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Abstract

This thesis reports the investigation of color tuning of two types of organic light emitting devices,
transistors (OLETs) and diodes (OLEDs). Voltage tunable two color light emission was
demonstrated for OLETs. For OLEDs, two kinds of color tuning methods were presented. For
these, color tuning was realized using thermal annealing which changes the light emission color
of the devices permanently.

The two color light emission of the OLETs, employing a three-layer heterostructure device
configuration, occurs in red and green. The device structure was first utilized for producing red
light emission originating from a light emission layer made of Alq3:DCM that was deposited
between the hole and electron transport layers made of DH-4T and DFH-4T, respectively. After
modifying the fabrication process in order to raise the device performance by acquiring smoother
active layers green light could also be produced by the devices. Green light emission originated
from the electron transport layer. This took place during the electron transport mode, while the red
emission was apparent while hole transport was active. The color of the light emission was
therefore demonstrated as being tunable by voltage.

For OLEDs, devices with one active polymeric layer, undoped and doped, were investigated.
The undoped OLEDs had the light emission layer made of blue light emitting polyfluorene PFO.
The OLEDs suffered from keto-defects shifting their light emission color from blue to greenish
shade, a common problem occurring in widely used blue light emitting polyfluorenes. The work
conducted and reported in this thesis demonstrated that thermal annealing can be used for
diminishing this undesired green emission. For the doped OLEDs with the light emission layer
made of a PFO:F8BT blend, color tuning was realized using thermal annealing as well. As a result
of exposure to thermal treatment, the light emission color of these devices which was green as
fabricated was converted to white. The phenomenon behind this effect was explained by phase
separation between the host and dopant polymers of the light emission layer.

Keywords: color tuning, organic electronics, organic light emitting diode (OLED),
organic light emitting transistor (OLET)
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Tiivistelmä

Tässä väitöskirjatyössä tutkitaan orgaanisten valoa emittoivien transistoreiden (OLET) ja diodi-
en (OLED) värinsäätöä. Työssä tehtiin kolmikerrosrakenteisia OLETeja, jotka kykenevät emit-
toimaan valoa kahdella värillä ja joiden emittointiväri on jännitesäädettävissä. OLEDien osalta
toteutettiin kaksi erilaista värinsäätömenetelmää, joissa molemmissa hyödynnettiin kuumennus-
ta pysyvän värinvaihdon aikaansaamiseksi.

Tutkitut OLETit emittoivat punaista ja vihreää valoa. Aluksi tutkittiin vastaavia komponent-
teja, jotka emittoivat vain punaista valoa. Näissä komponenteissa punaisen valon tuotti keskim-
mäinen valoemitterinä toiminut kerros (Alq3:DCM), jonka ala- ja yläpuolella olivat aukko- ja
elektronijohtavat kerrokset (DH-4T ja DFH-4T). Komponenteilla saatiin tuotettua myös vihreää
valoa, kun valmistusprosessia kehitettiin tasaisempien aktiivisten materiaalikerrosten valmista-
miseksi. Vihreän valon todettiin olevan elektronijohtavan kerroksen tuottamaa. Kaksiväriemit-
toiva OLET tuotti vihreää valoa ollessaan elektronijohtavassa tilassa, ja punaista valoa aukko-
johtavassa tilassa, emittointivärin ollessa näin jännitesäädettävissä.

Työssä tutkittujen OLEDien valon emittointi perustui polymeerikerrokseen, joka oli toisissa
OLEDeissa seostamaton ja toisissa seostettu. Seostamattomien OLEDien aktiivinen kerros oli
tehty sinistä valoa tuottavasta polyfluoreenista (PFO), jossa usein ilmenee keto-virheitä, joiden
vuoksi PFO:sta tehtyjen OLEDien valo muuttuu sinisestä vihertäväksi. Työssä osoitettiin, että
kuumennusta voidaan käyttää sinisen emittointivärin palauttamiseen. Seostettujen OLEDien
(PFO:F8BT) osalta kuumennusta käytettiin komponenttien emittointivärin muuttamiseksi alku-
peräisestä emittointiväristä vihreästä valkoiseksi. Tämä ilmiö selitettiin valoa emittoivan kerrok-
sen polymeerien välisellä faasierkaantumisella.

Asiasanat: orgaaninen elektroniikka, orgaaninen valoa emittoiva diodi (OLED),
orgaaninen valoa emittoiva transistori (OLET), värin säätö
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Abbreviations and symbols

AC Alternating current
AFM Atomic force microscopy
Alq3 Tris(8-hydroxyquinolinato)aluminium
CIE Commission internationale de l’éclairage
DC Direct current
DH-4T α,ω-dihexyl-quaterthiophene
DFH-4T α,ω-diperfluorohexyl-quaterthiophene
DCM 4-(dicyanomethylene)-2-methyl-6-(p-dimethylaminostyryl)-4H-pyran
EQE External quantum efficiency
F8BT Poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-(benzo[2,1,3]thiadiazol-4,8-diyl)
HOMO Highest occupied molecular orbital
HTL Hole transport layer
ITO Indium-tin-oxide
LCD Liquid crystal display
LED Light emitting diode
LEL Light emission layer
LET Light emitting transistor
LUMO Lowest unoccupied molecular orbital
MEIS Metal-electrolyte-insulator-semiconductor
OFET Organic field-effect transistor
OLED Organic light emitting diode
OLET Organic light emitting transistor
PFO Poly(9,9-di-n-octylfluorenyl-2,7-diyl
PEDOT:PSS Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
PMMA Poly(methyl methacrylate)
RGB Red, green, blue
SPYIN 2’,7’-ditert-butyl-N,N-diphenyl-7-(4-(1-phenyl-1H-benzoimidazol-2-yl)-

phenyl)-9,9’-spirobi[fluorene]-2-amine
TFT Thin film transistor

Ci Capacitance of a dielectric
e Electron
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Eg Energy bandgap
h Hole
Id Drain current
Ie f f Current efficiency
L Channel length
Vd Drain voltage i.e. drain-source voltage
Vg Gate voltage i.e. gate-source voltage
Vth Threshold voltage
W Channel width

µsat Saturation mobility (of the charge carriers)
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1 Introduction

Organic electronics is a rather new, vastly expanding field of technology. It is based
on the use of organic semiconductors as active materials in electronic devices instead
of traditionally used inorganic semiconductors, such as silicon. In this thesis, organic
electronic devices with a light emitting property are examined. The main focus are
organic light emitting diodes (OLEDs) and transistors (OLETs). Of these, OLETs
present a relatively new type of devices with their development being still at the research
stage, whereas OLEDs, are already widely available in commercial applications. Today,
OLED displays are commonly utilized in smart phones [1, 2] and OLED-TVs are on the
market rivaling LED-backlit liquid crystal display (LDC) TVs [3–5]. OLED technology
first made it possible to bring displays with big screen sizes that were not found on
LCDs to consumer markets, when in 2015 LG launched models reaching up to 77 inch
[3]. In addition to the ability to produce large-area devices at lower costs than before,
OLED-TVs have also other advantages such as the capability of turning single pixels off
so to produce genuine black. Also flexible, ultra-thin (approx. 0.1 inch) or transparent
displays could be produced but this far these have been limited to exhibitions. The other
assets over the LCD-technology include high brightness, high contrast ratios, wide
viewing angles, low response times and low power consumption [6–9].

Much of the interest towards organic electronics stems from the opportunity of
gaining low-cost products [10]. Materials and processing costs are reduced in comparison
to conventional silicon based technology [10, 11]. Organic semiconductors, which
may consist of materials such as polymers, are relatively easy to synthetize and they
also do not require the high processing temperatures that are needed for inorganic
semiconductors [12]. In addition, methods such as standard printing techniques can
be applied for their fabrication. For these reasons the costs are reduced for organic
electronics, but besides the low-cost, it is also possible to achieve new kinds of device
properties that are hard or even impossible to achieve with inorganic electronics. These
kinds of properties include e.g. flexibility, low weight, thinness and large device area
[13].

Organic electronics also however faces many disadvantages that limit device
performance, and hence, commercialization of applications. These downsides include
low charge carrier mobility and life-time problems. Also the fabrication process,
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although simpler, is less robust than for inorganic semiconductors. By and large, organic
electronics currently competes with silicon-based electronics above all on price instead
of quality. Therefore, active research work is needed to bridge the gap and to bring out
the advantages of organic electronics.

Color tuning is a feature that could offer an advantage for organic light emitting
devices over the inorganic ones. This is due to the benefits of the inherent properties of
organic electronic materials and the potential for efficiently processing them to gain
this feature. This thesis utilizes these advantages in investigating color tuning feature
in OLEDs and OLETs. Concerning OLETs, devices with voltage tunable color of
the light emission are examined. For tuning the emission color of OLEDs, two kinds
of modifications are realized to change their light emission color permanently. The
modifications are executed to enhance the color purity of the OLEDs and to convert
their light emission color. In addition, DC-biasing of a metal-electrolyte-insulator-
semiconductor (MEIS) gas sensor with polymer electrolyte is demonstrated as a method
for enhancing performance of these types of sensors. The method is also proposed
as a potential approach for enhancing performance of other electrolyte-gated devices,
including transistors.

This thesis includes five articles (I-V) that are reviewed by the introductory part
comprised of four chapters. This Introduction is followed by the chapter ”Organic light
emitting diodes and transistors” that is a lead-in to the operation principles of OLEDs
and OLETs and suggests the method that could be used for reducing the switching speed
of electrolyte-gated OLETs. It aims to provide background information and reasoning
for the research into the color tuning feature, for which the results attained in the thesis,
are presented in the chapter ”Color tuning of organic light emitting devices”. That
chapter also presents a literature review on color tuning of organic light emitting devices.
Finally, the chapter ”Discussion and conclusion” gathers and analyzes the results of the
thesis. Future work for taking the research forward is also proposed.
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2 Organic light emitting diodes and
transistors

This thesis deals with two types of organic light emitting devices, OLEDs and OLETs.
To differentiate them from the corresponding inorganic light emitting diodes (LEDs) and
transistors (LETs), the devices are considered to be organic when the active materials
responsible for charge transfer and light generation are made of organic semiconductors.
These kinds of organic compounds can be e.g. polymers, which are traditionally known
as insulators. However, in the mid-1970s Alan Heeger, Alan MacDiarmid, and Hideki
Shirakawa showed that the conductivity of polymers can be varied from being an
insulator to becoming a conductor by electrochemical doping [14]. The work created
the grounds for the field of organic electronics and brought them a Nobel prize in the
year 2000 [15–17].

The basis for the electric conductivity and semiconductivity of organic semiconduc-
tors originates from overlapping π-orbitals that allow for delocalization of electronic
charges along the molecule or polymer. This means the alternation of single and double
bonds between the carbon atoms of the molecule chains, which in turn leads to the
delocalization of the electrons. When such molecules with delocalized electronic
systems are closely packed together, their interaction creates continuous energy bands
that allow the transfer of unbound electrons [15, 18]. Long-range transport is then
possible and includes hopping of charges across barriers at domain-domain interfaces.
For organic semiconductors the energy bands are referred to as the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO).
Electrons transfer on LUMO, and holes, which can be seen as empty electron states,
transfer on HOMO. Light emission takes place when, due to coulomb attraction, an
electron situated on LUMO creates a pair, an exciton, with a hole on HOMO. The energy
equivalent for the bandgap of the molecular orbitals is then released as a photon [19] as
depicted in Figure 1.

Organic semiconductors are classified into three categories. The earlier mentioned
polymers form one of the classes, while small molecules and natural or nature-inspired
materials form the other two classes [20, 21]. Small molecules are low molecular weight
materials. This is in contrast to polymers that consist of long molecular chains. Nature
and nature-inspired materials are not widely researched as active materials for organic

19



Fig. 1. Illustration of light emission generation in organic light emitting semiconductors:
holes (+) and electrons (–) are transferred at their respective energy levels, HOMO and LUMO,
then bind as an exciton, and subsequently, recombine releasing a photon. Eg stands for the
energy bandgap between the LUMO- and HOMO-levels that determines wavelength, hence
color, of the light emission.

electronics devices, but should be noted for their potential to generate environmentally
friendly electronics in the future [21]. Small molecules and polymers are used as active
materials in the devices investigated in this thesis.

Different preparation techniques are required for small molecules and polymers. The
advantage of polymers is that they can be synthetized to be soluble in common solvents.
This makes fabrication possible using solution processing techniques, including e.g.

printing, that are readily scalable for mass manufacturing. The solution processing
method applied in this thesis in the fabrication of polymer-based OLEDs is spin coating.
This is a general method used in the research stage for investigation of devices, which
are desired to be fabricated using higher throughput fabrication methods in the future.

Small molecules are usually deposited by vacuum thermal evaporation that is the
technique used in Articles II and III of this thesis for fabrication of the OLETs, whose
active layers are made of small molecules. Generally, thermal evaporation has lower
throughput than solution processing methods, but it can also be adapted to roll-to-roll
manufacturing likewise many printing methods. It is a well-established technique used
for manufacturing commercial OLED displays [22, 23]. Its significant benefit is that it
allows the deposition of numerous layers in a stack. That is more of a challenge to do by
solution processing methods, where orthogonal solvents must be used in deposition of
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successive layers to prevent dissolving the previous layer when depositing the next one
[10, 24].

2.1 Organic light emitting diodes

It was in the end of 1980s, when the first OLEDs were realized. Ever since, development
of OLEDs has been rapid and nowadays they represent the most developed type of
organic electronic device when it comes to commercial applications [20]. So far display
technology has been the major application field with lighting applications prospected as
a follower.

2.1.1 Device structures and operation

In OLEDs, holes and electrons are injected from contact electrodes, transported through
the organic layer(s), then forming excited states, which finally recombine to emit
photons. The contact electrodes are chosen so that their work functions support easy
injection of charge carriers to the device. Thereby, the positively biased anode needs
to be a high work function material for gaining efficient injection of holes into the
HOMO-level of the successive layer. Respectively, for the negatively biased cathode
contact, a low work function material should be used to obtain the optimal injection
of electrons to the LUMO level of the adjacent material layer. One of the electrodes
also has to allow light to pass through it. Usually that is the anode contact, made of
indium-tin-oxide (ITO) which is a high work function material and transparent to
visible light. The cathode contact electrodes are typically made of material alloys or
stacked layers such as Mg:Ag or LiF/Al.

The first successful OLEDs that were demonstrated by C. W. Tang and S. A. Van Slyke
from Eastman Kodak’s research laboratories in 1987 [25] consisted of two organic semi-
conducting layers sandwiched between contact electrodes. One of the active layers took
care of hole transport, while the other one made of tris(8-hydroxyquinoline)aluminum
(Alq3) provided electron transport and light generation. Ever since then various OLED-
structures have been presented. At its simplest, OLEDs with just one layer, capable
of transporting both holes and electrons and emitting light, can be built. However,
more layers are typically needed to enhance device operation. For example, poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is generally used as a
buffer layer for aiding hole injection [26, 27] and smoothening the roughness of the

21



contact electrode which is usually made of ITO [28]. Besides the kind of two-layer
devices presented by C. W. Tang and S. A. Van Slyke [25], where one of the layers is
responsible for light emission, two layer devices without an actual light emission layer
can also be built [29]. In these devices light emission takes place at the interface of the
hole and electron transport layers. Furthermore, multilayer OLEDs are also often built,
e.g. so that a light emission layer is deposited between layers dedicated to the transfer
of holes and electrons. With multilayer devices, optimization of device performance
targeting for high efficiency light emission can be pursued [29, 30]. The total thickness
of the active layers is usually in the order of 100 nm.

Light emission layers can be made of a single material but it is also common to dope
them with a guest material with a smaller energy band gap. The doping approach is
done to pursue higher light emission efficiencies and to red-shift the light emission color
of the devices [30, 31]. The host material is responsible for transport of charges and
transfer of excited states, while light emission takes place from the dopant material
which excitons are transferred to from the host material by Förster energy transfer. The
color of the light emission is therefore determined by the dopant material. This makes
blue light emitting materials of high importance. Since these have the largest energy
bandgap of all the light emitting materials, OLEDs in the other colors can be produced
by doping them.

2.1.2 Characterization

OLEDs are tested for luminance, efficiency, turn-on voltage and their light emission
spectrum, in order to characterize their performance. Luminance, that is the brightness
of the light emission, aims to describe how brightly the human eye sees the light
emission. This depends on the amount of photons produced by the device, but also on the
luminosity function describing the dependency of the visual perception on the spectrum
of the light emission [32]. As sensitivity of the eye is at its strongest (in daylight) for
light at a wavelength of 555 nm, which corresponds to green, light from a source in this
color is experienced as being brighter than blue or red light at the same photon flux. It is
standard practice to present a light emission spectrum with peak wavelength as part of
OLED specifications, but in addition a Commission Internationaled’Eclairage (CIE)
color space graph is also used to give further information about the color of the light
emission as it is perceived by the human eye [33].
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Turn-on voltage is simply determined as the voltage required to produce a certain
luminance level, usually 10 cd/m2 or 100 cd/m2 in the forward scan of the bias voltage.
OLED efficiency is usually described as current efficiency or quantum efficiency.
Current efficiency, which is the measure of efficiency used in this thesis for OLEDs,
describes the maximum value of luminance per current unit showed by the device. As
for quantum efficiency, this is a direct measure of the number of emitted photons by the
number of injected electrons. External quantum efficiency (EQE) takes into account
only the photons escaping from the OLED, whereas internal quantum efficiency counts
all the generated photons regardless of whether they are expelled from the device as
light emission or not.

2.2 Organic light emitting transistors

The first OLET was realized in 2003 by Hepp et al. [34], roughly 15 years after the
creation of the first OLED. A unique feature of OLETs is the combination of the
switching property of transistors with the light emitting property of OLEDs. This
combination of properties is advantageous for creating numerous applications. For
instance, in OLED-displays a thin-film-transistor (TFT) back panel is needed for
switching in order to drive the operation of the OLEDs. Hence, the integration of the
switching property in the light emitting device, as done in OLETs, could simplify
display fabrication [8, 35]. Whereas OLED products have established markets, OLETs
are still at a research stage pursuing potential applications on lighting and optical
communication systems in addition to display technology [35]. Furthermore, electrically
pumped organic lasers have been proposed [36, 37] but have not been successfully
created yet. OLETs are also of scientific interest because they provide a tool for study of
fundamental properties of charge injection, transport and excitation, and light emission
in organic materials [38–41]. For this purpose especially a horizontal device structure is
beneficial due to direct access for optical probing of electroluminescence.

2.2.1 Device structures and operation

Figure 2 presents a series of OLETs with a horizontal device structure, which is the
type of OLET structure being of subject in this thesis. As in the figure, the OLETs
typically have three electrodes: a source, a drain and a gate. Although, OLETs with four
electrodes with a split gate architecture have also been presented [42]. A source electrode
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is generally determined to be connected to ground potential. Hence, it functions as
an electron injecting electrode, when the device is positively biased, and as a hole
injecting electrode, when the device is negatively biased. Furthermore, source and
drain electrodes are connected by a light emission layer and possibly by additional
charge transfer layers. These active layers form the channel of the transistor between the
source and drain electrodes. A gate electrode is insulated from the active layers and the
other electrodes by a dielectric layer that is also often made of organic materials, such
as a type of polymer poly(methyl methacrylate) (PMMA). The light emission can be
detected directly on the device or through the substrate, when it is made of transparent
materials. Besides the bottom-gate device architecture, as for the devices in Figure 2,
also top-gate architecture is common. The channel length of OLETs varies largely being
generally between 10 µm and 200 µm. The thicknesses of the active layers are on the
same order as for OLEDs, ranging from a few tens of nanometers up to 100 nm.

Operation of OLETs is based on controlling the conductivity of the channel. This
regulates current flow through the channel, and thereby the intensity of the light
emission. A voltage applied to the gate promotes the accumulation of charges along the
semiconductor-dielectric interface, which creates a conductive channel. Type of the
charge carriers depends on the direction between the gate electrode to the source and
drain electrodes.

The first OLETs [34] were unipolar meaning that only one type of charge carriers
were mobile in the device. In this type of devices, charge carriers, injected from the
source electrode, are transferred across the channel to the drain electrode, where they

(a) (b) (c)

Fig. 2. Schematic drawings of (a) one-layer, (b) two-layer and (c) three-layer OLETs. In
one-layer OLETs, the light emission layer is capable of light emission and charge transfer,
whereas, in two-layer OLETs, light emission takes place between the charge transfer layers,
and a separate light emission layer does not exist. As for three-layer OLETs, there are
separate layers dedicated for the transfer of electrons and holes, and for light emission.
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recombine with the opposite type of charges to generate light. Therefore, in unipolar
OLETs, light emission always takes place in close proximity to the drain electrode. It is
based on formation of a cloud of opposite charges in the channel very close to the drain
electrode that causes the transferred charges to recombine instead of escaping to the
drain electrode [43, 44].

In ambipolar OLETs, both types of charge carriers are mobile and transport along
the channel. The light emission zone can be controlled by the bias voltage to take place
anywhere between the drain and source electrodes [39, 45]. Light emission takes place at
the location where the accumulation layers of holes and electrons overlap and it usually
appears as a narrow line with a width of a couple of micrometers [39, 45, 46]. However,
light emission covering the full length of the channel has also been demonstrated for
three-layer heterostructure OLETs [47].

The ability to adjust the location of the light emitting zone makes it possible to reach
higher light emission efficiencies for ambipolar OLETs than for unipolar OLETs. This
is because all the charges must recombine [48], when the light emission takes place in
the channel aside from the electrodes. This in turn stems from the fact that charges
cannot escape to the counter electrode through an accumulation layer of opposite type
charges in a length of micrometers [39]. Exciton quenching and photon losses caused by
the source and drain electrodes can also be minimized by adjusting the light emission to
take place within the channel a distance away from electrodes [39, 41].

As OLEDs, OLETs too can at their simplest be fabricated with a single active layer
that is capable of light emission and charge transfer. Importantly, ambipolar OLETs
can also be made with a single active layer [39, 45, 49]. In this case a light emitting
material with a balanced charge transfer capability for holes and electrons is required.
This is possible to achieve and the best EQE for OLETs has been published for a single
layer polymer OLET produced by Gwinner et al. [50]. Alternatively, a heterojunction
approach can be implemented for ambipolar single layer OLETs by making the layer a
mixture of two unipolar materials with hole and electron transport capabilities [51–53].
This was also the means exploited for realization of the first ambipolar OLET [51].
Additionally, multilayer OLETs have been widely studied [41, 44, 54]. A heterojunction
approach has been applied to two-layer OLETs so that light emission takes place in
between the hole and electron transport layers [55], as in the two-layer OLET depicted
in Figure 2. Using three-layer OLETs, high efficiency performance competing that of
equivalent OLEDs was demonstrated by Capelli et al. [41]. With an EQE of 5% this
device was considered the most efficient OLET until Gwinner et al. [50] achieved single
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layer OLETs with efficiency as high as 8%, and even over 12% for an OLET with a
half-sphere integrated on top of the device to enhance light outcoupling.

2.2.2 Significance of the dielectric layer

Obtaining efficient OLETs requires semiconducting materials with charge transport and
light emission capabilities, and electrode materials of suitable work functions allowing
low barrier charge injection. Besides these prerequisites a dielectric layer plays an
important role in the operation of OLETs. Due to its capacitance it impacts the operation
voltage, which unfortunately tends to be high for OLETs. This is due to the limited
charge transfer mobility and relatively large charge transfer distances combined with the
fact that fabrication of very thin defect free dielectrics is challenging, especially by
means of solution processing.

The call to lower operation voltages makes solid electrolytes an attractive alternative
to be used in OFETs [56–59], and also of great interest in OLETs. Because of the
formation of electrolyte double layers, they offer high capacitances, and hence low-
voltage operation, independent of the thickness of the materials layer. This combined
with the benefit that they can be made of solution processable materials e.g. of
polymers, makes them a promising candidate especially for printed electronics [60–62].
Unfortunately, they suffer from the drawback of slow ion mobility which can severely
limit the switching speed of the devices. This problem might, however, be solved by
choosing materials of higher ion conductivity or by further development of materials [60].
Potentially, the problem could also be circumvented by using DC-biasing in parallel with
the AC-driving signal. This would be to support the formation of permanent electrolyte
double layers, as was proposed in Article I of this thesis, based on the demonstration
made on a capacitor type of metal-electrolyte-insulator-semiconductor (MEIS) gas
sensor.

Besides the high capacitance of the dielectric, the quality of its interface with the
charge transfer layer is essential to be of good quality. This also requires the right choice
of material to avoid trapping the charges. Before this was well comprehended, there was
a common understanding that most of the organic semiconductors naturally lacked the
capability of transporting electrons. In 2005, Chua et al. [63] however demonstrated
that the equal capability of transporting holes and electrons can be achieved if the
semiconductor-dielectric interface is made so that it is free of electron traps, in other
words, that it supports the transfer of electrons.
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In Article II of this thesis, the importance of the dielectric was further researched.
Three layer heterostructure OLETs were fabricated with two different kinds of dielectric
layers. In both of the cases the dielectric layer was made of PMMA by spin coating.
The OLETs however showed drastically different transport properties. For the first set
of OLETs, the dielectric layer was fabricated using a self-made solution of PMMA
dissolved in toluene and for the second set, a ready-prepared, commercially available
solution of PMMA in ethyl lactate was used.

2.2.3 Experiments on the dielectric layer

Figure 3 presents the structure of the OLETs investigated. They were made according to
a three-layer heterostructure device configuration that was first presented by Capelli et

al. [41]. The OLETs were fabricated on ITO coated glass substrates. Two alternative
types of solutions of PMMA were used in the fabrication of the dielectric layer: 1) a self-
prepared solution of PMMA (Mw ∼ 98.5 kDa, Sigma-Aldrich) mixed in toluene with
6 wt-% and 2) a ready-prepared solution of PMMA (Mw = 600 kDa) in ethyl lactate with
a concentration of 6 wt-% purchased from AllResist GmbH. The layers were fabricated
by spin coating. Then, the layers made of PMMA/toluene solution were annealed in a
vacuum oven for 7 and half hours at 170 ◦C without introducing a vacuum. The layers
made of PMMA/ethyl lactate solution were annealed at 130 ◦C for 12 hours at a pressure
of ∼ 3 Torr. In both cases the thickness of the layers was approximately 450 nm and the
film qualities were smooth when inspected by optical microscope.

Fig. 3. A schematic drawing of the investigated three-layer heterostructure OLETs.

The active layers of the OLETs consisted of hole and electron transport layers with a
light emission layer sandwiched between them. The layers were deposited by thermal
evaporation. Charge transport layers were made of thiophene derivatives purchased from
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(a) (b)

Fig. 4. Transfer characteristics curves of the three-layer OLETs with dielectric prepared from
a solution of PMMA dissolved in (a) toluene and (b) ethyl lactate.

Polyera Corp. The hole transport layer was made of α,ω-dihexyl-quaterthiophene (DH-
4T) and the electron transport layer was made of α,ω-diperfluorohexyl-quaterthiophene
(DFH-4T). The evaporation rate of the charge transfer layers was 3 Å/ min. The
light emission layer was fabricated from Alq3 as the host material and was doped
with 4-(dicyanomethylene)-2-methyl-6-(p-dimethylaminostyryl)-4H-pyran (DCM).
The evaporation rates of Alq3 and DCM were 2 Å/s and 3 Å/min so that a doping
concentration of ∼ 3% was achieved. The thicknesses of the hole, light emitting and
electron transport layers were 7, 40 and 25 nm, respectively. The source and drain
electrodes were evaporated through a shadow mask from LiF (1.2 nm) and Al (100 nm)
to form a channel with a length of 130 µm and a width of 10 cm. Device fabrication and
characterization were performed in a nitrogen atmosphere without exposing the devices
to ambient conditions. Light emission was observed visually.

The graphs presented in Figure 4 show the transfer characteristics curves of three
layer OLETs made of PMMA/toluene and PMMA/ethyl lactate solutions. Based on the
curve shapes, the first of the curves, corresponding to dielectric made of PMMA/toluene,
shows a very negligible hole current with a pronounced electron current. The situation
changed however for the devices with dielectric made of PMMA/ethyl lactate, which
had a stronger hole current than electron current. What was important, was that the
devices with dielectric made of PMMA/ethyl lactate showed light emission, whereas no
light was observed from the devices with dielectric made of PMMA/toluene. As the
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active layers and also the fabrication procedures were similar, the differences between
the hole and electron currents of the devices, was attributed to the dielectric.

2.2.4 Characterization

As well as for OLEDs also for OLETs luminescence, efficiency and color of the light
emission are important device specifications. The measures of the properties of light
emission and its color are similar for the OLETs as for the OLEDs. However, since
the OLET technology is not a well-established, estimation and analysis of the overall
performance of devices is often more feasible than gaining e.g. maximal brightness of
the light emission. In addition, light emission colors of OLETs are primarily restricted by
the limited (commercial) availability of materials than set by the needs of an application.
Furthermore, because OLETs can rival OLEDs in terms of the efficiency of the light
emission, EQE has become a merit of interest for OLETs, as well as finding a means of
achieving high EQE.

Charge carrier mobility is an important measure of operation performance of
OLETs. The mobility characterizes the velocity of a charge carrier inside a material as
it experiences an electric field, thus it determines the switching speed of the OLETs
together with the channel length. Thereby, mobilities are of high significance for
performance, when pursuing applications requiring pulsing of light emission.

Charge carrier mobility is usually considered as a saturation field-effect mobility
that can be estimated e.g. by driving an OLET in a unipolar mode so that the drain
voltage (Vd) and gate voltage (Vg) are set equal, |Vd |= |Vg|. For the saturation mode, the
drain-source current is described by Equation 1 from which the mobility of the charge
carriers in question can be calculated, i.e. this is done separately for holes and electrons.
In the equation [39, 64] W is the channel width, Ci is the capacitance of the dielectric,
µsat is the saturation mobility, L is the channel length and Vth is the threshold voltage.
h and e refer to holes and electrons, respectively. Also the threshold voltages can be
derived using Equation 1. Small threshold voltages and high mobility are desired for
obtaining low operation voltage. Both of these should also be in balance for holes and
electrons to reach ambipolar device operation.

Id,sat =
W ·Ci ·µe/h

sat

2L
· (Vg−V e/h

th )2 (1)
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3 Color tuning of organic light emitting
devices

The first works on OLEDs with light emission color tuned by voltage were published
by the mid-1990s [65–67]. In those works, the color tuning features were based on
blending light emitting materials with different emission colors in a single light emission
layer. The approach was visionary, although, the colors were turned on top of each other
and there was no ability to switch from one color light emission to another.

In addition to the single layer, blended light emitter with voltage-dependent light
emission color [65–69], an approach utilizing stacked light emission layers of different
emission colors [70, 71] has also been applied in order to realize multicolor OLEDs
with voltage tunable light emission color. Other implemented methods [72] include
color absorption filters on white OLEDs [73–75], fluorescent color conversion layers on
blue OLEDs [76, 77] and adjacent [78, 79] or vertically stacked OLED pixels [80–82]
of different colors and a combination of these [83]. These methods, whose operation
principles are presented in Figure 5, lack however the ability to achieve voltage tunable
light emission color from a single OLED.

Whereas there are various works regarding multicolor OLEDs with voltage tunable
light emission color, only a few works on OLETs with similar functions have been
published. This is despite the fact that OLETs provide the opportunity for moving the
light emission zone by voltage [39, 43, 45], a feature that is advantageous for producing
multicolor light emission.

3.1 OLETs with light emission color tunable by voltage

The first OLET with voltage tunable light emission color [84] employed a horizontal,
unipolar device structure. Because of the unipolar device operation, the location of the
light emission zone could not be moved horizontally along the transistor channel, but the
color tuning feature was based on the use of stacked electrodes of higher and lower work
functions (Au and Mg:Au) that allowed displacement of the light emission zone in a verti-
cal direction [85]. The device structure is presented in Figure 6a. The devices were made
with a single layer of blue light emitting material (2’,7’-ditert-butyl-N,N-diphenyl-7-(4-
(1-phenyl-1H-benzoimidazol-2-yl)-phenyl)-9,9’-spirobi[fluorene]-2-amine, SPYIN) that
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(c) (d)

(e) (f)

Fig. 5. Common approaches for realizing individual OLEDs or OLED pixel matrices with a
voltage-dependent light emission color: (a) An OLED with a single light emission layer made
of a blend of light emitting materials. (b) An OLED made of several light emission layers of
different colors. (c) Color absorption filters on a white light emitting OLED. (d) Fluorescent
color conversion layers and a transparent spacer on a blue light emitting OLED. (e) Discrete
OLEDs placed side-by-side or (f) stacked vertically.

possessed yellow light emission at the proximity of the insulator interface, for which
molecular interaction of the light emitting material with the insulator interface [86]
was given as a possible explanation. The emission color could be tuned so that ratio
of intensities of yellow and blue light could be varied. Neither of the colors could be
completely switched off but their ratio could be adjusted so that white light emission
could be achieved.

Other works exploring voltage controllable color tuning of OLETs also describe
horizontal devices but with ambipolar operation. These works utilize the possibility for
displacing the light emitting zone within the device channel. The first of the works
[44] employed a device comprised of two active layers (ditetracene/tetracene) as is
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illustrated in Figure 6b. Source and drain electrodes were made of different metals,
one high work function metal and the other one a low work function metal. Changing
the device operation by biasing from unipolar p-type to ambipolar, the location of the
light emission zone could be moved from the upper, green light emission layer to the
lower, red light emission layer. When the device was operating in p-type mode, the
light emission was a mixture of green and a lower intensity red emission with a peak
wavelength ratio of 40%.

The main reason for the mixed light emission from the two layers was thought to
have been caused by the roughness of the upper, green light emitter layer. Because of
the roughness, part of the light emission took place in the lower, red light emission layer,
also during p-type operation. Alternatively, an energy barrier hindering the injection of
holes from the lower layer to the upper layer, together with typical changes in transport
and injection conditions along the transistor channel, might also have caused part of
the light generation to take place in the lower, red light emission layer also during
p-type operation. However, when the device operation was changed to ambipolar, the
location of the light emission zone could be transferred totally to the red emitting layer.
Therefore, as red light emission took place, green light emission could be completely
switched off. This work by Feldmeier et al. [44] hence utilized the vertical movement of
the light emission zone for gaining the color tuning feature, whereas another work by
Feldmeier et al. [87] makes use of the horizontal movement.

In the work by Feldmeier et al. [87] a single layer OLET with a green light emission
layer (poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-(benzo[2,1,3]thiadiazol-4,8-diyl)],
F8BT) was used for building a color tunable device. Schematic structure of the device is
presented in Figure 6c. The color tuning feature was realized using a color conversion
layer (rubrene) deposited on top of a semitransparent top gate contact so that it covered
part of the transistor channel. The device had ambipolar operation enabling the light
emission zone to be moved within the channel. Green color light emitted by the OLET
was partially absorbed by the conversion layer changing the color of the light emission
to yellow [88]. By moving the light emission zone between the parts of the transistor
channel, uncovered or covered by the conversion layer, the light emission color could be
varied between green and yellow.

Two color voltage tunable light emission was also investigated in Article III of this
thesis. Prior to that in Article II the modification of fabrication parameters for red light
emitting three-layer OLETs was examined, which finally resulted in two color light
emission from the devices. The OLETs comprised of a light emission layer sandwiched
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Fig. 6. (a) A unipolar OLET with a single, blue light emitting layer that possesses yellow
light emission close to the dielectric interface (SiO2) of the substrate. Stacked electrodes
enable vertical movement of the light emission zone by voltage. (b) An ambipolar OLET,
where the light emission can be moved by voltage to take place either in the green or the
red light emitting layer. (c) A green light emitting ambipolar OLET with a color filter on the
back of the substrate that partially covers the transistor channel. The filter hence makes the
light emission color depend on the horizontal location of the light emission zone that can
be moved by voltage.

between hole layers and electron transport layers as was described above in Section
”2.2.3 Experiments on the dielectric layer”.

3.1.1 Two color light emitting three-layer OLETs

Article II investigated the effect of the thickness of the hole transport layer and
evaporation rate of the light emission layer on hole and electron currents of a three-layer
OLET. It was concluded that increasing the thickness of the hole transport layer from
the originally used 7 nm to 21 nm improved the hole current, as well as leading to an
enhanced electron current, as is shown by the transfer characteristics curves in Figure 7a.
Further, on an OLET with a thicker hole transport layer a light emission layer was
deposited using an evaporation rate lowered to half of the previously used rate. The
transfer characteristics of these devices proved a further enhanced electron current as
the transfer characteristics curve in Figure 7b presents. Enhancements in the electron
current were attributed to smoother underlying layers, leading hence to the improved
quality of the electron transport layer. Importantly, as a result of modifications, voltage
tunable two-color light emission of red and green took place from these OLETs which
originally emitted only red light. Figure 8 presents the device structure of the OLETs
with indications of the red and green light emissions on their respective layers as they
were deducted to take place based on the work done for Article III.
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Fig. 7. (a) Transfer characteristics curves of the three-layer OLETs with a hole transport layer
(HTL) of thickness of 7 nm and 21 nm. (b) Transfer characteristics curves of OLETs of which
the first one had a hole transport layer 7 nm thick. The second OLET had a 21 nm thick hole
transport layer, and in addition, its light emission layer (LEL) was deposited using half the
evaporation rate which was used for the first one.

The three-layer OLETs of Article III were fabricated as described above for Article II
with the light emission layer made of Alq3:DCM sandwiched between the electron and
hole transport layers made of DFH-4T and DH-4T, respectively. Based on the results
acquired in Article II the thickness of the hole transport layer was increased from 7 nm
to 21 nm and the evaporation rate of the light emission layer was reduced to as low as
1 Å/s and 1.5 Å/min for Alq3 and DCM, respectively. The success of maintaining the
correct doping ratio was controlled based on the light emission spectra of OLEDs that
were fabricated simultaneously and had corresponding active layers. The evaporation
rate of the charge transport layers was kept at 3 Å/min and the thicknesses of the light
emission and electron transport layers were 40 nm and 25 nm, respectively. PMMA
functioning as a dielectric was fabricated from the ethyl lactate based solution.

Fig. 8. Two color light emitting OLETs. Red light emission took place from the light emission
layer and, based on the work of Article III, green light emission was attributed to the electron
transport layer.
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In addition to the three-layer OLETs, two- and single layer OLETs, as well as
OLEDs, were fabricated in order to investigate the device performance further. Two
layer devices comprised of hole and light emission layers and the single layer devices
had an electron transport layer as the only active layer. The OLEDs were fabricated with
the same three-layer configuration as the three-layer OLETs. For them PEDOT:PSS was
spin coated on the glass/ITO substrate instead of the PMMA used in the OLETs. All
the devices were finalized with LiF/Al top electrodes, in addition to which, silver top
electrodes were made for the two-layer OLETs. The channel length of the OLETs was
130 µm and the width was either 10 cm or 20 cm. The following curves and photos
are presented for the OLETs with a channel width of 20 cm except for the photo of a
one-layer OLET that has a channel width of 10 cm. Mobilities and threshold voltages
were estimated based on saturation currents and by fitting a theoretical curve to the
experimentally acquired curve. Light emission was observed visually and recorded with
a camera.

An ambipolar transfer curve was recorded from the three-layer OLETs and is
shown in Figure 9a. It is important to note that a balanced V-shaped form of the
transfer characteristics curve was obtained with lower drain voltages for the OLETs
in Article III that were fabricated with modified parameters than for the OLETs with
similar three-layer structures presented in Article II. Red light emission took place
from the OLETs during the acquisition of a hole transport mode and was attributed to
originate from the light emission layer made of Alq3:DCM similarly to the work of
Capelli et al. [41]. However, in addition to the red light emission, a green light emission
was also observed from the OLETs. This took place during the electron transport
mode. Mobilities for both of the charge carriers were estimated to be in the order of
10−3 cm2/(V · s). The threshold voltage was 20-30 V for the electrons and above 50 V
for the holes. A little hysteresis, pronounced by the logarithmic scale of the graph in
Figure 9a, occurred between the forward and backward scans of the curve.

Figure 9b shows the spectrum of the red light emission measured from a three-layer
OLET and a corresponding OLED. Although the shape of the OLET spectrum is
incomplete due to the low intensity of the light emission, together in comparison to the
OLED spectrum, it proves a DCM emission with a peak wavelength of approximately
600 nm [89]. Importantly, there was no residual Alq3 emission, nor were there any other
emission peaks besides that of the DCM apparent in the OLED spectrum. Photographs
of a three-layer OLET emitting red and green light are presented in Figures 9c and 9d.

36



(a) (b)

(c) (d)

Fig. 9. (a) Transfer characteristics curve of a three-layer OLET presenting two-color light
emission. Red light emission took place during the hole transport mode and green emis-
sion occurred during the electron transport mode as marked on the graph. Arrows indicate
forward and backward scan directions of the curve. (b) Light emission spectra of a three-
layer OLET and a corresponding OLED. (c) & (d) Photos of a three-layer OLET in operation
emitting light in red and green colors, respectively.

The intensity of the green light emission was significantly weaker than the intensity
of the red emission. Due to the low intensity, its emission spectra could not be measured
with the spectrometer available. It was observed to take place during the electron
transport mode with drain voltages of 130 V or higher. This indicated that it could take
place from the electron transport layer. However, there was no information available
from the light emission characteristics of the material. Instead, as Alq3 is a commonly
used material for producing yellow/green light [90–92], the possibility of the light
emission originating via Alq3 from the surface of the light emission layer Alq3 was
not ruled out. Therefore, the device operation was investigated further with a focus on
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Fig. 10. (a) Transfer characteristics curve of a two-layer OLET that was comprised of a hole
transport layer and a light emission layer. (b) Photo of a two-layer OLET emitting light in red
color.

the origin of the green light emission. For this purpose, devices without the electron
transport layer (two-layer devices) and with sole electron transport layer (single-layer
devices) were fabricated.

The transfer characteristics curve of a two-layer OLET together with a photo of such
a device emitting red light are presented in Figure 10. The OLET had silver electrodes
instead of the LiF/Al contacts used in the other types of devices. This was in order to
have a better match of the HOMO level of Alq3 with the work function of the contacts for
improved hole injection. The OLETs showed pronounced hole currents in comparison
to the three-layer OLETs with a hole mobility of 10−2 cm2/(V · s). There was very little
hysteresis between the forward and backward scans of the transfer characteristics curves.
Importantly, no electron transport took place and no green emission was observed from
these devices.

A green emission was instead observed from the single layer devices with the only
active layer being the electron transport layer. The devices showed electron mobility on
the order of 10−2 cm2/(V · s). There was virtually no hysteresis between the forward
and backward scans of the transfer characteristics curves of the devices, as presented in
Figure 11. Significantly, the green light emission was observed for drain voltages of
150 V and above.

The origin of the green light emission could not be verified by spectrum measure-
ments due to the low intensity of the emission for the measurement equipment available.
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Fig. 11. (a) Transfer characteristics curve of a single-layer device with an electron transport
layer being the only active layer. (b) Photo of such a device emitting green light.

However, observation of the green light from the single-layer devices supported the
assumption that green light emission originates from the electron transport layer. There-
fore, the other considered option of the light emission taking place from Alq3 at the
interface of the primary light emission layer was considered unlikely. That option would
have required an impaired Förster energy transfer from Alq3 to DCM, which is unlikely,
since a doping concentration of less than 1% of DCM should lead to a quenched Alq3

emission [89].
Thereby, OLETs with selective voltage tunable light emissions in red and green

were demonstrated in Article III. To improve the light emission properties, electron
transport material capable of efficient light emission should be selected. It might also be
possible to achieve three-color light emission using three-layer heterostructure OLETs
by designing devices so that the light emission with different colors is achieved from all
the layers, or so that the light emission layer would be made to produce two color light
emissions by splitting them into non-doped and doped segments, while the electron
transport layer would function as the emitter of the third color.

3.2 Color tuning of OLEDs

Whereas tuning of light emission color by voltage was investigated for OLETs, a
different approach was chosen for tuning the color in OLEDs. Tuning the light emission
color of the OLEDs was done as a part of device fabrication changing their emission
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Fig. 12. The approaches of using thermal annealing to tune the OLED colors. (a) The un-
doped OLEDs with a PFO light emission layer originally suffered from undesired green light
emission. This could be diminished by thermal annealing, resulting in light emission with an
enhanced purity of blue color. (b) The doped OLEDs with a PFO:F8BT light emission layer
initially gave a green light emission. Utilizing thermal annealing, the light emission color
was converted to white, formed as a sum of a green and a thermally induced blue spectral
component.

color permanently. In this concept two types of polymer-OLEDs were investigated:
undoped and doped OLEDs. The undoped OLEDs were fabricated from blue light
emitting polymer, which originally, when untreated, suffered from undesired green
emissions. This green emission could be reduced by adding a thermal annealing
processing step in the fabrication, which resulted in light emission with an enhanced
purity of blue color. The doped OLEDs, which were fabricated for green light emission,
were made of a mixture of the same blue light emitting polymer that was used for the
undoped OLEDs, and a green light emitting polymer that was functioning as dopant
material. The light emission color of the doped OLEDs was converted from green
to white by a blue spectral component induced by performing a thermal annealing
treatment. Both of the approaches used for tuning the color of the OLEDs and the
respective device structures are shown in Figure 12.
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3.2.1 Emission color enhancement of undoped OLEDs

Polyfluorenes are widely used materials for producing blue OLEDs [93–96]. They
however suffer from an unwanted effect that broadens their emission spectrum, changing
the light emission color from blue to greenish. The phenomenon is nowadays explained
by keto-defects [97–101]. Article IV showed that thermal annealing can be used to
diminish this unwanted effect, although before thermal annealing has generally been
connected with increasing it, even when performed in absence of oxygen [100, 102, 103].

The investigated undoped OLEDs, whose device structure were shown in Figure 12a,
were made from poly(9,9-di-n-octylfluorenyl-2,7-diyl) (PFO) that is a widely used blue
light emitting polyfluorene derivative. The OLEDs were built on glass substrates with an
ITO coating, on which PEDOT:PSS was deposited by spin coating in air. After that, the
samples were moved to a nitrogen atmosphere, where the rest of the device fabrication
and characterization was performed. PFO was spin coated from a solution prepared in
anhydrous xylene through a syringe filter with 0.2 µm pore size on top of PEDOT:PSS.
The PFO films had a thickness of 50-100 nm. Thermal annealing was carried out in
an oven at temperatures of 190 ◦C or 290 ◦C for 20 min. OLEDs without an annealing
treatment were also fabricated. All the devices were finished with thermally evaporated
LiF/Al top contact electrodes.

Figure 13a presents the light emitting spectra of the non-annealed and annealed
PFO-OLEDs. The spectrum of the non-annealed OLEDs had a broadened shape, shifting
their light emission color from blue towards green. By applying thermal annealing, this
undesirable effect could be suppressed. Of the investigated annealing temperatures,
190◦C was found optimal in achieving desired spectrum shape, as compared to 290◦C,
thus a bluer emission was found. In addition, as it is shown in Figure 13b annealing at
190◦C improved the luminance of the devices and lead to the smallest turn-on voltage
of 6.5 V. Furthermore, also the current density of the OLEDs annealed at 190 ◦C was the
highest among the investigated devices. Whereas annealing at a higher temperature of
290 ◦C lead only to a slightly broader light emission spectrum than that of the OLEDs
annealed at 190 ◦C, it lead to significantly weaker device performance than was shown
by the other OLEDs.

The performed optical profilometer measurement, whose results are shown in
Figure 14, indicated increased film roughness upon annealing. Thermal annealing has
been connected to raise the degree of film crystallization [104] and thereby to increase
hole mobility [105] in polyfluorene films. Hence, the enhanced device performance
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(a) (b)

Fig. 13. (a) Spectra and (b) luminance-voltage and current-density voltage characteristics of
the PFO-OLEDs non-annealed or annealed at 190 ◦C or 290 ◦C.

(a) (b) (c)

Fig. 14. Surface morphology of the PFO-layers as (a) non-annealed and as annealed at (b)
190 ◦C or (c) 290 ◦C characterized by an optical profilometer

was assigned to the morphological changes taking place as a result of the annealing.
Furthermore, as the light emitting properties of polyfluorene films are also shown to be
morphology dependent [104, 106–110], the explanation for the improved purity of the
light emission color is likely to be related to the morphological changes. Determination
of the exact mechanism of the phenomenon would, however, require further research.

3.2.2 Color conversion of doped OLEDs

General methods for realizing color conversion of OLEDs use doping of the host light
emitting material or external color conversion layers. Color conversion layers modify
the light emission color by absorption and re-emission or function as passive elements
allowing only light of a desired color to pass through [77]. The latter mentioned
approach of using color filters is simple to realize and is used in LCDs [111]. However,
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they have the drawback of mismatching transmission spectra with white OLEDs [75]
making other approaches to achieving full color matrices attractive for OLEDs.

The color conversion approach based on absorption and re-emission brought on
by fluorescent or phosphorescent materials can be implemented by using doping light
emitting material or by using external color conversion layers [112]. When doping
the light emitting material, the color conversion is based on a Förster energy transfer
that changes the light emission, instead of taking place via the host material, to take
place via the dopant material that is of smaller energy band-gap, and hence has a
longer wavelength of light emission. Respectively, the operation of phosphorous color
conversion layers is based on the materials of the conversion layer absorbing the emitted
light of an underlying OLED and re-emitting it at a longer wavelength.

The color conversion approach investigated in Article V was applied to the OLEDs,
whose light generation is based on doped host material, hence, on Förster energy transfer.
Of notable interest was the conversion of the light emission color by thermal annealing.
Figure 12b presented a schematic drawing of the OLEDs that employed the same kind
of device structure as the undoped OLEDs above with the difference that PFO was
doped with F8BT with 5 wt-%. The annealing temperatures used for obtaining color
conversion were 150◦C and 250◦C.

Device spectra of the PFO:F8BT OLEDs are shown in Figure 15a. The emission
spectra of the non-annealed OLEDs and the OLEDs annealed at 270 ◦C are practically
identical. Their light emission is attributed to polymer F8BT. The peak wavelength of
the light emission is at 530 nm. Suppression of the light emission of the host polymer,
PFO, proves a virtually complete Förster energy transfer from PFO to F8BT. Instead, in
the spectrum of the devices annealed at 150 ◦C, another emission peak at 430 nm exists.
This light emission is attributed to originating from the PFO and was deduced to take
place as a result of phase separation between the polymers leading to an incomplete
Förster energy transfer.

The light emission colors of the OLEDs were identified by measuring their CIE
color coordinates. The coordinates of the non-annealed OLEDs were x=0.40 and y=0.47
and those of the devices annealed at 150◦C and 270 ◦C were x=y=0.36 and x=0.39 and
y=0.46, respectively. Figure 15b shows the measured coordinates on a CIE color map.
As can be seen on the color map, the light emission color is green for the non-annealed
OLEDs and the OLEDs annealed at 270 ◦C, corresponding to points 1 and 3, respectively.
Annealing at 150 ◦C, corresponding to point 2, instead shifted the light emission color of
the OLEDs to a white, with the center point at x=y=0.33.
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(a) (b)

Fig. 15. (a) Spectra of the F8BT:PFO-OLEDs. The devices were either non-annealed or an-
nealed at 150 ◦C or 270 ◦C. (b) CIE chromaticity diagram (1931) giving color coordinates for
the respective devices: non-annealed OLEDs (point 1) and the OLEDs annealed at 150 ◦C
(point 2) or 270 ◦C (point 3).

Luminance-voltage graphs for the PFO:F8BT OLEDs are presented in Figure 16. The
maximum luminance of the non-annealed devices measured at 13 V was 3000 cd/m2.
The maximal current efficiency was 3 cd/A and the turn-on voltage was 6.3 V (deter-
mined as the voltage required for reaching luminescence level of 10 cd/m2). With these
values, the non-annealed devices showed the best performance of the doped OLEDs. The
devices annealed at 150 ◦C presented a luminance of 900 cd/m2 at 13 V, with a turn-on
voltage of 7.8 V and a current efficiency below 1 cd/A. Although optimization of device
performance was outside of the scope of the work, hence, better device performance was
expected to be well achievable, it was notified in the work that the luminance level of the
OLEDs annealed at 150◦C is already enough for many display applications [113, 114].

The performance of the devices annealed at the highest temperature, 270◦C, dropped
significantly similarly to the non-doped PFO-OLEDs. Still, due to the doping their
luminance level was clearly higher than for corresponding non-doped devices and
reached 400 cd/m2 at a voltage of 18 V. The turn-on voltage was raised to 12.6 V and
the current efficiency dropped to below 1 cd/A with the maximum value measured at
18 V.
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Fig. 16. Luminance-voltage characteristics of the F8BT:PFO-OLEDs that were either non-
annealed or annealed at 150 ◦C or 270 ◦C.

Figure 17 presents the results of the morphology measurements. Similarly to the
undoped PFO-OLEDs, for the PFO:F8BT OLEDs the film roughness increased with
annealing. As measured by AFM the root mean roughness (Rq) was 0.3 nm for the
non-annealed films and grew to 1.2 nm and further to 1.4 nm for the films annealed at
150◦C and 270 ◦C, respectively. Increased film roughness can be related to the increased
turn-on voltages [115, 116]. Overall, the device performance is, however, likely to be
more influenced by phase separation [117]. The drastic drop in performance of the
OLEDs annealed at 270 ◦C is instead attributed to polymer deterioration, particularly to
that of PFO [109]. However, deterioration of PEDOT:PSS at 270 ◦C is also not to be
ruled out and could have negatively affected the device performance [118]. Furthermore,
some variation was observed in the strength of the induced blue spectral component.
Besides the limited solubility of F8BT in xylene and the complex drying dynamics of
the polymer blend films [119], the explanation might lie in the vertical type of phase
separation of the polymer-blend films [119, 120]. Due to this, variations in the layer
thickness and morphology could in turn lead to variations in the ratio of light emission
taking place via F8BT and directly via PFO, if the location of the light emission zone is
changed.

A PFO:F8BT blend is generally used for producing green OLEDs. The light
emission of these OLEDs relies on Förster energy transfer leading to light emission
occurring via the dopant material. A change of the light emission color upon annealing
is attributed to the phase separation restricting the energy transfer from PFO to F8BT,
hence, causing a part of the light emission to take place directly via the host polymer
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Fig. 17. Morphology of PFO:F8BT films that were spin-coated on top of a PE-
DOT:PSS/ITO/glass stack. The upper row shows the morphology of the non-annealed film,
and the middle and bottom rows show the morphology for the films annealed at 150 ◦C and
270 ◦C, respectively. The left and middle columns present color maps of the film morphol-
ogy data and roughness profiles, obtained with an optical profilometer, and the column on
the right shows 3D maps of the film morphology obtained with an AFM.

PFO. The performed annealing resulted in the color conversion of the OLEDs from
green to white, thereby showing that thermal annealing is an effective method for tuning
the light emission color of OLEDs made of this type of a blend. It is noteworthy that by
further optimization color conversion from green to blue might also be possible. This
is on the grounds that a doping concentration of 1 wt-% of F8BT to PFO should be
sufficient for reaching fully F8BT based light emission [121]. Therefore by reducing
the doping concentration, color conversion to blue might be realizable. The presented
method of color conversion could be applied to the fabrication of multicolor light
emitting devices or pixel matrices. If the color change is targeted in precise areas, pixels
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or other shapes with a light emission color differing from the surrounding OLED areas
could be created.

In addition, if a vertical type of separation, generally occurring in the blend-type of
polymer films [119, 120], can be controlled by thermal annealing, it would also open up
exciting possibilities for the fabrication of OLETs with additive color mixing or even
selective multicolor light emission: if the location of the light emission zone could be
transferred in the vertical direction from a dopant rich film segment to a segment with
reduced dopant, OLETs with voltage controlled light emission color could be realized.
For this, vertical OLETs might offer a more suitable platform than horizontal types of
OLETs.
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4 Discussion and conclusion

This thesis presented three types of color tuning techniques for organic light emitting
devices. Voltage controllable, two-color light emission, was demonstrated on OLETs.
For OLEDs, color tuning was performed to enhance color purity and to convert the light
emission color permanently.

Two-color light emission was investigated on OLETs based on a three-layer het-
erostructure device configuration that has been shown to be capable of high efficiency
light emission [41]. The multilayered structure represents one of the advantages of
organic electronic materials and their deposition methods. It has potential for tailoring
device properties, and in this thesis two color light emission was investigated. Voltage
switchable light emission in red and green color, was demonstrated in Article III.

It was proposed that by further development of the device structure, it might be
possible to gain three-color light emission using a three-layer device structure. This
could be done by sandwiching the light emission layer with segmented doping in the
middle of the charge transport layers, so that it would create light emissions in all three
RGB-colors. Alternatively, charge transfer layers could also be used for producing light
emission in differing colors from the color of the main light emission layer. This would
be similar to the demonstration of two color light emission in Article III, where green
emission took place from the electron transport layer, while the main light emission
layer produced red light.

A three-layer device structure gives versatility, but on the other hand, as was
concluded in Article II, the sophisticated structure sets high requirements for the
fabrication process. For multilayer structures, solution processing is challenging and the
choice of materials is virtually limited to materials that can be thermally evaporated,
i.e. mainly to small molecules. In addition, the horizontal device structure adds to
the challenge. The long distance needed for charge carriers to travel, sets high quality
requirements for layer morphology. This, in turn, further limits the choice of fabrication
techniques and materials. An applicable option for simplifying the fabrication process
for multilayer OLETs would be the use of a vertical type of device structure instead of
the horizontal one. As the charge transfer in vertical OLETs takes place not along but
through the layers, as in OLEDs, the distances of the charges to be transferred would
decrease and prerequisites for the interface morphologies of the layers would not be that
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demanding. Additionally, accurate alignment of the source and drain electrodes to form
the device channel would then not be required, which would enhance the possibility for
roll-to-roll to fabrication.

The color tuning of OLEDs was investigated in two types of devices; undoped and
doped. The undoped OLEDs were made as blue light emitting, with polyfluorene PFO
forming the light emission layer. Polyfluorenes are a widely used type of polymer in
OLEDs, and blue light emitting polymers in general are of special importance since
they can be doped to gain light emission in other colors. Blue polyfluorenes, however,
generally suffer from undesired wide band emission caused by keto-defects shifting
their light emission color unintentionally towards green. In Article IV it was shown that
this type of green emission could be removed by applying thermal annealing, although
thermal annealing has often earlier been related to an increase of unwanted green light
emission. Significantly, also the performance of the OLEDs, with increased luminance
and current efficiency, was improved as a result of thermal treatment. Therefore, thermal
annealing was seen as a potential method for tailoring the performance of blue light
emitting polyfluorene OLEDs.

The other type of OLEDs investigated, doped OLEDs, had a light emission layer
made of PFO:F8BT. It was presented in Article V that a color conversion of this kind of
blend type polymer-OLEDs could be induced by thermal annealing. The conversion was
attributed to phase separation between the polymers and changed the light emission
color from the originally green light emission to a white light emission. The color
conversion was produced on OLEDs with a 5 wt-% doping concentration of F8BT to
PFO. However, a doping concentration of 1 wt-% is already predicted to be enough for
gaining full suppression of PFO emission [121], hence for producing green light from
non-treated OLEDs. Thereby, converting the light emission color from green to blue
might be possible, if the doping concentration is decreased.

Further, in this thesis thermal annealing was the method used for inducing the color
conversion. However, presuming phase separation as the conversion mechanism, the
method could also be another type of treatment capable of producing polymer phase
separation. This kind of a treatment could for instance be light radiation that turns into
heat, when hitting a device, or a solvent treatment produced by inkjet printing [122].

Utilizing phase separation, produced by thermal annealing or the other proposed
methods, advantageously for achieving color conversion of OLEDs is proposed as a
prospective method to ease the fabrication of multicolor light emitting pixel matrices. In
this case, pixel matrices could be fabricated from a single light emission layer: targeted
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areas would be treated to achieve phase separation, and hence, light emission in a
different color than the surrounding untreated areas of the OLED. Especially, large area
display applications might be of interest, because the imprecision in the outlines of the
area of the induced phase separation would not be that critical.

It would also be interesting to look at exploiting vertical type of phase separation
generally occurring in blend polymers layers [119, 120] for the fabrication of voltage
tunable multicolor light emitting devices. This would be of special interest for OLETs,
where the location of the light emission zone can be controlled. In this way the color of
the light emission could be tuned by moving the location of the light emission zone
from a region with minimum phase separation, to the region representing maximal
degree of phase separation. It might be possible to utilize horizontal OLETs for this.
However, vertical types of OLETs might be a more feasible candidate for the purpose
because the location of the light emission would move with biasing conditions in a
vertical direction, not spatially as is the case with the movement primarily taking place
in horizontal ambipolar OLETs.

To conclude the thesis, much research work has this far been done on bridging the
gap in the performance of the organic semiconductors and inorganic semiconductors
and on producing device features similar to those known in inorganic electronics.
Instead, maybe less effort has been directed toward research into exploiting the inherent
properties of organic materials advantageously. This thesis intended to do this to promote
color tuning features which would be an advantageous feature of organic light emitting
devices not yet exploited to its full extent.
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