with an acid etchant solution.

2. The second etching technique consists in the use of an automatic etcher.
This tool consist of a teflon chamber, whereby the sample is place upon a
programmable rotating plate. Different pipes reach the chamber. This pipes
can pour water and etchant solution inside the chamber, as well as flushing
the rotating sample with nitrogen. By tuning the rotation speed and time,
flushing speed and time, it is possible to define the right parameters for the
etching. Moreover with this tool it is possible to control the etching time
with one tenth second accuracy.
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Both techniques have been successfully used. In particular great patterning of
the silver has been obtained by working with Si dummy samples (see Fig.|5.10(a)).
It is common to singularly investigate the various steps of a long processing, in
order to save time and resources. This is why at the beginning we have tried to
develop our processing by patterning the orthogonal resist directly on Si dummy
samples. Unfortunately when we moved to the structure reported in Fig.[5.8] we
noticed the undesired effect reported in Fig. [5.10(b)
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Figure 5.10: (a) Silver patterned on Silicon dummy sample. (b) In the left side
the patterned silver is upon Si-Si0s, on the right side it is upon Pentacene. The
patterned silver upon the organic semiconductor looks more etched.

The patterned silver looked more or less etched depending on the fact that it
was upon the SiO, or upon the Pentacene. Clearly the etching rate should be
independent of that, and related only to the procedure of etching. We explained
this phenomenon by assuming that when the etching solution reaches the sub-
strate below the silver, there is an under-etching effect that is more prominent
if the substrate is an organic material. Therefore, moving to the complete real
structure, the etching step was even more critical, and the use of the automatic
etcher became essential. This is why the best results, in terms of mobility, have
been obtained by using the automatic etcher tool, mainly due to the lower time
of contact between the Pentacene and the etchant solution required by this tech-
nique after the etching of the silver. The last necessary step of this processing
is related to the stripping of the resist. Both stripping and development of the
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orthogonal resist have been performed by using a spin coater in dynamic distribu-
tion dispense conditions (for further details see App. D[) The structures obtained
by using the steps previously described are shown in Fig. [5.11

1000740 1000740

Figure 5.11: (a) Top contact OTFTs where the silver has been patterned by wet
etching. (b) Zoom of a 5000um/10um photolitho patterned top contact OTF'T.

OTFTs with 10um channel length result well defined. Structures with thinner
channels resulted over etched. Attempts to reduce even more the etching time
resulted in an incomplete etching of the silver layer. Nevertheless, the 10um
channel length OTFTs showed great performance. Fig. and Fig. [5.13| report
the output and the transfer characteristics of one of the processed OTFT. The
output characteristic shows that is possible to control the I;; current through
the gate terminal, obtaining a FET behaviour. The extrapolated parameters
reported in the transfer characteristic of Fig. [5.13| are excellent. The devices
showed a mobility higher than 0.5cm?/(V's), a threshold voltage around -3V, a
onset voltage not far from 0V and a sub-threshold slope of about -0.5V /decade.
Some of these devices have been subjected to bias stress. Applying to the device a
gate-source voltage of 412, -12V | in order to get an effective +1,-1MV /cm stress
electric field at the gate, and measuring the threshold voltage shift at logarithmic
time intervals, we have obtained the graph reported in Fig. We notice,
for both positive and negative stress, a threshold voltage shift below 2V after
10 thousands seconds. These data are consistent with bias stability observed in
literature for gold bottom contact Pentacene OTFTs.

So far we have showed that is possible to manufacture silver top contact
OTFTs with great performance. This is done by patterning the source-drain



66 OTFTs technology development

s [Alx10°
b
|

WL = 1000/10 zcm/pem
Ves =0tll-10V

12 -
14 —
_16 —]
| [
10 8 6 4 2 0
Vps V]

Figure 5.12: Output characteristic of a Silver top contact OTFT patterned by wet
etching.
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Figure 5.13: Transfer characteristic of a Silver top contact OTFT patterned by
wet etching.
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Figure 5.14: Bias stress on a Silver top contact OTFT patterned by wet etching.

contacts by using a wet etching process with a chromium etchant solution. Un-
fortunately, as previous mentioned such a technique gives poor uniformity on the
yield of the finalized sample. This is why we have also investigated a process flow
for realizing OTFTs with Silver contacts, patterned by dry etching. This will be
the main topic of the next section.

5.4 OTFT with dry etched Silver Top Contact

As over mentioned, the patterning of the contacts of an OTFT by using a dry
etching process is highly favourable compared to the use of a wet etching or
lift-off process. The main reason is related to the uniformity and accuracy that
a dry etching ensures. We refer to dry etching as a plasma etching with the use
of mixed ionized gases like Oxygen (O3), Argon (Ar), and Carbon Tetrafluoride
(CF4). The radio frequency (RF) power and the flow of the various gases need
to be tuned in order to get the correct recipe for the dry etching of the different
materials. In our studies we have used specific parameters in order to etch a silver

layeif|

Unfortunately, the simple patterning of the silver upon the Pentacene layer,
by using the orthogonal resist was not sufficient for obtaining working transistors.
As shown in Fig. , if we try to etch away the silver upon the Pentacene, we
have strong unwanted degradation of the semiconductor. One could argue that
this problem was present also in the flow processing related to wet etched silver
top contacts, presented in the last section. This is definitely true, and there this
issue has been partially overcome by finely tuning the wet etching parameters in
order to try to stop the etching just after the erosion of the 50nm silver layer. This
was not feasible in a dry etching process. The point is that plasma has a specific

2We have used 60sccm Ar gas, 20sccm O, gas, and 60sccm CF, gas. The tool has been set
at 150W RF power, and it has worked at a pressure of 0.03mbar.
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(a)

Figure 5.15: (a) Top contact flow where the resist ha been patterned upon the
metal layer. (b) The plasma dry etching of the metal harms the Pentacene layer.

etching rate of the silver, but the etching rate toward the Pentacene is several
times higher. Therefore, when the plasma reaches the Pentacene surface, after
having etched the 50nm of silver, it quickly damages or destroys the Pentacene
layer, and no calibration of the etching time is feasible. In order to overcome
this issue we thought to modify the processing flow by inserting a protective layer
between the Pentacene and the Ag. The main function of this extra layer was
to protect the organic semiconductor during the plasma etching (as shown in
Fig. |5.16]).

o 1AL

Si0,
Gate

() (b)

Figure 5.16: (a) Top contact flow where a protective layer has been deposited
before the metal evaporation. (b) The plasma dry etching of the metal could be
stopped by the protective layer, without harming the Pentacene layer.

The protective layer should guarantee several functions:

e [t should be deposited upon the Pentacene without damaging the organic
semiconductor, therefore with a low temperature deposition process.

e [t should ensure good hole injection in the Pentacene from the Silver, that
is should act as a HIL.

e [t should ensure great vertical conductivity, and minimal lateral conductiv-
ity in order not to create leakage current paths.
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e [t should protect the Pentacene during the dry etching of the silver.
e [t should not be damaged by the dry etching of the silver upon it.

e Eventually, it could also be patterned with a process that does not damage
the Pentacene below.

We have strongly looked for a good candidate as protective layer, and fi-
nally we have tested two materials: Zinc Sulfide (ZnS), and Molibdenum Oxide
(MoOx). These materials have been chosen for be tested because their work
function indicate the possibility to inject holes in the Pentacene, and at the same
time they have already been used in literature as HILs [82, 83 84]. In partic-
ular we have experimented different thicknesses of MoOx, from 2 up to 10nm.
Unfortunately, no significant results have been obtained from these studies. In
particular, ZnS showed not to inject enough efficiently, so it was not possible to
observe any transistor behaviour. Instead transistors built with MoOx partially
worked. This oxide works as protective layer during the plasma dry etching. But
its lateral conductivity was too high, and this implied a huge leakage current in
reverse bias conditions. The consequence is an awful 1,,/l,¢; rate, with just few
orders of magnitude of difference between the on an the off state of the organic
transistor.

Nevertheless the MoOx proved that the idea of protecting the Pentacene dur-
ing the dry etching was correct. And this was the beginning of a complete re-
formulation of the problem flow that has ended in the successful and innovative
process represented in Fig. E| Thanks to this processing flow we were able
to obtain dry etched top contact OTFTs, both on Silicon and foil substrate with
good mobility and uniformity. This processing flow is mainly based on two ideas:
the first one is to use the orthogonal resist itself as protective layer, the second
one is to simulate a lift-off process, with the real aim of performing an etching
one. In the following all the steps will be explained in details. As shown in
Fig. [5.17(a)] the first step is the patterning of the orthogonal photo resist onto
the Pentacene. Afterwards the 50nm silver layer is evaporated upon the patterned
resist (see Fig. [5.17(b))). This steps are usually done with the aim of perform-
ing a lift-off process, but this is not the case. Now another layer of orthogonal
resist is spin coated upon the silver, and patterned by using the mirror mask
of the one previously used for patterning the first resist layer (see Fig. [5.17(c)]
and Fig. [5.17(d))). In practice, first we have used the dark field version of the
source-drain mask, and after we have used the light field version. In this way we
have opened a via to the silver that is not in contact with the Pentacene, but just
upon the orthogonal resist. As shown in Fig. [5.17(e)| at this step it was possible
to perform the dry etching by using the plasma tool (a DSE etcher tool). We
want to point out that during the etching the plasma removes all the silver upon
the orthogonal resist, and that the etching it is stopped by the thick layer of re-
sist without being capable of harming the organic semiconductor below. Finally,
as shown in Fig. the orthogonal resist is stripped all along the sample
leaving below the patterned silver contacts.

3For sake of simplicity in the structures of fig. it has not been shown that the Pentacene
is also patterned.
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Figure 5.17: Dry etched Silver top contact flow: (a) here the orthogonal photo
resist is patterned upon the 30nm Pentacene layer (like usually done in a lift-off
process); (b) the 50nm Ag layer is deposited upon the patterned resist; (¢) and
(d) a further orthogonal resist layer is put upon the Ag layer and patterned with
a mask that is the mirror of the one previously used in step (a); (e) the sample
15 subjected to dry etching, only the exposed silver is etched by the plasma, and at
the same time after the removal of the silver the plasma is stopped by the thick
resist layer; (f) the orthogonal resist is finally removed leaving below the patterned
silver upon the undamaged Pentacene.
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By using this processing flow we were able to obtain well patterned devices,
as the ones shown in Fig. [5.18

Figure 5.18: Dry etched Silver top contact OTFTs with (a) 10um and (b) 5um
channel lengths.

The transfer characteristic of a 10um channel length OTFT patterned by
using this processing flow is reported in Fig. [5.19 and it shows good mobility
(around 0.3cm?/Vs), a threshold voltage of -1.3V and a sub threshold slope of
0.7V /decade.
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Figure 5.19: Transfer characteristic of a dry etched top contact OTFT with a
10um channel length, in saturation conditions.

If we compare this processing flow with the one related to the wet etched
silver contacts, presented in the previous section, we can observe that an extra
photolitho step is required. In detail, in the processing flow presented in sec. 5.3
we count two necessary photolitho steps, one for patterning the Pentacene, and
one for patterning the orthogonal resist upon the silver. In the processing flow
presented in this section for silver top contact OTFTs obtained with dry etching,
there is a photolitho step for patterning the Pentacene (see footnote [3)), another
one for patterning the resist upon the Pentacene, and a last one for patterning
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the resist upon the silver, therefore 3 steps in total. Such a extra step can
represent a significant increase of cost of the whole flow, especially looking at
the industrialization of processing. Nevertheless, the exciting results obtained
by using this technique, i.e. great uniformity and the possibility to scale the
processing down to few micrometers of channel length, could largely justify the
higher cost of this technological solution.

Moreover, we have tried to export the processing flow to a Polyethylene naph-
thalate (PEN) foil substrate, with an OTFT structure with 200nm of the polymer
Poly-vinyl-pyrrolidone (PVP)) as a dielectric (clearly in a flexible structure it is
not possible to use SiO, as a dielectric). All the processing worked correctly up
to the stripping phase. As shown in Fig. , the sample looked optically
perfect before the stripping, but afterwards the fingers have lost adherence to
the substrate (see Fig. [5.20(b)). This problem is now under investigation but
we strongly believe that should not be difficult to improve the adhesion between
the silver and the Pentacene below (as shown in Fig. the metal has a
good adhesion upon the dielectric, and the problem is localized upon the organic
semiconductor).

Figure 5.20: Bad patterning of top contact OTFT on foil: (a) Before the strip-
ping phase the devices look optically perfect; (b) After the stripping phase the
interdigitated fingers have lost adhesion with the Pentacene below.

Nevertheless, it was possible to measure some basic OTFT's structures usually
used for extrapolating the contact resistance. In Fig. [5.21] it is reported the
transfer characteristic of one of this device with 100um channel length. The
device shows a mobility of 0.15 cm?/(Vs), an onset voltage of 2.5V, a threshold
voltage of -2.2V and a subthreshold slope of 0.73V /decade. The values of these
standard parameters are similar to those reported in literature for bottom contact
OTFTs on foil.

The data, presented so far, testify that is possible to manufacture top contact
OTFTs with silver source-drain contacts by using an etching process, both on
Silicon and foil substrate.
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Figure 5.21: Transfer characteristic of a dry etched top contact OTFT on PEN
foil with a 200nm PVP dielectric and a 100um channel length. The curve has
been measured in saturation conditions.
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Chapter 6

Parylene encapsulation of
Organic TFT's

In this chapter it is discussed the use of Parylene as encapsulation material for
bottom contact OTFTs. Moreover, a specific study on encapsulated OTFTs is
reported in section

6.1 OTFT encapsulation

As explained in section [I.3] OTFTs and generally organic devices, need a proper
encapsulation in order not to be subjected to a fast degradation. OTFT's transfer
characteristics show large hysteresis when the devices are measured directly in
air. The origin of these electrical instabilities has to be related to absorption
of oxygen and/or water in the organic semiconductor film and charge trapping
in the semiconductor or at the dielectric/semiconductor interface. A good en-
capsulation should protect the organic semiconductor from interactions with gas
and moisture, light and other adverse environmental conditions [85 86]. While
transparent passivation layers are indispensable in organic electroluminescence
devices (like the glass used for the OLEDs studied in the previous chapters), in-
stead many applications of organic FETs require mechanical flexibility. Several
solutions has been proposed in literature for encapsulating organic devices. One
of the most promising it is the use of a single or multiples layers of the poly-
mer Parylene [87, 88]. Other research groups tried to combine a Parylene layer
with different oxide layers [89, 00]. Parylene film is a transparent, chemically
stable polymer with low permeation rate of oxygen and water vapor. It has been
considered a good candidate to be used as a barrier layer for FOLED (Flexible
OLED) [91], due to its excellent homogeneous and conformal coverage, with no
formation of pinholes and micro-cracks. In section [6.3]T will show some data that
confirm the goodness of the choice of such a encapsulation also for OTFTs. As
shown in Fig. our test have been carried out on standard bottom contacts
OTFTs. The devices have a 200nm 570, dielectric and the gold contact pads
are realized by lift off. Finally a 30nm Pentacene layer is evaporated by using an
OMBD (see App. |C| for more details). In this case the semiconductor layer is not

75
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patterned. Before the measurement, by using the needle of the probe station, a
cut is done around the device under measurement in order to lower the leakage
currents. Afterwards the device can be measured directly in a metal glove-box,
avoiding contact to air.

Figure 6.1: Standard bottom contacts OTFTs with gold contact pads, used for
testing Parylene encapsulation.

In our experiments we have used a Parylene system with a load chamber inte-
grated inside a glove-box (see App. . The sample, after the first measurements,
is put inside the Parylene system load chamber and it is coated with a variable
thickness of Parylene-C. Our Parylene coating system ensures an accuracy of
few tens of nanometres on the final encapsulation layer. Advantage of Pary-
lene coating is that it is performed at environmental temperature and in vacuum
conditions. As our measurements proved (see section , no degradation acts
during the encapsulation phase. More details on Parylene material and coating
can be found on App. [F] One big advantage of encapsulating OTFTs, even at
a research level, it is that after encapsulation the OTFTs can be subjected to
an annealing phase in a vacuum oven at a temperature of 140°C, without any
degradation or crystallization of the semiconductor, either a break of the device.
If the OTFT is not encapsulated, such annealing is not possible because the high
oven temperature changes the semiconductor crystal structure from the thin-film
phase to the bulk phase, causing a drop in the mobility of the OTFT [92]. If
we repeat the electrical measurements after such annealing phase, we usually ob-
serve an improvement of the characteristics of the devices, with the onset and
threshold voltage that shift closer to 0V. This behaviour should be related to the
release of gases and moisture during the annealing phase that can last up to 24
hours, but it needs to be optimized relating to the kind of substrate and organic
semiconductor. Clearly, annealing phase has to be performed at lower temper-
ature if a flexible substrate is used. In our studies we have used the polymer
Parylene-C for encapsulation, however Yasuda et al. reported also the use of this
polymer as a gate dielectric, with great FET performance [93]. Another variant
of Parylene that can be successfully used as dielectric, as shown in literature [94],
is Parylene-SR, developed by the Japanese company DSK Da Isankase Iko. LTD.
In the next session I will provide some informations about the use of Parylene for
encapsulation.
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6.2 Parylene-C as encapsulation coating

For encapsulating our test bottom structures devices we have decided to use
the polymer Para-xylylene C, alias Parylene-C. This is an inert, hydrophobic,
bio-compatible coating material used in a wide variety of industries.

Figure 6.2: Structure of Parylene-C.

Parylene-C exhibits static and dynamic coefficients of friction in the range of
0.25 to 0.33 and this allows the use of this material as a dielectric and/or encap-
sulant in flexible OTFTs (in such devices the use of SiO; is not possible). The
chemical structure of Paralyne-C is shown in figure [6.2] The room-temperature
vapour deposition of Parylene results in a pinhole-free, relatively smooth and
uniform film. Its excellent electrical and mechanical properties in electronic ap-
plications have been already partially demonstrated [05]. Parylene-C offers an
excellent combination of electrical and physical properties, including very low
permeability to moisture and corrosive gases. The Parylene coating gives a contin-
uous transparent and conformal film. Para-xylylene film is applied to substrates
in an evacuated deposition chamber by a process known as vapour deposition
polymerization (VDP). This involves the spontaneous desublimation of a vapour
that has been formed by heating a dry, powdered raw material known as dimer
(shown in fig. [6.3]). This vapour converts, at room temperature in low vacuum
conditions, to an inert polymer film on substrate surfaces in a dry, non-solvent
and catalyst-free process.

E:— -
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Figure 6.3: A box of Parylene-C.

In our processing Parylene has been deposited at a pressure of few millibar.
The powder has been first vaporized at 135°C and then cracked into monomer
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units at 690°C in the pyrolysis part of the tool. Subsequently, the stable monomer
then enters the deposition chamber polymerizes onto the substrate. As the coat-
ing is formed at room temperature, stresses related to differential thermal expan-
sion are avoided. As mentioned before, film thickness is strictly determined by
the amount of dimer used. The Parylene deposition system that has been used in
this study is integrated in a nitrogen filled glow-box, allowing the loading of the
devices that need to be coated, without any exposure to moisture or humidity.
The resulting coating film is able to resist against chemical attack from organic
solvents, inorganic reagents and acids [96].

6.3 Stability test on encapsulated OTFTs

The aim of this study was to verified the goodness of the use of the polymer
Parylene as encapsulant for organic devices. Partial results have been already
published in literature, where the use of a Parylene passivation layer showed not
to affect FET device performance [97]. Moreover, we were also interested in un-
derstanding if a thin layer of Parylene-C could be a good barrier against solvents
and basic solutions. Within the European project Flame, we have collaborated
in the development of a flexible OLED display with integrated OTFTs active
matrix. Such a complex project implies more than 10 photo lithographic steps,
and multiples technological challenges need to be overcome. Within this project,
we studied if it was possible to process a photolitho step upon a Parylene layer.
As mentioned before we have tested standard bottom contact OTFTs, on Si-SiOq
samples, with gold contacts pads and with a final semiconductor Pentacene layer
of 30nm (see fig. . A rough patterning of the semiconductor was done directly
by using the probe needle in order not to lower the leakage currents and improve
the Ion/Iorr current ratio. A photolithographic patterning of the semiconductor
should have been possible by using a water soluble resist and by performing an O,
plasma etching. Nevertheless we preferred to opt for manual patterning in order
not to expose the samples to air and moisture after the Pentacene evaporation.

In these experiments we have worked with 1.5cm-1.5cm samples. All the
samples have been diced from a quarter of a 6-inch wafer processed until the
patterning of the gold contact structures. This way of working ensures a huge
reduction of processing time and a good uniformity of the samples. Before Pen-
tacene evaporation the diced samples have been subjected to surface treatment
(see App. . Our photolitho masks are designed in order to obtain diced samples
with more than 50 OTFTs with interdigitate source-drain structure at different
channel lengths (from 2 to 10um). For simplicity we have decided to work with
OTFTs with a relative width of 5000 and a channel length of 10um. Fig.
shows the data about the first sample measured after the 30nm Pentacene evap-
oration. In the left we have reported the transfer curve, measured in saturation
conditions (Vs = —10V'), while in the right we have the extracted mobility and
the subthreshold slope as a function of the V,, voltage. The graphs show OTFT's
with total good electrical characteristics with maximum mobility between 0.3 and
0.4 cm?/(V's), and a threshold voltage of few volts.
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Figure 6.4: (a) Transfer curves after Pentacene evaporation. (b) Mobility and
subthreshold slope curves after Pentacene evaporation.
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Figure 6.5: (a) Transfer curves and (b) mobility and subthreshold slope curves
after coating with 200nm of Parylene-C.
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After the first measurements, this sample has been coated with 200nm of
Parylene-C, and the selected transistor have been remeasured. The Parylene has
not been patterned because the layer was thin enough for allowing the penetration
through it by using the probe needle. The curves reported in Fig. |6.5] show that
no significant variations incurred. The experiment has been repeated by consider-
ing a new OTFTs sample (measurements after Pentacene evaporation in Fig.
coated with 400nm of Parylene-C. Fig. again shows that no degradation or
modification of the OTFTs characteristics takes place during the processing of
coating with this polymer.
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Figure 6.6: (a) Transfer curves and (b) mobility and subthreshold slope curves
before Parylene coating.
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Figure 6.7: (a) Transfer curve and (b) mobility and subthreshold slope curves of
OTFTs coated with 400nm Parylene.

The measurements has been repeated after exposure to air for different times,
without revealing any kind of degradation that is usually immediate if the sample
is exposed to air with no Parylene encapsulation. These results are in agreement
with what shown in literature [92]. As over mentioned we were interested in
testing the permeability of this polymer against solvents and basic solutions. For
achieving this goal we have performed a rough test by dipping OTFTs samples
coated with 400nm of Parylene-C in 3 different test liquids for 60s. Afterwards
the samples have been dried with nitrogen gas and remeasured. The test liquids
that we have chosen are: the solvent PGMEA (2-[1-methoxy|propyl acetate), the
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solvent NMP (N-Methyl-2-pyrrolidone), and the developer OPD5262. Reference
samples have been also used to monitor the influence of air exposure during the
experiments.
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Figure 6.8: Mobility and subthreshold slope curves of OTFTs encapsulated with
400nm of Parylene-C, before (a) and after(b) immersion for 60s in PGMFEA
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Figure 6.9: Mobility and subthreshold slope curves of OTFTs encapsulated with
400nm of Parylene-C, before (a) and after(b) immersion for 60s in NMP
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Figure 6.10: Mobility and subthreshold slope curves of OTFTs encapsulated with
400nm of Parylene-C, before (a) and after(b) immersion for 60s in the developer
OPD5262

In Fig.[6.8[6.9] we compare the mobilities and subthreshold slopes of the
OTFTs subjected to the experiments, before and after the immersion for 1 minute
in the three liquids, PGMEA, NMP and OPD5262. For immersion in PGMEA
we have no significant variations of the curves, proving a good permeability of
the material to this solvent. For the sample dipped in NMP we have a variation
of the curves with a mobility decrease in some of the measured devices of about
20%. Finally, in the case of the immersion of the sample in OPD6252, fig. [6.10
indicates a strong degradation of the devices, with a more of 50% decrease of the
mobility and a general shift of the threshold voltage of several volts. Moreover
we have observed that if we tried to anneal the degraded sample at 140°C for
20 hours we have an opposite shift of the curves that roughly come back to the
previous point, but no recovery of the mobilities. These results demonstrate that
the coating with Parylene-C does not negatively affect the performance of the
OTFTs. Moreover, such coating is able to protect the devices from contact to
air and moisture. A preliminary study has shown that even a thin layer of this
material (400nm) seems to act as a discrete barrier for solvents but not for the
developer OPD5262. This fact partially limits the possibility to perform further
photolitho steps upon the Parylene layer. At the same time we have to notice
that in our experiments we have subjected the samples to extreme conditions,
and that processing wisdoms can be developed in order to reduce the impact of
this developer in a photolitho step.



Chapter 7

Conclusions

By performing an optical analysis on Alg3-based OLEDs, we have observed un-
even light emission distribution. In particular we have analysed the light emission
profiles that showed an higher light intensity in the centre of the active area (as
reported in chapter [2)). The change of the light emission distribution has been
monitored during accelerated electrical stress. These data have been completed
with the results of a thermal analysis on temperature surface distribution upon
the active area. Thermal IR images revealed that surface temperature along
the active area has its maximum on the centre, and it decreases moving toward
the edges. As shown in chapter [£.2] the optical and thermal behaviour of these
devices are strictly correlated. The two phenomena have been explained by as-
suming that: the first effect is the creation of the radial thermal distribution, due
to a worse capacity of dissipating heat in the centre of the active area, compared
to the edges; subsequently the temperature difference creates an uneven current
distribution that is greater where the resistivity of the material is lower, i.e. the
warmer centre of the device; the thickening of the current increases the local
temperature, producing a positive feedback limited only by the exchange of heat
with the environment. Such uneven uniformity of the light emission causes an
uneven optical degradation during working operation.

In chapter |3l we have presented a work about the investigation of the reliability
of small molecules OLEDs, with simplified structures, consisting of NPD as hole
transport layer, Alg3 as electron transport layer, and an hole injection layer
between NPD and ITO electrode. The results of this study can be summarized
in the following:

e The optical power emitted by the OLEDs showed a remarkable decrease
during constant current stress, showing a 50% TTF of about 1270 hours
with neither catastrophic breakdown nor the formation of dark spots.

e From the emission microscopy images, taken before and after stress, we have
observed a much stronger degradation of the luminescence in the center of
the device, with respect to the corners/borders. These results are compat-
ible with a significant current and emission crowding that may determine
also a stronger self-heating near the centre of the device area.
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e The changes of the electrical characteristics are correlated with the optical
degradation. The nature of this degradation has been studied by a combined
analysis of the J-V and C-V curve evolution during stress.

e The device degradation mechanisms can be tentatively explained by as-
suming that the constant current stress produces both a fixed interface
(positive) trapped charge and a number of neutral interface states, likely
correlated with the oxidation of the Alg3.

e A rough estimation of the fixed trapped charge shows a good linear relation
between the stress time and the amount of this trapped charge.

Our studies on phosphorescent OLEDs stressed at different current levels,
show an increase of the operating voltage univocally correlated with the number
of carriers injected in the devices during the stress. Also in this typology of
devices we have detect the current crowding phenomenon over mentioned, even
if less prominent. A time to failure law have been calculated for these devices.

As reported in section [4.3], we have studied the use of IZO in place of ITO
as anode layer in OLEDs. Our results indicate that the use of IZO anodes guar-
antees OLED performance comparable with commercial ITO anodes, and allows
an improved heat dissipation and devices reliability. We have correlated this
improvement in the OLED reliability with the thermal properties of the device
rather than with the ITO and [ZO morphological properties. OLEDs with 1ZO
as anode contact show a lower thermal resistance, and this positively affects the
optical stability of the devices.

The second part of my work is related to the technological development of
both bottom and top contact OTFTs. By working in collaboration with the Eu-
ropean microelectronic research centre IMEC, we have manufactured innovative
photo-lithographic patterned top contact OTFTs. By using a wet etching pro-
cess, we have realized top contact OTFTs with 10um channel length, obtaining
mobilities greater than 0.5cm?/(V's). Moreover, we have developed an innovative
process flow that allows the patterning of Silver source-drain contacts on the top
of the organic semiconductor, by using plasma dry etching. The process flow has
been proved on silicon, as well as on foil substrate.



Appendix A

Evaluation of the thermal
resistance

A parameter that is usually considered for optoelectronic devices thermal study
is the junction thermal resistance (Ry,). This parameter gives informations about
the operative temperature of the device and its capacity to exchange heat. Know-
ing the Ry, and the power dissipated by the device, it is possible to calculate the
junction temperature (T;) of the device. The operative temperature of the device
is usually strictly related to its lifetime and also to the optical and electrical degra-
dation mechanisms. The thermal resistance can be a good reference parameter
for comparing devices with different materials or structures, providing precious
indications for technology design and developing. Knowing the working junction
temperature of an OLED, it is possible to plan an experiment where the devices
are subjected only to thermal stress, at that specific temperature. In this way
it is possible to investigate separately the influence of temperature and current
density on the degradation kinetics. Moreover, if a device is stress at a certain
current, knowing the Ry, we know the temperature reached by the device during
the electrical stress. Typically, electrical stress test are performed in conditions
that are highly worse than standard condition. This is done in order to induce
an accelerate degradation, and allow the study of the lifetime of the device in
a reasonable time. If this done at different accelerated stress conditions, then
it is possible to estimate the real lifetime of the device. Therefore, for studying
OLEDs degradation a current that is many times the nominal current is typically
used. Unfortunately, this implies that the temperature reached by the junction of
the device can be much higher than the one reached in standard bias conditions.
This temperature stress can introduce new degradation mechanism that are not
actually related with the normal working of the device. Knowing in advance the
value of this temperature is therefore essential for studying the degradation and
the failure mechanisms of the device.

In the following we will explain a method for evaluating the junction thermal
resistance. This method refers to calculation of thermal junction resistance of in-
organic Gallium Nitride (GaN) LEDs, otherwise we have verified the possibility
of applying this method also to OLEDs. The method consists in two phases: a
calibration phase and a temperature evaluation phase.
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Calibration phase

During this first phase, it is measured the relation between the voltage drop across
the device at a certain current bias condition and the junction temperature. This
is realized by putting the device under test in a thermal chamber at a certain
temperature T*. Then the voltage drop across the OLED is measured by applying
a short current pulse. The shortness of this pulse allows for avoiding self-heating
of the device. In this condition we can assume that the temperature of the thermal
chamber is the junction temperature. It is therefore possible to plot the voltage
drop as a function of the junction temperature by repeating the measurement
for different T*. This relation can be usually fitted by a linear or exponential
function. For sake of simplicity lets assume to have a linear relation (similar
simple calculations can be done in the case of an exponential dependency):

V; = A+ BT, (A.0.1)

where V; is the voltage drop across the device, T); is the oven temperature
and A and B are fitting parameters.
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Figure A.1: Voltage mapping for estimating junction thermal resistance.
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Temperature evaluation phase

After the first phase, the device is kept at a fixed temperature Tp and it is biased
at a constant current density Jpras measuring the voltage transient. When the
device reaches a stable electrical condition, it is possible to use that voltage value
for obtaining the junction temperature. The voltage reached by the OLED is
substituted in equation and the equation is solved respect to T, revealing
the junction temperature reached by the device. By subtracting T to this value
we can determine the temperature increase (AT) and dividing for the power
dissipated (Pyss) we can finally extract the thermal resistance value Ry:

AT
Ry, = A0.2
th Pdiss ( )
10,75
10,70 - —— 40mA/cm?
E:10,65-
L]
[e)]
S
= 10,60
>
10,55 ¢G=
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Figure A.2: Voltage transient used for extrapolating the junction thermal resis-
tance.



88

Evaluation of the thermal resistance




Appendix B

Surface Treatment

This appendix gives an overview of the use of a surface treatment before the
evaporation of the Pentacene (see App. . In order to optimize the growth of
the organic semiconductor, it is possible to change the surface energy of the
interface, and so to control the interaction of the first semiconductor monolayer
with the substrate. Moreover such a surface treatment can passivate dangling
bonds and traps and therefore improve mobility, threshold and onset voltage of
the final transistor [9§].

The first step is a cleaning step where the sample is treated with acetone,
isopropanol alcohol. The cleaning step is completed with a UV-Og3 treatment of
about 15 minutes. This extensive cleaning removes most of the organic contam-
inants that may still be present at the surface. At this point the samples can
be dipped in a 1-dodecanethiol solution (structural formula shown in figure
for about half an hour. In this way we have the creation of a SAM (Self Assem-
bled Monolayer) upon the gold . SAMs have a head which selectively attaches
to a surface and a tail that finally establishes the surface properties of the inter-
face covered with the SAM. Immediately, after the thiol treatment, the sample
is transferred inside a vacuum oven that has been specifically designed with a
inner metal chamber. The samples remain inside this chamber for about 1 hour
together with few drops (30ul) of OTS (Octadecyl Trichloro Silane, structural
formula shown in figure at a temperature of 60°C. In the chamber there
is a saturated atmosphere that allows the creation of a silane SAM upon the
S10,. Now the treated surface of the sample allows a good growth of the organic
semiconductor.

Another technique that has been used for surface treatment it is the coating
with a polymer layer. As reported in literature [99, [100], we have used a thin spin
coated layer of PaMS (poly alpha-methyl styrene, structural formula shown in
Fig.[B.2)). This surface treatment can be used in place of the silane treatment.
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CH,
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Figure B.1: The structural formula of (a) 1-dodecanethiol and (b) octadecyl
trichlorosilane (OTS).

Figure B.2: PaMS structural formula.



Appendix C

Organic Molecular Beam
Deposition

OMBD is a technique to deposit organic small molecules. The deposition takes
place in a chamber in ultra high vacuum conditions (pressure lower than 10~8
torr). Such a high vacuum lowers the probability to have reaction between the
organic semiconductor and gases or moisture that are present inside the evapora-
tion chamber. The material is loaded in a crucible of a Knudsen cell and heated
up. The beam of the sublimated material is directed towards the substrate where
the deposition is desired. The vacuum decreases the temperature needed to reach
the sublimation point of the organic semiconductor and increases the mean free
path of the evaporated material. The resulting mean free path is thousand times
greater than the crucible-substrate distance, an this ensures that there is neg-
ligible deflection of the evaporated beam. The goodness of the growth of the
organic semiconductor layer is influenced by the substrate temperature and by
the deposition rate that can be usually tuned by varying the temperature of the
crucible of the Knudsen cell (typical values are few tenths of Angstroms per sec-
ond). A surface treatment of the substrate by using self-assembling monolayers
can be also necessary (for details see App. . The deposition rate is measured by
a water-cooled calibrated quartz crystal contained inside the chamber. Typical
values that have been used are 0.25 A /s for the deposition rate and 68°C for the
substrate temperature.

The evaporation tool used to process the samples studied in this work con-
tains several Knudsen Cell in order to give the opportunity to evaporate different
metals and organic materials. It is connected to a nitrogen-filled glove-box where
the samples can be stored and measured. Moreover, a Parylene coater is in-
tegrated inside the glove-box allowing (in the case of bottom contact OTFTs),
the direct encapsulation of the devices just after the evaporation of the organic
semiconductor, and avoiding exposure to the gases and moisture present in the
air.

In the following I will list the basic step for performing a Pentacene evapora-
tion in a OMBD system:

1. Loading of the sample from the Ny metal glove box into the load lock.
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2. Pumping down of the load lock to a pressure lower than 10~7 torr.

3. Transportation of the sample inside the evaporation chamber by using a
metal arm. The complete transfer process is performed in ultra-high vac-
uum conditions and the flux path from the Knudsen cell to the sample is
interrupted by a shutter.

4. The temperature of the Pentacene cell is increased until a deposition rate
of 0.25 A /s is reached and the substrate holder is usually heat up to 68°C.

5. When a stable molecular flux is obtained, the shutter is opened.

6. The shutter is closed when the desired thickness of material is deposited
upon the sample. The thickness is calculated by using the data gathered
by the quartz crystal.

7. The sample is unload into the load lock by using the metal arm.
8. The pressure of the load lock is raised up to 1 atm.

9. The sample is unload in to the Ny metal glove box.

Although OMBD is a well-suited technology for depositing small molecule or-
ganic semiconductors at a research level, it cannot be the best choice from the
point of view of large scale, industrial processing facilities due to the necessity of
expensive and not versatile ultra-high equipment. Another method exists to de-
posit Pentacene films in low vacuum or even atmospheric conditions, the Organic
Vapour Phase Deposition (OVPD).



Appendix D

Spin Coating Process Description

Spin coating has been used for several decades for the application of thin films.
The complete process consists of a dispense stage in which a fluid is deposited
onto the substrate surface by using a pipette, an acceleration stage that spreads
the liquid removing the exceeding part of it, a high speed spin stage to thin
the fluid, and a drying stage to eliminate excess solvents from the resulting film
(usually performed by using an hot plate or an oven). The time and rotation
speed determines final coating thickness.

Figure D.1: The Spin Coater with interchangeable support.

D.1 Spin Coating Stages.

As over mentioned, in the first stage the deposition of the coating fluid onto the
substrate is done by using a pipette that pours the coating solution out. Usually
this dispense stage provides a substantial excess of coating solution, compared
to the amount that will ultimately be required in the final coating thickness,
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resulting in a big quantity of wasted liquid. The coating liquid has to not to
contain bubbles that may degrade the spin coating.

In the second stage the substrate is accelerated up to its final, desired, rota-
tional speed. This stage is usually characterized by fluid expulsion from the wafer
surface by the rotational chuck. Owing to the initial height of fluid on the wafer
surface, spiral vortices may briefly be present.

Film Thickness

Film Thickness

Spin Speed m— SpinTime  —

Figure D.2: Typical Film Thickness vs Spin Speed and Film Thickness vs Spin
Time characteristics.

The third stage is when the substrate is spinning at a constant rate and
fluid viscous forces dominate fluid thinning behaviour. The time of the spinning
depends on the wanted thickness, as you can see in Figure [D.2] This stage is
characterized by gradual fluid thinning. Edge effects are often present because
the fluid flows uniformly outwards, but when it finds the edges it creates droplets
that flung out. Thus, depending on the surface tension, viscosity, rotation rate
there may be a difference in thickness around the edge of the coated sample.

The fourth stage is when the substrate is spinning at a constant rate and
solvent evaporation dominates the coating thinning behaviour. As the prior stage
advances, the fluid thickness reaches a point where the viscosity effects yield
only rather minor net fluid flow. During this stage the coating reaches its final
thickness.

Film Thickness ey

Thickness Uniformity ==

Exhaust Vol
Exhaust Volume  — xhaust Volume =

Figure D.3: Typical Thickness Uniformity vs Exhaust Volume and Film Thickness
vs Exhaust Volume characteristics.
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D.2 Static Distribution, Dynamic Distribution

Two common methods of dispense are Static Distribution and Dynamic Distri-
bution. Static distribution is simply the depositing of a small puddle of fluid on
or near the centre of the substrate. This quantity can vary depending on the
viscosity of the fluid and the size of the substrate to be coated. Higher viscosity
and/or larger substrates typically require a larger puddle to ensure full coverage
of the substrate during the high speed spin step. Dynamic dispense is the process
of dispensing while the substrate is turning at low speed. A speed of about 500
rpm is commonly used during this step of the process. This serves to spread the
fluid over the substrate and can result in less waste of material since it is usually
not necessary to deposit as much to wet the entire surface of the substrate. This
is a particularly advantageous method when the fluid or substrate itself has poor
wetting abilities and can eliminate voids that may otherwise form.

After the dispense step it is common to accelerate to a relatively high speed
to thin the fluid to near its final desired thickness. Typical spin speeds for this
step range from 1500-6000 rpm, again depending on the properties of the fluid as
well as the substrate. This step can take from 10 seconds to several minutes. The
combination of spin speed and time selected for this step will generally define the
final film thickness. In general, higher spin speeds and longer spin times create
thinner films. The spin coating process involves a large number of variables that
tend to cancel and average out during the spin process so it is best to allow
sufficient time for this to occur.

D.3 Spin Speed

Spin speed is one of the most important factors in spin coating. The speed
of the substrate (rpm) affects the degree of radial (centrifugal) force applied to
the liquid resin as well as the velocity and characteristic turbulence of the air
immediately above it. In particular, the high speed spin stage generally defines
the final film thickness. Relatively minor variations of 450 rpm at this stage can
cause a resulting thickness change of 10%.

Film thickness is largely a balance between the force applied to shear the
fluid resin towards the edge of the substrate and the drying rate which affects
the viscosity of the liquid. As the liquid dries, the viscosity increases until the
radial force of the spin process can no longer appreciably move the liquid over the
surface. At this point, the film thickness will not decrease significantly increasing
the spin time.

D.4 Acceleration

The acceleration of the substrate towards the final spin speed can also affect the
coated film properties. Since the liquid begins to dry during the first part of the
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spin cycle, it is important to accurately control acceleration. In some processes,
50% of the solvents in the resin will be lost to evaporation in the first few seconds
of the process.

Acceleration also plays a large role in the coat properties of patterned sub-
strates. In many cases the substrate will retain topographical features from pre-
vious processes; it is therefore important to uniformly coat the liquid over and
through these features. While the spin process in general provides a radial (out-
ward) force to the liquid, it is the acceleration that provides a twisting force.
This twisting aids in the dispersal of the liquid around topography that might
otherwise shadow portions of the substrate from the fluid.

D.5 Fume Exhaust

The drying rate of the fluid during the spin process is defined by the nature of the
fluid itself (volatility of the solvent systems used) as well as by the air surrounding
the substrate during the spin process. It is well known that such factors as air
temperature and humidity play a large role in determining coated film properties.
It is also very important that the airflow and associated turbulence above the
substrate itself be minimized, or at least held constant, during the spin process.

The slower rate of drying offers the advantage of increased film thickness
uniformity across the substrates. The fluid dries out as it moves toward the
edge of the substrate during the spin process. This can lead to radial thickness
non-uniformities since the fluid viscosity changes with distance from the centre
of the substrate. By slowing the rate of drying, it is possible for the viscosity to
remain more constant across the substrate.

Drying rate and hence final film thickness is also affected by centre ambient
humidity. Variations of only a few percent relative humidity can result in large
changes in film thickness. By spinning in a closed bowl the vapours of the solvents
in the resin itself are retained in the bowl environment and tend to overshadow
the affects of minor humidity variations.



Appendix E

MAG6 mask aligner

The SUSS MA6 Mask Aligner allows the usual top-side alignment and the less
common bottom-side alignment for accurate backside processes. For our process-
ing we used top-side alignment. The system provides a dual video microscope.
The user is able to set the gap between the resit and the mask, the time of the
exposure, the kind of exposure (hard contact, soft contact, flood exposure, expo-
sure with cycles, etc ). For our samples we used a hard contact exposure; after
the wafer has moved into contact, the vacuum underneath the wafer is switched
off and nitrogen is purged under the wafer. So a closer contact between wafer
and mask is guaranteed, even with large wafers.

The system can work with samples of different sizes (3,5 and 6 inch), indeed that
is for the masks (7"x7”, 5"x5", 4"x4"). The MAG tool is capable of printing resist
thicknesses from less than 0.1 pym to a few hundred micron and a resolution of
less than 0.1pm.

Figure E.1: Mask Aligner MAG6.
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Appendix F

Parylene Deposition System

Parylene, or poly-p-xylylene, is an organic polymer. Several varieties of Pary-
lene exist, including Parylene-N, Parylene-C, Parylene-D, Parylene-SR. Parylene
is merely considered a coating material but it can be also used as dielectric.
Parylene-N and Parylene-SR provide particularly high dielectric strength and
a dielectric constant that is independent of frequency. The dielectric constant
determines the capacitance: a higher dielectric constant results in higher capac-
itance and higher electric field at the surface of the dielectric. Type N deposits
at the rate of approximately 0.75um per hour. Type C is less conformal than N,
but deposits at a much higher rate, of about 5um per hour. For the processes
concerning this work I have used Parylene-C.

Some desirable properties of the polymer Parylene (poly-para-xylylene) are:

Biocompatibility

Truly conformal material (pin-hole free at 25 nm thickness)

Thin film dielectric

Excellent moisture/chemical barrier properties

High mechanical strength

In this appendix I will give some detail about the deposition processing (coat-
ing) of this polymer. A good adhesion of Parylene to a wide variety of substrates
can be achieved by treating the surface of the samples with a dilute solution of
an organic silane prior to Parylene coating, that turns the treated surfaces to be
hydrophobic. The Parylene deposition process consists of three basic steps, all
done in the presence of vacuum: sublimation, pyrolysis, polymerization. Sublima-
tion consists of heating solid Parylene dimer (di-para-xylylene) until it sublimates
into the gaseous state. In our system that has been done at a temperature of
135°C. Pyrolysis consists of heating and cleaving of the gaseous Parylene dimer
into a monomer (para-xylylene). In our system that has been done at a temper-
ature of 690°C. Subsequentely, during the polymerization, the gas enters in the
load chamber and polymerize onto the substrate at room temperature, forming a
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transparent film. The pressure gradient across the three zones drives the parylene
deposition process. The coating grows as a conformal film (poly-para-xylylene)
on all exposed substrate surfaces, edges and in crevices. The thickness of the
coating depends on the amount of dimer placed in the load material chamber
and on the temperature of sublimation.

Powdered

; Gaseous
Dimer Monomer Polymer
Film
Vaporize
100-150C Pyrolyze Deposit
1.0 Torr 650-700C 20-40C

T_@_Tﬁ 0.5 Torr 0.1 Torr
2CH CHa -(cm cng)ﬂ
2 ° o © Al ©

PX

Figure F.1: Parylene Deposition Process.

The Parylene system that we have used consist of tubes and chambers that
enable the Parylene deposition process to occur. The five main components of
the system are:

e Vaporizer - This heats the Parylene dimer until it sublimates (vaporizes).

e Pyrolysis Furnace - This further heats and cleaves the gaseous Parylene
dimer into monomer form.

e Deposition Chamber - This is the chamber where the Parylene is deposited
as a polymer onto the substrate. In our system it is integrated in a nitrogen-filled
glove box, allowing the loading and unloading of the samples without ex-
posure to air.

e Cold Trap - This is a cryogenic device that uses liquid nitrogen to cool a steel
cylinder. The chilled cylinder then condenses Parylene process by-products
and prevents any contamination or break of the vacuum pump.

e Vacuum Pump - This maintains vacuum to the system.
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Figure F.2: Parylene coating system (Source: http://typexycoating.com,).



102 Parylene Deposition System




Bibliography

1]

[10]

[11]

[12]

[13]

A.G. MacDiarmid, H. Shirakawam, E. J. Louis, C. K. Chiang, and A. J.
Heeger. Synthesis of electrically conducting organic polymers - halogen

derivatives of polyacetylene, (ch)x. J. Chem. Soc. Chem. Comm., pages
578-580, 1977.

H. Inokuchi and Bull. Chemical Society of Japan, 27:22, 1957.

T. Ito, H. Shirakawa, and S. Ikeda. Journal of Polymer Science, 12:11,
1974.

A. Facchetti, Y. Myung-Han, and T. J Marks. Gate dielectrics for organic
field-effect transistors: New opportunities for organic electronics. Advanced
Materials, 17:1705-1725, 2005.

C.W. Tang. Two-layer organic photovoltaic cell. Applied Physics Letters,
48:183-5, 1986.

A. Pocchettino. Rendiconti Accademia Lincei, 15:355, 1906.
C. W. Tang and S. A. VanSlyke. Applied Physics Letters, 51:913, 1987.

A. R. Brown R. N. Marks K. Mackay R. H. Friend P. L. Burns J. H. Bur-
roughes, D. D. C. Bradley and A. B. Holmes. Light-emitting diodes based
on conjugated polymers. Nature, 347:539, 1990.

S. R. Forrest L. S. Sapochak D. M. McCarty P. E. Burrows, V. Bulovic
and M. E. Thompson. Reliability and degradation of organic light emitting
devices. Applied Physics Letters, 23:2922-2924, 1994.

C. Lin V. Adamovich S. Xia M. S. Weaver R. Kwong W. D. Brian, J. Esler
and J. Brown. Realizing white phosphorescent 100 Im/w oled efficacy. In
Proceeding SPIE, 2008.

Stijn De Vusser. Organic Thin-Film Transistors: Process Technology
and Circuit Design. PhD thesis, Katholieke Universiteit Leuven Faculteit
Toegepaste Wetenschappen Department Elektrotechniek, 2006.

S. R. Forrest L. S. Sapochak P. E. Burrows, V. Bulovic and M. E. Thompson
D. M. McCarty. Applied Physics Letters, 65:2922, 1994.

N. Hu H. Chan G. Xu Y. Liew, H. Aziz and Z. Popovic. Applied Physics
Letters, 77:2650, 2000.

103



104

BIBLIOGRAPHY

[14]

[15]

[16]

18]

[19]

[20]

[21]

H. Lim Y. Kim, D. Choi and C. S. Ha. Applied Physics Letters, 82:2200,
2003.

Y. Sato and H. Kanai. Stability of organic electroluminescent diodes. Molec-
ular Crystals and Liquid Crystal, 253:142-150, 1994.

N. Yamamoto E. Han, L. Do and M. Fujihira. Crystallization of organic
thin film for electroluminescent devices. Thin Solid Films, 273:202-208,
1996.

S. R. Forrest B. E. Koene D. E. Loy D. F. OBrien, P. Burrows and M. E.
Thompson. Hole transporting materials with high glass transition tem-
peratures for use in organic light-emitting devices. Advanced Materials,
10:1108-1112, 1998.

M. Stossel J. Simmerer A.Winnacker H. Spreitzer F. Weissortel F. Steuber,
J. Staudigel and J. Salbeck. White light emission from organic leds utiliz-
ing spiro compounds with high-temperature stability. Advanced Materials,
12:130-133, 2000.

K. Noda A. Okada S. Tokito, H. Tanaka and Y. Taga. Temperature depen-
dance of electroluminescent characteristics in the devices fabricated with
novel triphenylamine derivatives. IEFEE Transaction on FElectron Device,
44:1239-1244, 1997.

K. Nagai C. Adachi and N. Tamoto. Molecular design of hole transport
materials for obtaining high durability in organic electroluminescent diodes.
Applied Physics Letters, 66:2679-2681, 1995.

N. Hu P. Dos Anjos H. Aziz, Z. Popovic and A. loannidis. Degrada-
tion of tris(8-hydroxyquinoline) (alq3 )-based organic light emitting devices
(oleds). In Proc. SPIE Conf. Organic Light Emitting Materials and Devices,
pages 251-255, 2001.

N. Hu A. Ioannidis Z. D. Popovic, H. Aziz and P. N. M. dos Anjos. Journal
of Applied Physics, 89:4673, 2001.

C. V. Tang R. D. Y. Kondakov, J. R. Sandifer and H. J. Young. Applied
Physics, 93:1108, 2003.

N. X. Hu A. M. Hor H. Aziz, Z. D. Popovic and G. Xu. Science, 283:1900,
1990.

D. L. Thomsen III F. Papadimitrakopoulos, X.-M. Zhang and K. A. Higgin-
son. A chemical failure mechanism for aluminum (iii) 8-hydroxyquinoline
light emitting devices. Chemical Materials, 8:1363-1365, 1996.

R. H. Friend T. Shimoda M. Inbasekaran W. Wu H. Shirringhaus,
T. Kawase and E. P. Woo. High-resolution inkjet printing of all-polymer
transistor circuits. Science, 290:2123, 2000.



BIBLIOGRAPHY 105

[27]

28]

[29]

[30]

[33]

[34]

[35]

[36]

[37]

[38]

Y.Y. Lin, D.J. Gundlach, S.F. Nelson, and T.N. Jackson. High-mobility
pentacene-based organic thin film transistors. In Device Reasearch Confer-
ence Digest, 1977.

M. Shtein, J. Mapei, J.B. Benziger, and S.R. Forrest. Effects of film mor-
phology and gate dielectric surface preparation on the electrical characteris-

tics of organic-vapor-phase-deposited pentacene thin-film transistors. Appl.
Phys. Lett., 81:268, 2002.

W.S Wong, R. Lujan, S.E. Ready, J. Daniel, and R.A. Street. Low-
temperature a:si:h thinfilm transistor backplanes on flexible substrates by
digital lithography. In Spring Meeting MRS, San Francisco 2005.

P. Mach, S.J. Rodriguez, R. Nortrup, and J.A. Rogers P. Wiltzius. Mono-
lithically integrated, flexible display of polymer-dispersed liquid crystal
driven by rubber-stamped organic thin-film transistors. Appl. Phys. Lett.,
78:3592, 2001.

C.D. Sheraw, L. Zhou, J.R. Haung, D.J. Gundlach, T.N. Jackson, M.G.
Kane, 1.G. Hill, M.S. Hammond, J. Campi, B.K. Greening, J. Francl, and
J. West. Organic thin-film transistor-driven polymer-dispersed liquid crys-
tal displays on flexible polymeric substrates. Appl. Phys. Lett., 80:1088,
2002.

T.W. Kelley, P.F. Baude, C. Gerlach, D.E. Ender, D. Muyres, M.A. Haase,
D.E. Vogel, and S.D. Theiss. Recent progress in organic electronics: Mate-
rials, devices, and processes. Chem. Mat., 16:4413, 2004.

H. Sirringhaus. Device physics of solution-processed organic field-effect
transistors. Advanced Materials, 17:2411, 2005.

N. G. Greenham and R. H. Friend. Solid state physics. Academic Press,
1995.

B. J. de Gans H. Katz and P. C. Recent advances in semiconductor per-
formance and printing processes for organic transistor-based electronics.
Chem. Mater., 16:4748, 2004.

B.J. de Gans, P.C. Duineveld, and U.S. Schubert. Inkjet printing of poly-
mers: State of the art and future developments. Advanced Materials, 16:203,
2004.

H. Sirringhaus, R. Friends, T. Kawase, and L. Buergi. Thin-Film Transis-
tors. Marcel Dekker, New York 2003.

H. Klauk. Organic thin-film transistors. Chemical Society Reviews,
39:26432666, 2010.

G. Horowitz, X. Z. Peng, D. Fichou, and F. Garnier . Role
of the semiconductor-insulator interface in the characteristics of pi-
conjugatedoligomer-based thin-film transistors. Synth. Met., 51:419-424,
1992.



106

BIBLIOGRAPHY

[40]

[41]

[42]

[43]

[48]

[49]

R. C. Haddon, A. S. Perel, R. C. Morris, T. T. M. Palstra, A. F. Hebard,
and R. M. Fleming. Cgg thin film transistors. Appl. Phys. Lett., 67:121-123,
1995.

A. R. Brown, A. Pomp, C. M. Hart, and D. M. de Leeuw. Logic gates
made from polymer transistors and their use in ring oscillators. Science,

270:972-974, 1995.

D. J. Gundlach, C. C. Kuo, S. F. Nelson, and T. N. Jackson. Organic
thin film transistors with field effect mobility > 2 cm?/vs. In 57h Device
Research Conference Digest, 1999.

D. Fichou G. Horowitz, X. Peng and F. Garnier. The oligothiophene-based
field effect transistor: How it works and how to improve it. Journal of
Applied Physics, 67:528, 1990.

J. Zaumseil and H. Sirringhaus. Electron and ambipolar transport in or-
ganic field effect transistors. Chemical Review, 107:1296-1323, 2007.

Stijn Verlaak. Small-molecule organic thin-film transistors: growth, charge
transport and some applications. PhD thesis, Katholieke Universiteit
Leuven Faculteit Toegepaste Wetenschappen Department Elektrotechniek,
2004.

S. Verlaak, S. Steudel, P. Heremans, D. Janssen, and M. S. Deleuze.
Nucleation of organic semiconductors on inert substrates. Phys. Rev. B
68(19):195409, 2003., 68:195409, 2003.

T. W. Kelley, D. V. Muyres, P. F. Baude, T. P. Smith, and T. D. Jones.
High performance organic thin film transistors. In Mater. Res. Symp. Proc.,
771:16.5.1L6.5.10, 2003.

R. C. Kwong V. I. Adamovich, M. S. Weaver and J. J. Brown. High tem-
perature operation and stability of phosphorescent oleds. Current Applied
Physics, 5:15-18, 2005.

F. Chen T. Guo S. Chang, G. He and Y. Yang. Degradation mechanism of
phosphorescent-dye-doped polymer light-emitting diodes. Applied Physics
Letters, 79:2088, 2001.

A. Di Cristofalo P. Cusumano, F. Buttitta and C. Cal. Effect of driv-
ing method on the degradation of organic light emitting diodes. Synthetic
Metals, 139:657-661, 2003.

N. Hu P. N. M. dos Anjos, H. Aziz and Z. D. Popovic. Temperature depen-
dence of electroluminescence degradation in organic light emitting devices

without and with a copper phthalocyanine buffer layer. Organic Electronics,
3:9-13, 2003.

V. I. Adamovich M. S. Weaver S. C. Xia, R. C. Kwong and J. J. Brown.
Oled device operational lifetime: Insights and challenges. In Proc. 45th

annual. IEEE international Reliability physics symposium, pages 253-257,
2007.



BIBLIOGRAPHY 107

[53]

[54]

[55]

[61]

[62]

[65]

[66]

N. Hu A. Hor G. Xu H. Aziz, Z. D. Popovic. Degradation mechanism
of small molecule based organic light-emitting devices. Science, 283:1900,
1999.

A. Nathan A. Werner J. Birnstock O. Schneider G. Reza Chaji, C. Ng and
Jan Blochwitz Nimoth. FElectron Device Letters, 28:1108, 2007.

V. Bulovic D. M. McCarty S. R. Forrest J. A. Cronin P. E. Burrows, Z. Shen
and M. E. Thompson. Journal of Applied Physics, 79:7991, 1996.

W. Bruutting S. Berleb and G. Paasch. Interfacial charges and electric
field distribution in organic hetero-layer light-emitting devices. Organic
Electronics, 1:41-47, 2000.

D. J. Kondakov. Applied Physics, 97:024503, 2005.

F. Rohlfing T. Yamada and T. Tsutsui. Japanese Journal of Applied
Physics, 39:1382, 2000.

D.M. Fleetwood and N. S. Saks. Oxide, interface and border traps in ther-
mal, no0, and nqo-nitrided oxides. Applied Physics Journal, 79:1538, 1996.

Han-Youl Ryu, Kyoung-Ho Ha, Jung-Hye Chae, Ok-Hyun Nam, and
Yong-Jo Park. Measurement of junction temperature in gan-based laser
diodes using voltage-temperature characteristics. Applied Physics Letters,
87(9):093506, 2005.

Y. Xi and Schubert. Junction-temperature measurement in gan ultraviolet
light-emitting diodes using diode forward voltage method. Applied Physics
Letters, 85:2163, September 2004.

Y. Xi, J.-Q. Xi, Th. Gessmann, J. M. Shah, J. K. Kim, E. F. Schubert,
A. J. Fischer, M. H. Crawford, K. H. A. Bogart, and A. A. Allerman.
Junction and carrier temperature measurements in deep-ultraviolet light-
emitting diodes using three different methods. Applied Physics Letters,

86(3):031907, 2005.

B. Geffroy. Organic light-emitting diode (oled) technology: materials, de-
vices and display technologies. Polym.er International, 55:572-582, 2006.

J. G. Kim J. C. Woo, G. H. Kim and C. I. Kim. Etching characteristic
of zno thin films in an inductively coupled plasma. Surface € Coatings
Technology, 202:5705-5708, 2008.

W. Lee C. Hong W. I. Lee H. W. Kim C. Lee, R. P. D. Dwivedi. Izo/al/gzo
multilayer films to replace ito films. Journal of Materials Science: Materials
wn Electronics, 19:981-985, 2008.

B. Kumar G. Hu and H. Gong. Transparent indium zinc oxide ohmic contact
to phosphor-doped n-type zinc oxide. Applied Physics Letters, 88, 2006.



108

BIBLIOGRAPHY

[67]

[68]

[69]

[70]

[76]

R. Chandramohan K. Ramamoorthya, K. Kumar and K. Sankara-
narayanan. Review on material properties of izo thin films useful as epi-
n-tcos in opto-electronic (sis solar cells, polymeric leds) devices. Materials
Science and Engineering, 126:1-15, 2006.

J-H Bae J-M. Moon K-H. Choi S. W. Jeong N-J. Park J-J. Kim S. H.
Lee J-W. Kang M-S Yi S. W. Cho, J-A. Jeong and H-K. Kim. Highly
flexible, transparent, and low resistance indium zinc oxideagindium zinc

oxide multilayer anode on polyethylene terephthalate substrate for flexible
organic light-emitting diodes. Thin Solid Films, 516:78817885, 2008.

Th. Gessmann Y. Xi, J-Q Xi. Junction and carrier temperature measure-
ments in deep-ultraviolet light-emitting diodes using three different meth-
ods. Applied Physics Letters, 86:031907, 2005.

L. Jia D. J. Gundlach and T. N. Jackson. An experimental study of contact
effects in organic thin film transistors. IEEFE Electron Device Letters, 18:571,
2001.

C. C. Kuo and T. N. Jackson. Direct lithographic top contacts for pentacene
organic thin-film transistors. Applied Physics Letters, 94:053304, 2009.

C. R. Kagan and P. Andry. Thin-Film Transistors. Dekker, New York,
2003.

Iwao Yagi, Nobukazu Hirai, Makoto Noda, Ayaka Imaoka, Yoshihiro
Miyamoto, Nobuhide Yoneya, Kazumasa Nomoto, Jiro Kasahara, Akira

Yumoto, and Tetsuo Urabe. A full-color, top-emission am-oled display
driven by otfts. In SID, 2007.

Kris Myny-Jan Genoe Stijn De Vusser, Soeren Steudel and Paul Heremans.
Integrated shadow mask method for patterning small molecule organic semi-
conductors. Applied Physics Letters, 88:1063, 2006.

M. Katsuhara, I. Yagi, M. Noda, N. Hirai, R. Yasuda, T. Moriwaki,
S. Ushikura, A. Imaoka, K. Nomoto, A. Yumoto, and T. Urabe. A re-

liable flexible oled display with an otft backplane manufactured using a
scalable process. In SID, 2009.

L. Zhang H. Zhang X. Jiang-W. Zhu J. Li, X. Zhang and Z. Zhang. Effect of
a sinx insulator on device properties of pentacene-tfts with a low-cost copper

source/drain electrode. Semiconductor Science and Technology, 25:045027,
2010.

Y.LiuY. Guo Y. Wang-W. Wu C. Di, G. Yu and D. Zhu. High-performance
organic field-effect transistors with low-cost copper electrodes. Advanced
Materials, 20:1286-1290, 2008.

D. J. Gundlach, T. N. Jackson, D. G. Schlom, and S. F. Nelson. Solvent
induced phase transition in thermally evaporated pentacene films. Phys.
Lett., 74:3302-3304, 1999.



BIBLIOGRAPHY 109

[79]
[80]
[81]
[82]

[83]

[84]

[85]

[36]

[87]

[38]

[89]

[92]

[93]

[94]

A.Zakhidov et al. Advanced Materials, 20:3481-3484, 2008.
A. De Franco. Organic Electronics, 7:22-28, 2006.
P. G. Taylor J. K. Lee. Advanced Materials, 21:2314, 2009.

T. Umeda D. Kumaki and S. Tokitoa. Reducing the contact resistance of
bottom-contact pentacene thin-film transistors by employing a moox carrier
injection layer. Apllied Physics Letters, 92:013301, 2008.

T. Minari M. Kano and K. Tsukagoshi. Improvement of subthreshold cur-
rent transport by contact interface modification in p-type organic field-effect
transistors. Applied Physics Letters, 94:143304, 2009.

T. Sajoto S. Barlow-S. R. Marder-B. Kippelen S. P. Tiwari, W. J. Potscav-
age. Pentacene organic field-effect transistors with doped electrode-
semiconductor contacts. Organic Electronics, 11:860-863, 2010.

R. Nortrup H. Moon H. Katz D. Li, E. J. Borkent and Z. Bao. Applied
Physics Letters, 86.

J. Jang S. M. Cho M. H. Oh S. H. Lee S. H. Han, J. H. Kim and D. J.
Choo. Applied Physics Letters, 88, 2006.

T. Sekitani amd T. Someya. Air-stable operation of organic field-effect
transistors on plastic films using organic/metallic hybrid passivation layers.
Japanese Journal of Applied Physics, 46:4300-4306, 2007.

D. Simeone et al. Pentacene tfts with parylene passivation layer. Thin Solid
Films, 517:62836286, 2009.

Jr. B. Domercq B. Kippelen N. Kim, W. J. Potscavage and S. Graham.
A hybrid encapsulation method for organic electronics. Applied Physics
Letters, 94:163308, 2009.

R. Ulbricht S. B. Lee M. Zhoub J. P. Ferraris P. Madakasira, K. Inoue and
A. A. Zakhidov. Multilayer encapsulation of plastic photovoltaic devices.
Synthetic Metals, 155:332-335, 2005.

Y.C. Lim K.G. Choi K.C. Lee G.B. Park C.J. Lee D.G. Moon J.I. Han
Y.B. Kim S.C. Nam Y.S. Yoon, H.Y. Para. Effects of parylene buffer layer
on flexible substrate in organic light emitting diode. Thin Solid Films,
513:258-263, 2006.

K. Fukuda et al. Thermal stability of organic thin-film transistors with
self-assembled monolayer dielectrics. Appl. Phys. Lett., 96, 2010.

T. Yasuda, K. Fujita, H. Nakashima, and T. Tsutsui. Organic field-effect
transistors with gate dielectric films of poly-p-xylene derivatives prepared
by chemical vapor deposition. J. Apply. Phys., 42:6614-6618, 2003.

D. Gay K.Myny G. Meneghesso E. Zanoni J. Genoe P. Heremans A. Pinato,
S. De Jonge. Integration of pentacene transistor on parylene foil. In HeTech
07, 16th European Workshop on Heterostructure Technology, 2007.



110 Bibliography

[95] V.Y. Butko, X. Chi, D. V. Lang, and A. P. Ramirez. Field-effect transistor
on pentacene single crystal. Appl. Phys. Lett., 83:4773—-4775, 2003.

[96] L. Wolgemuth. The surface modification properties of parylene for medical
applications. Technical report, 2002.

[97] A. I. Wang. Threshold voltage in pentacene field effect transistors with
parylene dielectric. Master’s thesis, Massachussetts Institute of Technology,
2004.

[98] J. F. Chang E. C. W. Ou P. K. H. Ho H. Sirringhaus L. L. Chua, J. Zaumseil
and R. H. Friend. General observation of n-type field-effect behaviour in
organic semiconductors. Nature, 434:194, 2005.

[99] M. A. Haase T. W. Kelley D. Muyres P. F. Baude, D. E. Ender and S. D.
Theiss. Pentacene-based radio-frequency identification circuitry. Applied
Physics Letters, 82:3964, 2003.

[100] Soeren Steudel Dimitri Janssen Robert Mller Stijn De Jonge Stijn Verlaak
Jan Genoe Kris Myny, Stijn De Vusser and Paul Heremans. Self-aligned
surface treatment for thin-film organic transistors. Applied Physics Letters,
88:222103, 2006.

[101] C. J. Brabec, N. S. Sariciftci, and J. C. Hummelen. Plastic solar cells.
Advaced Functional Materials, 11:15-26, 2001.

[102] W. C. Lenhart D. Y. Kondakov and W. F. Nichols. Operational degradation
of organic light-emitting diodes: Mechanism and identification of chemical
products. Journal of Applied Physics, 101:024512, 2007.

[103] H. Koezuka, A. Tsumura, and T. Ando. Field-effect transistor with poly-
thiophene thin film. Synth. Met., 18:699-704, 1987.

[104] J. H. Burroughes, C. A. Jones, and R. H. Friend. New semiconductor device
physics in polymer diodes and transistors. Nature, 335:137-141, 1988.

[105] P. Peumans, A. Yakimov, and S. R. Forrest. Small molecular weight organic
thin-film photodetectors and solar cells. J. Appl. Phys., 93:3693-3723, 2003.

[106] K. Walzer D. Kuckling S. Scholza, C. Corten and K. Leo. Photochemical
reactions in organic semiconductor thin films. Organic Electronics, 8:709—

717, 2007.

[107] X. Peng, G. Horowitz, D. Fichou, and F. Garnier. All-organic thin film
transistors made ofa-sexithienyl semiconducting and various polymeric in-
sulating layers. Appl. Phys. Lett., 57:2013-2015, 1990.



	Abstract
	Sommario
	Contents
	List of Figures
	Nomenclature
	General Introduction
	Organic Electronics
	OLEDs
	Intrinsic degradation on Alq3-based OLEDs

	OTFTs
	A bit of history
	Basic Operation
	Pentacene


	OLEDs optical investigation
	PHOLED size and shape impact on light emission
	Light emission distribution of solution processed OLEDs

	Reliability stress tests on Alq3/NPD OLEDs
	Optical and electrical degradation of NPD/Alq3 OLEDs
	Phosphorescent OLEDs submitted to accelerated stress

	Thermal study on Alq3/NPD OLEDs
	Evaluation of the junction thermal resistance
	OLEDs surface thermal analysis
	Thermal study on OLEDs with different anode materials

	OTFTs technology development
	OTFTs processing
	Photolitographic top contact OTFTs
	OTFT with wet etched Silver Top Contact
	OTFT with dry etched Silver Top Contact

	Parylene encapsulation of Organic TFTs
	OTFT encapsulation
	Parylene-C as encapsulation coating
	Stability test on encapsulated OTFTs

	Conclusions
	Evaluation of the thermal resistance
	Surface Treatment
	Organic Molecular Beam Deposition
	Spin Coating Process Description
	Spin Coating Stages.
	Static Distribution, Dynamic Distribution
	Spin Speed
	Acceleration
	Fume Exhaust

	MA6 mask aligner
	Parylene Deposition System
	Bibliography

