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Abstract

Fabrication of multilayer solution-processed polymer light-emitting diodes
(PLEDs) is still a major problem. In this work, functional polymers are blended
with a cross-linkable host matrix. After deposition the matrix is made insoluble by
UV-light. The solubility of blends of poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-
phenylenevinylene] (MEH-PPV) and two different matrices in different weight
ratios has been investigated. It was found that only 10 wt. % of the matrix is
necessary in order to make the whole blend layer insoluble. As a next step the
charge transport was analyzed. One matrix (NOA83H) showed an injection
problem for holes from the PEDOT:PSS anode into MEH-PPV. This problem did
not occur when SR540 was used as matrix. For only 10 wt. % of matrix, the hole
and electron transport are barely affected. Consequently, PLEDs consisting of an
insoluble 90:10 MEH-PPV:SR540 blend exhibited the same optoelectronic
properties as pristine and soluble MEH-PPV based devices.

Using this method, a multilayer PLED with two emissive layers and a hole-
blocking layer was fabricated. To investigate the intermixing of the two emissive
layers the electroluminescence spectrum was measured and compared to a drift-
diffusion simulation that assumed a sharp interface with two distinct layers. A
good agreement was found between measurement and simulation, which indicates
that there is no significant intermixing at the interface.

Multilayer PLEDs with charge blocking layers were fabricated to achieve an
increased efficiency as compared to a single layer PLED. For a trilayer PLED
poly[N,N’-bis(4-butylphenyl)-N,N’-bis(phenyl)-benzidine] (poly-TPD) was used as
electron-blocking layer, SuperYellow-PPV (SY-PPV) as emissive layer and
poly(9,9-di-n-octylfluorenyl-2,7-diyl) (PFO) as hole-blocking layer. The PLED
consisting of 90:10 poly-TPD:SR540/90:10 Super Yellow:SR540/PFO showed a
23% increased efficiency a low voltage that decreased again with increasing voltage.
To study this in more detail, a two-layer PLED with MEH-PPV and PFO was
fabricated that showed the same increase in efficiency at low voltage and decrease
at higher voltage. Introducing a two-layer hole mobility simulation revealed that
the increase in efficiency is mainly due to the elimination of quenching and charge
accumulation at the MEH-PPV/PFO interface. The decrease in efficiency is
because holes can overcome the hole-blocking barrier at high voltage. This could be

simulated with a field dependent hole mobility in the PFO layer.
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1 Introduction

The invention of the light bulb revolutionized the modern life. The
availability of lighting extended the utilizable time beyond dawn and dusk. The
principle of a light bulb is incandescence. An electric current is flowing through a
tungsten filament such that it is heating up. The filament starts to emit
electromagnetic radiation as a result of its temperature. However, most of the
emission is in the infrared spectrum, which is a loss process and makes an
incandescent bulb very inefficient as a light source. Nevertheless, the light bulb was
used for more than a century.

Newer technologies are the fluorescent and the compact fluorescent lamp
where the efficiency is markedly increased but still lots of heat is produced. Since
recently, semiconducting light-emitting diodes (LEDs) are commercially available.
These new solid-state light sources have an efficiency of around 100 lm/W which is
considerably higher than the incandescence bulb (15 lm/W) and compact
fluorescent lamp (60 lm/W).(7) A new class of LEDs is organic light-emitting
diodes (OLEDs) that are made of organic instead of inorganic materials. OLEDs
are very thin, typically only a few hundred nanometers, and can be fabricated in
various shapes and sizes. In OLEDs almost no heat is produced. Usually the
temperature during operation of OLEDs is around 30°C instead of 90°C and 60°C
for incandescent bulbs and fluorescent tubes, respectively.(2) Additionally, they are
mercury-free, have the potential for large areas and can be processed on flexible
substrates. More importantly, OLEDs facilitate new design concepts such as
transparent lighting panels and luminescent wallpapers.(2, 3)

In the beginning of this century the development of thermally evaporated
small molecule based OLEDs advanced rapidly and first displays were commercially
available. For example Sony offered the first 11 inch OLED TV in 2008. Most
notably, Samsung incorporated active matrix OLED displays in their Galaxy
smartphone, which was the second most-sold smartphone in 2010. Nowadays,
OLED displays are integrated in many different smartphones and TVs.

One of the advantages of OLED displays compared to conventional liquid
crystal display (LCD) is the image quality. In a LCD, a white backlight is used
that is filtered in order to have red, green and blue pixels. To realize a black pixel,
the light is filtered completely. These filters do not block the light perfectly and

there is always some background illumination. Consequently, the contrast is not



optimal. In an OLED display the pixels are emitting the red, green and blue light.
Therefore, the light emission can be simply turned off to create black color and no
background illumination is visible, which increases the contrast. Furthermore, a
high brightness, a broad viewing angle and big color range can be achieved.
Additionally to the image quality, the power consumption is lower compared to
LCD, the display is very thin and has the potential for flexible and transparent
displays. The disadvantage of OLED displays is the high manufacturing cost. The
displays also show a lower lifetime. This is especially a problem in blue pixels.
However, the lifetime has improved a lot recently. LG Display reported that their
OLED TVs have a lifetime of 100 000 hours.

The pioneering work that led to today’s OLEDs was done in the 1950s,
when the conductive properties of anthracene crystals and other organic materials
were studied and the first electroluminescence (EL) was found, first by applying an
alternating current, later by a direct current.(4-9) Typically, these films were about
10-20 pm thick such that very high voltages above 400 V had to be applied to
observe the EL. A breakthrough was achieved in 1987 when Tang and van Slyke
reported a thermally evaporated double layer OLED.(10) The device consisted of
an aromatic diamine and Aluminium-tris(8-hydroxychinolin) (Alqgs). By keeping the
film thickness low (about 135 nm) a high luminous efficiency of 1.5 lm/W and a
brightness of over 1000 cd/m? were achieved at a driving voltage below 10 V. In
1990 the first polymer light-emitting diode (PLED) was fabricated using a poly(p-
phenylene vinylene) based on a solution-processable precursor.(11) Solution
processing simplified the fabrication process and was the basis for the development
of large area light-emitting displays. By adding side chains to the PPV backbone,
the material could be made soluble in common organic solvents and the precursor
route was not necessary anymore. The solubility of the materials enabled simple
and cheap fabrication methods like spin-coating, slot-die coating or inkjet printing,
amongst others.

State-of-the-art OLEDs consist of a stack of layers that each have specific
functions. Injection layers decrease the energy difference between the injecting
contact and the emissive layer. By adding doped layers, the charge carrier mobility
is increased and consequently the voltage drop across the device lowered.(12-1/)
Blocking layers for holes and electrons confine the charge carriers in the emissive
layers which increases the efficiency.

The simplest structure is a single layer OLED as shown Figure 1.1a), where
the emissive layer is sandwiched between anode and cathode. Holes are injected
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from the anode in the highest occupied molecular orbital (HOMO) of the emissive
layer and electrons are injected from the cathode to the lowest unoccupied
molecular orbital (LUMO). If an electric field is applied, electrons flow towards the
anode and holes towards the cathode. If an electron and hole are close together
they form an exciton and recombine by emitting a photon. In organic
semiconductors the recombination is of Langevin type, which means that the
recombination is limited by the diffusion of the carriers towards each other due to
the charge carrier mobility. The Langevin recombination and the emission of a
photon are shown by the black arrows in Figure 1.1a). In most organic
semiconductors the charge transport is highly unbalanced due to the presence of
electron traps.(15) It was found that additionally to the Langevin recombination,
there is another type of recombination, namely the Shockley-Read-Hall (SRH)
recombination. The SRH recombination is trap-assisted recombination where a
trapped electron recombines with a free hole. The energy is exchanged by the
releasing phonons, making it a non-radiative recombination.(16, 17) The SRH
recombination is indicated by the blue arrows in Figure 1.1a). Holes are not
affected by the traps and can move freely through the material, while electrons
move slowly because they can fall in trap states where they are immobilized. A
consequence is that at low voltages, where the traps are empty, most electrons are
trapped and the recombination zone where electrons and holes form excitons is very
close to the metallic cathode. In this case the excitons can transfer their energy
non-radiatively via long range dipole-dipole interactions to the metallic

cathode.(18) This is schematically shown in Figure 1.1a) by the dotted lines.
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Figure 1.1: a) Schematic energy diagram of a single layer PLED. Radiative Langevin
recombination is indicated by the black arrows, non-radiative SRH recombination is indicated by

the blue arrows and quenching is indicated by the dotted line. b) Energy diagram of multilayer
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PLED with an electron-blocking, emissive and hole-blocking layer. Because of the blocking layers
the charge carriers are confined in the emissive layer. They are forced to recombine there and

quenching at the metal electrodes is prevented.

By including blocking layers, the charge carriers are confined in the emissive
layer. This is done by making use of an energy offset between the HOMO of the
emissive layer and the hole-blocking layer and an energy offset between the LUMO
of the emissive layer and the electron-blocking layer. The energy diagram of such a
structure is shown in Figure 1.1b). Here, holes are injected from the anode into the
multilayer stack and subsequently flow through the electron-blocking layer and
emissive layer, but get blocked at the interface of the hole-blocking layer. Electrons
are injected from the cathode and travel through the hole-blocking layer and
emissive layer until they get blocked at the interface of the electron-blocking layer.
Consequently, electrons and holes cannot leave the emissive layer without forming
an exciton and recombine by emitting light, thereby eliminating the quenching at
the cathode.

Recently, Kuik et al. investigated the non-radiative loss mechanisms in a
single layer poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-
PPV) PLED.(19) In the report the current efficiency versus the applied voltage
was simulated and the effect of the loss mechanisms was analyzed. These included
SRH recombination and cathode quenching. The same simulation was done for the
batch of MEH-PPV used in this thesis and is shown in Figure 1.2. The bimolecular
Langevin recombination is the recombination of a free hole and free electron that
diffuse towards each other in their mutual Coulomb field. It can be seen that the
trap-assisted SRH recombination has the strongest influence on the current
efficiency. However, at low voltage the loss due to cathode quenching increases
strongly and at 3 V about 25 % of the current efficiency is lost due to cathode
quenching. By confining the charge carriers with blocking layers in the emissive
layer as shown in Figure 1.1b), this loss mechanism can be eliminated and the

efficiency of the PLED can be increased.
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Figure 1.2: Simulation of the current efficiency as a function of the applied voltage of a

single layer MEH-PPV PLED. The green and red line show the influence of non-radiative
recombination losses and the black line the Langevin recombination.

State-of-the-art multilayer OLEDs fabricated by thermal evaporation of
small molecule materials include these charge blocking layers. These devices
facilitate a low operating voltage and a high efficiency. This is schematically shown
in Figure 1.3a) where the emissive layer (EML) is simply evaporated on top of the
previously evaporated electron-blocking layer (EBL).

In addition to display technology with separate red, green and blue pixels,
white OLEDs have the potential to replace common light bulbs in future ambient
lighting.(20, 21) While OLEDs are already commercially available in displays, the
technology is not used for lighting applications, yet. A major reason is that the
displays are manufactured by thermal evaporation of the organic semiconductor.
With this method, it is easy to fabricate small areas that are used as a pixel in a
display. If used for lighting applications, point sources like in an OLED display are
not suitable but rather large areas are necessary so that the total luminous
intensity increases. Evaporating large areas in a vacuum is challenging and
moreover expensive. Despite the technological progress, an OLED display is still
more expensive than an LCD. In order to compete with cheap commercially
available lamps or to realize luminescent wallpapers, large areas have to be
manufactured and the costs have to be lowered by a few orders of magnitude.

The route towards lower cost is solution processing. As mentioned before,
polymers have been modified so that they are soluble in common organic solvents
which enables solution processing. In solution processing, cheap manufacturing
methods like roll-to-roll production, which is being used to print newspapers, inkjet

printing, spin-coating and spray-coating can be used. Furthermore, large areas can



be deposited relatively easily, even on flexible substrates.(22-27) Consequently,
PLEDs have the potential for large-area and low-cost manufacturing which are

exactly the requirements for lighting application.
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Figure 1.3: a) Fabrication of multilayers by thermal evaporation can be easily done by
subsequent evaporation of the materials. B) Fabrication of multilayers by solution is difficult
because the first layer, here the electron-blocking layer (EBL) redissolves in the solvent of the
emissive layer (EML). Thus, the EBL can be either completely washed off, reduced or both

layers can intermix.

As previously mentioned, multilayers are inevitable for PLEDs to be
efficient. However, a major challenge in solution processing is the stack integrity.
Typical organic semiconductors are soluble in common organic solvents.
Consequently, when a subsequent layer is coated on top of a previously deposited
layer, the first layer redissolves in the solvent of the second layer. The first layer
can then either be completely washed off, reduced or intermixed with the second
layer which affects the functionality of the stack. This is shown for an emissive
layer (EML) that is deposited by solution on an electron-blocking layer (EBL) in
Figure 1.3b)

In the past few years lots of approaches have been developed to realize
solution-processed multilayer OLEDs. One of the most common approaches is to
use orthogonal solvents to deposit the materials of two adjacent layers. By
subsequently depositing materials that are dissolved in polar and non-polar solvents
the second solution will not redissolve the first layer. (28-35) A very popular
example is poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)
that is soluble in water and often used as hole injection layer in organic electronics.
However, the success of this approach relies on the ability to reproducibly

synthesize materials with the required solubility without affecting the optical and



electrical properties. Furthermore, it is not possible to add another layer in between
the layers, because the polarity of all subsequent solvents has to be changed.

An alternative approach is to add cross-linkable side chains to the functional
material. The side chains are cross-linked after deposition using ultra violet (UV)
light. This prevents redissolution during the deposition of a subsequent layer.(56-
41) In order to achieve the cross-linking, the side chains have to contain reactive
groups. These groups can affect the charge transport, luminescence and stability of
the material in a negative way. Additionally, this approach also depends on the
ability to synthesize the materials reproducibly with the required optical, electrical
and chemical properties.

A different method is to bake an organic layer after the deposition such that
it does not dissolve anymore. This has been shown for a hole transport layer in
between PEDOT:PSS and the emissive layer. The material was hard baked at high
temperatures of around 200°C before the next layer was deposited from an organic
solvent.(42-44) Typically, this can only be done for one layer in the stack and does
not work for flexible plastic substrates because the baking temperature is above the
melting point of the substrate.

Another proposed option is the usage of a liquid buffer layer of propylene
glycol. This buffer layer is deposited on top of the first layer and does not dissolve
in the solvent of the subsequent layer. The second layer then floats on top of the
buffer layer that evaporates either during the deposition or during a subsequent
baking step. At that point the top layer has dried and an intermixing has been
prevented. A challenge here is that some of the propylene glycol may remain in the
device and affect the performance and it has only been shown to work for small
samples.(45, 46)

Furthermore, it is possible to use very high molecular weight polymers that
take a long time to dissolve when a second layer is deposited from solution on
top.(47) Here, the problem is that polymers with a very high molecular weight are
difficult to process from solution. A similar technique is to optimize the processing
conditions in such a way that the top layer dries very fast and prevents
intermixing. (48, 49)

Another approach is to achieve multilayers by using a stamp transfer
process (50, 51) or to make two halves of a device and laminating the dry layers
together.(52) Recently, He et al. reported that cross-linking the surface using a

mixed acetylene and argon plasma makes it possible to resist redissolution in



organic solvents.(53) An excellent review of the recent progress of solution-
processed multilayer OLEDs is given by So et al.(54)

All these approaches exhibit certain disadvantages, for example multilayer
structures based on solvent polarity or cross-linkable units typically rely on
elaborate and often cumbersome synthetic strategies. Consequently, these concepts
only work for a specific set of materials. An alternative approach has been
published by Zhou et al.(55). A polyfluorene-based hole transport material was
blended with two different insulating, commercially available cross-linkable
materials, ethoxylated (4) bisphenol a dimethacrylate (SR540, Sartomer) and
NOAS83H (Norland Products), to tune the solubility of the resulting blend layer.
Upon cross-linking with UV-light these materials form an insoluble host matrix
around the semiconductor that makes the whole blend layer insoluble. By blending
two materials, the solution processability (insulating matrix) and the optoelectronic
functionality (hole transport material) are separated. In contrast to many of the
approaches mentioned before, in this approach standard organic semiconductors
can be used without the requirement for chemical modifications.

In order to make the layer insoluble in either toluene and chloroform these
blends contained nearly 70% of cross-linkable host matrix, which might have a
severe effect on the charge transport properties. However, a systematic study on
the charge transport was not done. Additionally, the work was limited to only one
layer.

In this work, the effect of blending a cross-linkable matrix into a
semiconductor and the consequences for the electrical and optical properties are
investigated and the approach is extended to more than one layer. If the problem
of solution-processed multilayer PLEDs could be solved with this approach, it
promises to be a very appealing way to fabricate low cost and large area PLEDs.
This is a generic way to make multilayers that is not specific to certain material
systems and there is no limitation on how many layers can be stacked as in most of
the approaches that were presented before. The general process is sketched in
Figure 1.4. A blend of the cross-linkable host matrix and the functional material, in
this example a material for the electron-blocking layer, is made. The blend solution
is deposited on top of the anode. In this work the solution processing is done by
spin-coating but other techniques are possible, too. After deposition, the host
matrix is made insoluble by exposure to UV-light. The host matrix forms a cross-
linked network around the electron-blocking material, which makes the whole blend

layer insoluble. Consecutively, the next layer can be deposited on top of the first
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layer without redissolving the layer. The next layer, a blend of matrix and an
emissive material are solution-processed and afterwards the host matrix is again
cross-linked with UV-light. The resulting blend layer is insoluble and another layer
can be processed on top.

The key objective of this thesis is to find a universal approach to process
multilayers from solution that is independent of the material concept. Therefore,
blends of two different insulating host matrices and poly[2-methoxy-5-(2-
ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) are made. MEH-PPV is used as
a model material because it has been well-studied in the recent years. The first
question that will be addressed is how much matrix is needed in order to make the
blend insoluble. To this end, the blends are made in different weight ratios of
MEH-PPV and matrix and the solubility is measured after cross-linking by spin-
coating solvent on top of the blend. Additionally to being insoluble, the charge
transport of the blends should not be affected. Therefore, the charge transport of
blends in different weight ratios is analyzed in single carrier devices. Single carrier
devices are useful to investigate the effect of the matrix on the hole and electron
transport. Furthermore, PLEDs of the blends are fabricated to measure how the

matrix affects the efficiency.
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Figure 1.4: Process of multilayer fabrication from solution. The functional material, here
electron-blocking material, is blended with the host matrix and solution processed on top of the
anode. After deposition the host matrix is cross-linked with UV-light which makes the whole
blend insoluble. Consecutively, a next layer can be spin-coated, here the emissive material
blended with the host matrix. The blend can again be made insoluble via UV-light and another

layer can be processed on top.



As a next step the intermixing of two emissive layers is investigated.
Therefore, a blue emitting spiropolybifluorene, SPB-02T is blended with the matrix
and made insoluble. In a multilayer PLED including the blue emitting SPB-02T
blend, the orange emitting MEH-PPV blend and poly(9,9-di-n-octylfluorenyl-2,7-
diyl) (PFO) as a hole-blocking layer, the electroluminescence spectrum was
measured and compared to a drift-diffusion simulation that assumed two emitting
layers with a sharp interface. By doing this, the intermixing of the two emissive
layers is investigated.

As a last step the method is used to fabricate a multilayer PLED with
charge blocking layers to increase the efficiency. The desired structure is shown in
Figure 1.1b).

The thesis is outlined as follows: the theoretical background to organic
semiconductors and the basics that are necessary to understand the device
operation of a PLED are explained in Chapter 2. The materials and methods that
are used in this work are briefly described in Chapter 3. Chapter 4 discusses the
solubility and the charge transport of blends of UV-cross-linkable matrices and
MEH-PPV. In Chapter 5 the intermixing of a blue emitting and orange emitting
layer in a multilayer PLED is discussed. The fabrication of multilayer PLEDs with

charge blocking layers is shown in Chapter 6. A summary is given in Chapter 7.
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2 Theory

In this chapter the basic knowledge that is necessary to understand the
working principle of polymer light-emitting diodes (PLEDs) is presented. First, a
short overview on the electronic properties of conjugated polymers is given. In the
next section, the basics of the device operation of PLEDs are presented. First, the
charge transport and the development of charge carrier mobility models in the last
decade are discussed. As a mnext step the electron transport, which differs
substantially from the hole transport due to trapping, is explained. The results of
hole and electron transport are subsequently combined in a PLED device model

that also takes charge recombination into account. Finally, the loss mechanisms in
a PLED will be discussed.

2.1 Conjugated Polymers

Usually polymers show insulating properties, common polymers/plastics like
polyethylene are used to insulate the conducting core of an electricity cable.
However, polymers can also be semiconducting. For this, the backbone of the
polymer has to be conjugated. The term conjugated means that the polymer has
alternating single and double bonds along the carbon backbone. This is
schematically shown in Figure 2.1a) for the most simple conjugated polymer
polyacetylene. These alternating bonds are the origin of the semiconducting
properties. In this case, the orbitals of the carbon atoms are sp? hybridized,
meaning that the 2s and 2p orbitals form three sp® orbitals that have the same
energy. One of the p orbitals (p,) remains in its original state with a higher energy
than the sp? hybrid orbitals. The energy diagram of the sp? hybridization is shown
Figure 2.1b).

The formation of bonds between atoms can be described by the linear
combination of atomic orbitals (LCAO). In Figure 2.1¢) this is shown for the case
of two sp? hybridized carbon atoms that bind together and form ethene (CiHy).
Here, only the four valence electrons are regarded. Two electrons in a sp? orbital
can bind together and form a o bond that has a lower energy than the sp® orbital.
In the case of ethene three o bonds are formed, however only one is shown here.
Similarly, the electrons in the p orbital can form a bond that is called m bond. The
o bonds are the in-plane bonds between the carbon and hydrogen atoms. The m
bond is the out-of-plane bond and the electrons are delocalized. This delocalization

is the reason why conjugated polymers are conductive.
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Furthermore, for each linear combination there is an additional molecular
orbital, namely the ¢* and the m* orbital. These orbitals have a higher energy than
o and m orbitals and are based on anti-bonding electrons. The case of bonding
(lower picture) and anti-bonding (upper picture) in the case of ethene is shown in
Figure 2.1d). In the ground state the ¢* and m* orbitals are empty. Consequently,
the m orbital is called the highest occupied molecular orbital (HOMO) and the m*
orbital is called the lowest unoccupied molecular orbital (LUMO). Electrons can be
excited from the HOMO to the LUMO by absorbing energy and also relax from the
LUMO to the HOMO by releasing energy.

a) b)

Energy

Energy

a*.

‘H_n_1— A A A H
AH_G m

Figure 2.1 a) Chemical structure of polyacetylene with alternating single and double
bonds. b) Energetic structure of the sp? hybridization in carbon. c¢) Linear combination of atomic
orbitals of the valence electrons for the case of ethene. d) m orbitals in the case of bonding ()
and anti-bonding (")

In the case of a polymer, there are more than two carbon atoms that have
alternating single and double bonds. With increasing number of carbon atoms the
number of 7 electrons increases. The influence of the amount of m electrons, which
is equivalent to the chain length, on the electronic structure is shown in Figure 2.2.
In the case of ethene with only two carbon atoms, the difference between m and m*
levels or the HOMO and LUMO level is rather big. With increasing number of
carbon atoms the number of energy states is increasing and the HOMO-LUMO gap
is decreasing. In the HOMO-LUMO gap there are no energetic states for electrons,
what makes it equivalent to the band gap in inorganic semiconductors. For

common conjugated polymers, e.g. MEH-PPV, the HOMO-LUMO gap is around
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2.4 eV. Consequently, if an electron relaxes from the LUMO to the HOMO it emits

light in the visible spectrum.

Enerov A Ethene Butadiene Octatetraene Polyacetylene
nergy

HOMO-LUMO Gap

>
Chain Length

Figure 2.2: Energy states as a function of the chain length in a conjugated polymer.
With increasing chain length HOMO-LUMO gap is decreasing.

2.2 Device operation of polymer light emitting diodes
The general structure of a PLED consists of an organic semiconductor that

is sandwiched between an anode and cathode. This is schematically shown in

Figure 2.3.
LUMO

HOMO

Figure 2.3: General structure of a PLED. The emissive material is sandwiched between
an anode and cathode, of which the work functions each match the energy level of the HOMO
and LUMO, respectively.
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The device characteristics of a PLED in operation are dependent on the
conductive and emissive properties. The most important features of the operation
are charge injection, charge transport and recombination. (1, 2) The working
principle is schematically shown in Figure 2.4. In order to achieve emission of light,
several processes in the PLED have to take place. First, the charge carriers have to
be injected in the material. Electrons are injected from the cathode in the LUMO
and holes are injected from the anode into the HOMO of the organic
semiconductor. To achieve an efficient charge injection the materials of the
electrodes have to be carefully chosen. The work functions of the electrodes have to
match the HOMO and LUMO levels. Otherwise, the resulting energy barrier will
limit the flow of carriers into the semiconductor. If the injection barrier ¢ is smaller
than 0.3 eV, the contact can supply sufficient carriers to the organic semiconductor
and the transport becomes bulk-limited. In this case, the contact is defined as an
ohmic contact.(3-6) Typical materials for the anode and cathode are indium tin
oxide (ITO) and barium, respectively.

Because of the work functions of the electrodes, holes can only be injected
from the anode and electrons only from the cathode. In reverse operation, electrons
and hole have to overcome a large energy barrier at the electrodes and there is no
injection of carriers at all. This means that the device is only conductive in one
direction, which is why it is called a diode.

In spite of a difference in the work function between anode and cathode, in
thermal equilibrium the Fermi levels in the structure will align. This leads to a
built-in voltage in the PLED. Consequently, the structure shown in Figure 2.3 is
the special case where the built-in voltage is equal to the applied voltage, such that
the internal electrical field is zero. If the applied voltage is smaller than the built-in
voltage the electric field is against the direction of the current. In that case the
current is dominated by diffusion of charge carriers. If a voltage higher than the
built-in voltage of the device is applied, the current is dominated by drift.

In this case, once electrons and holes are injected, they drift to the opposite
electrode because of the driving force of an applied electric field. When an electron
and a hole come in close distance they form an exciton because of the Coulombic
attraction. An exciton is a bound excited state between a hole and electron. The
electron is in a higher energetic state and decays radiatively by releasing a photon.
This process is called bimolecular recombination. The color of the emitted light is
determined by the energy difference of the HOMO and LUMO minus the exciton
binding energy.
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The generated light in the semiconductor must be coupled out of the PLED.
Therefore, typically the cathode is reflecting and the anode is transparent. The
PLED is then called bottom emitting.

o

/

HOM©

Figure 2.4: Working principle of a PLED. Holes are injected from the anode and are
transported towards the cathode due to the applied electric field. Electrons are injected from the
cathode and are transported towards the anode. When a hole and an electron are in close

distance they form an exciton that recombines by emitting a photon.

2.3 Charge Transport in organic semiconductors
The charge transport in an organic semiconductor is usually characterized
by the charge carrier mobility u. The mobility is a characteristic for the average

drift velocity v of charge carriers under the influence of an applied electric field E:

v =uk 1)

As mentioned in the previous section, for a working PLED the materials for
anode and cathode have to be carefully chosen to avoid energy barriers that limit
the charge transport. On the other hand, by deliberately blocking one type of
charge carrier, so-called single carrier devices can be fabricated. In the case of a
hole-only device two materials with a high work function, such as
ITO/PEDOT:PSS and MoOs enable the injection of holes from both electrodes.
Due to a large energy barrier no electrons can be injected. For electron-only devices
two low work function materials are used that only enable the injection of

electrons. Using these single carrier devices helps to disentangle the transport
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properties of both charge carriers that are present in a PLED and study the charge
transport of one type of charge carrier individually.

Figure 2.5 shows the current density J as a function of the applied voltage V
corrected for the built-in voltage Vp; of a PLED (black), hole-only (red) and
electron-only (green) device of MEH-PPV. The thickness of all devices is around
120 nm. Figure 2.5 shows an important feature of PLEDs. The current density of
PLEDs is dominated by the hole transport. The current density of the PLED and
the hole-only device are almost equal, but the current density of the electron-only
device is orders of magnitudes lower. In the next sections the different
contributions to the transport and recombination of charge carriers, that lead to

this difference will be disentangled and explained.
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Figure 2.5: J-V characteristics of a MEH-PPV based PLED (black), hole-only (red) and
electron-only (green) device, showing that the PLED is dominated by the hole transport. The
hole transport is space-charge limited but the fit with a constant mobility is not valid at high
voltage.

2.3.1 Hole transport

Conjugated polymers are undoped semiconductors with a very low
conductivity, so they can be considered as insulators. In a hole-only device only
positive charge carriers are injected from the anode. Since the charges are not
screened or neutralized by electrons, a space-charge will be built up. The
unscreened space charge builds up an electric field inside the device. This

electrostatically limits the amount of charges that can be injected in the materials.
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The resulting current is called space-charge limited current (SCLC) and is

described by the Mott-Gurney law (7)

9 V2 2)
J= g Eosrlt 73

where g, is the permittivity gf Vacuém, & is the relative dielectric constant
of the organic semiconductor, y is the mobility of the organic semiconductor, V the
applied voltage and L the layer thickness. A consequence of the SCLC is that the
current density scales with V2 instead of V as in the case of an ohmic current. In
Figure 2.6 the electric field (black) and the carrier density (red) are shown as a
function of the distance from the injecting contact of a SCL device. The electric

field scales with E~+v/x and the carrier density scales with p~ %

0 20 40 60 80 100

x [nm]
Figure 2.6: Electric field (black) and carrier density (red) as a function of the distance

from the injecting contact of a SCL device

The solid line in Figure 2.5 shows a fit using Equation 2 for the SCL hole
current of MEH-PPV. In contrast to the electron current, the hole current can be
well described with the SCLC. However, at high voltages, the hole current increases
stronger than the SCLC predicts. In the derivation of Equation 2 it is assumed that
the mobility is a constant, so not dependent on electric field or carrier density. This

is not necessarily the case in an organic semiconductor and lots of effort has been
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done to find a suitable model for the mobility in the past. A brief overview will be
given in the following.

A possible explanation that the current density at high voltages is higher
than the SCLC could be that the mobility is dependent on the electric field. In
1972 Gill proposed a Poole-Frenkel like mobility that scales with the electric field
and the temperature according to (8-10)

tpr = u(T, E) = oexp (- k;ﬁ) exp(yVE), 3

where py is the mobility at zero field, A is the activation energy, kg the
Boltzmann constant, T the absolute temperature and y a field enhancement factor.
The temperature and field dependent mobility in combination with the SCLC was
successfully used by Blom et al. in 1997 to describe the hole current in MEH-PPV
at high fields and different temperatures and by Auweraer et al. in time-of-flight
measurements. (11, 12)

In inorganic semiconductors there is a periodic lattice structure which leads
to delocalized charge carriers and band-like transport. The mean free path of the
charge carriers is high and limited by the scattering of phonons. Consequently, the
mobility of the charge carriers is decreasing with increasing temperature.

The charge transport in organic semiconductors has different properties
compared to inorganic semiconductors. In semiconducting polymers the charge
carriers are delocalized along the polymer backbone. However, due to chemical
impurities or twists and kinks in the chain, the conjugation of the polymer is
broken. As mentioned before, the energy gap and thus the energy of the HOMO
and LUMO are dependent on the conjugation length. The variation in the
conjugation length leads to distribution of HOMO and LUMO levels, also termed
as the energetic disorder of the polymer. A disordered conjugated polymer can
therefore be considered as a system consisting of many conjugated parts that are
localized with different energy levels. The transport in such a material can be
described as a hopping process between these localized states that are spread in
energy. This greatly affects the charge transport of organic semiconductors and
leads to mobilities that are orders of magnitudes lower than their inorganic
counterparts.

The hopping process between localized states is assisted by phonons. A hop
to a site at higher energy needs to be assisted by absorption of a phonon, while a

hop to a site in lower energy releases a phonon. This process was already described
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by Conwell and Mott in 1954.(13, 14) Miller and Abrahams described a model for
the hopping rates, taking into account the energy difference and the spatial overlap
between an occupied and unoccupied state.(15) The resulting transition rate W;;
from an occupied state i to an unoccupied state j with energies & and g,

respectively is given by:(15)
( & — &
VVij =7 exp(—2aRij) {exp kBT
1

)for g > &
forg <eg;

with vy the attempt-to-jump frequency, R;; the distance between the states i
and j, a the inverse localization length, kg the Boltzmann constant and T the
absolute temperature.

In 1993 Béssler proposed a charge transport model for disordered organic
semiconductors. In the model, the hopping rate is described by the Miller and
Abrahams formalism of Equation (4). Both, positional and energetic disorder is
taken into account. The energetic disorder is approximated by a Gaussian

distribution p(¢g)

© 1 ( g2 ) 5)
€)= exp | —
p \2mo P\202

where ¢ is the width of the Gaussian density of states (DOS). The energy ¢
is measured relative to the center. This transport model is known as the Gaussian
disorder model (GDM) and is schematically shown in Figure 2.7.(16) Since the
charge transport cannot be solved analytically, Monte Carlo simulations have been
used.

A result of these simulations is that the carriers relax to an equilibrium level

2
below the center of the Gaussian DOS at —:—T. For transport the carriers have to
B

be thermally activated to a level with higher energy, which is called transport level.
Here, the DOS is higher and the hopping is easier. The transport level is basically a
compromise between the activation energy and the number of available states. This
is indicated in Figure 2.7 for a localized carrier (grey) that is thermally activated to
a higher energy from where it participates in the charge transport (white). The
activation energy explains the temperature dependence of the mobility at low
electric field. The mobility is additionally dependent on the electric field, because

the applied electric field is tilting the energy landscape as shown in Figure 2.8. This

23



makes it easier for charge carriers to overcome energy barriers in direction of the
applied electric field.

From the Monte Carlo simulations Bassler derived a temperature and field
dependent mobility according to:(16)

(T,E) l (2 Aﬂ X{ exp(C(62 —S)VE)forz = 1.5 )
’ = exp|—|=0
Hepm Ho €Xp 3 exp(C(62 — 2.25)\/?) for 3 < 1.5

g

where ¢ = ,
kgT

C is a constant that depends on the site spacing and Z is the

degree of positional disorder.
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Figure 2.7: Schematic representation a Gaussian distribution of energy sites. The density
of states is indicated by the dotted line. Localized charge carrier (grey) is thermally activated
from localized state to the transport level (white) where it can participate in the charge

transport.

It is important to note that in the GDM it is assumed that the electron-
phonon coupling is weak and consequently the influence of polarons is neglected.

The mobility description of Béssler gave some important insights into the
charge transport in disordered systems. The mobility is increasing with temperature
in contrast to classical semiconductors, where the mobility is limited by phonon
scattering when the temperature is increased. Since the hopping mechanism is
phonon-assisted, the transport is temperature activated. Additionally, the mobility
is field dependent because the energy barriers between the localized states are
easier to overcome with an external electric field. Using the GDM the observed

activation energy could be linked to the amount of disorder, represented by the
width of the DOS a.
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Figure 2.8: Hopping transport in the case of no electric field (left). Hopping transport in
the case of high electric field (right). The energy landscape is tilted by the electric field, enabling

higher charge carrier mobility.

In the considerations of Béssler the dependence of the transport on charge
carrier density was not taken into account. In a space-charge-limited device the
electric field and the charge carrier density are simultaneously increased by
increasing the applied voltage. Disentangling the two contributions at high voltages
is therefore difficult. To this end, measurements on field-effect transistors (FET)
and light-emitting diodes have been combined. The geometry of FETs and LEDs is
different. In a FET the distance between source and drain is in the order of
micrometers while in an LED the distance between anode and cathode is around
100 nm. Because of the thin layer, the electric field in a LED is much higher than
in a FET. Furthermore, in a FET by applying a voltage at the gate electrode,
charge carriers accumulate in the organic semiconductor in close vicinity of the
insulator interface, leading to high volume concentrations of carriers.(17) By
varying the gate voltage a change of the mobility has been found.(18, 19) This
dependence has been explained by the dependence of the mobility on carrier
density.(20, 21) At low carrier densities only the deep, localized states in the tail of
the DOS are occupied. Carriers that occupy a state deep in the tail need high
activation energy to hop to a neighboring site. This is schematically shown in
Figure 2.9a) for an exponential DOS. As the carrier density increases the deep
states are more and more filled. Then more charges occupy states at a higher

energy, which means that less activation energy is needed to reach a next site. This
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case is shown in Figure 2.9b). In this case the mobility is increased and depends on

the charge carrier density.
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Figure 2.9: a) Effect of the carrier density on the mobility of charge carriers. At low

density carriers relax to the deep states in the tail where the density of states is low. b) At high
carrier densities the deep states are filled and charge carriers hop at a higher density of states

where energy difference of neighboring sites is low. Consequently, the mobility is increased.

Experiments on MDMO-PPV showed that the mobility measured in FETs is
approximately three orders of magnitude higher as compared to measurements in
LED geometry.(22) The reason for this difference in mobility is the much higher
volume charge carrier density in FETs. In order to explain the charge transport in
FETs Vissenberg and Matters derived an analytic equation based on hopping in an
exponential DOS that describes the mobility as a function of the charge carrier
density p:(259)

4 To/T
o[ ) s e\ )
(2a)°B.

(@, T) = po +

where u, is the hole mobility at low densities, g, a prefactor for the
conductivity, T, the characteristic temperature describing the decay of the
exponential distribution, a the inverse overlap parameter between localized states
and B, the critical number for the onset of percolation.

As mentioned before, it is difficult to disentangle the influences of the

electric field and the charge carrier concentration on the mobility. However, in 2003
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Tanase et al. described a uniform charge carrier mobility description for PLEDs
and FETs.(22) The difference in the observed mobilities of PLEDs and FETs was
explained by the much higher charge carrier density in FETs, such that states in
the tail of the DOS are all filled. This increases the mobility by orders of
magnitude. Additionally, it has been found that the charge carrier dependence
influences the mobility more at room temperature than the field dependence. The
field dependence however, is more significant at low temperatures.(24)

For a consistent description of the transport of organic semiconductors it is
important to include both field and carrier density effects. In 2005, based on the
experiments of Tanase et al., Pasveer et al. developed the extended Gaussian
disorder model (EGDM) that gave a complete description of the mobility, including
temperature-, field- and carrier density dependence.(25) This was done by solving
the master equation for hopping transport on a cubic lattice with a site spacing a.

The analytical data was numerically described with the following parametrization

scheme:
u(T,p,E) = (T, p)f (T, E) 8)
1 A
(T, 0) = o(Dexp |5 (6% = 6)(2pa™)’|
Ho(T) = poexp[—0.4262]
In(6? — 6) —In(In(4))
6 =2 )

o
3 Eea\?

f(T,E) = exp{0.44 (62 — 2.2) 1+0.8 (T) -1

with py the mobility prefactor, & = Z p the charge carrier density, a the

kT’
hopping distance and e the elementary charge. A result of this model is that the
carrier dependence is stronger at room temperature and low electric fields. At low
temperature or high electric fields the field dependence is stronger. Additionally,
the carrier dependence becomes more important if the disorder is increased.

While the mobility model of Vissenberg and Matters assumes an exponential
shape of the DOS, the (E)GDM assumes a Gaussian shape. During the operation of
a PLED only a small part of the DOS is filled. In the case of a Gaussian DOS only
the tail of the distribution is filled. In this case the Gaussian DOS may be
approximated with an exponential distribution and the other way around.

The mobility model proposed by Pasveer is used to describe the mobility of
charge carriers in this thesis. This is shown for a MEH-PPV hole-only device for
different temperatures ranging from 295 K down to 213 K (symbols) in Figure 2.10.
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To obtain the fits (solid line) the parameters o = 11000 m*/Vs, a = 1.6 nm and
0 = 0.14 eV were used. A zero-field mobility at room temperature of uy(295K) =
581 x 107'm?/Vs was determined which is in excellent agreement to
literature.(26)

The EGDM predicts a temperature dependence of the mobility of In u ~%

in the limit of zero field and zero carrier density. A comparison of the temperature
dependence of hole-only devices of several organic semiconductors showed that the

temperature dependence can be described by a universal Arrhenius behavior:(27)

A

Up = Ho €XP (— k_T>
B

9)

where A is the activation energy. The difference in the temperature
dependence can be explained by considering two cases, zero charge carrier density
(p = 0 in Equation 8)) and at a finite carrier density (p = 1 X 10%Tm™3). It can be
seen that at zero carrier density the mobility scales with 1/T? and at finite carrier

density it scales with 1/T.
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Figure 2.10: Measured (symbols) and simulated (solid lines) J-V characteristics of a
MEH-PPV hole-only device using the mobility model of Pasveer et al. The current density is

described very well across a broad voltage and temperature range.
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2.3.2 Electron transport

With the combination of a field- and density dependent mobility and space-
charge limited current, the hole current of conjugated polymers can be fully
explained. Although the hole and electron mobility is similar in many organic
semiconductors, the electron current is typically several orders of magnitude lower
than the hole current. Furthermore, the electron current cannot be explained with
the mobility model presented so far. However, the electron transport is crucial for
the understanding of double carrier devices, such as PLEDs. In contrast to the hole
transport, that usually shows a quadratic dependence of the current density on the
voltage, the electron current shows a very strong voltage- and thickness
dependence.(28) The reason for the lower current is that the electron current is
limited by the presence of traps. Electron traps are localized defect sites inside the
band gap. Because the energy of the traps is lower than the LUMO, electrons can
fall in a trapping site and are immobilized. This is shown in Figure 2.11 in the case
of a Gaussian distribution for both LUMO and trap level. In the LUMO electrons
can hop to neighboring energy sites. However, if they approach a lower lying trap
they will be captured and are immobilized. Trapping of charge carriers markedly
affects the charge transport in a negative way. The traps can also explain a very
distinct feature of the electron current in Figure 2.5. In the electron current there is
a strong clockwise hysteresis. This means that the current density in the forward
scan is higher than in the backward scan. This is different from the current density
in hole-only devices and PLEDs, where the current density is the same in forward
and reverse direction. In the case of a trap-limited electron transport the traps are
filled in the forward scan. When the traps are deep in energy the detrapping of
electrons takes longer than the duration of a voltage sweep, there are too many
trapped electrons in the device during the back scan leading to a lowering of the

current density.
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Figure 2.11: Hopping transport of an electron in a Gaussian DOS, followed by trapping

of the electron in a trap site that is Gaussianly distributed, too. In the trap, the electron is

immobilized.

The aforementioned strong voltage and thickness dependence of the electron

current was initially explained using an exponential distribution of trapping sites:

N, E— & 10)
ne(e) = (kBTt) eXp( kpT, )

with n;(e) the trap density of states at an energye, N; the total trap

density, kgT; an energy characterizing the trap distribution and &, the energy of
the conduction band. For the case of a trap-limited current with exponential traps

an analytical equation was found by Mark and Lampert: (29)

eosr)”l <2r + 1)”1 roN\T VT 11)

=N AN A
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with N, the DOS in the conduction band and r = T;/T. Using this equation,
the electron current of MDMO-PPV could be described for several thicknesses.

However, the temperature dependence of the trap-limited current was much weaker

30



than the exponential trap model predicted. In organic semiconductors the transport
is described by a hopping in a Gaussian DOS. The model proposed by Mark and
Lampert however, assumes a sharp conduction band edge. By taking into account a
Gaussian distribution of the LUMO also the temperature dependence of the trap-
limited electron current can be described. The classical Mark and Lampert equation
is then modified to (30)

r+1
Yy E0&r (Zr + 1)”1 ro\T VT 12)
J=Neen E, — &, r+1/) Gyt A
eN; exp( k5T, )

2
With E;, the trap energy and E,, a characteristic energy located Z(RT_T below
B

the center of the Gaussian DOS. With this modification it was possible to
consistently describe the temperature dependent electron current of PPV-
derivates.(31)

When it comes to the characterization of trap-limited electron transport
using J-V characteristics there is however the problem that the electron mobility,
the trap energy and the total amount of traps are all in the prefactor of Equation
112). For this reason they cannot be determined independently. Zhang et al. used
dimethylcobaltocene as a n-type dopant of MEH-PPV to fill its trap states. Once
all the traps were filled by the dopant, the trap-free electron current was the same
as the hole current. This proves that the intrinsic mobility of holes and electrons is
the same in MEH-PPV.(32)

Recently Nicolai et al. gave a full description of a Gaussian trap
distribution.(33) Since the charge transport is characterized by hopping in a
Gaussian DOS, it is plausible to use a Gaussian distribution for the traps as well.
The work unified previous reports of shallow and deep Gaussianly-shaped traps
that were only valid in a limited voltage range.(34, 35) The trap-limited electron
current of three PPV derivates could be described equally well as with an
exponential trap distribution. Additionally, in contrast to the exponential trap
distribution, the trap energy and the total amount of the traps could be
disentangled. Remarkably, the trap-limited electron transport could be described
with one fixed set of parameters of a total amount of traps N, = 1 X 1023m™3 with
a width of o; = 0.1 eV that have a trap energy E; = 0.7 — 0.8 eV below the LUMO
of the PPV derivatives.(33)
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This is a remarkable result because when the trap-limited result was
described with an exponential trap distribution, different parameters for various
PPV derivatives were obtained. This can be explained if it is taken into account,
that during a voltage sweep the trap distribution is only partially filled. The
partially filled tail of a Gaussian DOS can be approximated with an exponential
DOS. However, this has to be done for each PPV derivate individually by adjusting
N; and T; to agree with the experiment.

The fact that the traps for these three PPV derivates have the same
parameters might indicate that the traps have the same origin. In order to
elaborate this, electron transport of a series of nine polymers was analyzed by
Nicolai et al. using the Gaussian trap model.

Remarkably, for all polymers that showed a trap-limited current the amount
of traps is almost the same with a value of 3 X 1023 m™3. The only value that was
different between the polymers was the trap energy E; below the LUMO. After
relating the trap energy to the LUMO levels of each polymer, it was found that the
all traps are located at a common energy level of around 3.6 eV below the vacuum
level. Note that the width of the trap distribution o; was assumed to be equal to
the width of the Gaussian distribution of the LUMO because both will result from
the same disorder in the material. This essentially allows for predictive modelling of
the trap-limited electron current if the hole mobility and the LUMO of a material
is known.(56)

The nature of the traps is still not fully understood and under debate. The
findings of Nicolai et al. however indicate that the origin cannot be from structural
defects like kinks and twists in the polymer chain, because polymers with different
chemical structure as PPVs, thiophenes and fluorenes have been investigated. Since
for all polymers the electron transport could be modeled with almost the same
parameters it is likely that the traps all have a common origin that is extrinsic.
Quantum chemical calculations suggested that water and oxygen complexes could

be a possible origin of electron traps in organic semiconductors.(36)

2.4 Device Model for Polymer Light-Emitting Diodes

So far, the transport for single carrier devices has been explained. Charge
carriers hop from localized states that are Gaussianly distributed in energy. The
mobility of the carriers is temperature, field and carrier density dependent. The
intrinsic mobility of electrons and holes is the same. However, the electron

transport is affected by traps, resulting in a trap-limited current.
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A PLED is a double carrier device, where both, holes and electrons are
injected. In a double carrier device the charge carrier recombination and the charge
neutralization additionally play an important role. Due to the neutralization of
electrons and holes, the total charge may exceed the net charge. The net charge is
the difference between the hole and electron concentration. Because of this, the
current density in a double carrier device is always higher than in a single carrier
device.

Because the charge carrier mobility is temperature, field and density
dependent and the electron transport is trap-limited, the current density of a
PLED cannot be described by an analytical equation. Therefore, Koster et al.
developed a numerical device model with the basic equations based on double-

carrier semiconductor devices such as the current equations:(29, 37)

J=/n +]p 13)
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The Poisson equation:
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And the particle-conservation equation:

1dJ, 1dJ, 17)
_ = ——— =R
e dx e dx p(In(x)
Where J,, and ], is the electron and hole current density, respectively, E (x)
is the electric field at the position x, n(x) and p(x) are the density of mobile
electrons and holes, n; the density of trapped electrons, D, and D, the diffusion

coefficient of electrons and holes and B the bimolecular recombination constant.

Note that the diffusion coefficients follow the Einstein relation D =%. The

term Bp(x)n(x) is the bimolecular rate at which charge carriers recombine and

form excitons.
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The recombination of charge carriers will be discussed more detailed in the
following part. In organic semiconductors the bimolecular recombination is of
Langevin type. This means that it is limited by the diffusion of the carriers towards
each other due to their Coulombic attraction. Typically, this is the case if the mean

free path of the carriers is smaller than the critical Coulomb binding radius

eZ

Y =——
¢ Ameye kT 18)
at which the Coulombic attraction is equal to the thermal energy. Typical
hopping lengths of charge carriers are in the order of 1-3 nm. The Coulomb binding
radius at a Temperature of 300 K is about 18.5 nm, which is much larger than the

hopping distance. As a result the Langevin recombination rate is

R, = Bynp
19)
with the Langevin recombination constant (38)
B, = —— [un(E,T) + py(p,E,T)]
L7 ge, Hnllh 55 HpiPr 5 20)

From this equation it follows that an increase in the mobility automatically
increases the probability that the charge carriers find each other in the Coulomb
field and recombine. The Langevin recombination was used to model the current-
voltage characteristics of PPV-based PLEDs. Only considering the Langevin type
of recombination was not sufficient to describe the PLED. The calculated Langevin
recombination constant was by a factor of 3 to 4 lower than in the experiment.(39)

This suggests that other recombination processes than the Langevin type
have to be taken into account. When looking at the open-circuit voltage Vy¢ of
organic solar cells it was found that the slope of the Vy. versus the natural
logarithm of the light intensity was different for trap-free electron transport as
compared to trap-limited electron transport.(40) This difference could be explained
by considering trap-assisted recombination, where a trapped electron can recombine
with a free hole.(41-44) The recombination constant for trap-assisted recombination
is given by the Shockley-Read-Hall (SRH) equation (45, 46)
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Where C, and C, are capture -coefficients for electrons and holes,
respectively, n and p are the hole and electron density in the conduction band and
valence band, respectively and their product in equilibrium conditions: pyn; =

E
N¢y exp (— qugT) =n?, where Ny is the effective density of states and n? the

intrinsic carrier concentration.
For the total recombination in a PLED the SRH recombination rate is

added to the Langevin recombination rate and Equation 17) becomes:

1df,  1dj,

——= - = R = (B + Bsgy)(np _nlz) 22)

In order to analyze the capture coefficient that is necessary to describe the
SRH recombination the Vy. versus light intensity of a MEH-PPV PLED for
different temperatures was measured. It was found that the temperature activation
of the capture coefficient was the same as activation energy in a hole-only device of
MEH-PPV.(47) This shows that the capture coefficient is related to the hole
mobility. It was found that the rate limiting step is the diffusion of holes towards a

trapped electron, meaning that C, < C,. The capture coefficient is given by (47)

C, =2,
p= G Hp 23)
The SRH recombination is similar to Langevin recombination with the
difference that the mobility of a trapped electron is zero. In a working PLED the
SRH recombination can be approximated by (47)

_q
Repy = E:upth 24)

This means that the recombination of electrons and holes in organic
semiconductors is only dependent on the mobilities u,(n, E,T) and p,(n, E,T) of

electrons and holes, respectively and the total amount of traps.
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Figure 2.12: Overview of device operation of an PLED including SRH recombination:
Trap-free hole transport (black), trap-limited electron transport (blue), non-radiative SRH

recombination (red) and emissive Langevin recombination (orange).

Figure 2.12 gives an overview of the processes of recombination in organic
semiconductors: Trap-free hole transport (black), trap-limited electron transport

(blue) trap-assisted SRH (red) and Langevin recombination (orange).

2.5 Loss mechanisms in single layer PLEDs

Knowing the basics of charge transport and recombination in organic
semiconductors, the next section will focus on how non-radiative loss mechanisms
influence the operation of a PLED. The two main loss mechanisms are non-
radiative trap-assisted recombination (SRH) and exciton quenching at a metallic
electrode. When an exciton is quenched, its energy is transferred non-radiatively to
an electrode via long range dipole-dipole interactions. Because of that, there is a
concentration gradient of excitons with less excitons close to the electrode than in
the bulk of the material. Consequently, excitons diffuse towards the electrode
thereby increasing the effect of quenching. Typically the electron transport is
inferior to the hole transport due to the presence of traps. Consequently, most of
the light is generated at the cathode and the quenching is mainly observed at the
cathode. To analyze the exciton quenching a one dimensional continuity equation

for the exciton density distribution E(x,t) is used(48-50)

OF (x,t) 0%E(x,t) E(x,t) x3
ot P T, (Mte) TR 25)
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where x is the distance from the electrode. The first term, with D the
diffusion coefficient of the excitons, describes the one dimensional exciton diffusion.
The second term, with 74 is the exciton lifetime describes the exciton decay in the
polymer. This is further enhanced by the non-radiative exciton energy transfer to
the electrode mentioned above characterized by an inverse cubic distance
dependence, with xy a characteristic length for energy transfer.(49, 51) The last
term is the Langevin recombination rate that describes the exciton generation
process as discussed in the last section. Typical values for the exciton diffusion
coefficient D and the exciton lifetime 7., that were obtained by time-resolved
photoluminescence measurements are 2.2 X 107’m?/s and 600 ps, respectively.
This leaves the range of the energy transfer x, as the only unknown parameter.(51)

Quenching of excitons at the electrodes has been included in the PLED
device model and the effect of the various loss mechanisms on the device efficiency
was analyzed. The current efficiency, that is the light-output divided by the
current, was simulated for a MEH-PPV PLED by Kuik et al. including the effect of
emissive Langevin and non-radiative SRH recombination, as well as quenching at
the cathode.(26, 52) The current efficiency basically is a measure on how efficient
electrons and holes are converted into photons. The simulation was repeated for the
batch of MEH-PPV used in this thesis for a 100 nm PLED with x, = 10 nm and is
shown in Figure 2.13. It shows how the contributions of the non-radiative SRH
recombination and exciton quenching at a cathode compare in magnitude and how
they relate to the current efficiency.

From the simulation it can be seen that at low voltages the PLED is
completely dominated by the non-radiative SRH recombination. This is because at
low voltages the trap states are empty and get filled. Since the total amount of
traps N; is fixed in a sample, the traps get filled more and more at higher voltages.
Therefore, the probability of the Langevin recombination increases and is the
dominant recombination process at high voltage. The voltage at which Langevin
recombination is stronger than the SRH recombination mainly depends on the film
thickness. The traps additionally enhance the loss mechanism of cathode
quenching. Especially at low voltages, where the traps are mainly empty, the
electron transport is inferior to the hole transport. Consequently, the recombination
zone is close to the cathode which leads to an increased exciton quenching at the
cathode. This can be seen in Figure 2.13 where the cathode quenching increases

strongly at low voltages. Overall, at 5 V only 70 % of the excitons recombine
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radiatively, 20 % recombine non-radiatively via electron traps and around 10% are
quenched at the cathode.

In order to avoid cathode quenching, typically hole-blocking layers are used.
Here, a material with a HOMO that is deep compared to the HOMO of the
emissive material is put between the emissive layer and the cathode. Because of the
energy barrier between both HOMOs, holes are blocked and the recombination
zone is shifted away from the cathode to the interface of the emissive layer and the

hole-blocking layer.

Normalized Current Efficiency

2 3 4 5
Ve V]
Figure 2.13: Current efficiency plotted versus the applied voltage showing the

contribution of the loss mechanisms of non-radiative SRH recombination and cathode quenching
for a MEH-PPV PLED of 100 nm. Picture adapted from Kuik et al. (26)

In summary in this chapter all processes and parameters that are necessary
to describe the charge transport and recombination in a PLED were explained. The
hole transport is trap-free and the hole current limited by a buildup of space charge
in the device (space-charge limited current). The mobility depends on the
temperature, the electric field and the carrier density, which was explained by a
hopping mechanism in a Gaussian density of states. The electron transport usually
is trap-limited, which means that electrons can fall into localized states in the band
gap where they are immobilized. It was found that the trap distribution can be
described as a Gaussian dependence on energy and is similar for all polymers. The
typical electron trap density amounts to N, = 3 X 1023m™3 at an energy of 3.6 eV
below vacuum level and a width of 0.1 eV. The recombination of free holes with
trapped electrons is determined by a capture coefficient that is thermally activated.
The activation energy is equal to the activation energy of holes, which indicates
that the trap-assisted recombination is limited by the diffusion of a hole towards an

immobile, trapped electron. This is similar to the Langevin recombination where
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both carriers diffuse towards each other. By incorporating Langevin and SRH
recombination and cathode quenching in the device model the electrical properties
of a PLED can be fully modeled.
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3 Materials and Methods

This chapter briefly introduces the organic semiconductors and matrix
materials that are used in this work. The preparation of the substrates and the
device fabrication is explained, as well as the device layout. In the end the methods

that are used to characterize the devices are explained.
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Figure 3.1: Overview of the materials used in this thesis: a) MEH-PPV, b) PFO, c¢) SY-
PPV, d) poly-TPD, e) PEDOT:PSS, f) SR540 and g) Irgacure 819

Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) is a
PPV-derivate with two asymmetric alkyl side chains. The chemical structure is
shown in Figure 3.1a). It has been used as a working horse in the last decades and
is therefore an ideal model material for our study. The highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) levels are
reported to be around 5.0 - 5.3 eV and 2.7 - 3.0 eV below vacuum level.(1-3) In the
multilayer PLEDs demonstrated in this work MEH-PPV is used as an emissive
layer. The emitted light has a characteristic orange color with the peak emission at
590 nm. The absorption and electroluminescence (EL) spectra of a MEH-PPV film
are shown in Figure 3.2. The molecular weight of this batch is M,, = 370 ()0()miol

with a polydispersity index of 3.4.
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Figure 3.2: Absorption and electroluminescence spectra of an MEH-PPYV layer.
Another PPV-derivative used is the so-called Super Yellow PPV (SY-PPV).

Its chemical structure is shown in Figure 3.1¢). SY-PPV was bought from Merck
KGaA. SY-PPV shows a characteristic yellow emission and the EL spectrum is

shown in Figure 3.3 in yellow. The molecular weight is M,, = 975 000—. The

-
mol
LUMO and HOMO levels of Super Yellow are reported to be at 3.0 and 5.4 eV

below vacuum level, respectively.(4)
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Figure 3.3: Electroluminescence spectrum of Super Yellow (yellow) and SPB-02T (blue)

In a multilayer device poly(9,9-di-n-octylfluorenyl-2,7-diyl) (PFO) is used as
a hole-blocking layer. PFO was bought from TNO/Holst Center. The structure is
shown in Figure 3.1b). The HOMO level of PFO is at 5.8 eV below vacuum
level.(5) Compared to the HOMO levels of MEH-PPV and Super Yellow, there is a
substantial energy barrier that block holes efficiently.

For the experiments reported in Chapter 5, which include two emissive
layers, the blue-emitting polymer SPB-02T has been used. SPB-02T is a
poly(spirobifluorene) and was bought from Merck KGaA, but the detailed chemical
structure is not provided. The EL spectrum of the blue emitting polymer is shown
in Figure 3.3 in blue. The molecular weight of SPB-02T is M,, = 750 000 %. The

47



LUMO and HOMO are located at 2.5 and 5.2 eV below vacuum level,
respectively.(6)

In the tri-layer device reported in Chapter 6, poly[N,N’-bis(4-butylphenyl)-
N,N’-bis(phenyl)-benzidine] (poly-TPD) is used as an electron-blocking layer. The
chemical structure is shown in Figure 3.1d). The LUMO and the HOMO of poly-
TPD are at 2.3 and 5.1 eV below vacuum level, giving rise to an energy barrier to
the LUMO of Super Yellow PPV.(7) Consequently, poly-TPD can block electrons
efficiently.

As insulating cross-linkers the commercially available NOA83H (Norland
Products) and ethoxylated (4) bisphenol A dimethacrylate that is sold under the
name SR540 from Sartomer were used. The structure of SR540 is shown in Figure
3.1d). The structure of NOA83H is not known. NOA83H is typically used as a
liquid adhesive that cures upon exposure to ultraviolet (UV) light, in order to bond
optical components together. SR540 is a monomer that is used in free radical
polymerization.

In order to activate the cross-linking for SR540, an additional photoinitiator
is necessary. Therefore, Irgacure 819 that was bought from BASF. Irgacure 819 is
bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide and the structure is shown in
Figure 3.1e). Irgacure 819 is strongly absorbing light below 400 nm. The bonds
between the carbon and phosphor atoms can break and thus three radicals per
molecule can be created. These radicals can break one of the C-C double bond at
the ends of SR540, thereby creating a new radical. The new radical can again break
a C-C double bond and consequently, the molecule polymerizes. During this process
two polymer chains can be linked together. This is called cross-linking. When a
polymer chain is cross-linked, its properties can change drastically. One example is
the ability of the chains to move freely. SR540 in the initial state is a resin, because
the chains are flowing freely. When SR540 is cross-linked the chain mobility is
drastically reduced and the material turns from liquid to solid. Furthermore, the
solubility in solvents is decreased. Typically, cross-linked polymers are not soluble
in most of their initial solvents.

To initiate the cross-linking process a UV-flood lamp (Dymax, EC-2000) is
used. The spectral output of the lamp is shown in Figure 3.4. A mercury halide
lamp is used that shows an emission in the UV-A and visible spectrum. In order to
prevent photo-oxidation of the organic semiconductors, the cross-linking is done in

nitrogen atmosphere.
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Figure 3.4: Emission spectrum of the Dymax EC-2000 UV-flood lamp
One of the electrodes has to be transparent in a PLED so that the light can

get out of the device. This is typically the anode. The transparent anode material
that is used is indium tin oxide (ITO). ITO is a well-known transparent conductive
oxide and the standard material for anodes in organic electronics because of its
good transparency and low resistivity.(8) By treating the ITO with UV-ozone, the
work function can be increased from 4.7 to 5.6 eV below vacuum level.(9) Organic
contaminations are removed and the surface is oxidized, resulting in a hydrophilic
surface.(10)

On top of ITO, poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) is spin-coated. PEDOT:PSS has been commonly used as a hole
injection layer in organic electronics.(11) The chemical structure is shown in Figure
3.1f). PEDOT:PSS was bought from Heraeus (Clevios P VP Al 4083). The work
function is approximately 5.2 eV below vacuum level(12, 13) and the weight ratio
between PEDOT and PSS is 1 to 6. Furthermore, PEDOT:PSS is not soluble in
organic solvents and dispersed in water. In a PLED it is commonly used to
decrease the energy difference between ITO and the organic semiconductor.(171)
Additionally, the transparency is high and by spin-coating a PEDOT:PSS layer on
top of ITO the ITO surface is planarized.

As a cathode barium is used in this work. Barium is a low work function
metal (2.7 ¢V) and can efficiently inject electrons in the LUMO of common organic
semiconductors.(14) Barium is thermally evaporated at a pressure of 107 mbar with
a thickness of 5 nm. Since barium is very reactive, an aluminum capping layer of
100 nm is evaporated on top to prevent a reaction of barium with oxygen or water.

For hole-only devices molybdenum tri-oxide (MoQOs;) is used as a hole
injecting top contact. MoQOs is a transition metal oxide and is commonly used

because of its exceptional electronic properties.(15, 16) MoOs has a very high work
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function of 6.9 eV below vacuum level, which makes it an ideal hole injecting
contact.(15) MoOs is evaporated at a pressure of 10° mbar with a thickness of 10
nm, followed by a 100 nm aluminum capping layer.

For MEH-PPV water-free chlorobenzene has been used as solvent, for all
other materials water-free toluene has been used. Solutions were prepared in a
nitrogen atmosphere and left for stirring overnight. A detailed description of the
concentrations and the resulting film thicknesses is given in each chapter
separately.

MEH-PPV and SY-PPV solutions were stirred at 55°C, in order to increase
the dissolution in the solvent. After stirring, the solutions were filtered with a
Rezist 5 pm PTFE filter. The matrix and photoinitiator solutions were filtered with

a 1 pm filter.

3.2 Device Fabrication

The film thickness of the spin-coated films is typically in the order of 100
nm and therefore much smaller than dust particles that are pm-sized. Already a
single dust particle can cause a short circuit in the device. To this end, the devices
are generally fabricated in a cleanroom environment.

The devices are fabricated on a 3 X3 cm glass substrate with a pre-
patterned ITO layer. The pre-patterned glass substrates are cleaned by scrubbing
with a 10 wt. % solution of Extran MA 02 (VWR) in deionized water. The
substrates are then put in a flow bath of deionized water with a temperature of
50°C. Consecutively, the substrates are cleaned in a 5 min ultrasonic bath in
acetone followed by isopropanol. After drying at a temperature of 140°C for 10
min, the substrates are cleaned in a UV-ozone cleaner for 20 min.

In order to reduce the roughness of I'TO and improve the hole injection, a
PEDOT:PSS layer is spin-coated with a speed of 500 rpm for 10 s followed by 1500
rpm for 60 s. Before deposition, the solution is filtered with a 0.45 pm pore size
PVDF filter. After spin-coating, the film is dried at 140°C for 10 min to remove the
water. The resulting film thickness is around 45 nm.

All following steps were carried out in a nitrogen atmosphere. After coating
PEDOT:PSS on the substrate, the light-emitting polymers are spin-coated on the
substrate. The typical spin-coating program is 1000 rpm for 20 s followed by 250
rpm for 60 s. If chlorobenzene is used as solvent instead of toluene, the last step is
120 s instead of 60 because chlorobenzene evaporates more slowly. In case that

blends with a cross-linkable matrix are fabricated, the blends are illuminated with
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UV-light with a dose of approximately 40 J/cm? The fabrication of multilayers
using the crosslinked blends is described in more detail in chapter 5 and 6.

Finally, the top contact is thermally evaporated at a pressure of 10 mbar.
For a PLED and electron-only device, the top contact consists of 5 nm barium,
followed by a 100 nm aluminum capping layer. For a hole-only device, the top
contact is 10 nm MoOs followed by 100 nm of aluminum. Electron-only devices are
fabricated on clean glass substrates without I'TO and PEDOT:PSS. As a bottom
contact 30 nm of aluminum is evaporated through a shadow mask that is
subsequently oxidized in air for 10 min.

The overlap of the bottom contact and the top contact is the active area in
the final device. The contacts are designed in such a way that they cover a range of
10° m2 to 10* m2. The general structure is shown as a side view and top view in
Figure 3.5a) and b), respectively. Figure 3.5¢) shows a photograph of an MEH-PPV

PLED. The typical orange emission is visible on a 1 ¢cm? sample.

a) b) c)
Barium/Aluminum PEDOT:PSS/ ——
Polymer Polymer /
PEDOT:PSS ITO
ITO
Cllass Barium/ /
ass Aluminum

Figure 3.5: Structure of a PLED: a) side view and b) top view. c¢) Photograph of a
MEH-PPV PLED in operation showing the characteristic orange emission.

3.3 Device layout

Single carrier devices such as hole-only and electron-only devices help to
disentangle the charge transport in a PLED where both carriers are present. In a
PLED the work functions of anode and cathode match the energy levels of the
HOMO and LUMO, respectively. The energy diagram of a PLED is shown in
Figure 3.6a). Therefore ITO, covered with a PEDOT:PSS layer is used as anode
and hole-injection layer, respectively, and barium with an aluminum capping layer
is used as cathode.

In a hole-only device, the injection of electrons must be blocked. Therefore it
is suitable to have two hole-injecting contacts. The energy diagram of a hole-only
device is schematically shown in Figure 3.6b). As a bottom contact ITO with a
PEDOT:PSS layer is used. As a top contact, MoO; is used as a thermally
evaporated hole injecting contact.

In an electron-only device, the injection of holes has to be blocked.

Therefore, the ITO contact is replaced by an oxidized aluminum contact. The work
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function of the oxidized aluminum is around 3.2 eV below vacuum level and
prevents the injection of holes. As a top contact, the electron-injecting barium

covered with an aluminum capping layer is used.

a) LUMO b) LUMO C) LUMO

HOMO HOMO HOMO
PEDOT: PEDOT:
PSS PSS

Figure 3.6: a) Schematic energy diagram of a PLED with hole-injecting bottom contact
and electron-injecting top contact. b) Hole-only device with ITO/PEDOT:PSS as bottom
contact and MoQOs as a top contact that enables hole injection, too. c) Electron-only device with
Al bottom contact that blocks the hole injection and electron-injecting Ba/Al top contact.

3.4 Device characterization

In order to analyze the charge transport in organic semiconductors, the
current-voltage characteristics (J-V) of both, single carrier and double carrier
devices are measured. Therefore, a Keithley 2400 source meter is used. To measure
the light output of a PLED, a silicon photodiode that is connected to a Keithley
6514 electrometer is used. To measure the luminance (L), a Konica Minolta LS-100
luminance meter was used. The EL spectrum of the PLEDs is measured with an
Ocean Optics USB400-UV-VIS-ES spectrometer.

The J-V characteristics of a PLED are measured by applying a voltage
sweep starting from 0 to typically 5 V with a step size of 0.1 V. At 5 V the voltage
is decreased to -2 V and then increased again to 0 V. A J-V curve of a typical
MEH-PPV PLED is shown black in Figure 3.7. Measuring the reverse bias shows
the leakage current of the device that is also visible at very low voltage in forward
bias. The leakage current is labeled with a 1 in Figure 3.7. Here the device current
in the device is dominated by leakage that scales linearly with the applied voltage.
At voltages above 1.5 V the current follows an exponential increase. Because of the
different work functions of the electrodes, at 0 V electrons will flow from the
cathode to the anode to equilibrate the Fermi levels. The resulting built-in voltage
gives rise to an internal electric field that is in opposite direction of the drift
current. For voltages lower than the built-in voltage the current is dominated by
diffusion, which leads to an exponential dependence of the current density on

voltage. This regime is labeled with a 2 in Figure 3.7. Above the built-in voltage,
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the current density shows a quadratic dependence on the voltage that is due to the
drift current. This is labeled with a 3.

In hole-only devices there is usually hole injection from both contacts and
consequently hole current in forward and reverse bias. In this case, the voltage
sweep is applied from 0 to 5 to -5 to 0 V. This is shown in red Figure 3.7. In case

both contacts are Ohmic the curve is symmetric in forward and reverse bias.
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Figure 3.7: J-V charateristics of a MEH-PPV PLED (black) and a MEH-PPV hole-only

device (red)

The charge transport is dependent on the film thickness. Therefore, the
thickness of every sample has to be measured. The film thickness is measured using
a Bruker DektakXT Stylus Profiler. The polymer film is scratched with a needle,
exposing the glass substrate. The surface profiler can then measure the height

difference between the polymer film and the glass substrate.
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4 Solubility and Charge Transport in Blends of poly-
dialkoxy-p-phenylene vinylene and UV-cross-
linkable Matrices

In this chapter poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene]
(MEH-PPV) is blended with two different inert UV-cross-linkable matrices to tune
the solubility of the solution-processed films . It is found that only 10 wt. % of
theses matrices is required to make the blend layer insoluble after cross-linking.
The addition of only 10 wt. % matrix only slightly reduces the hole mobility,
whereas the electron transport is not affected. Polymer light-emitting diodes
(PLEDs) with an insoluble 90:10 MEH-PPV:matrix blend layer exhibit the same
current density and photocurrent as pristine and soluble MEH-PPV PLEDs.

The content of this chapter was published in:
C. Kasparek, R. Rohloff, J. J. Michels, N. I. Craciun, J. Wildeman, P. W. M.
Blom, Adv. Electron. Mater. 2017, 3, 1600519
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4.1 Introduction

As mentioned in the general introduction in Chapter 1, organic light-
emitting diodes (OLEDs) consist of a stack of small molecule-based layers that
each have specific functions.(1) These functions include hole transport, electron-
blocking, emission of one or more colors, hole-blocking and electron transport.
Conventionally, such a stack of layers is deposited by thermal evaporation in a
high vacuum. The route towards lower cost is to process these layers from solution,
such that a cost efficient roll-to-roll process can be used. However, a major
challenge is the stack integrity; when a subsequent layer is coated on top of a
previously deposited layer, the first layer will redissolve in the solvent of the second
layer.

In the last years several different approaches that typically rely on elaborate
synthetic strategies and only work for a certain set of materials have been
presented.(2-17) A general concept to make layers insoluble that enables multilayer
application form solution still has to be developed. In this work, a general concept
is used where the functional material is blended with a cross-linkable host matrix.
In this chapter the solubility and the charge transport of blends of a functional
material and two different cross-linkable host matrices are analyzed. To this end
poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) is blended
with two different cross-linkable host matrices, NOA83H (Norland Products) and
SR540 (Sartomer). The matrix is cross-linked after deposition with UV-light which
makes the whole blend layer insoluble. The solubility of blends in different weight
ratios and the effect of the cure time are investigated. Furthermore the charge
transport in hole-only and electron-only devices is analyzed. Finally, from the
insoluble blend layers polymer light-emitting diodes (PLEDs) with the same

optoelectronic functionality as pristine and soluble MEH-PPV are fabricated.

4.2 Experimental

Water-free chlorobenzene is used as solvent for all materials. For MEH-PPV
a concentrations of 5.5 mg/ml was used, whereas for the matrices NOA83H and
SR540 20 mg/ml and 40 mg/ml were used, respectively. In order to activate the
cross-linking process of SR540, the photoinitiator Irgacure 819 (BASF) was added
with a concentration of 2 wt. % relative to the total material in the blend solution.
PLEDs as well as hole-only devices were processed on a glass substrate with a pre-

patterned indium tin oxide (ITO) layer. The substrates were cleaned using soap
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followed by an ultrasonic acetone and isopropanol bath. After that they were dried
and treated with UV-ozone. Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS, Clevios P VP Al 4083, Heraeus) was spin-coated with a speed of 250
rpm for 10 s followed by a drying step with 1500 rpm for 50s. The layer was baked
at 140°C for 10 min, resulting in 45 nm thick films. The MEH-PPV:matrix blends
were spin-coated in a nitrogen atmosphere with a speed of 1000 rpm for 20 s and
then dried at 250 rpm for 90 s. The blend was then cross-linked in a nitrogen
atmosphere with a UV flood lamp (Dymax 2000-EC). Cathodes were thermally
evaporated at a pressure of 10° mbar. For electron-only and PLEDs cathodes
consist of 5 nm Barium and 100 nm Aluminum as a capping layer. For electron-
only devices the anode consisted of a 30 nm Aluminum layer that was slightly
oxidized. For hole-only devices the top electrode is made of 10 nm MoOs followed
by a 100 nm Al capping layer. The devices were characterized in nitrogen
atmosphere using a Keithley 2400 source meter and a 6514 system electrometer
connected to a Si-photodiode. The film thickness was measured with a Bruker

DektakXT Stylus Profiler.
4.3 Results and discussion

4.3.1 Tuning the solubility of a MEH-PPV:Matrix blend layer
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Figure 4.1: a) Film thickness difference after spin-coating chlorobenzene on top of the
cross-linked MEH-PPV:SR540 blends (dose 3 J/cm?) for different ratios of MEH-PPV and
SR540. b) Film thickness difference of MEH-PPV blended with SR540 (black) and NOAS83H
(red) in a 90:10 ratio for different doses. c) Film thickness of 90:10 MEH-PPV:SR540 layers that

were each cross-linked with a dose of 43 J/cm? stacked on top of each other.

Blends of MEH-PPV and SR540 in different concentrations, ranging from
20:80 MEH-PPV:SR540 to pristine MEH-PPV (100%), were made and spin-coated
on a glass substrate. The notation 20:80 MEH-PPV:SR540 means that there is 20
wt. % MEH-PPV and 80 wt. % SR540 in the blend. The blends were cross-linked
with a dose of 3 J/cm? in a nitrogen atmosphere. The film thickness of all blends

was around 100 nm after cross-linking. To test the effectiveness of the cross-linking
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procedure, chlorobenzene was spin-coated on top of the cured blend films to remove
any dissolvable material, followed by measurement of the film thickness. Since
MEH-PPYV is well soluble in chlorobenzene, parts of the MEH-PPV in the blend
that are not surrounded by matrix can be washed off. The difference in film
thickness AL before and after spin-coating chlorobenzene on top is plotted as a
function of the concentration of MEH-PPV in Figure 4.1a). From the 100 nm of
the pristine MEH-PPV film around 60 nm were washed off. The wash-off is not
complete due to the relatively high molecular weight (M, = 350 000 g/mol) of the
MEH-PPV used. Adding only 5 % of the SR540 matrix decreased the wash-off to
20 nm after cross-linking. The wash off for a blend containing 10 % SR540 was
around 15 nm. Further increasing the amount of SR540 to 20 % decreased the
wash-off to 10 nm. The blends from 80:20 down to 20:80 MEH-PPV:SR540 showed
a wash-off of less than 10 nm. We note that such small wash off approaches the
accuracy of the profilometric thickness measurement, which is typically 5 nm.
Surprisingly, only small concentrations of 10-20 % SR540 in the blend are sufficient
to drastically reduce the solubility of the film. In this case MEH-PPV is in excess
of SR540, however the term matrix for SR540 and NOA&3H will be further used.

To investigate the influence of the UV-illumination dose, blends of 90:10
MEH-PPV:SR540 and 90:10 MEH-PPV:NOAS3H were cross-linked with different
doses. Again, the film thickness of the cross-linked samples was measured before
and after spin-coating chlorobenzene on top. The resulting difference in film
thickness AL is plotted against the UV dose in Figure 4.1b). For both matrices
(SR540 in black and NOAS83H in red) the thickness difference of the blend
decreases with increasing dose. For a sufficiently high dose of typically 40 J/cm?,
the wash-off for the 90:10 MEH-PPV:matrix blend can even be decreased close to 0
nm, resulting in completely insoluble films.

To show that the solubility is low enough to allow for sequential solution
processing, four layers of a 90:10 MEH-PPV:SR540 blend were stacked on top of
each other. To this end, first a single layer was spin-coated and cross-linked with a
dose of 43 J/cm? and the film thickness was measured. Afterwards, a subsequent
layer was spin-coated on top of the first one and the total thickness was measured
again after cross-linking. This was repeated for four layers in total. The total film
thickness is plotted against the number of layers in Figure 4.1c). As expected for an
insoluble film, the film thickness increases linearly with the number of deposited
layers. The red line shows a linear fit with a slope of 70 nm per layer. This is in

good agreement with the measured thickness of the first layer of 75 nm. As a
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result, for both matrices we demonstrated that with a sufficiently large UV-

illumination dose the 90:10 MEH-PPV:matrix blends are completely insoluble.
4.3.2 Hole transport in the MEH-PP V:matrix blends

MEH-PPV:NOAS83H blends
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Figure 4.2: a) Current density-voltage characteristics at room temperature of MEH-
PPV:NOAS83H hole-only devices. Forward bias shows injection from PEDOT:PSS, reverse bias
shows injection from MoQs. b) Current density at 42 V (injection from PEDOT:PSS, black) and
-2 V (injection from MoOs, red) corrected for the film thickness. The blends were cross-linked
with a dose of 43 J/cm?
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As a next step it was investigated how the presence of the electrically inert
matrix affects the transport of holes through the MEH-PPV:matrix blend. Figure
4.2a) shows the J-V characteristics at room temperature of hole-only devices of
MEH-PPV:NOAS&3H blends from pristine MEH-PPV (100:0) all the way down to
10:90 blends with only 10 % of the conducting MEH-PPV. The device structure of
the hole-only devices is ITO/PEDOT:PSS/MEH-PPV:NOA83H/MoOs/Al. The
blends were cross-linked with a dose of 43 J/cm? The J-V curve of the pristine
MEH-PPV hole-only device (black squares) is symmetric in forward and reverse
bias. This is in agreement with the observation that PEDOT:PSS and MoOs both
form an ohmic contact to the HOMO of MEH-PPV.(18) However, if there is only
10 % of NOA83H in the blend, the curve becomes asymmetric. When the holes are
injected from the MoOs top contact (reverse bias), the current density is higher as
compared to hole injection from the PEDOT:PSS bottom contact (forward bias).
The asymmetry is small for the 90:10 MEH-PPV:NOAS83H device, but for blends
with a higher concentration of NOA83H the asymmetry steadily grows. For the
10:90 MEH-PPV:NOAR&3H blend a difference of more than two orders of magnitude

between forward and reverse bias is observed.
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To visualize the effect of the NOA38H on the magnitude of the hole current
in Figure 4.2b), current density at +2 and -2 V is plotted as a function of the
concentration of MEH-PPV in the blend. For pristine MEH-PPV the (symmetric)

current is known to be space-charge limited, following the Mott-Gurney law
2
J= geoeru% at low voltages.(19) Not all film thicknesses are identical for the

different blend ratios. Therefore, we correct for the effect of thickness variation by
multiplying the measured current density J at +2 V and -2 V with the film
thickness L to the third power, according to the Mott-Gurney law. As mentioned
above, the current density at +2 V shows the current when holes are injected from
the PEDOT:PSS contact, whereas the current density at -2 V shows the hole
current injected from the MoOs; contact. For hole injection from the PEDOT:PSS
contact the current density strongly decreases with decreasing amount of MEH-
PPV in the blend. The difference in current density between 100 % MEH-PPV and
10:90 MEH-PPV:NOAS83H amounts to four orders of magnitude. In contrast, the
current density for hole injection from the MoOs contact hardly changes for
concentrations of 100 % MEH-PPV down to 75:25 MEH-PPV:NOAS83H. Only if
the concentration of MEH-PPV is further reduced to 25% the current density
decreases by two orders of magnitude.

The strong decrease of the hole current from the PEDOT:PSS contact with
increasing content of inert matrix, combined with the much less affected hole
current injected from the MoO3 contact, indicates that there is a hindered injection
of holes from the PEDOT:PSS into the MEH-PPV:NOA&3H blend. A possible
origin might be a vertical phase segregation in the blend such that there is an
enriched NOA8S3H composition at the PEDOT:PSS interface. In a typical PLED
the anode consists of ITO covered with a layer of PEDOT:PSS. Consequently, for
application in a PLED a MEH-PPV:NOAS&3H blend with limited hole injection is

not really suitable.
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Figure 4.3: a) Current density-voltage characteristics at room temperature of MEH-
PPV:SR540 hole-only devices. Forward bias shows injection from PEDOT:PSS, reverse bias
shows injection from MoQs. b) Current density at 42 V (injection from PEDOT:PSS, black) and

-2 V (injection from MoOs, red) corrected for the film thickness.

To verify whether this PEDOT:PSS contact problem is characteristic for
NOARS&3H, the hole transport of blends using a different cross-linkable matrix,
SR540, is investigated. To this end, hole-only devices of MEH-PPV:SR540 blends
with the same device structure were made and cross-linked with a dose of 43
J/cm?. Figure 4.3a) shows the J-V characteristics at room temperature of MEH-
PPV:SR540 hole-only devices from pristine (100:0) MEH-PPV down to 10:90
MEH-PPV:SR540. The curve of the pristine MEH-PPV (black squares) is again
symmetric in forward- and reverse bias. In contrast to the mixtures based on
NOAS&3H, here the current density of all blends is symmetric in forward- and
reverse bias. In Figure 4.3b) the current density at +2 (PEDOT:PSS) and -2 V
(MoO3), corrected for the film thickness, is plotted as a function of MEH-PPV
concentration. From pristine MEH-PPV towards a 50:50 MEH-PPV:SR540 blend
the current density, gradually decreases one order of magnitude. For blends with a
higher concentration of SR540 (25:75 and 10:90 MEH-PPV:SR540) the current
density decrease is more pronounced. This shows that SR540 does not affect the

hole injection in the blend and both contacts remain ohmic.
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Figure 4.4: a) Current density-voltage characteristics of MEH-PPV for different
temeperatures (symbols) and drift-diffusion simulations using a temperature, field and carrier
density dependent mobility (lines). b) Mobility prefactor po as a function of the MEH-PPV
concentration in the blend with SR540.

The absence of contact problems allows us to further investigate the hole
transport of the MEH-PPV:SR540 blends. To this end, temperature dependent J-V
measurements were carried out. The J-V curves were fitted using drift-diffusion
simulations (20), that include a temperature-, electric field- and carrier density
dependent mobility.(21) The mobility is characterized by the following parameters;
the mobility prefactor ps, the distance between transport sites a and the width of
the Gaussian density of states (DOS) o. The J-V characteristics for pristine MEH-
PPV at different temperatures from 295 K down to 213 K are shown in Figure
4.4a). The J-V characteristics of 90:10, 75:25 and 50:50 MEH-PPV:SR540 blends
can be found in the Figure 1 in Appendix A . The room temperature mobility at
zero field for pristine MEH-PPV is 5 x 10711 1‘1;_: The temperature dependence of
the J-V characteristics is well described by the mobility parameters p, =
11000 I:;—:, a = 1.7nm and ¢ = 0.14eV. These values are in agreement with
earlier reported values in literature. (21), (22)

The J-V characteristics of the 90:10 to 50:50 MEH-PPV:SR540 blend hole-
only devices have a similar voltage- and temperature dependence as that of the
pristine MEH-PPV, except that the current is lower. As a result, the hole transport
in the blends can be described with the same parameters a = 1.7 nm and
o = 0.14 eV as in pristine MEH-PPV. Only the mobility prefactor u, had to be
lowered to fit the reduced current density. The values of p, versus the
concentration of MEH-PPV in the blend are plotted in Figure 4.4b). With
increasing amount of SR540 the mobility gradually decreases. In a blend with little
amount of SR540, e.g. 90:10, the mobility is about half of the value for the pristine
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device. For the 50:50 MEH-PPV:SR540 blend the mobility decrease by a factor of 5
compared to pristine MEH-PPV. The identical temperature dependence of pristine
MEH-PPV as compared to the MEH-PPV:SR540 blends, reflected by the
unchanged o, shows that the energetic disorder is not really affected by the

addition of the SR540 matrix in this concentration regime.

4.3.3 Electron transport in MEH-PPV:SR540 blends

In MEH-PPV the intrinsic electron and hole mobility are equal.(23) With
the hole mobility known, we can further investigate the electron transport in the
blends. Since addition of the matrix SR540 does not give rise to injection problems
at the PEDOT:PSS contact, that might hinder the performance of blend-based
PLEDs, we focus on MEH-PPV:SR540 blends.
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Figure 4.5: a) Current density-voltage characteristics at room temperature of MEH-
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PPV:SR540 electron-only devices after correction for the film thickness. b) Temperature
dependent current density-voltage characteristics of 90:10 MEH-PPV:SR540 electron-only
devices. The solid lines show fits with Ny = 1.0x10%* m™®, E; = 0.7 eV and ot = 0.05eV. c¢) Trap
density versus the MEH-PPV concentration from the simulations (black) compared to the
decrease of volume fraction of MEH-PPV (red).

Electron-only devices of MEH-PPV:SR540 blends were fabricated and the
current density versus voltage was measured at different temperatures. The blends
were cross-linked with a dose of 43 J/cm? The device structure of the electron-only
devices is Al/MEH-PPV:SR540/Ba/Al. The electron current in organic
semiconductors is known to be trap-limited. (24) The current density does not scale

2 r+1
with IL/—3, like in the trap-free space-charge limited case (22), but with :— (25) The

2r41”
coefficient r relates to the width of the energy distribution of the traps and can be
determined from the slope of the J-V characteristics on a double logarithmic axis.
For MEH-PPV the coefficient r is typically equal to 4, leading to a thickness
dependence scaling of L. To exclude the influence of a variation in film thickness
on the J-V characteristics of the MEH-PPV:SR540 electron-only blend devices, the
current density was multiplied by L° and normalized to the current density of

pristine MEH-PPV at 6 V.
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For the different blend concentrations ranging from pristine MEH-PPV
(100:0) to 50:50 MEH-PPV:SR540, the thickness-corrected electron currents at
room temperature are shown in Figure 4.5a). Remarkably, the electron current
shows almost no dependence on the amount of SR540 in the blend. This is different
to the hole transport, where the current density and mobility decreased with
increasing amount of SR540 (Figure 4.3). Such a decrease of the hole and electron
mobility is also expected to lead to a decrease of the trap-limited electron
transport.

To further investigate the electron transport we performed temperature
scans of the electron currents for the various blend composition. Figure 4.5b) shows
temperature dependent J-V scans of a 90:10 MEH-PPV:SR540 blend based
electron-only device. For modeling of the devices, the electron mobility is taken
equal to the hole mobility.(2%) To account for the trapping, traps with a Gaussian
distribution in energy were used with the parameters trap density N, the trap
depth E; and the width of the trap distribution g;.(24) A good agreement between
simulation and measurement was obtained with N, = 1.0 X 1023 m3, E, = 0.7 eV
and g, = 0.05 eV, in agreement with earlier reported values.(26) The temperature
scans and simulation of the 100:0, 80:20 and 50:50 MEH-PPV:SR540 can be found
in Figure 2 in the Appendix A.

The obtained trap density as a function of the MEH-PPV fraction in the
blend is shown in Figure 4.5¢). It can be observed that with increasing amount of
SR540, the trap density decreases. In the simulations the trap energy and width are
kept constant at E; = 0.7 eV and o; = 0.05 eV, respectively. The decrease of the
trap density seems to correlate to the decrease in volume fraction of MEH-PPV in
the blend, which is shown in red in Figure 4.5¢).

The SR540 matrix is an insulator with a high band gap and is electrically
inactive. This trap dilution effect has recently been observed for blends of MEH-
PPV and a number of large band gap polymers as polystyrene, polyvinylcarbazole
and polyfluorene.(27) A condition for trap dilution to occur is that there is no
macroscopic phase separation. To check, if phase separation occurs an atomic force
microscopy (AFM) topography picture of a 50:50 MEH-PPV:SR540 blend was
measured (see Figure 3,Appendix A). We observe that the surface is smooth and
featureless and does not indicate any form of phase separation. The same was
observed for other blend compositions. So the fact that the trap-limited electron

current seems nearly independent on the fraction of insulating SR540 in the blend

64



is a result of two effects that counteract; the decrease of the charge carrier mobility
is compensated by the dilution of the trapping sites.

In summary, the hole and electron transport in the 90:10 MEH-PPV:SR540
blend is nearly identical to the transport in pristine MEH-PPV. This demonstrates
that MEH-PPV is not damaged by the exposure to UV-light. MEH-PPV is known
to photo-oxidize if illuminated with UV-light in the presence of oxygen.(28) In this
case the electron transport would be strongly decreased because photo-oxidation
generates carbonyl groups that act as electron traps. To check if the carbonyl
groups are formed during UV-illumination Fourier transform infrared spectroscopy
(FTIR) was done. A reference sample of MEH-PPV was not illuminated with UV
light and compared to a MEH-PPV sample that was illuminated with a dose of 40
J/cm?. The measurement can be found in Figure 4 in the Appendix A. In the case
of photo-oxidation, carbonyl groups are formed that show a strong absorption
around 1650 cm™.(28) Neither the pristine MEH-PPV nor the UV-illuminated
MEH-PPV samples show a strong peak in this region, proving that MEH-PPV is

not damaged during the UV-illumination in nitrogen.

4.3.4 90:10 MEH-PPV:SR540 PLED

In order to make MEH-PPV insoluble to chlorobenzene we have observed
that only 10 % of the UV-curable SR540 matrix is necessary. These 10 % of SR540
only slightly reduce the charge carrier mobility, resulting in decreased hole current
density. On the other hand, the trap density is diluted, giving an increase of the
electron current density. To observe how both effects influence the current density
in a PLED double carrier devices were made using a 90:10 MEH-PPV:SR540 blend
that is cross-linked with a dose of 43 J/cm?. As a reference, also a PLED of pristine
MEH-PPYV is simultaneously fabricated. The device structure of the blend PLEDs
is ITO/PEDOT:PSS/MEH-PPV:SR450/Ba/Al. Current density, as well as the
photocurrent density, are shown in Figure 4.6a) for both, blend and pristine device.
The current and photocurrent are equal for both devices. The efficiency, the
photocurrent divided by the electric current, is shown in Figure 4.6b) and is also
identical. This further confirms that the MEH-PPV is not damaged by the UV
treatment. As a result, it is demonstrated that the processability of a standard
conjugated polymer as MEH-PPV can be modified without affecting its functional
properties. The insoluble MEH-PPV based blend films can as a next step be

stacked in a solution-processed multilayer device.
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Figure 4.6: a) Current density and photocurrent plotted as a function of voltage for
PLED devices based on pristine MEH-PPV (black) and 90:10 MEH-PPV:SR540. (red) b)
Current efficiency as a function of voltage of MEH-PPV and 90:10 MEH-PPV:SR540.

4.4 Conclusion

In conclusion, a generic method to tune the solubility of a MEH-PPV layer
by blending it with a UV-curable matrix is demonstrated. For two different
matrices, NOAS3H and SR540, only 10 % of matrix is needed to get an insoluble
layer. However, the NOA83H matrix affects the hole injection from the
PEDOT:PSS contact, which is not observed when SR540 is used. The hole mobility
of 90:10 MEH-PPV:SR540 blends is only slightly lower as compared to pristine
MEH-PPV. For the electron transport the mobility decrease is compensated by a
dilution of the trap concentration. As a result PLEDs based on an insoluble 90:10
MEH-PPV:SR540 blend exhibit identical current density and photocurrent as
compared to pristine MEH-PPV.
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5 Solution-processed multilayer polymeric light-

emitting diode without intermixing

In this chapter, the intermixing of two emissive layers in a four-layer
solution-processed polymeric light-emitting diode (PLED) with a hole injection, two
emissive and one hole-blocking layer is investigated. The relative emission of both
emissive layers is measured and compared to a calculated recombination profile
across the device using drift-diffusion simulations. A good agreement between the
measured and calculated relative emission was found, supporting that there is no

intermixing in the two emissive materials.

The content of this chapter was published in:
C. Kasparek and P. W. M. Blom Appl. Phys. Lett. 110, 023302 (2017);
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5.1 Introduction

In the last chapter it was shown that by blending poly[2-methoxy-5-(2-
ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) with a cross-linkbable host
matrix SR540 (ethoxylated (4) bisphenol a dimethacrylate) a blend layer can be
made insoluble after cross-linking. Only 10 wt. % of SR540 is necessary to achieve
an insoluble blend. This insoluble blend layer can be used to attain multilayer
polymer light-emitting diodes (PLEDs).

However, after fabricating a stack of layers it is still possible that the layers
are partially intermixed instead of forming a multilayer with distinct interfaces. It
is very difficult to experimentally prove if the layers are partially intermixed. In
this chapter, the possible occurrence of intermixing of two emissive layers that are
solution-processed with this approach is investigated. This is done by fabricating a
solution-processed four layer PLED. This device consists of a hole injection layer
made of poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS),
two emissive layers, a blue-emitting spirobifluorene derivative (SPB-02T, Merck)
and orange-emitting MEH-PPV, that are both blended with a cross-linkable host
matrix, followed by a hole-blocking layer of poly(9,9-di-n-octylfluorenyl-2,7-diyl)
(PFO) sandwiched between an indium tin oxide (ITO) anode and
barium/aluminum cathode. The energy diagram of the device is schematically
shown in Figure 5.1. The development of the electroluminescence (EL) spectrum is
used to investigate whether the emissive layers intermix or not. The measured EL
spectrum is finally compared with a numerically simulated Langevin recombination
profile across the device that assumes an ideal bilayer structure of the emissive

layers without intermixing.

5.2 Intermixing of two emitting layers

The emissive layer in the PLEDs consists of 50 nm of blue-emitting SPB-
02T and 15 nm of orange emitting MEH-PPV. If both emitters completely intermix
the concentration of MEH-PPV in the intermixed region will be approximate the
ratio of the layer thicknesses, typically 30%, as schematically shown in Figure
5.1a). The region of intermixing is indicated by the dotted line. For such a high
concentration of MEH-PPV, above the percolation threshold for transport,
electrons and holes will be directly injected into the MEH-PPV from the
surrounding layers. Even in the case that electrons are injected in the lowest
unoccupied molecular orbital (LUMO) of SPB-02T, they will relax to the lower
lying LUMO of MEH-PPV soon after injection. As a result, for complete
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intermixing the EL spectrum will only show orange emission of MEH-PPV and no
blue emission of the SPB-02T. A similar observation was recently done for a 10 %
MEH-PPV-90 % PFO blend, where all the electrons and holes in PFO energetically
relaxed to MEH-PPV. In the resulting spectrum there was no blue emission of the
PFO.(1)

In case that there is partial intermixing, resulting in a MEH-PPV
concentration below the percolation threshold for transport (~5 %), holes and
electrons will be injected into the SPB-02T and form excitons. However, these
excitons will diffuse and will transfer their energy to MEH-PPV. It has been shown
for MEH-PPV:PFO blends that even for very low concentrations of MEH-PPV of
only 1 % the electroluminescence (EL) is still dominated by the orange emission of
the MEH-PPV.(2) This example of partial intermixing is schematically sketched in
Figure 5.1b), where the intermixing with a low MEH-PPV content is indicated by
the dashed line. For this case there might be some residual blue emission from the
region where the MEH-PPV did not penetrate. However, it should be noted that
due to the unbalanced charge transport in MEH-PPV, caused by electron trapping,
the recombination zone will be close to the MEH-PPV/PFO interface. The
resulting EL spectrum will therefore still be dominated by the orange MEH-PPV
emission (indicated by the orange arrows). Only if a bilayer with a sharp interface
is formed there will a significant blue emission, additional to the orange MEH-PPV
emission. This case is schematically shown in Figure 5.1¢). In this case a thin layer
of MEH-PPV will emit orange light and a thicker layer of SPB-02T will emit blue
light. The emission is indicated by the orange and blue arrows, respectively.
Furthermore, the emission of the blue light is expected to increase with increasing
voltage, because the recombination zone will broaden across the layers. Analysis of
the EL spectrum of the emissive bilayer can therefore be used to discriminate
between fully or partially intermixed layers as well as the case of no intermixing.

In our PLED device structure the thickness of the MEH-PPV layer only
amounts to 15 nm. This very thin layer of MEH-PPV was deliberately chosen in
order to minimize the effect that blue emission coming from SPB-02T will be re-
absorbed by MEH-PPV and subsequently emitted as orange light. By decreasing
the thickness of MEH-PPV this absorption is decreased. Furthermore, to avoid
quenching of excitons by the metallic cathode, a hole-blocking layer of PFO is spin-
coated on top of the MEH-PPV:NOAS3H blend layer. Typical quenching lengths
are in the order of 10 nm.(3) If PFO would not be present, most excitons that are

formed in the thin MEH-PPV will be quenched at the cathode and almost no
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emission of MEH-PPV would be visible in the EL spectrum. The highest occupied
molecular orbital (HOMO) of PFO is 5.8 eV below the vacuum level.(4) Compared
to the HOMO of MEH-PPV which is reported to be around 5.0 — 5.3 eV(5-7) below
the vacuum level, there is a big energy barrier at the MEH-PPV/PFO interface

which blocks holes efficiently.(8)
a) b) c)
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Figure 5.1: a) Schematic energy diagram of a completely intermixed layer of SPB-02T
and MEH-PPV. The intermixing of MEH-PPYV is indicated by the dotted line. In the intermixed
region excitons in SPB-02T will energetically relax to MEH-PPV which results in orange
emission solely. b) Energy diagram of partially intermixed emitting layers. Intermixing is
indicated by the dashed line. In the intermixed region excitons in SPB-02T will energetically
relax to MEH-PPYV. This results in a strong orange and weak blue emission from the part where
there is no MEH-PPV. c¢) Energy diagramm of a multilayer device without intermixing.
Electrons and holes recombine and emit orange light in MEH-PPV which is indicated by the
orange arrows. Additionally, there is a significant blue recombination in SPB-02T that is

indicated by the blue arrows.

5.3 Results and discussion

To realize such a multilayer PLED, both the MEH-PPV and SPB-02T
layers must be insoluble. It was already described that this can be achieved for
MEH-PPV blends by blending it with 10% of a cross-linkable matrix without
altering its electrical and optical properties.(9) For SPB-02T a similar procedure is
followed. Since the NOA83H matrix deteriorated the hole injection from
PEDOT:PSS into MEH-PPV and SPB-02T is the layer on top of PEDOT:PSS in
the multilayer PLED, SR540 was used as matrix in order to avoid the hole
injection problem. 2 wt. % of Irgacure 819 in relation to the total amount of
material in the blend was used as a photoinitiator to activate the cross-linking.

To make the blend layer of SPB-02T and NOAS3H insoluble 20 wt % of
SR540 are needed. This is twice as much as compared to the MEH-PPV blends.
The reason is the better solubility of SPB-02T in organic solvents than MEH-PPV,
although the molecular weight of SPB-02T (M, = 750000 g/mol) is higher than
MEH-PPV (M, = 370000 g/mol). If 100 nm of pristine SPB-02T is spin-coated on
a glass substrate and chlorobenzene is spin-coated on top only around 20 nm of the
film remains on the substrate, whereas for MEH-PPV typically 60 nm remains. If
chlorobenzene is spin-coated on a 80:20 SPB-02T:SR540 or 90:10 MEH-PPV:SR540
blend after illuminating with UV light layer there is no wash off at all.
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Hole-only devices of pristine SPB-02T and 80:20 SPB-02T:SR540 blends are
made to analyze the hole mobility. The device architecture is
ITO/PEDOT:PSS/SPB-02T:SR540/MoOs/Al. The J-V characteristics (symbols) of
pristine SPB-02T and 80:20 SPB-02T are shown together with drift-diffusion
simulations, using a temperature, field and carrier density dependent mobility in
Figure 5.2a) and b), respectively. The thickness of both samples is 115 nm. The
mobility fit parameters are the prefactor yg, the site spacing a and the width of the
Gaussian density of states (DOS) ¢.(10) The obtained parameters together with
the (zero-field, zero-density) mobility at 295 K are shown in the figures. The
pristine device and the 80:20 blend device can be simulated with the same site
spacing a and DOS o, showing that the disorder is not affected by the presence of
the SR540 matrix. The current density of the 80:20 blend devices is slightly lower
as compared to the pristine devices. This can be simulated by lowering the mobility
prefactor po from 220 m?/Vs to 120 m?/Vs. The effect that a and o are not
affected by the matrix and pgyis lowered with increasing amount of matrix has
already been observed in MEH-PPV:SR540 hole-only devices.(9) The reduction of
the zero field mobility of the 80:20 SPB-02T blend by almost a factor of 2
compared to pristine SPB-02T is also similar to the MEH-PPV blends. As a result,
an insoluble layer of SPB-02T with nearly identical transport properties as the

pristine material can be realized by adding 20% of a cross-linkable matrix.
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Figure 5.2: J-V characteristics (symbols) of pristine SPB-02T (a) and 80:20 SPB-
02T:SR540 (b) hole-only devices together with simulations (solid lines)

As a next step the insoluble 80:20 SPB-02T:SR540 blend is used as a blue
emitting layer in a multilayer PLED. To realize a multilayer PLED, the blend was
spin-coated on top of a pre-patterned glass/ITO substrate that is covered with
solution-processed PEDOT:PSS. The blend was then cross-linked under UV
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illumination in a nitrogen atmosphere with a dose of 5 J/cm?. Afterwards, a 90:10
blend of MEH-PPV and NOA&3H, which is used as a different cross-linkable host
matrix, was spin-coated on the SPB-02T blend and again cross-linked with a dose
of 5 J/ecm? For MEH-PPV blends with NOA83H we observed that the solubility
was lower as compared to MEH-PPV blends with SR540. However, the hole
injection from PEDOT:PSS into the MEH-PPV:NOAS&3H blend was deteriorated
upon increasing amount of NOAS3H blend. In the multilayer stack a SPB-
02T:SR540 blend layer is in between the MEH-PPV:NOAS3H and PEDOT:PSS
such that this problem does not occur anymore and NOAS3H can be used as
matrix in combination with MEH-PPV. Finally, PFO was spin-coated as hole-
blocking layer, and as a top contact barium with an aluminum capping layer were
thermally evaporated.

A first measure to check the stack integrity is the thickness. The total
thickness of the solution processed PEDOT:PSS/SPB-02T:SR540/MEH-
PPV:NOAS83H/PFO multilayer was 139 nm. Thickness of reference layers on glass
substrates was 40, 50, 15 and 35 nm for PEDOT:PSS, SPB-02T:SR540, MEH-
PPV:NOAS83H and PFO, respectively. Comparing the sum of the thickness of the
reference layers (140 nm) and the total thickness of the multilayer (139 nm),
indicates that the layers are really stacked on top of each other. However, it still is
possible that MEH-PPV and SPB-02T intermix or that the film formation on a
glass substrate is different as compared to the film formation on another polymer
layer. To analyze this further we measure the EL spectrum and calculate the
relative emission of MEH-PPV and SPB-02T at different voltages.

The EL spectrum of the multilayer PLED device was measured from 4 to 8
V. The spectra were normalized to the maximum peak that is corresponding to
MEH-PPV and shown in Figure 5.3. The MEH-PPV emission is mainly located
between 550 and 650 nm. Additionally to that, between 400 and 550 nm there are
three peaks that correspond to the blue SPB-02T emission. These peaks are
increasing with increasing voltage which means that the emission shifts from an
almost pure orange at 4 V to a white emission that consists of blue and orange at 7
V. This is illustrated by the photographs in the inset. The peak does not increase
anymore after 7 V. Furthermore, the CIE (Commission internationale de
I'éclairage) coordinates have been calculated for each voltage and are shown below
the photographs. The coordinates shift from an orange value of x = 0.46 and y
=0.45, towards an almost white color of x = 0.34 and y = 0.41. The CIE

76



coordinates of MEH-PPV and SPB-02T are x = 0.46, y = 0.55 and x = 0.19, y =
0.39, respectively.

Note that for complete intermixing only the orange peak of MEH-PPV
would be visible. This is mainly because the energy level of the HOMO and LUMO
of MEH-PPYV is inside the HOMO and LUMO energy of the SPB-02T. It has been
shown that in blends of 10 wt. % MEH-PPV and 90 wt. % PFO, where the energy
levels of HOMO and LUMO are also inside the ones of PFO, the resulting EL
spectrum is completely orange.(1) Additionally, at concentration of MEH-PPV
above the percolation threshold, electrons and holes will be injected directly in
MEH-PPV instead of SPB-02T. However, from the spectrum alone it cannot be
distinguished if there is still a small intermixed region at the SPB-02T/MEH-PPV

interface.
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Figure 5.3: Normalized EL spectrum of SPB-02T/MEH-PPV /PFO trilayer for different
applied voltages. At low voltages spectrum is dominated by the MEH-PPV emission (peak at

580 nm). At higher voltages there is additionally blue emission of SPB-02T and the emission
color changes from orange to white. The inset shows photographs of the device at different

voltages.

As a next step the relative contributions of the orange emission of MEH-
PPV and the blue emission of the SPB-02T were determined at each voltage. Since
the spectra of both materials overlap, the spectrum was deconvoluted by fitting
Gaussian peaks to each peak in the spectrum. This is shown for the EL spectrum

at 8 V in Figure 5.4a). The red, green and blue peaks correspond to the emission of
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SPB-02T and the teal and pink peak correspond to MEH-PPV. The resulting EL
spectrum (orange) that is obtained by the sum of the five peaks is shown in orange
and is in very good agreement with the measured EL spectrum (black). The area of
the peaks corresponding to SPB-02T and MEH-PPV were integrated and from the
areas the relative contribution of both emissions was calculated. The relative
contribution of the MEH-PPV and SPB-02T emission for each voltage is shown in
Figure 5.4b) as symbols.

As shown in Figure 5.3 the EL spectrum is dominated by the orange
emission of MEH-PPV at low voltages. More quantitatively, at 4 V 80 % of the
emission originates from excitons that recombine in the MEH-PPV layer and only
20 % originate from SPB-02T. As the voltage increases the emission of MEH-PPV
and SPB-02T gets more and more balanced. At 7 V 55 % of the emission comes
from MEH-PPV and 45 % comes from SPB-02T. In organic semiconductors, the
electron transport is limited by the presence of traps.(11) Especially at low
voltages, when the trap states are not filled, the charge transport is strongly
unbalanced. In a single layer PLED electrons mainly occupy a region close to the
cathode such that most of the light is generated there. In the present multilayer
PLED holes are blocked at the MEH-PPV/PFO interface and recombine with
electrons in the MEH-PPV, giving rise to the emission of orange light. As the
voltage increases, the traps get more and more filled. Electrons will penetrate
beyond the 15 nm MEH-PPV layer into the SPB-02T and also recombine there.
The spectrum will change with the applied voltage from almost pure orange to
white emission that consists of a balanced orange and blue emission. The effect
that the EL spectrum changes with applied voltage is a typical feature in organic
LEDs.(2, 12-17) Most notably, a color shift from orange to yellow to green was
found in a triple emissive layer PLED with a red, green and blue emitting
layer.(16)

To quantify if SPB-02T and MEH-PPV form a bilayer with a sharp
interface, the Langevin recombination across the device is simulated with a drift-
diffusion model.(18) In this model a temperature, field and carrier dependent
mobility according to the extended Gaussian disorder model is used.(10) In the
simulation we assume a sharp interface without intermixing between SPB-02T and
MEH-PPV. If a bilayer is formed then the measured relative emission obtained
from the EL spectrum should be equal to the calculated relative emission as

obtained from the Langevin recombination distribution.
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Figure 5.4: a) Deconvolution of the EL spectrum of the multilayer device (black) at 8 V
by fitting Gaussian peaks in the spectrum. Integrating the peaks give the relative emission of the
device. b) Measured relative emission obtained from the EL spectrum (symbols) and the

calculated relative emission (solid line) obtained from Langevin recombination.

Because of the hole-blocking functionality of PFO, there is no recombination
in the PFO layer. The HOMO and LUMO levels of MEH-PPV are reported to be -
5.3 eV and -2.8eV, respectively.(5-7) The HOMO and LUMO values of
polyspirofluorenes like SPB-02T are reported to be -5.6 and -2.6 eV,
respectively.(19, 20) Due to their Gaussian shape, the tail states of both HOMOs
and both LUMOs overlap and the small LUMO-LUMO offset at the MEH-
PPV/SPB-02T has only a minor effect on the trap-limited electron transport. The
calculated relative contributions of the MEH-PPV and SPB-02T emission as
obtained from the Langevin recombination profile is shown in Figure 5.4b) as solid
line. The calculation is in very good agreement with the relative emissions as
determined from the experimental EL spectrum. This implies that there is no
significant intermixing at the SPB-02T/MEH-PPV interface. A bilayer with

distinct interfaces between the two emissive materials is formed.

5.4 Conclusion

In conclusion, a solution-processed multilayer PLED has been realized
consisting of a hole injection layer, two emitting layers and one hole-blocking layer.
To analyze if the two emitting layers intermix or if a real bilayer is formed, the
relative emission of the two emitting materials was measured at different voltages.
The Langevin recombination across the device was calculated at different voltages
and compared to the relative emission of the spectrum. A good agreement between
the measurement and calculation was found which supports that there is no

intermixing at the interface and a bilayer with a sharp interface is formed.
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6 Efficiency of solution-processed multilayer polymer

light-emitting diodes using charge blocking layers

Following the approach presented so far, in this chapter, a trilayer polymer
light-emitting diode (PLED) consisting of a blend of poly[N,N’-bis(4-butylphenyl)-
N,N’-bis(phenyl)-benzidine] (poly-TPD) and SR540 as electron-blocking layer,
Super Yellow-poly(p-phenylene vinylene) (SY-PPV) blended with SR540 as
emissive layer and poly(9,9-di-n-octylfluorenyl-2,7-diyl) (PFO) as hole-blocking
layer is fabricated from solution. The trilayer PLED shows a 30% increase in
efficiency at low voltage as compared to a single layer SY-PPV PLED. However, at
higher voltage the advantage in current efficiency gradually decreases. A combined
experimental and modelling study shows that the increased efficiency is not only
due to the elimination of exciton quenching at the electrodes, but also due to
suppressed nonradiative trap-assisted recombination due to carrier confinement. At
high voltages, holes can overcome the hole-blocking barrier, which explains the

efficiency roll-off.
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6.1 Introduction

In the chapters 4 and 5 it was shown that by blending poly[2-methoxy-5-(2-
ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) with a cross-linkable host
matrix SR540 (ethoxylated (4) bisphenol a dimethacrylate) a blend layer can be
made insoluble after cross-linking with only 10 wt. % of SR540. By fabricating a
multilayer polymer light-emitting diode (PLED) with two emissive layers, namely a
blue-emitting polyspirobifluorene (SPB-02T, Merck) and MEH-PPV, and analyzing
the EL spectrum at different voltages, it was found that both layers do not
intermix. In this chapter this is utilized to fabricate multilayer PLEDs with charge-
blocking layers adjacent to the emissive layer.

In order to increase the efficiency of organic light-emitting diodes, charge-
blocking layers are used. These blocking layers are typically adjacent to the
emissive layer and confine electrons and holes in the emissive layer, such that they
cannot leave the emissive layer without recombining. This is usually realized by
materials with a deep highest occupied molecular orbital (HOMO) to block holes
and materials with a shallow lowest unoccupied molecular orbital (LUMO) to block
electrons. These multilayer structures can be easily fabricated by thermal
evaporation. (1)

In this chapter, the effect of charge blocking layers on the efficiency of a
multilayer PLED is investigated. An increase of around 30 % in current efficiency
is found for the trilayer device at low voltages, which slightly reduces at higher
voltage. By studying bilayer PLEDs in combination with a two-layer device model,
it is found that not only the blocking layers eliminate exciton quenching, but also
reduce nonradiative trap-assisted recombination due to charge confinement. The
decrease in efficiency at high voltages is attributed to holes overcoming the hole-

blocking barrier at high fields.

6.2 Results and discussion

Figure 6.1a) schematically shows the energy diagram of a single layer MEH-
PPV PLED. The work function of the PEDOT:PSS hole-injection layer is well
aligned with the HOMO of MEH-PPV at around 5.2 eV below the vacuum level.
The barium cathode is equally well aligned with the LUMO of MEH-PPV of 2.7 —
3 eV below the vacuum level, such that both contacts can be regarded as ohmic
contacts.(2-4) In MEH-PPV, like in most conjugated polymers, the electron
transport is trap limited.(5, 6) By contrast, the hole transport is trap free, which

leads to highly unbalanced charge transport. As a consequence, the electron-hole
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recombination zone is not in the center of the layer, but very close to the cathode.
The PLED light output originates from electrons and holes that form excitons and
recombine radiatively. This is illustrated by the red arrows in Figure 6.1a).
However, close to a metallic contact, excitons can be quenched, meaning that the
excitons transfer their energy nonradiatively via long range dipole-dipole
interactions to the metal.(7) This is indicated by the dotted line and black arrows
in Figure 6.1a). Exciton quenching is especially pronounced at low voltages, where
the trap states prevent electrons to drift deeper into the semiconducting layer,
resulting in electrons situated mostly close to the cathode. In addition, the presence
of trap states give rise to a second, nonradiative trap-assisted (Shockley-Read-Hall,
SRH) recombination mechanism.(8) Both, SRH recombination and cathode
quenching of excitons are important loss mechanisms in PLEDs and their
magnitude depends on the applied voltage.(9) The SRH recombination events are
indicated by the dotted blue arrows in Figure 6.1(a-c). The relative magnitudes of
non-radiative losses (SRH recombination and cathode quenching) as a function of
the applied voltage are shown for a 100 nm thick MEH-PPV PLED in Figure
6.1d). The plot was obtained using drift-diffusion simulations that include a
density, field and temperature dependent charge carrier mobility.(10, 11) At low
voltage, all electrons are captured by trap states and the efficiency is completely
limited by SRH recombination of free holes with trapped electrons. As the voltage
increases, the charge density increases, and more free electrons are available in the
device due to trap-filling. However, because of the unbalanced charge transport, the
recombination zone is still close to the cathode and the efficiency is additionally
affected by cathode quenching. At low voltage (e.g. 2.3 V) the loss due to cathode
quenching amounts to 13 % while the loss due to SRH recombination amounts to
58 %, resulting in only 29 % radiative exciton recombination. At high voltage (e.g.
5 V) the loss due to cathode quenching decreased slightly to 10 % and the loss due
to SRH recombination strongly dropped to 21 %, giving rise to a radiative exciton
recombination of 69 %. Due to the increasing amount of free electrons at higher
voltage the relative contribution of SRH recombination is reduced, because more
free electrons can recombine radiatively with a hole, following the Langevin
mechanism.(72) Furthermore, the effect of cathode quenching reduces, since the
recombination zone shifts away from the cathode due to trap-filling.

In order to avoid quenching at the electrodes and confine the excitons
completely in the emissive layer, a trilayer PLED, consisting of poly-TPD as
electron-blocking layer, SY-PPV as emissive layer and PFO as hole-blocking layer
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is fabricated. The energy diagram is schematically shown in Figure 6.1b). The
HOMO and LUMO of poly-TPD are reported to be at 5.1 and 2.3 eV below
vacuum level, respectively.(18) The HOMO aligns well to the HOMO of SY-PPV
located at -5.2 eV, and holes can be injected without a barrier from the
ITO/PEDOT:PSS anode. The LUMO of poly-TPD is significantly higher than the
LUMO of SY-PPV, which is reported to be at 2.7 eV below vacuum level.(1/)
Therefore, electrons are effectively blocked at the poly-TPD/SY-PPV interface.
PFO has a deep HOMO, situated at 5.8 eV and the LUMO is around 2.7 — 3 eV
below vacuum level.(15, 16). In the resulting trilayer device, holes are blocked at
the SY-PPV/PFO interface and electrons are blocked at the SY-PPV/poly-TPD
interface, forcing them to recombine in the SY-PPV layer. The chemical structure

of the organic semiconductors is shown in Figure 6.1e-h).
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Figure 6.1: a) Energy diagram of a single layer MEH-PPV PLED. Electrons and holes
are injected from the cathode and anode, respectively, and recombine by emitting light (red

arrows). Trapped electrons recombine nonradiatively via SRH recombination (blue arrow).
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Excitons close to the cathode are quenched and do not emit light (black arrows). b) Energy
diagram of PLED consisting of poly-TPD:SR540 as electron-blocking layer, SY-PPV:SR540 as
emissive layer and PFO as hole-blocking layer. Due to both blocking layers, the charges are
confined in the emissive layer and forced to recombine there. ¢) Energy diagram of PLED
consisting of MEH-PPV:SR540 as emissive layer and PFO as hole-blocking layer. Due to the
deep HOMO of PFO, holes are blocked and quenching at the cathode is eliminated. d) Non-
radiative losses (SRH recombination, blue, and cathode quenching, black) for a 100 nm thick
MEH-PPV PLED calculated by a drift-diffusion model using a density-, field- and temperature-
dependent carrier mobility. e-h) Chemical structures of MEH-PPV, PFO, poly-TPD and SY-
PPV.

The electron-blocking and emissive layers have to be insoluble to achieve a
multilayer structure. To obtain insoluble cross-linked films, poly-TPD and SY-PPV
were blended with SR540 and Irgacure 819. A 100 nm layer of of SY-PPV:SR540
(90:10 by wt.) with 0.1 wt % Irgacure 819 as a photoinitiator, after cross-linking
with UV-light (Dose 43 J/cm?), showed a wash-off of 20 nm after spin-coating
toluene on top of the blend layer. A crosslinked layer of poly-TPD:SR540 (90:10 by
wt.) showed a similar wash-off, indicating that crosslinking was reasonably
successful. The resulting trilayer device had a total thickness of 105 nm and
consisted of a 20 nm 90:10 poly-TPD:SR540 electron-blocking layer, a 45 nm 90:10
SY-PPV:SR540 emissive layer and a 40 nm PFO hole-blocking layer. Including
PEDOT:PSS, in total four layers were processed from solution on top of each
other. The resulting current density J and luminance L versus the applied voltage V
of a SY-PPV single layer (black) and poly-TPD:SR540/SY-PPV:SR540/PFO
trilayer PLED (red) are shown in Figure 6.2a). It shows that at a given voltage the
current density and luminance of the single layer SY-PPV PLED are higher than
for the trilayer device. This originates from the electron and hole-blocking that

causes a voltage drop across the charge-blocking layers.
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Figure 6.2: a) J-V-L characteristics of a single layer SY-PPV (black) and trilayer poly-
TPD/SY-PPV/PFO PLED (red).b) Current efficiency of single layer SY-PPV and trilayer poly-
TPD/SY-PPV/PFO PLED.
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The resulting current efficiency (luminance divided by current density) is
shown in Figure 6.2b) for a single layer SY-PPV (black) and trilayer 90:10 poly-
TPD:SR540/90:10 SY-PPV:SR540/PFO PLED (red). The maximum current
efficiency of the SY-PPV PLED is 12 ¢cd/A at 6 V. For the trilayer PLED, the
maximum value of the current efficiency is 15.5 ¢d/A at 6 V which is an increase in
efficiency of 30 %. This increase is higher than expected for eliminating cathode
quenching only as shown in Figure 6.1d). At applied voltages higher than 6 V, the
efficiency advantage of the trilayer PLED gradually starts to decrease. For single
layer PLEDs, the efficiency decrease at high voltages has been attributed to
quenching of excitons at the anode.(17) Due to trap-filling, the emission zone is
then spread across the whole semiconducting layer, leading to exciton quenching at
the anode. However, in the trilayer device, the electron-blocking layer should
prevent anode quenching.

In order to study the origin of the efficiency decrease at higher voltages, a
simpler structure, consisting of MEH-PPV as emissive layer and PFO as hole-
blocking layer, was fabricated. We have chosen MEH-PPV since a 90:10 MEH-
PPV:SR540 blend layer is completely insoluble, meaning no wash-off, against
chlorobenzene and toluene after cross-linking.(78) The energy diagram is
schematically shown in Figure 6.1¢). In this bilayer device, holes can be injected
into the MEH-PPV blend layer and are transported to the PFO interface where
they are blocked. Since the LUMOs of MEH-PPV and PFO are well aligned,
electrons can be injected into PFO and are transported to the MEH-PPV blend
layer where they can form excitons and recombine radiatively. Consequently, the
recombination zone is shifted away from the cathode and the negative effect of
cathode quenching is eliminated.

The device characteristics of single- and double-layer PLEDs of MEH-PPV
and 90:10 MEH-PPV:SR540/PFO are displayed in Figure 6.3. The total film
thicknesses of pristine MEH-PPV and the MEH-PPV/PFO double layer PLED
were 95 and 85 nm, respectively. In the double-layer PLED, each individual layer is
about 42 nm thick. Figure 6.3a) shows that the current density of the MEH-
PPV/PFO double layer device is lower as compared to the single layer MEH-PPV
PLED. This shift is stronger at voltages below 3 V and at 5 V the current density
approaches the current density of MEH-PPV. Since holes get blocked at the PFO
interface, the increased driving voltage is caused by the purely trap-limited

transport in the PFO layer.(19)
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Figure 6.3: a) Current density J (open symbols) as a function of the applied voltage V of
MEH-PPV (black) and 90:10 MEH-PPV:SR540/PFO (red) PLEDs. The lines show drift-
diffusion simulations for a single layer (black) and double layer(right) device using field-
depedent hole-blocking. b) Current efficiency as a function of the applied voltage of MEH-PPV
and 90:10 MEH-PPV:SR540/PFO PLEDs.

The current efficiency as a function of the applied voltage of these devices is
shown in Figure 6.3b). The current efficiency of the MEH-PPV PLED (black)
gradually increases from 2 to 2.5 V and reaches a plateau of 2.2 c¢d/A after 2.5 V
where it does not increase anymore. The current efficiency of the MEH-
PPV:SR540(90:10)/PFO bilayer PLED is higher than the MEH-PPV device and
has a peak of 2.8 cd/A at 2.8 V. At higher voltages, the current efficiency decreases
gradually until it is almost the same as the MEH-PPV PLED at 5 V. The increase
in current efficiency is about 30 % and the behavior is identical as observed in the
trilayer device, shown in Figure 6.2b). The identical decrease in current efficiency
at higher voltage shows that the decrease in current efficiency is caused by the
hole-blocking layer.

To investigate the mechanism of the efficiency decrease at high voltages,
drift-diffusion simulations were carried out. As a first step, the single layer MEH-
PPV PLED device characteristics were modeled with drift-diffusion simulations(2)
using a temperature-, electric field- and carrier density dependent mobility.(10, 11)
The fit parameters describing the charge transport and Gaussianly distributed
electron traps obtained from single carrier devices are given in Figure 2 in
Appendix B and are identical to previously reported values.(20)

The model includes radiative Langevin recombination, nonradiative SRH
recombination, and electrode quenching of excitons. Cathode quenching leads to a
depletion of excitons in a region close to the cathode. Consequently, the resulting
exciton density gradient leads to a diffusion of excitons from a region further away

from the cathode towards the depleted region, thereby enhancing the effect of
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quenching. (21, 22) To quantitatively describe the cathode quenching, the exciton
diffusion coefficient and the exciton lifetime were measured using time-resolved
photoluminescence (PL). The PL decay of a MEH-PPV film is shown in the
Appendix B Figure 1. The diffusion coefficient was found to be D = 1.3 X

1077 ? and the exciton life time T = 630 ps. The drift-diffusion simulations for a

single-layer MEH-PPV PLED are shown in the Appendix B Figure 2 and Figure 3,
where the direct energy transfer range x, is set to 10 nm for this simulation.

In order to describe the current efficiency of the double layer device, a two-
layer model for the hole transport was developed, where the hole transport was
divided into two parts across the layer thickness. The mobility in the MEH-PPV
layer was described as in the single layer device, using a conventional temperature-,

field- and carrier-density dependent mobility.(52) To account for the hole-blocking,
the hole mobility in the PFO layer was set to ppppo = 1 X 1071° 1‘1/1_52 This value is
more than three orders of magnitude lower than the zero-field mobility of MEH-
PPV, which amounts to fgygy—ppy = 5 X 10_111:;—52 (18), resulting in holes being

blocked at the MEH-PPV/PFO interface. Therefore, the current in the PFO layer
is almost completely carried by electrons. By using a decreased mobility instead of
an energetic barrier, the hole-blocking effect of the PFO layer is mimicked. For the

electron transport, the same parameters were used as in the single layer device.
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Figure 6.4: a) Simulated bimolecular recombination profiles for perfect hole-blocking
(red) and field-dependent hole-blocking at the MEH-PPV/PFO interface at 5 V. The inset
shows the recombination profile of a single layer MEH-PPV PLED on a linear scale at 5 V. b)
Simulated (lines) quantum efficiency for perfect hole-blocking (red) and field-dependent hole-
blocking (black). The experimental efficiency is normalized to the simulation. Only
recombination in the MEH-PPV layer was assumed to be radiative in the simulations.

As shown in Figure 6.3a), the simulations are in agreement with the
experimental current-voltage characteristics. In Figure 6.4a) the Langevin

recombination as a function from distance to the cathode x at 5 V for the two-layer
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simulation is shown. The heterojunction between PFO and MEH-PPV was set at
42.5 nm, similar to the experiment. A sharp peak (red line) in the recombination
rate is observed at this junction, which is the combined result of the slow trap-
limited electron transport through PFO, the trap-free hole transport through MEH-
PPV and the hole-blocking effect of the MEH-PPV/PFO interface, leading to
carrier accumulation at the interface. Basically, all recombination takes place at the
MEH-PPV/PFO interface.

It is observed that the hole-blocking layer affects the efficiency in two ways.
The elimination of cathode quenching is one reason for the efficiency enhancement
in a bilayer device. However, the efficiency is further enhanced by the carrier
confinement at the MEH-PPV/PFO interface. Due to the confinement, the carrier
concentration at the interface is higher than the concentration in a conventional
single layer device. Consequently, at the interface more electron traps are filled and
more free electrons are available, resulting in an increased Langevin recombination
as compared to nonradiative SRH recombination. The enhanced ratio of radiative
to nonraditive recombination leads straightforwardly to an enhanced efficiency.

The simulated quantum efficiency as a function voltage is displayed in
Figure 6.4b). Here, a quantum efficiency of 1 implies that all recombination is
radiative, with no losses due to trap-assisted recombination or electrode quenching.
After a steep increase at the built-in voltage of 2 V, the efficiency approaches unity
and is almost voltage independent. This indicates that SRH recombination is
almost completely suppressed due to the effect of carrier confinement.

However, in contrast to the simulation, the measured MEH-PPV/PFO
double-layer PLED shows a decrease in current efficiency when a voltage higher
than 3 V is applied, as shown in Figure 6.3b). The reason could be that above 3 V
the electric field in the device is sufficiently high, such that holes can overcome the
energy barrier of 0.5 eV. To account for this effect, the PFO hole mobility in the
two-layer model was modified. Instead of a constant mobility, a field-dependent
mobility was used(259)

Hnpro = Ho exp(y\/F),
to mimic field-enhanced hole injection. Here, py is the zero-field mobility, y

the field-dependent coefficient and E the electric field. The zero-field mobility was
2 m /2
again set to py=1X 10‘15E , while y=13x1073 (;) . Again, the

recombination profile as a function of the distance from the cathode x was

calculated and plotted in Figure 6.4a) at 5 V in black. It appears that the
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recombination is now less confined to the interface as in the simulation using a
constant mobility, as expected for a reduced hole-blocking effect. Moreover, there is
a small amount of recombination in the PFO layer, as observed for x < 42.5 nm.
This shows that the use of a field-dependent mobility simulates the penetration of
holes into the PFO layer. It should be noted that the weak recombination in the
PFO layer is not visible in the electroluminescence spectrum because the blue light
that is emitted by PFO is reabsorbed by MEH-PPV. Since the photoluminescence
efficiency of MEH-PPV only amounts to 15%, 85% of the reabsorbed photons are
lost. In addition, the decreased carrier confinement results in an increased
contribution of nonradiative SRH recombination.

To simulate the efficiency, the recombination inside the PFO layer was
treated as being nonradiative. The simulated quantum efficiency using the field-
dependent mobility in PFO is plotted in Figure 6.4b). In agreement with the
experiment, the simulation shows that the efficiency is increasing at low voltage
and decreasing after a voltage higher than 3 V. The decrease of the efficiency can
therefore be attributed to holes that overcome the energy barrier between the
HOMO of MEH-PPV and PFO. With increasing voltage, more holes can overcome
the energy barrier, resulting in a decrease in current efficiency.

What can be further noted from the simulated recombination profile is that
anode and cathode quenching are completely eliminated, since most of the
recombination is located at the MEH-PPV/PFO interface. As discussed above, the
high carrier density at the interface leads to a larger contribution of Langevin
recombination with respect to SRH recombination, resulting in a further increased
efficiency. It is expected that the use of a better hole-blocking layer (deeper
HOMO) can yield a highly efficient PLED without SRH recombination and

electrode quenching.

6.3 Summary

In conclusion, it was demonstrated that by blending solution-processed
conjugated polymers with a UV-crosslinkable host matrix (SR540) multilayer
PLEDs could be achieved. A trilayer PLED was fabricated with poly-TPD as
electron-blocking layer, SY-PPV as emissive layer and PFO as hole-blocking layer.
The trilayer PLED showed an increased current efficiency at low voltage compared
to a single layer SY-PPV PLED. However, at high voltage, the current efficiency
gradually decreased. To study the efficiency in more detail, a bilayer PLED was
fabricated consisting of MEH-PPV as emissive layer and PFO as hole-blocking
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layer. The efficiency of the bilayer device showed identical behavior as compared to
the trilayer PLED. It was shown that the increase in current efficiency was not
only a result of elimination of exciton quenching at the electrodes, but also due to
suppressed non-radiative trap-assisted recombination due to carrier confinement.
At high voltages, holes can overcome the hole-blocking barrier, which explains the

efficiency roll-off.
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7 Summary

State-of-the-art organic light-emitting diodes (OLEDs) consist of a stack of
small molecule-based layers that each have a specific function. These include hole
transport, electron-blocking, emission of one or more colors, hole-blocking and
electron transport. Conventionally, such a stack is deposited by thermal
evaporation in high vacuum, which is a slow and expensive process. The route
towards lower cost is to process these multilayers from solution, such that cost-
efficient roll-to-roll processes can be used. However, a major challenge is the stack
integrity: when a second layer is coated on top of the previously deposited layer,
the first layer will redissolve in the solvent of the second layer. Because of this,
fabricating multilayers from solution is very difficult.

Lots of effort has been done to overcome this problem in the past years.
However, most of the approaches rely on elaborate and cumbersome synthetic
strategies. A universal approach, where common, commercially available organic
semiconductors can be used is still lacking. Finding a universal approach for
processing multilayer OLEDs is the main topic of this thesis. The main idea is to
blend functional polymers with a cross-linkable host matrix. After spin-coating, the
matrix is made insoluble by UV-light, rendering the whole blend layer insoluble
against its initial solvents. Consequently, a next layer can be spin-coated on the
now insoluble blend layer. In this way, the processability (matrix) is separated from
the optoelectronic properties (functional polymer).

As a starting point, poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylene-
vinylene] (MEH-PPV) is used as the functional polymer. Two different cross-
linkable host matrices were tested: NOA83H and ethoxylated (4) bisphenol a
dimethacrylate (SR540). Blends of MEH-PPV and matrix with different weight
ratios, ranging from pristine MEH-PPV down to 20:80 MEH-PPV:matrix were
spin-coated and subsequently cross-linked with UV-light in nitrogen atmosphere.
To measure the solubility of the blend layers, chlorobenzene was spin-coated on top
of the blends and the film thickness difference before and after spin-coating
chlorobenzene was measured. It was found that for both matrices only 10 wt. % is
sufficient to make the whole blend layer nearly completely insoluble. As a next
step, the charge transport in these blends was analyzed. To this end, hole-only
devices of blends with different weight ratio from pristine MEH-PPV to 10:90
MEH-PPV:matrix were fabricated. By comparing two hole-injecting contacts,
ITO/PEDOT:PSS and MoOs an injection problem was found when holes were
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injected from the ITO/PEDOT:PSS contact into the MEH-PPV:NOAS83H blends,
that markedly reduced the current density. This problem was not encountered in
the MEH-PPV:SR540 blends. The hole injection from the MoOs contact was not
affected by the presence of the matrix and the contact was ohmic at all times. The
resulting bulk-limited hole transport was analyzed using a drift-diffusion model in
combination with the Extended Gaussian Disorder Model for the charge carrier
mobility. It was found that the mobility is decreasing with increasing amount of
SR540. However, for a low amount of matrix of only 10 wt. %, that is sufficient to
make the blend insoluble, the mobility is only slightly lowered. The electron
current of these blends was hardly affected by SR540. Simulations showed that this
is due to a dilution of the trap density that counters the effect of the reduced
mobility. Finally, polymer light-emitting diodes (PLED) of pristine MEH-PPV and
a 90:10 MEH-PPV:SR540 blend were fabricated that showed the same current and
photocurrent. This demonstrates that the layer can be made insoluble without
affecting its optoelectronic properties.

To extend this approach further, blends of the blue-emitting SPB-02T and
SR540 were made. It was found that 20 wt. % of SR540 are necessary to make the
blend layer insoluble. This higher amount of matrix was attributed to the increased
solubility of SPB-02T in organic solvents. Multilayer PLEDs were fabricated with
80:20 SPB-02T:SR540 as hole transport/emissive layer, 90:10 MEH-PPV:NOAS83H
as emissive layer and PFO as hole-blocking layer. By combining the blue-emitting
SPB-02T and the orange-emitting MEH-PPV, white light emission was achieved.
The electroluminescence (EL) spectrum was changing from an almost pure orange
light at 4 V to a balanced orange and blue emission at 8 V. The change in the
spectrum was utilized to investigate the intermixing of both emitting layers.
Although it was shown that the layers are insoluble, intermixing cannot be fully
excluded and it is very difficult to experimentally prove the absence of intermixing.
By comparing the change in the EL spectrum to a drift-diffusion simulation that
assumes a sharp interface without intermixing a good agreement was found, that
indicates that there is no significant intermixing at the interface.

Finally, the approach was utilized to fabricate multilayer PLEDs with
charge blocking layers to increase the efficiency. A trilayer PLED was fabricated
with poly-TPD as electron-blocking layer, SY-PPV as emissive layer and PFO as
hole-blocking layer. In this structure, the charges are confined in the emissive layer.

The trilayer device showed a 30 % increased efficiency at low voltage as compared
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to a single layer device with SY-PPV as emissive layer. However, at high voltage,
the current efficiency gradually decreased.

To study the efficiency in more detail, a bilayer PLED was fabricated
consisting of 90:10 MEH-PPV:SR540 as emissive layer and PFO as hole-blocking
layer. The efficiency of the bilayer device showed an identical behavior as compared
to the trilayer device. To investigate this behavior, model calculations were done in
which the MEH-PPV and PFO were given different mobilities. The hole mobility
in the MEH-PPV layer was conventionally calculated using a temperature-, field-
and density-dependent mobility. The hole mobility in PFO was assumed to be very
low and field-dependent mimicking the hole-blocking functionality of PFO. It was
shown that the increase in current efficiency was not only a result of elimination of
exciton quenching at the electrodes, but also due to suppressed nonradiative trap-
assisted recombination due to carrier confinement. At high voltages, holes can
overcome the hole-blocking barrier, which explains the efficiency roll-off.

In conclusion, a generic way of making layers insoluble by blending
commercially available functional polymers with a cross-linkable matrix was
presented. For different polymers it was shown that only low amounts of matrix
are necessary to make the blend layer insoluble, which did not affect the
optoelectronic properties. Several different multilayer PLEDs have been presented
in this work that show that this approach has the potential to be a generic way to

realize solution-processed multilayer PLEDs.

97



8 List of publications

C. Kasparek, R. Rohloff, J. J. Michels, N. I. Craciun, J. Wildeman,
P. W. M. Blom, Adv. Electron. Mater. 2017, 3, 1600519

C. Kasparek and P. W .M. Blom, Appl. Phys. Lett. 110, 023302
(2017)

C. Kasparek, I. Rorich, P. W. M. Blom, G. A. H Wetzelaer in
preparation

Lenz, T., Ghittorelli, M., Benneckendorf, F. S., Asadi, K., Kasparek,
C., Glasser, G., Blom, P. W. M., Torricelli, F. and de Leeuw, D. M.
(2016), Adv. Funct. Mater., 26: 5111-5119

98



9 List of figures
Figure 1.1: a) Schematic energy diagram of a single layer PLED. Radiative

Langevin recombination is indicated by the black arrows, non-radiative SRH
recombination is indicated by the blue arrows and quenching is indicated by the
dotted line. b) Energy diagram of multilayer PLED with an electron-blocking,
emissive and hole-blocking layer. Because of the blocking layers the charge carriers
are confined in the emissive layer. They are forced to recombine there and
quenching at the metal electrodes is prevented..........cccoooeiiiiiiiiiiiiiiiii 3

Figure 1.2: Simulation of the current efficiency as a function of the applied
voltage of a single layer MEH-PPV PLED. The green and red line show the
influence of non-radiative recombination losses and the black line the Langevin
TECOMMDIIATION. .. 5t

Figure 1.3: a) Fabrication of multilayers by thermal evaporation can be
easily done by subsequent evaporation of the materials. B) Fabrication of
multilayers by solution is difficult because the first layer, here the electron-blocking
layer (EBL) redissolves in the solvent of the emissive layer (EML). Thus, the EBL
can be either completely washed off, reduced or both layers can intermix............... 6

Figure 1.4: Process of multilayer fabrication from solution. The functional
material, here electron-blocking material, is blended with the host matrix and
solution processed on top of the anode. After deposition the host matrix is cross-
linked with UV-light which makes the whole blend insoluble. Consecutively, a next
layer can be spin-coated, here the emissive material blended with the host matrix.
The blend can again be made insoluble via UV-light and another layer can be
PTOCESSEA OTL TOP . ettt ettt ettt e e e e eeeeaaas 9

Figure 2.1 a) Chemical structure of polyacetylene with alternating single and
double bonds. b) Energetic structure of the sp? hybridization in carbon. ¢) Linear
combination of atomic orbitals of the valence electrons for the case of ethene. d)
orbitals in the case of bonding () and anti-bonding (77 *) .........ccccocciiiiiiinn. 16

Figure 2.2: Energy states as a function of the chain length in a conjugated
polymer. With increasing chain length HOMO-LUMO gap is decreasing............... 17

Figure 2.3: General structure of a PLED. The emissive material is
sandwiched between an anode and cathode, of which the work functions each
match the energy level of the HOMO and LUMO, respectively. .........c.ccovveeeee.n. 17

Figure 2.4: Working principle of a PLED. Holes are injected from the anode

and are transported towards the cathode due to the applied electric field. Electrons
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are injected from the cathode and are transported towards the anode. When a hole
and an electron are in close distance they form an exciton that recombines by
eMitting & PROTON. ....eiiiii e 19

Figure 2.5: J-V characteristics of a MEH-PPV based PLED (black), hole-
only (red) and electron-only (green) device, showing that the PLED is dominated
by the hole transport. The hole transport is space-charge limited but the fit with a
constant mobility is not valid at high voltage. .............coooooiiiiiiie 20

Figure 2.6: Electric field (black) and carrier density (red) as a function of
the distance from the injecting contact of a SCL device ...........ovvveieeeiiiiiiiiiiiiinnn.n. 21

Figure 2.7: Schematic representation a Gaussian distribution of energy sites.
The density of states is indicated by the dotted line. Localized charge carrier (grey)
is thermally activated from localized state to the transport level (white) where it
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Figure 10.1: J-V characteristics and simulations for hole-only devices of MEH-

PPV:SR540 blends for different blend ratios and temperatures. Fit parameters are listed in the

figures.
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Figure 10.2: J-V characteristics and simulations for electron-only devices of MEH-
PPV:SR540 blends for different blend ratios and temperatures. Fit parameters are listed in the

figures.
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Figure 10.3: AFM of the topography (left) and phase (right) of a 50:50 MEH-
PPV:SR540 blend showing a smooth and featureless surface
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Figure 10.4: FTIR spectrum of MEH-PPV (black) and MEH-PPV that was illuminated
with UV light with a dose of 40 J/cm?
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Figure 1: Photoluminescence decay times of MEH-PPV in a thin film measured at room

temperature. The exciton lifetime has been determined by double exponential fit to 630 ps.

10* T

: MEH-PPV, L = 100 nm
10° F _ - 9
b, = 11000 m2Vs D =1.3x10"7 m?ls
[ a=17nm ©=630ps
10°F 5=014ev % =10nm
N, = 1x10% m®
!
10'F E=074ev
T 0,=0.05¢eV
§ 10°
o0k
10% |
B
wPgBEgs
10*
1 2 3
VB\GS[V]

Figure 2: Drift-diffusion simulation of current density versus applied voltage of MEH-
PPV PLED for different temperatures
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Figure 3: Drift-diffusion simulation of normalized photocurrent versus applied voltage of
MEH-PPV PLED for different temperatures
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