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1 General Introduction

Plastics are used in almost every aspect of daily life because they provide excellent re-
chanical properties while being cheap to produce and easy to process. One of the characteristic
features we commonly have in mind when we think of organics in materials science is, apart
from flexibility and strength, their insulating nature. We make use of these material goods in
applications like insulation around wires. However, there is a special class of organic materials
with conjugated bonds found in the backbone that in fact display semiconducting behavior and
allow for transport of charges. Moreover, in the early 1960s it was found that particular or-
ganic materials are electroluminescent under certain conditions,' meaning that they emit light
when bipolar current is flowing. To realize this, a film of the semiconducting material is sand-
wiched between two electrodes. Electrons and holes are injected from the electrodes, and re-
combination of these charge carriers can lead to luminescence. Yet, at that time, the required
voltages were in the order of 1000 V and therefore, organic semiconductors were not of great
interest for applied science. This changed in the late 1980s with the capability to produce thin

films with a thickness of a few hundred nanometers.

When efficient electroluminescence from small molecular organic materials was demon-
strated for the first time in 1987, organics started emerging as realistic candidates for display
applications.? Their fast response and high brightness was now accessible at low operating volt-
ages. The discovery of electroluminescence from conjugated polymers in 1990° finally enabled
the production of displays using simple coating techniques instead of expensive and inconven-
ient vapor deposition of inorganic materials or of small molecule organics. Polymers are proc-
essable by the technique of spincoating — putting a droplet of polymer solution in the middle of
a spinning substrate. This means that fabricating a simple light-emitting diode (LED) is accom-
plished simply by enclosing the resulting thin polymer film between two electrodes, one of

which is transparent. A schematic picture of such a device is shown in the figure below.

Light-emitting
Metal Cathode Polymer

\

Transparent Anode
Figure 1.1. Schematic picture of a very simple LED with a polymer layer sandwiched between two electrodes.

Apart from the relative straightforwardness of fabrication, polymers offer additional a-

vantages. They enable the homogeneous illumination of large areas, and displays can be made
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as thin as one millimeter. A complete new world of applications is opened, as lightweight dis-
plays may be produced on a wide variety of flexible substrates ranging from optically-clear
plastic films to reflective metal foils. This provides the ability to conform, bend or roll a display

into any shape.

One of the key advantages of polymer semiconductors over their conventional solid-state
inorganic counterparts is the tunability of the emissive color by structural modifications. This is
very important with regards to the fabrication of full color red-green-blue (RGB) displays.
Meanwhile, all colors are available from polymers, and RGB-displays with small pixel size can
be realized by the use of inkjet printing technology. Furthermore, bandgap and color tuning of
organic materials can be achieved not only by chemical modifications, but also by a further
method. Blue light can be down-converted into green and red emission by simply doping the
blue emitter with lower bandgap fluorescent dyes. For that reason, developing an efficient and

stable blue polymer LED is of foremost interest.

Another attractive property of organics is the possibility for the development of order at
the molecular level. This ability of organics to self-organize is very useful in the field of polar-
ized electroluminescence. Polarized light-sources on the basis of highly ordered polymers have
tremendous potential as backlight in liquid crystal displays (LCDs). They could replace the
common isotropic fluorescent bulbs, which require additional sheet polarizers associated with

cost, weight, and power-consuming absorptive losses.

As a result of these considerations, the central objective of this work was the realization of
efficient blue electroluminescence showing a high degree of polarization. The emissive material
polyfluorene was chosen, because it is among the most promising candidates for efficient blue
luminescence, and several groups have demonstrated bright blue emission from polyfluorenes.
A second important property of polyfluorenes is their thermotropic liquid crystallinity. It has
recently be shown that polyfluorenes can be aligned in the liquid crystalline state on top of a
rubbed polyimide alignment layer. As a novel concept of this work, the non-conducting poly-
imide was modified for hole conduction by the addition of suitable hole-transporting moieties,
enabling the incorporation of such adapted alignment layers into light-emitting devices. The ar-

chitecture of such a polarized LED is shown in Figure 1.2.
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Light-emitting
Ca/Al electrode Polymer (PF2/6)

\ Alignment Layer

Polyimide + HTM
ITO (Poly )

electrode Substrate

Figure 1.2. Schematic picture of a polarized LED. The emissive polymer layer is oriented on top of a rubbed hole-
transporting alignment layer of polyimide, which is doped with suitable hole-transporting moieties.

Based on this approach, the essential goal of this thesis was the optimization both of the
polyfluorene emissive layers and of the hole-transporting alignment layers with regards to the
attainable degrees of orientation. This required the determination of the factors influencing the
orientational abilities of the polymers. In this connection, polyfluorenes with various side-chain
patterns were examined. To further extend the studies, the alignment properties of an alterna-

tive liquid crystalline blue-emitting material, polyphenyleneethynylene, were investigated.

To find explanations for the observed differences in the degrees of orientation, structural
investigations were carried out on well-aligned layers by means of optical and electron micros-
copy and by electron- and X-ray diffraction. Special attention was paid to the hole-transporting
alignment layers of polyimide doped with hole-transporting moieties. Layers with different
concentrations of the dopant were investigated by means of AFM and SEM techniques in order

to elucidate the influence of dopant concentration on the layer morphology.

The final objective of the work was the application of the acquired knowledge for the fab-
rication of devices with efficient, highly-polarized electroluminescence. In the course of this
work, the polyfluorene layer was doped with green- and red-emitting fluorescent dyes, with the
aim to optimize the efficiency, to accomplish color tuning and finally to understand the mecha-

nisms leading to an emission contribution of guest molecules doped into a host matrix.
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2.1 Electroluminescence from Conjugated
Polymers

Absorption of energy by atoms, molecules or condensed matter can result in the emission
of light. If the absorbed energy leads to the generation of excited states, i.e. if it increases the
potential energy of the substance rather than its heat — as is the case for the thermal generation
of light by heat radiation (incandescence) — the subsequent emission is called luminescence. Lu-
minescence is observed from many inorganic and organic substances, the luminophores, and can

be induced by various physical processes.

In general, excitation (1) by absorbed energy is comprised of transitions S, — S, followed
by radiativeless transitions (2) to vibrational states of the first excited singlet state S . and in-
ternal conversion (3) to the lowest level S, , (the numbers in brackets correspond to the numbers
in Figure 2.1). The radiative transition (4) S, — Sy from the lowest excited to the lowest
ground state is denoted as fluorescence. This radiative transition competes with intersystem
crossing, a non-radiative transition (5) from S, , to triplet states with similar energy, followed by
transitions (6) to the metastable lowest triplet state T, ..* Intersystem crossing involves a change
of spin states from S = O for the singlet state to S = 1 for the triplet. There are three different
ways for de-excitation of the triplet state, the first of which is a non-radiative transition (7) to a
level Sy, and subsequent distribution of the vibrational energy (8). The second - radiative — path
is phosphorescence, the transition (9) to S, with a very low transient probability since the tran-
sition T, ® S, is forbidden in the electric-dipole approximation. The last possibility for de-
excitation of the triplet state is the transition (10 + 11) from T, , to the S, ,-state by means of
thermal energy, which is only possible if the energy difference between the two states is not
more than some kT. In case of high excitation densities, a bimolecular interaction of two mole-

cules in triplet state T, may also yield an electron in the S, state (triplet-triplet-annihilation).”

* Another route for de-excitation of the excited singlet state is the non-radiative inter- and intramolecular electronic
excitation energy transfer via either Coulomb interaction (Forster transfer; section 7.2.3.1)* or via electron ex-
change (Dexter transfer;® this interaction is of very short range, since it requires the spatial overlap of donor and
acceptor orbitals) between donor and acceptor molecules.®
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Figure 2.1. Typical energy level diagram of organic molecules. The description of the processes of excitation and de-
excitation is given in the text. Taken from Bergmann-Schaefer.’

Depending on the way the excited state was generated, the fluorescent emission is called
photoluminescence (optical absorption of photons), electroluminescence €lectrical excitation
resulting from the application of an electric field), chemiluminescence (due to chemical reac-
tions), bioluminescence (owing to chemical reactions in living species), etc.” The process re-
sponsible for electroluminescence requires (i) the injection of electrons from one electrode and
of holes from the other into an inorganic or organic semiconductor, followed by (ii) the trans-
port of electrons and holes as negative and positive polarons,* respectively, through the mate-
rial. Besides, (iii) the capture of these oppositely charged carriers (recombination) and (iv) the
radiative decay of the excited electron-hole state (exciton) which is generated by the recombi-
nation process are necessary for electroluminescence. In inorganic light-emitting diodes (LEDs)
rectification and light emission are due to an electrical junction of two oppositely doped regions
(p and n type) of the semiconductor. On the contrary, in organic LEDs (OLEDs) an undoped
insulating organic layer is sandwiched between two metal electrodes and rectification and light
emission are due to the asymmetrical nature of these electrodes. One metal has a high work-
function and consistently injects holes more efficiently than electrons into the organic material —
it serves as the anode —, whereas the other, low work-function metal injects only electrons into
the organic layer and works as cathode.

Electroluminescence from organic crystals was first observed for anthracene in 1963,* but

due to poor performance of the device, research was concentrated on inorganic LEDs for a long

time. In 1987, Tang and VanSlyke? fabricated an OLED, using 8-hydroxyquinoline (Algs) as the

* Note that adding an electronic charge to an undoped polymer creates a lattice deformation. The charge and the ac-
companying deformation is called a polaron, and the electron polarons and hole polarons are often referred to as
electrons and holes.
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emissive layer, which emitted green light with reasonable performance. In 1990, the first EL
from conjugated polymers was reported by Friend et al.® who achieved green electrolumines-
cence from poly(p-phenylene vinylene) (PPV). This opened the way towards the production of
displays using simple coating techniques rather than the expensive and inconvenient vapor
deposition of inorganic materials or of small molecule organics. Other advantages, apart from
the ease of fabrication are that organics offer the possibility of the construction of flexible dis-
plays which could be used for such devices as roll-up screens in the future. Furthermore, they
enable the homogeneous illumination of large areas, and, most importantly, the tunability of
the emissive color by structural modifications. Even blue and white LEDs with high brightness
and efficiency have successfully been fabricated, which is difficult and expensive to achieve by
the use of inorganics, because semiconductors with large band gaps are required. Blue light is of
great interest for application, since it can be converted to green or red with proper dyes (section
2.1.4).

The organic materials fulfilling the requirements for electroluminescence — the capability to
accept and transport charges and to fluoresce efficiently — can be classified into (i) low-
molecular weight materials, (ii) conjugated oligomers with defined chain length, and
(iii) conjugated polymers. The physical mechanisms being responsible for the electrolumines-
cence are essentially the same for all these classes of materials, while the method of film deposi-
tion substantially differs. Small molecules must be evaporated under vacuum, while the big ad-
vantage of polymers is their easy processability by the technique of spincoating. Although
polymers are more prone to defects due to their higher disorder in the arrangement of the
molecules, efficiency and lifetimes have been substantially enhanced during the last years,
gradually approaching the values know from small molecules. Here, only the class of conju-
gated polymers will be discussed. An excellent review of organic electroluminescent materials in

general can be found in Mitschke et al.®

Conjugated polymers are organic semiconductors characterized by a regular alternation of
single and double carbon-carbon bonds in the polymer backbone, the latter giving rise to delo-
calized p- molecular orbitals along the polymeric chain. Due to the orbital overlap, the
p-electrons are delocalized within a molecule, i.e. they can be thought of a cloud that extends
along the entire conjugated chain. In this cloud the electrons are free to move along the mole-
cule. Therefore, even though the charge density in pure undoped organics is very low, injected
electrons and holes can be well transported through the conjugated material. To enable opera-

tion at low voltages, the devices must be very thin, typically in the range between 100 and
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300 nm. The wavelength of the emitted light depends primarily* on the energy gap between the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO), corresponding to the valence band and conduction band of the semiconductor. For
conjugated polymers, this energy gap is between 2-4 eV, so that transition frequencies can be in
the visible region. As a result of the low electronic coupling between the molecules, the carriers
are strongly localized on a molecule. Both charged and neutral excitations are mobile, allowing

for both charge and energy transport.

The polymer chains are not conjugated along the whole chain, but instead they consist of
conjugated segments only, since twists and bends in the polymer chain disrupt the p-bonds be-
tween different segments of the same polymer chain. The mean length of these conjugated seg-
ments is designated as the conjugation length of the polymer. The electronic structure of the
polymer film is described by a distribution of electronic states which is produced by the distri-
bution of conjugated lengths and is additionally broadened by disorder in the local arrangement

of the polymer chains.

2.1.1 The Basic Processes in Single-Layer OLEDs

The basic physical processes in OLEDs are (i) the injection of charge carriers from the
electrodes, (ii) the charge transport through the organic layer under an applied electric field,

(iif) the formation, and (iv) the decay of excitons within the active layer.

Generally, if an external voltage is applied to the electrodes, electrons and holes are n-
jected into the polymer. In the presence of an electric field the electrons and holes move
through the active layer towards the oppositely charged electrode, approaching each other.
Upon meeting, they form neutral excited states, called excitons, and are bound to their oppo-
sitely charged partner by a binding energy in the range of a few tenths of an electron volt for
conjugated polymers.® The spin wavefunction of excitons is either a singlet (S = 0) or triplet
(S=1), and as discussed in the previous section, typically only the singlet state may relax ra-
diatively by fluorescence. However, the radiative decay from triplet excited states has been
demonstrated both for molecular and for polymeric conjugated host systems doped with a
phosphorescent dye'® defeating the spin-statistic argument, which had so far limited the EL ef-

ficiency (section 2.1.2) to less than one quarter of the respective PL efficiency.

* One further parameter is the exciton binding energy of excitons in the conjugated materials. However, the values
of the binding energies in most conjugated polymers are still under debate and will not be discussed further in this
thesis.
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2.1.1.1 Charge Injection

The injection of charge carriers into the polymer depends on the electronic energy structure
of the active layer and on the work-function of the metal electrodes (Figure 2.2). Assuming no
interaction between the metal and the polymer interface, the energies DE;, required for hole
and electron injection are according to the ideal Schottky model** determined by (i) the ioniza-
tion potential 1, of the polymer — the energy required to remove an electron from the HOMO
of the polymer into the vacuum (injection of a hole) —, (ii) the electron affinity E, of the poly-
mer — the energy gained from the addition of an electron to the LUMO of the polymer —, and
(iii) by the work-functionsf . . of the anode and cathode, respectively.* The barrier to injection
is determined according to the relations:

DE, =1, -f, 2.1)
DE, =f. - E,.

Thus, the higher the absolute values of I, and E,, the more difficult is the injection of holes
and electrons, respectively. To inject electrons into the polymer the cathode should be an elec-
tropositive metal with a low work-function close to or slightly less than E,, such as Al (4.3 eV),
Mg (3.7 eV) or Ca (2.9 eV). For the injection of holes, the work-function of the anode should
be close to or slightly lower than 1,. Since one of the electrodes must be transparent for the ob-
servation of light-emission from the layer, usually an indium tin oxide (ITO) with a work-

function of ca. 4.8-5.0 eV**! is used as the anode.

* For electroluminescent organics, typical values are 5.0 eV or higher for I and 3.0 eV or lower for E, (with respect
to vacuum).
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Figure 2.2. Schematic energy level diagram for a single-layer LED with structure 1TO/polymer/metal cathode show-
ing the ionization potential (I,) and the electron affinity (E,) of the polymer, the work-function of the ITO anode and
Al cathode (f ;o and f ), the barriers to the injection of holes (DE,) and electrons (DE,), and the positive and negative
polarons (h* and e").

The height of the barrier DE also controls the current flow within an OLED. Depending on
the size of the barrier, the current through such a device is either (i) transport-limited (ohmic)
or (ii) injection-limited. In the case of high barriers, the current is injection-limited, which
means that the contact is not capable to provide the number of carriers required for bulk-
limited charge transport. Instead, the rate at which charges are injected from the contact into
the organic materials determines the current density. The Richardson-Schottky model of ther-
mionic emission and the Fowler-Nordheim model of tunneling injection are common models
which have been used to describe injection-limited currents.*>*” However, both models are
critical to precisely describe the current characteristics observed in real OLEDs, and further im-
provements of the models have been introduced for example by Bassler et al.**?° and by Graup-

ner et al. *°

In contrast to the injection-limited case, the metal(oxide)/polymer-contact is ohmic if the
barriers to charge injection are small. The charge carriers are easily injected into the polymer
and the current flow is not limited by the injection from the contact. Instead, the contact is ca-
pable of supplying equal or more charge carriers than the sample can transport. Depending on
the applied field, the injected charge carriers may accumulate and build up a space-charge re-
gion. The current is then limited by its own space-charge (space-charge limited current (SCLC))
which, in the extreme case, may even reduce the electric field to zero at the injecting contact.

The SCLC regime is easily reached due to the rather low mobilities of the charge carriers in the
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relatively disordered organic materials. Starting with Poisson's equation and the continuity
equation, the equation for trap-free space-charge limited current conduction Child's law) is
obtained:*®%
2
Jseic :geeomldJ_g (2.2)
where €, is the vacuum permittivity and U is the applied voltage. The other quantities deter-
mining the current flow are characteristics of the bulk: e is the dielectric constant, u the charge

carrier mobility, and d is the thickness of the polymer.

2.1.1.2 Charge Transport and Recombination

The charge transport in disordered organic materials occurs via hopping, i.e. tunneling of
carriers from one transport site to another.*®?*?* The disorder in organics results in a localiza-
tion of the states, and charge transport occurs via tunneling between such localized states. This
is in contrast to band transport in inorganic crystals or organic single crystals, where the free

charge carriers are delocalized and move as plane waves.

Both the site distances and energies are distributed, and hopping is only possible to the
nearest-neighbors. As a consequence, the mobilities in disordered organic materials are much
smaller (seven to ten orders of magnitudes) than in inorganic semiconductors — typical values
for conjugated polymers are in the range of 107%-1072 cn?/Vs.*® Theories based upon the a-
sumption of hopping successfully described the charge transport in molecularly doped polymers
and in organic glasses®®?’ although there is still controversy concerning its applicability for
conjugated polymers.?® A more detailed treatment of the charge transport can be found in the

literature.?1222°

As a result of the hopping and the low mobility, the recombination of electrons and holes
in disordered organic materials obeys the Langevin law.**3 In general, recombination is based
on the concept that two oppositely charged carriers, which approach at a distance smaller than
the Coulomb radius, r. = e%/4peekT,* will certainly recombine. Since the Coulomb radius in
organic materials is significantly smaller than the layer thickness fc — 18 nm at room tem-
perature; e = 3), a large density of injected carriers is necessary to enable efficient recombina-
tion of the carriers. For Langevin recombination, the recombination rate is determined by the
approach of the carriers under their Coulomb attraction and the formation of the excitons, and

thus, increases with the mobility of the charge carriers.?23*3? Due to the low mobility of charge

* The Coulomb radius is the distance at which the kinetic energy (kT) of a charge carrier equals the Coulomb attrac-
tive potential energy (e?/4p€e,r.) of the recombining counter-charge.
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carriers in disordered materials, the effective recombination cross section is smaller than the
Coulomb radius by a factor of ca. 3-4. This further strengthens the necessity of a high charge

carrier density to ensure a high probability of exciton formation and recombination.

2.1.2 Efficiency of OLEDs

A singlet exciton, formed via the combination of a positive and negative polaron, cannot be
distinguished from a singlet exciton formed by optical excitation.* Hence, the photolumines-
cence quantum yield h,, essentially determines the efficiency of electroluminescence. An expres-
sion of the internal EL quantum efficiency h;,, — i.e. the number of generated photons per in-

jected electron — is given by:*

hi=hp XX, (2.3)
where f ¢ is the fraction of singlet state excitons formed, and f, is the probability that charges re-
combine to excitons. In most organic materials, f ¢ equals 1/4, since due to spin statistics, three
times more triplet than singlet excited states are created in the electron-hole recombination
process.® The parameter f, is determined by the process of the injection of charge carriers and
reaches the maximum of unity, if the current densities for injection of electrons and of holes are
equal.™ Thus, the maximum internal electroluminescence quantum efficiency in the case of an

ideal electroluminescent device is 25 %:
Nint(ELigeas) = 25 %. (2.4)

Due to refraction, not all of the photons emitted can be perceived by an external observer.
Therefore, the external quantum efficiency h,,, is defined as the number of photons actually
leaving the device per injected electron, and h,,, is diminished by the factor of 2n? with respect

to the internal efficiency:*®

= hint (25)
ext 2n2

where n is the refractive index of the organic layer. Using typical values of n for polyfluorene

(n » 1.7),*® the maximum external quantum efficiency of any EL device is ~4 %:

hy (N=1.7) £ 4 %. (2.6)

* Another fact showing the connection between photoluminescence and electroluminescence is that the spectra of PL
and EL are very similar (section 3.1.1), indicating that radiative decay of the same singlet exciton is responsible for
the emission in both cases.

T To achieve efficient luminescence it is necessary to have (i) a good balance of electron and hole current (every
charge carrier which does not meet a counter-charge before reaching the electrode does not form an exciton and is
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Since in electroluminescence electricity is directly converted into light, another important
measure of the efficiency is the power efficiency h,,, which is the ratio of the emitted light
power to the electrical input power (eU):

_hv

pow —

h h.. £h . (2.7)

For the calculation of the luminous efficiency of an electrically driven light source, the
power efficiency, which is a radiometric quantity, is related to the selective spectral responsivity
of the human eye, yielding a photometric quantity (see Appendix A.1). Therefore, (Equa-
tion 1.7) is multiplied by the relative luminous efficiency function f(I), introduced by the

'‘Commission Internationale de L'Eclairage’ (CIE).* (Appendix A.1, Figure A.1):

hIum =h pow xf (I ) *Km (A4)
with K,, = 683 Im/W for photopic vision and K,, = 1699 Im/W for scotopic vision.®®

For the calculation of the luminance efficiency, the obtained luminance L (see Appen-

dix A.1) is related to the current density j in the device:
hIum :_I-_' (28)

the unit of the luminous efficiency is candela per ampere (cd/A).

2.1.3 Multilayer Devices

Most organic semiconductors are better suited to transport holes rather than electrons, and
recombination then takes place in the vicinity of the cathode. Recombination close to an elec-
trode is generally predicted to be the case for unbalanced charge carrier concentration within
the device, and the lifetime and efficiencies of the corresponding diodes are substantially de-
creased due to quenching effects. To overcome this problem, the recombination zone has to be
shifted towards the center of the organic layer, and one approach is the fabrication of multi-

layer devices. %

Multilayer devices usually consist of two or three polymer layers and they are typically de-
signed so that radiative recombination primarily occurs in only one of the layers. The function
of the additional layers is to serve (i) as blocking layers, i.e. to block charge carriers from trav-
ersing the device and reaching the other electrode without recombining, (ii) as injection or

transport layers, i.e. enhancing either the injection or the transport of charge carriers, or (iii) as

lost to the radiative recombination process), (ii) efficient capture of electron and holes within the active layer and
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alignment layers. The essential parameters for the device design and operation are the energy

levels and the mobilities of holes and electrons of the respective layers.

Blocking layers provide an energy barrier to the type of charge carriers which otherwise
would dominate the current flow either due to a lower injection barrier or due to higher mobil-
ity with regard to the oppositely charged carrier. Thus, they improve the balance of charge car-
riers and the efficiency of the device. Blocking layers produce two important effects: an accu-
mulation of charge carriers at the blocking interface and, as a consequence of this, a change of

the electric field distribution in the device structure.

Injection or transport layers have either a reduced Schottky injection barrier or an n-
creased mobility of electrons or holes. By means of appropriate design it is possible to enhance
the recombination rate by balancing the charge carrier concentration, and to move the center of
recombination away from the electrodes. Moreover, the energy barriers at the interface and the
strong mobility difference for the carriers increase the effective transit time of the charge carri-

ers within the active layer leading to a high recombination probability.*

Alignment layers for the use in light-emitting devices have to be designed such that they
disturb the injection of charge carriers as little as possible. Typically, alignment layers consist of
rubbed polyimide, an insulator, and therefore hole-injection and -transport has to be enabled by

the addition of appropriate hole-transporting materials (section 3.1.4 and 5.2).4042

2.1.4 Emission Color

One major advantage of organic LEDs over their inorganic counterparts is the continuous
tunability of their emissive color. The latter can simply be adjusted by modifications of the mo-
lecular structure (such as varying the aromatic rings, the substituents or the regioregularity of
the polymers) or by doping with highly fluorescent dyes®*® Even highly efficient blue LEDs
have successfully been realized and, as discussed above, blue emitters are of crucial interest, be-
cause red and green emission can be achieved through the doping of proper dyes via energy

transfer from the blue-emitting guest to the lower band gap material host-system (chapter 7).*

46

Blue emission has been achieved from a large number of organic compounds with large

HOMO-LUMO separation, and also from various conjugated polymers (e.g. poly(p-phenylene)

efficient formation of singlet excitons, and (iii) efficient radiative decay of singlet excitons.

* For example, by insertion of a hole-transporting layer into a device with electron-dominated current the hole cur-
rent is increased. Due to the different mobilities in the two layers, the hole density changes abruptly at the interface
of the two layers and it is larger in the lower mobility layer. The enhanced hole-mobility helps to concentrate holes
in a region where the electron density is high and to increase the recombination rate.
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(PPP)*" or its derivatives?* polythiophenes®“® polypyridines,*® and from polyfluore-
nes),214394230%9 from conjugated polymer blends,***° from numerous copolymers with interrup-

tion in the conjugation sequence,®“ and from polymers with isolated fluorophores.*®

A white organic light-emitting diode was fabricated by Kido,** showing a voltage-
dependent color change and reaching 2200 cd/m? at 16 V with a turn-on voltage of 6 V. White
LEDs are useful for the application in light weight illumination devices, as backlighting for lig-

uid crystal displays (LCDs) or for full-color displays.

2.1.5 Polarized Electroluminescence

One possible application of organic materials in the area of flat panel displays might be the
use of OLEDs emitting polarized light as backlights for conventional LCDs. These devices still
suffer from high power consumption, attributable to the necessity of polarizing the isotropic
backlight — usually generated by fluorescent bulbs — with additional sheet polarizers Eigure
2.3). The removal of the light-consuming and expensive polarizer would require OLEDs with
polarization ratios of up to 200:1 (depending on the specific application).®> However, even if
the polarization ratios are insufficient for a complete elimination of the polarizer, the device ef-
ficiency can still be substantially improved due to the diminished absorption of the partly po-

larized light.

One approach to construct such a device is the use of organic materials which can be ori-
ented in a specific direction, since high polarization ratios require high degrees of anisotropy in
the emissive layer. Various approaches to the alignment of organic electroluminescent materials
have been reported in the literature, and to date the best results were obtained from polymers.®?

The most common methods for the alignment of polymers will be discussed in chapter 2.2.
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Figure 2.3. Cartoon of a conventional liquid crystal display (LCD). The combination of isotropic backlight and

highly energy consuming polarizers may be replaced by an organic LED emitting polarized light.

For a more detailed discussion of electroluminescence from organic materials and related
topics the reader is referred to very good articles given in the reference section,?2229.34394346.6271
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2.2 Polymer Alignment

As discussed above (section 2.1.5), the application of organic materials as active materials
in backlights for LCDs requires high degree of polarization of the emitted light which is
achieved by a high degree of molecular alignment of the chromophores. There are numerous
methods to achieve such orientation, and the most successful ones with regard to the alignment

of polymers will be discussed in this section.

2.2.1 Quantitative Description of Molecular
Orientation — Order Parameter, Polarization

Ratio and Dichroic Ratio

The degree of molecular orientation is commonly quantified by means of the orientational
order parameter S, a single scalar quantity describing the spread of molecule orientation about
the director (overall axis of preferential orientation), with a large value of S implying a small
spread. Properly speaking, this term — originating from Landau's theory of phase transitions’® —
should be applied only to anisotropic systems that are in the thermodynamic equilibrium, but it
is used in the literature for any aligned state of anisotropic molecules. Marrucci et al. reduced
the three-dimensional problem” to its two-dimensional analogue and defined the order pa-

rameter in two dimensions by:"*">

So 2<coszq>— 1= (coqu>:pc‘)f (@) cosy dq (2.9)

where f(q) is the normalized distribution function of the main chain orientation, i.e. the prob-
ability of a molecule being oriented with an angle g to the director (f(q) is large around q =0 or
p and is small for q » p/2). This definition ensures the order parameter becomes zero in the iso-

tropic case and unity in the fully aligned case.

By means of the order parameter of the emitters, an upper limit of the achievable polariza-
tion ratio P can be estimated using the following relation:

PE—_—
1-S P+1

where the polarization ratio is defined as the ratio of the emitted light intensity parallel (I,;) and

perpendicular (I,,) to the molecular alignment:
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p=lo . (2.11)
Ipp

These inequalities are also valid when replacing the polarization ratio P by the dichroic ratio D

yielding:

1- S D+1

DE

where the dichroic ratio is the ratio of the absorbance parallel (A,) and perpendicular (A, to

the molecular orientation:*

D= (2.13)
Ay

From relation (2.18) one can estimate that for a polarization ratio of P = 20 an order pa-

rameter of at least S = 0.9 is required, stressing the need for high degree of orientation.

An exact calculation of the order parameter using the measurable polarization (dichroic)
ratio R is only possible with the knowledge of the angle a between the emission (absorption)
dipole and the molecular symmetry axis, using the relation:"

s=R1(1. 2c0%a) (2.14)
R+1

Furthermore, for an accurate calculation, anisotropic internal fields should be considered as
well as surface reflection due to birefringence of the light entering or leaving the film.®? This
difficulty is often ignored, and in order to be more exact in the following, the degree of mo-
lecular orientation will be described only in terms of the dichroic ratio D (in the case of absorp-

tion) and the polarization ratio P (in the case of emission).

2.2.2 Mechanical Alignment - Stretching and
Rubbing of the Emissive Layer

Polymers can be aligned by means of a number of mechanical methods, the first of which is
orientation by stretching. Polarized electroluminescence realized by this technique was first re-
ported by Dyreklev et al. who obtained a polarization ratio of about 2 from stretch-oriented
conjugated polythiophenes.”” Although in photoluminescence, much higher polarization ratios
have been reported, for example from stretch-oriented MEH-PPV (poly(2-methoxy-5-[2'-

* The physical principle underlying the dichroism is that the absorbance is proportional to the square of the cosine
of the angle between the transition dipole moment vector and the electrical field vector: if the two vectors are par-
allel, the radiation is strongly absorbed, whereas no light is absorbed if they are perpendicular to each other.
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ethylhexyloxy]-p-phenylene-vinylene)),”® the method of stretch orientation has severe draw-
backs. Soft materials are required for elongation which tend to relax back into an unoriented
equilibrium state. This problem may be circumvented by quenching into a glassy or crystalline
state after stretching from the soft state (melt or solution),”® or by drawing a precursor during
conversion.®®® However, the performance of the EL device reported by Lemmer et al. was
poor due to a large separation of 10 um between the electrodes, yielding a polarization ratio of
8 at a voltage of 500 V. On the other hand, the implementation of stretched films into active
EL configurations with the required thickness of less than 1 um is very problematic, since the

structural integrity of the films is disturbed by the high drawing ratios.

A second method of mechanical alignment is the rubbing of conjugated polymer films — a
procedure known for two decades from the preparation of alignment layers for liquid crystals®
— in order to directly obtain polarized emission from the aligned chains without the need for
additional alignment layers. A polarization ratio of 4 in EL was reported by Hamaguchi et al.
from a three-layer device comprised of rubbing-aligned alkoxy-substituted PPV as the emissive
layer.2® Polarized emission was also obtained from rubbing a film of hexyl-dodecyl co-
poly(phenyleneethynylene) (PPE)®* (section 4.2).%° To date, the best performance of a device
with a directly rubbed polymer emissive layer was achieved with a precursor PPV aligned by
rubbing during conversion.® A polarization ratio of 12 in electroluminescence and a maximum
brightness of 200 cd/m? at 20 V was reported. However, due to mechanical damage of the

films, the stability and lifetime of such devices is problematic.

2.2.3 Langmuir-Blodgett Deposition

By means of Langmuir-Blodgett (LB) deposition, macroscopically aligned films of few
nanometer thickness can be fabricated.®” This technique consists of transferring monolayers of
amphipathic molecules onto solid substrates by their dipping and raising through a monolayer
floating on the surface of purified water. Polarized emission was obtained by applying the ani-
sotropic LB technique to side-chain substituted conjugated polymers, such as substituted poly(p-
phenylene), and polarization ratios of 3—-4 were reported.®® However, the build-up of an EL de-
vice requires up to 100 deposition cycles under precisely controlled conditions, not rendering
the LB deposition compatible for large-scale production of commercial devices. Furthermore,
crystallization of LB films over time is a severe problem and the polarization ratios obtained to

date are not sufficient for applications.
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2.2.4 Alignment on Particular Substrates

Since their initial report in 1991 alignment layers prepared by means of friction transfer
technique have been shown to yield high degrees of molecular orientation.®® Usually, such an
alignment layer is fabricated by squeezing and shearing a poly(tetrafluoroethylene) (PTFE) rod
on a surface, yielding a molecularly oriented ultra-thin PTFE film with the direction of orienta-
tion of the PTFE main chains matching the friction direction. Layers of friction-transferred
poly(p-phenylene) (PPP) have also been used for alignment of epitaxially grown thio-
phene/phenylene co-oligomers for example, and polarization ratios of up to —100 have been
obtained in photoluminescence.”® The friction transfer is a multipurpose technique, because it
allows the alignment of small molecules, conventional polymers and conjugated polymers — re-

gardless whether they are liquid crystalline or not.?**

Due to the insulating nature of PTFE the fabrication of electroluminescent devices is very
difficult, and has only been reported until now by Chen et al. They made use of the rather in-
homogeneous film morphology and obtained charge injection from ITO through areas of the
sample which were not covered with PTFE. Polarized EL was reported both for small molecules
and conjugated polymers (which were epitaxially grown on top of the oriented PTFE), and the

highest anisotropy for solution-cast polymers was a polarization ratio of —4.%

2.2.5 Liquid-Crystalline Polymers on top of

Alignment Layers

2.2.5.1 Introduction into Liquid Crystalline Polymers

As implied by the name, liquid-crystalline Polymers (LCPs) combine the properties of
polymers (associated with the nature of the backbone) with those of liquid crystals. The latter
entails low viscosity in the liquid crystalline state and the tendency to align with the long axis of
their rod-like molecules along a preferred direction, which is known as the director. However,
the size of such aligned domains in LCPs is much too small (only a few micrometers — in aver-
age the directors are oriented randomly) to produce polarized light from suitable electrolumi-
nescent LCPs, unless macroscopic alignment is imposed by external action. The conventional
method to achieve the required monodomains of uniform homogeneous molecular alignment in
thin films is the use of additional alignment layers upon which the LCPs align when they are
brought into the mesogenic — low viscous — state. The alignment of the LC molecules is pre-
served into the crystalline state by cooling down slowly, or into the glassy (frozen) LC state by

cooling down quickly (quenching). The most common alignment layer consists of polyimide®
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(section 3.1.3), because polyimide has excellent alignment ability as well as thermal and chemi-
cal stability.> Furthermore, it is transparent for visible light and therefore fulfills another fun-
damental requirement for an incorporation into an LED structure. Polyimide can be aligned by
rubbing with a cloth or by irradiation with UV-light. Both of these methods will be discussed in

the following section after a short introduction into liquid crystalline polymers.

Rigid mesogenic unit
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Figure 2.4. Principles of the molecular design of liquid-crystalline polymers (from Windle).*®

The prerequisite for normal flexible polymers to display liquid crystal characteristics is the
incorporation of rod-like or disk-like elements (mesogens) into their chains. The most basic con-
struction of an LCP is simply to link the rigid mesogenic units end-to-end and by this to form a

so called (main-chain) rigid rod polymer (Figure 2.4).* However, due to the polymerization the

* Another way to polymerize rigid mesogenic units by direct connection may yield side-chain polymers which do
only unwillingly form a liquid crystalline phase. Decoupling the mesogenic side-groups from the backbone via
flexible spacers is an approach to obtain side-chain LCPs.® The versatility of side-chain LCPs arises because these
structures can be varied in the backbone structure, in the mesogenic unit or in the spacer. Although side-chain
LCPs based on a PPV backbone, where the vinylene bond was substituted with a lateral flexible spacer with a ter-
minal cyanobiphenyl mesogenic group, showed an alignment with a dichroic ratio of 2 (on a friction-transferred
alignment layer of poly(tetrafluoroethylene)),?” no real monodomain alignment was reported from such substituted
PPVs and its copolymers.
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crystal melting temperatures T, (or glass transition temperature T, in the absence of crystallin-
ity) increase significantly, and often the molecules tend to decompose before they melt into the

liquid crystalline phase.*

Thus, shifting the crystal melting point into an accessible temperature range without de-
stroying the mesophase stability is the central aim in the design of thermotropic LCPs. There
are several approaches, all of which either have to increase the entropy change on melting DS or
decrease the respective enthalpy change DH or both: At the melting point, the crystal phase is in

equilibrium with the melt and hence, one can write

T, =DH /DS. (2.15)

For example, a stiff chain will have little additional freedom to move in the melt than in
the crystal yielding small DS and high T,,, whereas a more flexible molecule will have a higher

mobility in the melt and thus a higher DS and a lower melting point.

As a rule, the degree of flexibility of a chain is a decisive factor for whether it will form a
mesophase or not, and a suitable parameter which describes the tendency of a polymer to show
liquid crystallinity is the persistance ratio p, i.e. the relationship between persistence length 1,

and the average chain diameter d:*®

I

p= =z (2.16)

The persistance length |, is a significant parameter of a semi-rigid ‘'worm-like' chain and
provides a measure of the degree of chain expansion. Suppose a freely rotating chain is centered
in a Cartesian coordinate system with its first link along the y-direction. The persistance length
is then the average projection of the end-to-end distance of the chain in that direction, or in
other words, it is the sum of the projections of the remaining bonds in that direction.®® Hence,
it gives a measure of the memory of the direction taken by the first segment. The higher the

persistance length, the straighter is the chain.

These relations originate from the modification of the theory of rigid rods to semi-rigid
polymers: In their simplest form, theories describing the relationship between chemical struc-
ture and liquid crystallinity handle LC molecules as ideal rigid rods. Flory's lattice theory,'® as

an example, allows the prediction of main features of phase diagrams and of the onset of liquid

* In general, the range of the mesophase stability increases with polymerization, since the upper transition tempera-
ture T, .e; — Where the liquid crystalline phase reverts to an isotropic liquid — increases faster than the melting tem-
perature T,..°® However, the temperatures themselves become steadily higher so that processing becomes more and
more inconvenient if thermal degradation does not prevent the mesophase from being observed at all.



30 2 Theory

crystallinity of a lyotropic* LC primarily from the knowledge of the axial ratio x of the (rigid)
monomer rods (rod length/diameter). The description of the LC in the bulk rather than in solu-
tion is far more complicated, but it is of great interest since thermotropic LCs instead of lyo-
tropics are used the most in technical applications. The theory of Maier-Saupe enabled the de-
scription of thermotropic rigid rods by the introduction of an anisotropic interaction without

specifying the particular origin of this interaction.'®*

However, only a few macromolecules approach the ideal of a perfectly rigid rod polymer —
but the assumptions concerning rigid rods can be adapted to semi-rigid polymers by describing
them in terms of a 'worme-like chain' and further to model this chain as a series of discrete rigid
rods connected together by joints which are free to move in all directions. This model equiva-
lent to the worm is termed the Kuhn chain (Figure 2.5), and the length of each segment I, of the
Kuhn chain is twice the persistence length of the molecule.®® The theory of rigid rods may be
applied to worm-like molecules by simply replacing the axial ratio x of the rod molecule by the
axial ratio x, of the Kuhn segment, which is twice the persistance ratio p. A very low value of
this ratio points to a very short Kuhn length (with respect to the diameter), the former indicat-
ing that the molecules are not stiff enough for displaying a mesophase. Modeling of aromatic
polyester molecules revealed that liquid crystallinity is observed when the persistance ratio is

not less than a critical value of —6, which was shown to be a rule applicable for LCs in gen-

eral 99,102,103

Wormlike Chain Kuhn Chain

Figure 2.5. Schematic pictures of a wormlike chain and the equivalent Kuhn chain. Taken from Windle.”®

As mentioned above, increasing the flexibility of the chains is an approach to lower the
transition temperatures into the LC phase. In general, the required higher flexibility can be
achieved by chain modifications, such as (i) the incorporation of links between the mesogenic
units giving additional freedom of rotation, (ii) the attachment of bulky side-chains or -groups,
and (iii) the incorporation of flexible (non-mesogenic) spacer units between the rigid mesogenic

units (rigid rod/flexible spacer polymers) (Figure 2.4).%®

* There are two different ways to induce a transition into the liquid crystalline state, (i) by variation of the concen-
tration of rods or (ii) by variation of the temperature. If the transitions are given by concentration, the liquid crys-
tals are called lyotropic, and for temperature-induced transitions they are referred to as thermotropic.
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Here, only the chain modification by side-chains or -groups will be discussed, since this is
the most important approach to increase flexibility and substantially reduce the melting tem-
perature with regards to the alignment of conjugated LCPs* The addition of non-mesogenic
side-chains (such as linear or branched alkanes) to straight, rigid backbones leads to molecules
which are referred to as 'hairy rods' 2% Hairy rods with suitable side-chains reach their liquid
crystalline phase at easily accessible temperatures. The longer the side-chains the lower the tran-
sition temperatures T,, and T, .e;, because the chains act as bond solvent molecules, which re-
duce the anisotropic interaction between the rigid chains and therefore decrease DH. Moreover,
the side-chains increase the number of conformations Z in the melt and thus, they increase
DS = kanzZ.*’

A number of the typical conjugated EL polymers, such as some substituted PPVs'® or
poly(phenylene-thiophene)s, are thermotropic liquid crystalline hairy rods which are originally
stiff due to the extended backbone conjugation but made flexible by the introduction of suitable
side-chains!® Furthermore, this type of polymers evolved as an important class with regard to
alignment, because hairy-rod type polyfluorenes were shown to orient well on top of alignment
layers. The example reported first was poly(9,9-dioctylfluorene) (PF8),1*%*'? the stiffness of
which is rather high indicated by a Kuhn length of —~17 nm" and a large persistance ratio of
~21.5."** In addition, the polymers being the central emissive materials for this work, poly(9,9-
bis(2-ethylhexyl)fluorene-2,7-diyl) (PF2/6) and its derivatives, are also hairy-rod molecules
which are slightly bulkier than PF8 due to branched rather than linear side-chains. These poly-
fluorenes show transition temperatures well below decomposition as well as very good align-
ment properties (next section and 3.1.1, 4.1, and 5.1).*%># Although polyfluorenes are the
only class of hairy rods which until now have been reported to successfully align on alignment

layers,®? it is very probable that other examples will follow.

2.2.5.2 Rubbing-aligned Polyimide

By far the most common procedure for obtaining highly aligned samples of low-molecular
weight or polymer thermotropic liquid crystals (LCs) is the use of polyimide which has been
unidirectionally rubbed by a cloth as an alignment layer (section 3.3.1). Afterwards, the align-
ment of the LCs into monodomains is accomplished by heating them into the LC phase, fol-

lowed by rapid cooling for preservation of the emerging order. This technique does not only re-

* Although segmented conjugated LCPs with a rigid rod/flexible spacer-backbone structure were successfully aligned
in monodomains,’**% the achieved polarization ratios were considerably lower than in hairy-rods as discussed

below. This is due to the relatively short mesogenic units. Moreover, rigid rod/flexible spacer-LCPs suffer from
limited charge transport due to the breaking of their backbone conjugation 2

T Poly(phenyleneethynylene) which is expected to be ‘infinitely' stiff was shown to have a Kuhn length of ~30 nm.**®
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sult in high degrees of anisotropy, but it is also suitable for mass production and for large area
treatment. The first example of monodomain alignment of fully conjugated LCPs by means of

rubbing-aligned polyimide was the orientation of a poly(9,9-dioctylfluorene) (PF8) by Grell et

al.“o

Polyimide is an insulator, however, and unlike in the case of an application in a standard
LCD cell, the alignment layer in an electroluminescent device needs to be capable of transport-
ing holes from the anode into the emissive layer. This problem was solved in our group by
doping the polyimide with suitable hole-transporting materials. Lim et al. have reported on hole
conducting layers based on polyimide filled with 50 wt.% triphenyldiamine (TPD), which they
have used in conjunction with Alg, to fabricate EL devices, but not as alignment layers.**> After
thermal conversion and rubbing, our doped* layer was suited to hole-transport and to align
poly(9,9-bis(2-ethylhexyl)fluorene-2,7-diyl) (PF2/6) yielding highly polarized EL emission (sec-
tion 3.1.4 and chapter 6).** Comparable results were also obtained with PF8 on top of a simi-
larly doped alignment layer of polyimide.*** More recently, it was shown that a rubbed layer of
precursor-route PPV can replace the doped polyimide and may serve as hole-injecting alignment

layer as well, on top of which PF8 was successfully oriented into monodomains.**?

Although rubbing is the technique most widely used to align polyimide, the alignment
mechanism is still not understood at the molecular level. At present, it is commonly recognized
that alignment of the polyimide chains parallel to the rubbing direction takes place, and that
alignment of a bulk LC on top of rubbed polyimide is due to this molecular alignment rather
than to microgrooves created by rubbing.*®*?* There are two different theories about the origin
of the molecular orientation within the polyimide layer: mainly thermal'** and mainly mechani-
cal'® effects. The first model involves frictional heating between the rubbing fibers and the rigid
polyimide layer. The local increase in temperature dT as a result of rubbing is thought to be in
the range of up to 230 °C, and therefore large enough to heat the polyimide near or above its
glass transition temperature T,, at which point the polyimide can be easily aligned. The other
model supposes dT to lie between 40 and 170 °C only and hence, not sufficient to reach T,
This view suggests that the polyimide molecules are aligned by the direct mechanical force ap-
plied by the rubbing fibers rather than by frictional heating. Kim et al. propose a combination
of the thermal and mechanical mechanisms to be responsible for the polyimide alignment.®
They calculated a temperature increase during rubbing well above the glass transition tempera-

ture and they found that higher temperatures generally led to enhanced anisotropies.

* In the following, the term 'doping' will be used to describe the addition of a low-molecular weight compound to
the polymer layer. This follows a commonly used convention in the literature. It does not imply that the polymer is
‘electrically doped', which would require a charge transfer between the polymer and the dopant.
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In any case, the rubbing is believed to induce a polarity in the surface layer, and alignment
of an overlying LC is due to van der Waals forces between the polar groups and the LC mole-
cules.™ Actually, X-ray scattering measurements showed unambiguously that only the chains in
the near-surface region (<5 nm) are oriented and act as template in aligning LC molecules,
whereas the bulk of the polyimide still exhibits an isotropic orientation of the polymer
chains.*?® To be more precise, the oriented polyimide molecules induce an anisotropic molecu-
lar orientation of the first LC monolayer via intermolecular van der Waals-interaction which
then propagates into the bulk of the LC through elastic interaction among the LC mole-
cules.'®12%127 The liquid crystalline order thus grows epitaxially. The molecules both of poly-
imide and of the surface LC layer orient on average along the rubbing direction and they are
tilted up from the surface. The molecular order of the LC film was found to be higher than the
one of the underlying polyimide. This can be explained by assuming that an LC molecule in the
first monolayer (in contact with the polyimide) orients parallel to the average orientation of
several (—8) monomer units of polyimide close to the LC molecule rather than only to the di-
rection of the nearest single monomer unit. This enhances the order of the LC molecules since
the surface in-plane order for the first LC monolayer was shown to increase with the number of

polyimide monomer units the LC interacts with.**’

2.2.5.3Photo-aligned Polyimide

Although rubbing of polyimide is still the current method of choice for the fabrication of
alignment layers, alignment by means of photochemical reactions under polarized UV irradia-
tion becomes gradually more attractive, because this technique overcomes the problems of

electrostatic charging and mechanical damage created by the rubbing procedure.

In general, three different photochemical interactions may yield photoalignment:**®
crosslinking, trans/cis isomerization, and photodissoziation — but only the latter two are appli-

cable to polyimide and will be discussed here.

It was shown that polymers doped with azo dyes may give homogeneous alignment when
exposed to polarized UV light, because the azo dyes undergo photoinduced isomerization from
the trans-isomer to the cis-isomer (UV exposure) and vice versa (visible light exposure), result-
ing in the maximum number density of azo molecules being located perpendicular to the vector
of the incident light, E. This procedure was also applied to polyimide as a matrix for the align-
ment layer,*?® but the alignment achieved was thermally not stable and disappeared completely
upon heating the samples above 50 °C. Other problems with regards to device applications are
the photochemical instability of azo dyes and the fact that the alignment layers with such

dopants are colored rather than fully transparent.
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Photoalignment of polyimide may also be achieved by exposure to linearly polarized UV
light due to anisotropic photodissoziation of photosensitive chemical imide bonds parallel to its
polarization.™®® Homogeneous alignment is observed in the direction perpendicular to the po-
larization of the incident light,*?®*** because the number of unbroken polyimide chains in that
direction is higher. On absorption of the UV light, weak bonds in the polyimide were shown to
be disrupted and to form radicals, which then take part in oxidation reactions. However, also in
the case of these photodissoziated layers, the temperature stability of the obtained alignment is
rather low due to the relaxation of residual polymers segments upon heating to higher tem-
peratures. This problem was partly solved by Kim et al. who achieved much better performance
and stability when the UV irradiation was done during the imidization of the precursor at ele-

vated temperatures.**

Apart from the problem of insufficient temperature stability, the polar anchoring energy
(the strength to fix the director of the LC at the interface along the anchoring direction) of
photoaligned polyimide layers is up to 10 times lower compared to their rubbed counterparts,
attributed in part to the lowering of the surface energy by decomposition. Up to now, the re-
ported degrees of alignment in the polyimide layer as well as of the LC on top are still substan-
tially lower when achieved by photoalignment rather than by rubbing.*?® Furthermore, the
electrical performance may be affected by the UV light, and negative charges were shown to be
created in the films due to formation of carboxylic acid.'*® These problems explain why photo-

aligned polyimide alignment layers have not been applied to OLEDs so far.*

* The first report of an incorporation of a photoaligned alignment layers into an EL device was given by Contoret
etal. only very recently. They used a coumarin-based photoalignment layer, doped with a hole transporter, to
macroscopically orient a light-emitting fluorene-based LC of low-molecular weight, which was subsequently
crosslinked to form a nematic network, and obtained an EL polarization ratio of 11.
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3.1 Materials

3.1.1 Polyfluorene (PF) — Emission

As mentioned in the previous chapters, a central objective of this work was the realization
of polarized electroluminescence from blue-emitting polymers. In a first place, this of course
required the search for an emissive material fulfilling the necessary prerequisites. Fluorene-
based compounds offer a number of advantages making them very attractive for the use in
electroluminescence applications, and several reports have demonstrated bright blue emission
from polyfluorene (PF) homopolymers.>>*** Poly(fluorene-2,7-diyl)s have pairs of phenylene
rings locked into a coplanar arrangement by the C-9 atom. Linear or branched alkyl- or ethyl-
ene oxide-substituents attached to C-9 have been shown to provide good solubility in conven-
tional organic solvents without affecting the conjugation along the polymer backbone. This is
an important advantage over poly(p-phenylene)s where the steric demand of solubilizing groups
has the drawback of forcing the phenylene groups out of conjugation. A typical structure of a
9,9-dialkylflurene homopolymer is shown in Figure 3.1 and sketched in Figure 3.2. As implied
by their name, all polyfluorenes display extremely high fluorescence efficiencies’*>**" both in
solution and in solid state, with emission wavelengths predominantly in the blue region. Their
absorption spectra are broad and featureless while photoluminescence spectra show well-
defined vibronic structures (Figure 3.5). Via copolymerization, the band gap and energy levels

can be readily adjusted over the whole visible range.*3#%°

QI

R R

Figure 3.1. Structure of substituted polyfluorene homopolymer.

Figure 3.2. Three-dimensional model of polyfluorene.
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Another important feature of polyfluorenes is their thermotropic liquid-crystallinity, which
was the main reason to choose them as emissive polymers for this work. At temperatures above
the melting point — but well below those for thermal decomposition — they display liquid crys-
talline (LC) phases, which allows to align the molecules of these polymers in monodomains by
means of suitable alignment layers, such as rubbed polyimide (section 4.1).°°%% By using
hole-transporting alignment layers, LEDs emitting polarized light with high polarization ratios

have been fabricated.#?8 112141142

Concerning the charge transport properties, cyclic voltammetric data of polyfluorene films
indicate an ionization potential of approximately I, = 5.8-5.9 eV**** causing a high barrier to
hole injection from ITO (I, ~ 4.8-5.0 eV).**** Due to the lower barrier to electron injection
from a Ca cathode, which is expected to be in the range of 0.2 eV**'** to 0.8 eV,** fluorene
polymers are believed to have electrons as the majority carriers.>>*** This is in contrast to the
better known poly(phenylenevinylene) (PPV) and related materials, which are characterized by
holes being the majority charge carriers!** Therefore, the performance of polyfluorene-based
devices can be remarkably improved when appropriate polymeric hole-transporting layers are

additionally incorporated.>>**?

3.1.1.1 Non-endcapped Poly(9,9-dialkylfluorene-2,7-diyl)s

In the following, the synthesis and main characteristics of poly(9,9-dialkylfluorene-2,7-
diyl)s are described, with emphasis on polyfluorene with branched ethylhexyl side-chains, since
these types of polymers appeared to have very good alignment properties (section 4.1 and
5.1).448142 All polyfluorenes were synthesized by Heinz-Georg Nothofer at the MPI for Poly-

mer Research, Mainz. Details of the synthesis are described elsewhere.**

The molecular weights M, of the resulting polymers range between 30 000 g/mol and
200 000 g/mol (PS standard) depending upon the length of the alkyl-substituents, which desig-
nate the solubility and other physicochemical properties of the product. Alkyl-chains containing
6-10 carbon atoms are favorable, various substitution patterns are shown in Figure 3.3. Some of
the essential properties of these different types of polyfluorenes are summarized in Appen-
dix A.3 (Table A.2).
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Figure 3.3. Various substitution patterns for the synthesis of polyfluorenes. See also Appendix B, Table B.1 for an
overview over essential properties of some of these polyfluorenes.

Thermotropic LC-phases of such alkyl-substituted polyfluorenes can be observed in a tem-
perature range between 100 and 250 °C, depending on the molecular weight and on the sub-
stitution pattern. As an example, Figure 3.4 depicts the calorimetric characterization of a sam-
ple of poly(9,9-bis(2-ethylhexyl)fluorene-2,7-diyl) (PF2/6) (M, = 127 000, M,, = 210 000).
The transitions at 167 °C on heating (curve a) and at 132 °C on cooling (curve b) correspond to
melting and crystallization in the sample, respectively. For a sample quenched from 200 °C to
room temperature, the identical transition is observed (curve c). Above the transition point,
PF2/6 shows a birefringent, fluid phase, i.e. liquid crystallinity (section 2.2.5.1). The high en-
thalpies of these transitions demonstrate a substantial difference between crystalline and LC
structures of PF2/6.

n

L)
— ~

80 100 120 140 160 180

Exothermal ®

Temperature [°C]

Figure 3.4. Calorimetric characterization of a film of PF2/6, spincoated from toluene. (a) heating scan (10 °C/min),
(b) cooling scan of the sample (10 °C/min), (c) heating scan for a sample, which was quickly quenched from 200 °C.

Figure 3.5 shows the UV/Vis absorption and photoluminescence spectra of PF2/6 in solu-

tion and in solid state. In solution, all presented polyfluorenes exhibit similar absorption and
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photoluminescence spectra, since the substitution pattern does not affect the main chain con-
formation, with an absorption maximum located between 383 and 389 nm and two emission
maxima at about 415 nm and 440 nm.
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Figure 3.5. UV/Vis absorption and photoluminescence spectra of PF2/6 in solution (CHCL,; thin line) and in solid
state (thick line).

However, in the solid state, the absorption and emission characteristics substantially vary
for the different types of polyfluorenes and they cannot be generalized. Although all polyfluo-
rene homopolymers are characterized by inherent blue excitonic emission bands due to vibronic
coupling®® at approximately 425 and 448 nm, they show an additional broad band in the low-
wavelength region (500-530 nm), which strongly varies both in strength and in position. This
emission contribution is assigned to interchain interactions, which do form in films of conju-

gated polymers, such as aggregates and excimers.

As implied by the name, interchain states imply that p-electron density is shared between
multiple chromophores — either in the same or from different polymer chains**’ — and this delo-
calization of the excited-state wave function lowers the energy of this state relative to a single-
chain exciton, so that interchain luminescence is red-shifted relative to the standard exciton
emission. The most predominant interchain species are aggregates and excimers "% and
studies of polyfluorene derivatives (but also of other conjugated polymers, for example of lad-
der-type poly(para-phenylene)'*®) showed strong evidence for aggregate formation in films.**
However, the strength of such interchain interactions appears to depend on a variety of factors,
such as the nature of the side-chains,*** on the molecular weight and molecular weight distribu-
tion,* on steric hindrance effects,™ on the chemical nature of the solvents and the concentra-
tion of the polymer in solution,**’ on certain physicochemical treatment conditions,** or on

degradation effects.**® The resulting differing intensities of such interchain interactions explain
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the varying strength of the red-shifted emission contribution to the emission spectrum for the
different polyfluorenes.

We show in section 6.2, that endcapping the polyfluorene with hole-transporting materials
is a successful approach to effectively suppress the red-shifted emission contribution in electro-
luminescence. The chemical and electronic properties of such endcapped polyfluorene are dis-
cussed in the following paragraph.

3.1.1.2 Endcapped Poly(diethylhexyl)fluorene

As mentioned above, the endcapping of the polyfluorene main chain with low-molecular
weight hole-transporting moieties suppressed the mentioned long-wavelength emission tail and
pronounce the blue excitonic emission bands representing the inherent characteristics of poly-
fluorene. We will show in section 6.2, that this concept furthermore substantially improved the
device performance with regards to efficiency, brightness and color stability and enabled the re-

alization of highly polarized LEDs.

We investigated two types of endcapped polyfluorenes, the chemical structures of which
are shown in Figure 3.6. Two different endcappers and different monomer/endcapper feed ra-
tios were used. The synthesis of the PF homopolymer was similar to the one for the non-
endcapped PF, with the only difference that the required amount of the endcapping reagent
bis(4-methylphenyl)(4-bromophenyl)amine or (4'-bromo-biphenyl-4-yl)-naphthalen-2-yl-
phenyl-amine (obtained from SynTec GmbH, Wolfen, Germany***) was added to the reaction
mixture in the very beginning. By increasing the amount of the monofunctional endcapping
reagent in the reaction mixture the molecular weight of the final product decreased significantly
(Table 3.1). This indicates that the endcappers are indeed chemically attached to the polymer

chains, which can be further confirmed by *H/*C-NMR analysis.
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Figure 3.6. Chemical structures of poly(9,9-bis(2-ethylhexyl)fluorene-2,7-diyl) endcapped with bis(4-
methylphenyl)phenylamine (PF2/6am-X) and with (N-(biphenyl-4-yl)-N-napth-2-yl-N-phenylamine) PF2/6napX),
respectively.

Table 3.1. Molecular weights of the polyfluorenes shown in Figure 3.6 for different monomer feed ratios. Also given
are the endcapper concentrations as determined from *H-NMR data (integral of signals from methylprotons of end-
cappers divided by integral of all side-chain protons) and the melting temperatures T,, of the crystalline-LC transition
as determined from DSC (2" heating, heating rate 10 K/min).

opmer Feedrato WGP ML e T
[mol/mol] NMR [mol%)]

PF2/6am0 100:0 122 000 2.0 0.0 169
PF2/6am2 98:2 103 000 1.4 1.8 163
PF2/6am4 96:4 48 000 1.6 3.0 152
PF2/6am9 91:9 12 000 2.6 8.3 135
PF2/6nap3 97:3 59 000 15 /* 151
PF2/6nap9 91.9 12 000 2.6 /* 130

* not determined
T melting peak only appears in first heating scan

For all PF2/6am-X* compounds, the endcapper concentration determined by *H-NMR
(Table 3.1) is slightly smaller than the monomer feed ratio, which indicates different reactivities
of the bifunctional dibromofluorene derivative and the monofunctional bromotriarylamine end-
capper during the reductive coupling reaction. Chain termination via debromination is expected
to compete with the attachment of the triarylamine endcapper in particular for lower endcapper

concentrations.

* The X denotes the content of the endcapper in mol% with respect to the PF2/6 monomer.
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The electronic properties of the two materials were determined form cyclic voltammetry
(CV) of the polymers in solution (Figure 3.7). It is well established that the ionization potential
I, and the electron affinity E, — and thus, the HOMO and LUMO energies — can be related to
the oxidation and reduction potentials, which are measured by CV.****> However, the values
correlating the oxidation and reduction potentials to the absolute energies with respect to the
vacuum level are still under discussion. In the following, we will use an offset of 4.4 eV between
the electrochemical scale with the Ag/AgCl reference electrode and the vacuum level, as pro-

posed by Janietz et al.,** although other values have been also applied.**

The CVs of the endcapped polymers exhibited dominant signals related to the oxidation
(E%,, = 1.08 V vs. Ag/AgCl) and reduction (partly irreversible peak at E° ., =-1.9 V) of the PF
backbone itself, which occurred at potentials almost identical to those for the non-endcapped
PF. Slightly larger onset potentials (E,, = 1.4V, E,.y =-2.28 V vs. Ag/AgCI) were reported for
CV investigations on thin films of poly(di-octylfluorene) (PF8).** We attribute this discrepancy
to the effect that redox reactions on thin films generally occur at higher oxidation and reduc-
tion potentials compared with investigations on the same compounds in solution.**® Using the
values obtained for the films, Janietzet al. estimated molecular orbital levels of polyfluorene of
~5.8 eV for the HOMO and —2.1 eV for the LUMO. However, we believe that the corre-
sponding HOMO-LUMO gap of —3.7 eV and the barrier to electron injection from the Ca-
cathode of ~0.8 eV might be too large. By scanning tunneling spectroscopy measurements, Al-
varado et al.”®" determined a HOMO-LUMO gap of 3.2 + 0.1 eV for PF8, which is also in good
agreement to the value of 3.0 eV, as obtained from our measurements in solution. Taking these
numbers into account, we regard a LUMO energy level of polyfluorene of —~2.6 eV as more re-

alistic.

In addition to the redox processes on the PF main chain, separate signals for the oxidation
of the end-groups (at E°,, = 0.68 V for PF2/6am-X and E°,, = 0.80 V for PF2/6napX, respec-
tively) are observed. For comparison, the oxidation potential of tris(p-tolyl-amine (TTA), a
model for the end-groups in PF2/6am-X, is E°, = 0.67 V. This reveals that the attached end-

groups act as independent electroactive moieties and constitute hole traps within the PF-matrix.

On the other hand, there is no indication for a reduction of the endcapper below the re-
duction potential of PF. This is further illustrated in the energy diagram in the inset of Figure
3.7. Despite the larger electronic p-system, the naphtyl system is more difficult to oxidize (OE
=120 mV), which indicates the stronger electron-donating power of the tolyl groups and is
consistent with similar observations for N,N,N’,N’-tetrakis(4-tolyl)-benzidine and its mono-
naphthyl derivatives (N,N’-di(naphthalene-1-yl)-N,N’-diphenyl-benzidine (DE = 50 mV).
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Figure 3.7. Cyclic voltammograms recorded at scan rate of 100 mV/s for PF2/6am9 (thick line) and PF2/6nap9 (thin
line) in CH,CL/TBAPF; solution. The reduction curve was almost identical in both cases (only one is shown). Inset:
Energy diagram for orbital levels. Starting from a HOMO level of ~5.8 eV for the pure PF2/6, as determined for
films of pure PF8,* the numbers for the endcappers were estimated according to the observed differences in the sig-

nals with respect to the pure PF2/6. The value of the LUMO level was calculated assuming a HOMO-LUMO gap of
3.2 eV, according to Alvarado et al.*>’

3.1.1.3 Polyfluorene Copolymer

A copolymer of polyfluorene containing 90 % ethylhexyl side-chains and 10% of chiral
substituents with a methyloctyl side-chains was also used in this study. The number average
molecular weight was about 173 000 g/mol and the polydispersity was PD = 1.66. The transi-
tion temperature from crystalline to liquid crystalline state was at approximately 149 °C. The

chemical structure of this copolymer is shown in the Figure below.

Figure 3.8. Chemical structure of poly(2,7-(9,9-bis(2-ethylhexyl))co-(9,9-bis((3S)-3,7-dimethyloctyl))fluorene)
(PF8/1/1C2/6).

Furthermore, a second polyfluorene copolymer with 50 % butyl- and 50 % dodecyl side-

chains was investigated. The number average molecular weight was —129 000 g/mol with a
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polydispersity of 1.65. The phase transition to the mesophase was observed at Tee c —152 °C.

Figure 3.9 shows the chemical structure of this polymer.

COOGO,

Figure 3.9. Chemical structure of poly(2,7-(9,9-bis(2-butyl))co-(9,9-bis(dodecyl))fluorene) (PF4C12).

3.1.2 Copoly(phenyleneethynylene)

Hexyl-dodecyl copoly(phenyleneethynylene)**®*>° (PPE; Figure 3.10) was used as emissive
layer in devices where polarized emission was obtained by directly rubbing the active film in the

crystalline state rather than by aligning it in the LC state on alignment layers (section 4.2).%°

CGH13 ClZ H25
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Figure 3.10. Chemical structure of hexyl-dodecyl copoly(phenyleneethynylene) (PPE).

3.1.3 Poly(phenoxyphenylimide) (P1) — Alignment

For the alignment of the liquid crystalline polyfluorene layers, we have used alignment lay-
ers on the base of rubbed polyimide. For the usage in polarized EL devices, the polyimide had
additionally been filled with various hole-conducting materials. Whether doped or not, all the
alignment layers, which are described in this work were made starting from a commercial poly-
amic ester precursor (Merck KG, Darmstadt, Kit 'ZLI 2650") which was thermally converted

into a high Tg, inert poly(phenoxyphenyl-imide) (PI). The chemical structure of Pl is shown in

Figure 3.11.
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Figure 3.11. Chemical structure of poly(phenoxyphenylimide) (PI).
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Unless stated otherwise, the alignment layers were fabricated by spincoating the Pl precur-
sor (or PI precursor/HTM blends) at a total solid content of 30 g/L in the ZLI 2650 kit solvent
at approximately 2000 rpm for 50 s. After a 15 min softbake at 80 °C, the precursor was con-
verted at 270-300 °C for 1 hour under rotary pump vacuum, yielding a layer thickness in the

range between 40 and 50 nm.

3.1.4 Dopants for Polyimide — Hole Transport

3.1.4.1 Low-Molecular Weight Compounds

Several hole-transporting materials (HTM) have been used to fabricate hole-transporting
alignment layers with high glass transition temperatures, and they have been compared with
each other concerning the attainable EL device performance and degree of alignment (section
5.2.2.1).

The first one was a starburst-type amine, 4,4’,4”-tris(1-naphtyl)-N-phenyl-amino)-
triphenylamine (ST 638), which had a melting point of 250 °C and according to cyclovoltam-
metric data (Figure 3.13) a very low oxidation potential of ca. E°,, =0.31V (vs. SCE,
CH,CI,/CIO,). This corresponds to an ionization potential of approximately 1, » 4.7 eV,* when
assuming an offset of 4.4 eV between the electrochemical scale with the Ag/AgCl reference
electrode and the vacuum level.** The next hole-transporting material, 1,1-bis-(4-bis(4-methyl-
phenyl)-amino-phenyl)-cyclohexane (ST 755) had a relatively low melting point of 186 °C and
an ionization potential of 1,»5.2eV, whereas 4,4’-bis{N-(1-naphthyl)-N-phenylamino}-
biphenyl) (ST 16-7) did not melt before 273 °C and the ionization potential was ca. 5.1 eV. The
last one was N,N’-diphenyl-N,N’-bis(4’-(N,N-bis(naphth-1-yl)-amino)-biphenyl-4-yl)-benzidine
(ST 1163), which is comparable to the better known triphenylamine derivative (TPTE).**® and
has a melting point of MP ~ 200 °C and E°,, =0.77 V yielding an ionization potential of
I, — 5.2 eV. All these materials were obtained from SynTec GmbH, Wolfen,** and the chemical

structures are shown in Figure 3.12.

* As mentioned in section 3.1.1.2, the values, which relate the oxidation potential measured by CV to the ionization
potential, are still under discussion. We estimate the values to compare betweeen the different hole-transporting
materials rather than to give exact numbers.



3.1 Materials 45

Y
Segravsa

(ST 16-7)

[N; - - (ST 1163) Q)
ONO © © ©

(ST 6386/@ M e)ijN O‘ O N\©Me

(ST 755)

Q.3
0

Q.
J
J
o0

Figure 3.12. Chemical structures of four different hole-transporting materials, 4,4’,4"-tris(1-naphtyl)-N- phenyl-
amino)-triphenylamine (ST 638), 4,4’-bis{N-(1-naphthyl)-N-phenylamino}-biphenyl) (ST 16-7), 1,1-bis-(4-bis(4-
methyl-phenyl)-amino-phenyl)-cyclohexane (ST 755), and N,N’-diphenyl-N,N’-bis(4’-(N,N-bis(haphth-1-yl)-amino)-
biphenyl-4-yl)-benzidine (ST 1163).

ST 1163

E, (ST16-7) ~0.75V
E, (ST 755) ~0.78V
E_ (ST 1163)~0.67/0.79 V

0.0 0.5 1.0
E [V vs. Ag/AgCl]

Figure 3.13. Cyclic voltammograms recorded at scan rate of 100 mV/s for ST 638, ST 16-7, ST 755 and 1163 in
CH,CI,/CIO  solution.
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3.1.4.2 Polymer Compounds

3.1.4.2.1 Poly(triphenylamine)s and Comparable Compounds

Using low-molecular weight hole-transporting materials as dopant for polyimide can imply
the problem of phase-separation. This may negatively affect the alignment power of the HTAL
and substantially decrease the attainable degrees of alignment. An approach to overcome this

problem is the replacement of the low-molecular compounds by polymers.

We considered polymers on the base of triphenylamine derivatives as promising candidates
for polymer-HTMs. Triphenylamine derivatives, such as (N,N'-biphenyl-N,N'-bis-(3-
methylphenyl)-[1,1'-biphenyl]-4,4'-diamine) (TPD; Figure 3.14), as low-molecular weight com-
pounds have been shown to be a suitable material for HTMs.**1%® We investigated poly-TPD
(triphenyldiamine), poly-NPD (naphthyl phenylamino-biphenyl) and poly-TPD with an addi-
tional (CH,)s-spacer unit in the main chain (p-HeO-TPD).

Figure 3.14. Chemical structure of N,N'-biphenyl-N,N'-bis-(3-methylphenyl)-[1,1'-biphenyl]-4,4'-diamine) (TPD).

3.1.4.2.2 Poly(aniline)

Polyaniline (PAni) is known to be highly conductive when being doped with functionalized
protonic acids like camphorsulfonic acid (CSA).***'%® We blended PAni-CSA with polyimide at
different concentrations to arrive at hole-conducting alignment layers after conversion, similar
to the ones reported for the low-molecular weight compounds. The structure of PAni-CSA is

shown in Figure 3.15. The results obtained with such layers are described in section 5.2.2.2.2.

Hy Hy" Hy" He
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Figure 3.15. Chemical structure of PAni-CSA.
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3.1.5 Dopants for the Emissive Material -

Color, Efficiency and Stability

As mentioned in section 2.1.4 blue light can be down-converted into green and red by
doping a blue emissive material with lower band gap materials. This is of interest with regards
to the realization of full color red-green-blue displays. It was shown that doping a small amount
of a fluorescent dye into an OLED can significantly change the color of luminescence.*®®%’
Furthermore, such doping may have beneficial effect on the color stability and device effi-
ciency.'®® To realize green emission, we doped polyfluorene with the low-molecular weight
fluorescent thiophene dye S2_3 shown in Figure 3.16. This dye is a green emitter with photo-
luminescence peaking at 527 nm (not shown) and with absorption spectra as plotted in Figure

7.1. The corresponding results are discussed in section 7.1.

Figure 3.16. Chemical structure of the thiophene dye S2_3.

3.1.6 Poly(3,4-ethylenedioxythiophene) doped with
Poly(styrene sulfonate) (PEDOT-PSS) — Hole

Injection

Poly(3,4-ethylenedioxythiophene) (PEDOT) doped with poly(styrene sulfonic acid) (PSS)
was used as hole-injection layer between the ITO anode and the light-emitting layer in isotropic
LEDs (Figure 3.17). The ITO/PEDOT-PSS bilayer anode is known to have a remarkably higher
work function (—5.2 eV) than ITO (4.8-5.0 eV), and due to the resulting lower barrier height
at the anode/polymer interface the hole-injection is significantly improved. Using PEDOT-PSS
between the ITO and the emissive polymer has shown to yield a dramatic increase in device ef-
ficiency and lifetime as well as a reduction of both the turn-on and the operating voltage.'®**
PEDOT-PSS was obtained under its commercial name, BAYTRON P, from Bayer-AG. A -

tailed review of PEDOT is given in Groenendaal et al.**°

PEDOT-PSS is not stable at temperatures higher than 200 °C, and therefore, it was only
used in isotropic devices in this work. It could not be applied in our devices for polarized light
emission, since the latter include hole-transporting alignment layers based on PI, which require

thermal conversion at —~300 °C (see section 3.3).
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Figure 3.17. Chemical structures of poly(3,4-ethylenedioxythiophene) (PEDOT, left) and poly(styrene sulfonic acid
(PSS, right).

3.2 Preparation of Isotropic LEDs

Generally, for all the light-emitting diodes described in this work, the device architecture
was a metal(oxide)/polymer/metal structure employing indium tin oxide (ITO) as a transparent
anode and aluminum or calcium as the cathode. Depending on the respective purpose, addi-

tional layers with different functions were used below or above the polymer emissive layer.

For the fabrication, glass substrates patterned with 100 nm ITO electrodes (Balzers) have
been cleaned subsequently in ultrasonic baths of acetone, ionic detergent water solution, u-
trapure water (MilliQ unit from Waters) and isopropanol. After drying, a 20-30 nm hole-
injection layer of polyethylenedioxythiophene doped with poly(styrene sulfonate) (PEDOT-PSS,
see section 3.1.4) was spincoated on top. The films were dried in vacuum for 6 h at room tem-
perature. All the different emitting materials were spincoated from toluene on top to get a final
thickness of the emissive layer of approximately 70-90 nm. When necessary, the solutions were
filtered immediately before spincoating in order to optimize the homogeneity of the films. After
drying overnight under vacuum at room temperature, the top electrode was deposited by ther-
mal evaporation at a pressure of — 6" 10°° mbar. If not otherwise stated, the cathode consisted
of a 20 nm Ca layer covered with a 100 nm Al protection layer, the evaporation rate was 7 A/s
for Ca and 5 A/s for Al. In case of optimized devices, a LiF layer was used between the emissive
layer and the Ca cathode, the thickness of this additional film was 8 A and the evaporation rate
was 1 A/s. Such additional layers were shown to substantially improve the device efficiency,*™
which is often attributed to an enhancement of electron injection. However, the function of
these layers are not unambiguously clear yet. Hole-only devices were single-layer devices with
the respective film sandwiched between ITO and a 50 nm gold top-electrode evaporated at a
rate of 1A/s. The overlap between the two electrodes resulted in device areas of 5 mm?. A

scheme of an isotropic LED is shown in Figure 6.1.
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3.3 Preparation of Polarized LEDs

The main difference between isotropic and polarized LEDs is that the latters require the
usage of an additional alignment layer below the emissive layer (Figure 6.6). For all the devices
described in this work, that layer consisted of polyimide (P, section 3.1.3) doped with different
hole-transporting materials. A second difference is the replacement of PEDOT-PSS as hole-
injection material, since its temperature stability is insufficient to withstand the temperatures
required for polyimide conversion. Instead, a layer of a hole-transporting material (HTM) was

used to yield a stepwise barrier for hole-injection (see section 5.2.2).

The polarized devices were fabricated starting with a thin layer (20 nm) of an HTM spin-
coated from Liquicoat solution (Merck-ZLI 2650 kit solvent) at a concentration of 15 g/l onto
ITO covered glass substrates. Then, the hole-transporting alignment layer was prepared by
spincoating a mixture of the PI precursor (section 3.1.3) and an HTM at varying concentrations
and a total solid content of 30 g/l in Liquicoat at 1900 rpm for 50 s. After a 15 min softbake at
80 °C, the PI precursor was converted to Pl at 250-300 °C for 1 hour under rotary pump vac-
uum. The film thickness after conversion was between 40 and 50 nm. Thereafter, the doped PI
layer was unidirectionally rubbed as described in the following subsection. Films of the respec-
tive emissive material were spun from a toluene solution onto the rubbed PI alignment layers to
obtain a layer thickness of approximately 80 nm. To induce monodomain alignment, the sam-

ples were annealed according to the procedure explained below.

The procedure of electrode deposition was the same as for the isotropic LEDs. Similar to
the isotropic LEDs, a LiF layer as described above was used as additional layer between the

cathode and the aligned emissive layer in order to enhance the device efficiency.

3.3.1 Rubbing Procedure

Rubbing of the samples was done by means of a rubbing machine from E.H.C. Co., Ltd.,
Japan. The rotating cylinder (diameter of 70 mm) was covered with a rayon cloth (Yoshikawa
Chemical Co., YA-25-N, average fiber diameter 15 um, average fiber length 2.5 mm, and aver-
age fiber density 1040 cm™® and rotated at maximum speed of 23 revolutions/s. The samples
were unidirectionally passed twice under the cylinder at a translating speed of 2.2 mm/s. These
parameters ensure a relatively high velocity of the rubbing cloth relative to the sample of go-
proximately 510 cm/s. Zero rubbing strength is defined as the condition where sample and rub-
bing cloth are osculating and for higher rubbing strengths the distance of rubbing fiber and

sample was reduced, thereby deforming the pile of the cloth. The bending depth of the cloth fi-
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bers due to contact pressure’™ was approximately 0.8 mm. For defined surrounding conditions,
the rubbing machine was placed in a fume-hood and rubbing was done under a constant nitro-

gen flow.

Figure 3.18. Picture of the rubbing machine.

Due to attrition effects, each rubbing cloth was changed after treatment of about 50 sam-
ples. The cloth was fixed with spray mount onto the rubbing cylinder guaranteeing homogene-
ous attachment. Thereby, the preferential direction of the rubbing fibers was chosen to be in

line with the moving direction of the sample.

The effect of variation of these parameters and of the type of rubbing cloth (and also of at-
trition) on the alignment and on the morphology of the rubbed layers is described in section
5.2.5.

3.3.2 Annealing Setup and Procedure

Annealing was done in a home-built setup, which allowed for the defined control of the
annealing procedure. An evacuatable glass cover was equipped with a brass hot-table on which
the samples were laid upon horizontally. After evacuation, the system was filled by means of a
modulating valve with a defined amount of an inert gas of choice. The hot-table was directly
heated through heating cartridges yielding a heating rate of the samples of more than 60 K/min.
This high rate and the resulting large contact area between samples and hot-stage effectively
shortened the total time the samples had to stay under high temperatures in order to achieve

alignment.
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A PT-100 temperature controller directly connected to one of the samples enabled the
measurement of the exact sample temperature, and via a pressure sensor, the pressure of the
annealing atmosphere was monitored during annealing. The glass tube allowed the illumination
of the samples with an UV-lamp and by observation with a polarizer the in-situ control of the
alignment. The cooling procedure was fastened by a constant gas flow induced by feeding of

nitrogen through the modulating valve and simultaneous pumping with a rotary pump.

By way of this annealing system, the samples were heated under a 0.1 bar argon-
atmosphere into the liquid crystalline state and after duration of approximately 10 minutes at
constant temperature they were cooled down to room temperature at a rate of approximately 5
K/min. Although alignment can also be achieved in vacuum, the results are more reproducible
when the annealing is done under 0.1 bar argon atmosphere. This is attributed to the better

control of the temperature at the sample surface.

Figure 3.19. Picture of the annealing setup with a heating table under a glass cover, which can be evacuated and re-
filled with a gas at choice.
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3.4 Investigation of Optical and Electrical
Properties of Materials

3.4.1 Recording of Electroluminescence Spectra

Electroluminescence spectra were recorded using the computer-controlled setup shown in
Figure 3.20. The light emitted from the LED in the evacuated sample chamber is focused via an
achromatic lens into the entrance-slit of a digital triple-grating spectrograph (Model 1235 from
EG&G Princeton Applied Research), and detected by a photomultiplier (Model R928P from
Products for Research, Inc.), in combination with a discriminator with fast time-resolution
(Model 1182 from EG&G Princeton Applied Research). The generated output signal is evalu-

ated by a computer, which also controls the Keithley 236 source measure unit to bias the de-
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Figure 3.20. Computer-controlled setup for recording electroluminescence spectra with sample chamber (SC),
achromatic lens (L), digital triple-grating spectrograph (SPG), photomultiplier (PMP), discriminator (D), and source
measure unit (SMU). Alternatively, the setup can also be used for measuring the intensity of the electroluminescent
devices at a wavelength of choice by means of the photodiode (PD) connected to the computer-controlled optical
power meter (OPM) (section 3.4.5).
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3.4.2 Determination of the Degree of Anisotropy -
Polarized UV/Vis, Polarized PL, Polarized EL

The degree of anisotropy is described in terms of the dichroic ratio D in absorption and in
terms of the polarization ratio P in emission. The determination of D has been carried out by
means of polarized UV/Vis spectroscopy, and the ratios of P were deduced from polarized PL

and EL spectroscopy, respectively.

Polarized absorption spectra were recorded with a Perkin-Elmer Lambda 9 UV/Vis spec-
trometer with a Glan-Thompson polarizer inserted into the sample beam. For each layer to be
measured the spectra were recorded with light polarized parallel and perpendicular, respec-
tively, to the direction of alignment. All spectra were corrected for the transmission of the sub-
strates and of all additional present layers, and the polarization bias of the spectrometer was
taken into account. To determine the dichroic ratios, the baselines of the spectra parallel and
perpendicular to the rubbing were adjusted to similar height of the baselines in the region be-

tween 450-500 nm, followed by measuring the respective peak heights.

Polarized photoluminescence spectra were recorded with a SPEX Fluorolog 2 (F212) spec-
trometer, which was equipped with double monochromators for excitation and emission. The
excitation wavelength was 380 nm and the light beam was incident to the film side of the sam-
ples. The detection was done at 90° with respect to the excitation light and 30° with respect to
the surface normal. The polarization of the excitation was always parallel to the chain align-
ment of the samples. The spectra were recorded with analyzer position of 0° and 90° versus the
excitation. The measurements were performed by Achmad Zen at the MPI for Polymer Re-

search, Mainz.

Polarized electroluminescence spectra were obtained by inserting a Glan-Thompson polar-
izer parallel and perpendicular, respectively, between the electroluminescent device and the
spectrograph described above. From the two resulting spectra, both the peak polarization ratio
and the integral polarization ratio were determined, such that the polarization bias of the

monochromator was always taken into account.

To eliminate errors resulting from inaccurate positioning of the polarizer, the polarization
ratio was also determined by recording the electroluminescence intensity at fixed wavelength
while constantly rotating the polarizer. From the maxima and minima of the resulting sine
curve, both the polarization ratio at the respective wavelength and the time-stability of the po-
larization can be obtained. The device characterization was carried out in an evacuated sample

chamber.
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3.4.3 Luminance and Color Coordinates

The luminance and color coordinates in electroluminescence were measured by means of a
Minolta Chroma Meter CS-100, a tristimulus colorimeter for non-contact measurements of

light sources or reflective surfaces.

3.4.4 Film thickness determination

The film thickness was determined with a Tencor Alpha 200 surface profiler. A scratch was
made into the respective layer and the resulting step profile was measured. The maximum
resolution of the profile meter itself was 5 nm, but this value depends severely on the film qual-

ity and homogeneity.

For critical samples, the measurements were done on a computerized, highly sensitive KLA-
Tencor P-10 surface profiler with the ability to measure micro-roughness with a nominal reso-

lution of up to 1 A over short distances.

3.4.5 Current-Voltage and Intensity-Voltage

Characteristics

Current-voltage characteristics were recorded with a Keithley 236 source measure unit
with a sensitivity of 10 A, and the internal voltage source of the electrometer was used to bias
the devices. The intensity of the electroluminescent devices at a wavelength of choice was re-
corded simultaneously to the current measurements, using a Newport photodiode NP818-UV,
which was connected to a Newport 835 Picowatt digital optical power meter (Figure 3.20). All
measurements and recordings have been controlled by a computer, and the device characteriz a-

tion was carried out in an evacuated sample chamber.
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3.5 Structure Investigations

Besides of the conclusions drawn from the UV/Vis absorption spectra, and from the spectra
of PL and EL measurements, investigation of the structure and morphology of the samples were

done by means of the following techniques.

3.5.1 Polarized Optical Microscopy

Polarized optical microscopy was performed on a Zeiss Axioskop 50. By means of polari-
zation microscopy the degree of anisotropy may be determined by turning the samples between
crossed polarizers. In case of high orientational order, a complete extinction is observed at
every 90° stage rotation interval indicating the molecular director being parallel to one of the

polarizers.

3.5.2 Low-Voltage Scanning Electron Microscopy
(LVSEM)

All measurements were done with a LEO 1530 Field Emission Scanning Microscope with
GEMINI field emission column for optimized resolution especially at low-voltage operation.*
The influence of the concentration of hole-transporting alignment layers in polyimide on the
morphology was investigated in detail by means of low-voltage scanning electron microscopy,

and therefore, this technique will be shortly explained (see section 5.2.4).

Electron microscopy is comparable to conventional light microscopy except that electrons
rather than photons are used for image generation. Electrons are accelerated up to almost speed
of light. Due to the high kinetic energy, the wavelength of the electrons is much smaller and the
attainable resolution much higher than in the case of visible light. The electron beam is guided

by magnetic rather than by 'normal’ optical lenses and diffraction is due to the Lorentz force.

Scanning electron microscopy (SEM) is a powerful and generally applicable electron micro-
scopic approach for the study of surfaces. In contrast to transmission electron microscopy
(TEM) where investigations are restricted to replicas of surfaces, in particular fracture surfaces,
SEM can be applied for samples of higher thickness. However, conventional electron micros-
copy methods are difficult to apply to polymers, and few techniques can be employed to pro-
duce contrast so that addressing fine surface details or determining the bulk microstructure is
problematic. In general, polymers are vulnerable to beam-induced radiation damage and as non-

conductors, they charge severely under the electron radiation. The accumulation of negative
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charge results in the rejection of the electron probe in successive scans, since the incoming elec-
trons do not drain away faster than they are supplied, as it is the case with conducting samples.
The problems of charging and limited resolution can partly be solved by TEM, but the investi-
gation of surface morphology is very difficult with TEM and the problem of beam-damage re-

mains. Furthermore, TEM requires careful preparation of undeformed, ultrathin samples.

An efficient way to overcome these difficulties is the investigation of polymers by means of
a field-emission gun source, high-resolution low-voltage scanning electron microscope
(LVSEM). The image resolution is comparable to TEM, and information of high quality can be
obtained from uncoated samples, even from those which could hardly be prepared for TEM. By
adjusting the voltage the penetration depth of the electron probe can be varied. Thus, under fa-
vorable conditions information on both surface topography and composition as a function of
depth can be acquired. The field-emission gun yields very high brightness and the electron
probe can be focused down to the size of few nanometers while still maintaining enough inten-
sity for sufficient signal levels. Due to the high probe intensity the signals are sufficient at very
low accelerating voltages (<1-2 kV), resulting in (i) higher resolution, (ii) insignificant beam
damage of the samples, and (iii) the possibility to investigate the samples without conducting
coating-films for elimination of beam-induced charging. Detailed descriptions of scanning elec-
tron microscopy can be found in the literature.’”*'® All measurements were done in coopera-

tion with Gunnar Glaser at the MPI for Polymer Research, Mainz.

3.5.3 Transmission Electron Microscopy (TEM) and

Electron Diffraction

For all transmission electron microscope (TEM) observations, both the polyfluorene film
and the underlying polyimide layer were floated off the supporting glass slide onto a water sur-
face and transferred to 600 mesh copper grids. The films were examined in a LEO 912 TEM
without carbon supporting film.”2 In order to suppress inelastic scattering of energy losses ex-
ceeding 20 eV in case of electron diffraction and elastic darkfield imaging, an electron energy

loss spectrometer was used which was integrated in the column of the TEM.

Electron diffraction patterns were recorded on photographic IlIford PAN F film and cali-
brated with TICI powder. The diffraction patterns were evaluated after tenfold magnification in
a darkroom magnifier. The measurements were performed by Dr. Glnter Lieser at the MPI for

Polymer Research, Mainz.
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3.5.4 Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) was done on a Digital Instruments Nanoscope Illa multi-
mode AFM.*" The scanning was performed in tapping mode, with non-contact Cantilever
NSC-12 from Silicon-MDT.!"® The measurements were recorded by Volker Scheumann at the
Max Planck-Institute for Polymer Research in Mainz. The principles of atomic force micros-
copy will not be discussed in detail here, and the reader is referred to the literature. For exam-
ple, an introduction into the application of AFM for the imaging of polymers was given by
Sheiko.*"®

3.5.5 X-Ray Diffraction

X-ray fiber diagrams were recorded in a vacuum flat film camera (Huber, Germany). The
measurements were done by Michael Steiert at the Max Planck-Institute for Polymer Research
in Mainz. The fibers were drawn from liquid crystalline polyfluorene melt (175 °C) and an-
nealed at 175 °C for 4 h and 24 h, respectively.



4 Alignment of Polymers for the Use in
Polarized LEDs

4.1 Polyfluorene

4.1.1 Alignment by means of Rubbed Hole-

Transporting Alignment Layers

In the previous chapters we learned that the key issues towards the realization of blue po-
larized electroluminescence from polymers are, besides of a blue emissive polymer, the ability to
(i) align this material into monodomains and (ii) to incorporate the aligned polymer into a light-

emitting device structure.

One of the most promising materials with regards to these prerequisites is polyfluorene,
which is described thoroughly in section 3.1.1. This is a blue emitting polymer with highly satis-
fying EL performance®*** belonging to the class of thermotropic liquid crystalline polymers
(LCPs). The latter are known to have the potential for aligning well on top of suitable align-
ment layers, as discussed in section 2.2.5. As mentioned in section 2.2.5, the alignment of ther-
motropic LCPs on top of alignment layers is in general accomplished by annealing of the mate-
rial into the LC state and by subsequently ‘freezing' the alignment into the crystalline or glassy
state by rapid cooling. The primary requirements for the alignment in liquid crystalline state are
(a) low viscosity in the mesophase and (b) low transition temperatures well below any transi-

tion temperature in the alignment layer.

In the case of polyfluorenes, the use of alignment layers is particularly promising — a find-
ing explicable by the temperature-dependent X-ray powder diffraction shown in Figure 4.1. In
the crystalline state at temperatures of T = 30 °C and T = 50 °C, strong and sharp Bragg peaks
are observed at 29 = 6.15° and 29 = 10.7°. Here, the first value corresponds to the distance
between adjacent polymer chains, which is approximately 14 A, while the second peak is related
to the projected monomer length unit of ~8 A.*%° On the contrary, in the liquid crystalline state
at T > 160 °C, the respective peaks are substantially broadened, and the peak attributed to the
distance between chains almost disappears. These features reveal a high dissimilarity between
the crystalline and liquid crystalline state. While the former is characterized by a defined dis-
tance between the molecules, the latter shows a substantially lower degree of interchain order,
pointing to an increased conformational freedom. The higher degree of disorder is also visible

from the increase in the bandwidth of the second peak, indicating a smaller correlation length.
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The observed substantial difference between the crystalline and liquid crystalline states indicates
that the viscosity in the mesophase is quite small, satisfying condition @). Also prerequisite
(b) for alignment of polyfluorene in the LC state is fulfilled, since the polymers enter the meso-

genic phase at easily accessible temperatures.
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Figure 4.1. Temperature-dependent powder X-ray diffraction of poly(9,9-bis(2-ethylhexyl)fluorene-2,7-diyl). The ar-
rows behind the temperature values correspond to heating (arrow up) and cooling (arrow down), respectively.

The first monodomain-alignment of polyfluorene was reported by Grell et al. who oriented
poly(9,9-dioctylfluorene) (PF8) on top of alignment layers of rubbed polyimide.*** However,
despite of the high suitability of rubbed polyimide as alignment layer, it does —when incorpo-
rated into typical LED structures as shown in Figure 1.2 — not allow for the required charge

transport due to its insulating nature. Therefore, this approach does not fulfill condition (ii).

That problem was solved in our group by blending the polyimide with appropriate hole-
transporting materials (HTMs) as described in section 3.1.4 and 5.2.* By this approach, the
ability of pure polyimide to yield transparent alignment layers of high chemical, mechanical and
thermal stability®™ was combined with the capacity of the dopants for charge-transport. The
extension of plain alignment layers to hole-transporting alignment layers (HTALS) with satis-
factory charge transport characteristics (section 5.2) enabled the usage of polyimide within
LEDs for the first time. We confirmed that charge transport via percolation is established at
concentrations low enough not to suffer from the problem of phase-separation. Simultaneously,
the doping does not noticeably affect the alignment strength known from pure polyimide as
long as the dopant concentration is moderate (see following section). Moreover, the HTMs of
choice are thermally stable up to temperatures of more than 300 °C, which is sufficient to with-

stand the temperatures required to convert the Pl precursor. A typical homopolyfluorene, e.g.
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poly(9,9-bis(2-ethylhexyl)fluorene-2,7-diyl) (PF2/6), is liquid crystalline at temperatures of
~167 °C, as shown in section 3.1.1.1 and Figure 4.1.

The incorporation of such rubbed HTALs of doped polyimide into light-emitting device
structures and the successive alignment of polyfluorene on top turned out to be a successful
concept for the realization of highly polarized blue electroluminescence. Dichroic ratios in ex-
cess of 16 and polarization ratios of more than 21 were obtained from such polarized LEDs. A
comprehensive analysis of the corresponding devices is presented in chapter 6. Their fabrication

was done according to the procedure explained in section 3.3.

4.1.2 Investigation of Alternative Alignment

Concepts

In order to determine the best technique for the alignment of polyfluorene we also tested
whether there are alternatives to (i) the rubbing and/or (ii) to the usage of the originally insu-
lating polyimide.

Alignment of the polyimide by other means than by rubbing could avoid the problems of
electrostatic charging and mechanical damage of the films, which may negatively affect the de-
vice performance.'”® Therefore, we examined layers of polyimide, which had been aligned by
linearly polarized UV-light. As discussed in section 2.2.5.3, the temperature stability of photo-
aligned polyimide layers in general was problematic until now, and the layers used here were
only stable up to temperatures of ~140 °C. For that reason, they could only be used for se-
lected polyfluorenes with transition temperatures well below. Using e.g. a poly(9,9-bis(2-
ethylhexyl)fluorene-2,7-diyl) endcapped with 9 mol% of bis(4-methylphenyl)phenylamine,
which has a transition temperature of T,, — 135 °C, dichroic ratios in the range of 9 were db-
tained by means of photoaligned polyimide. However, compared to dichroic ratios of —20,
which had been achieved with similar polyfluorenes on top of rubbed polyimide, the degree of
alignment achievable by rubbing rather than by photoalignment is more than doubled (Figure
4.2). Apart from that, the majority of the polyfluorenes reach the LC phase at temperatures
above 140 °C, and therefore, the doping and successive incorporation of such photoaligned

polyimide into light-emitting devices was not examined.
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Figure 4.2. Polarized absorption spectra of poly(9,9-bis(2-ethylhexyl)fluorene-2,7-diyl) endcapped with bis(4-
methylphenyl)phenylamine, aligned on photoaligned Pl and on rubbed PI, respectively (on top of glass substrates).
The spectra are recorded with polarization parallel and perpendicular to the direction of rubbing. The numbers given
in the figure correspond to the dichroic ratio D.

The need for doping with charge-transporting materials and the concomitant problem of
phase-separation could possibly be circumvented by replacing the aligning matrix of insulating
polyimide by an inherently conductive material. Therefore, we investigated the alignment
strength both of rubbed PEDOT-PSS* (section 3.1.6) and of various rubbed derivatives of
cross-linkable N,N'-bis(3-tolyl)-N,N'-diphenyl-benzidine (TPD)®" all common as hole-

conducting materials.

The alignment of polyfluorene was tried on top of such rubbed layers, with sample con-
figuration and preparation similar to the experiments with rubbed polyimide. However, no
measurable degrees of alignment were achieved by means of these rubbed hole-transporting lay-
ers — neither with rubbed PEDOT-PSS nor with rubbed TPD-derivatives. One possible reason
for this could be that the PEDOT-PSS layers themselves are aligned, but that the alignment
ability is not sufficient to orient the liquid crystalline polymer on top. On the other hand, the
PEDOT-PSS layers might not exhibit any preferential alignment after rubbing, which can be ex-

plained by an only weak correlation between neighboring chains or an amorphous structure.

Apart from the methods described above, which all included the use of hole-transporting
alignment layers, it was tested whether there are also substantially different methods allowing
for the orientation of polyfluorene within an LED structure. As discussed in section 2.2.2,
alignment is also conceivable by directly rubbing the emissive layer itself — this would avoid the
need of any additional alignment layer from the beginning. Applying the direct rubbing tech-
nique to various kinds of polyfluorene did not yield any degrees of alignment, however. This is
in contrast to other conjugated polymers, such as poly(phenyleneethynylene)s (PPEs), which are

described below. An explanation of this is given in section 4.2.
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Attempts to further enhance a given orientation of polyfluorene (after the alignment on top
of rubbed HTALS) by a subsequent treatment with another alignment technique were not effec-
tive. Polyfluorene spincoated on top of a rubbed HTAL was exposed to the magnetic field of a
7 Tesla NMR magnet, since magnetic fields can induce high degrees of order.®” (Attempts to
align polyfluorene solely by the magnetic field, without the use of an alignment layer, did not
yield any alignment.) The dichroic ratio resulting from this treatment was ca. 16, identical to
samples without additional magnetic field influence. This demonstrates that in the case of poly-

fluorene even strong magnetic fields do not affect the alignment properties of the material.

Likewise, the subsequent rubbing of polyfluorene, which had been aligned on top of
rubbed polyimide, did not further increase the degree of alignment. Instead, mechanical damage

of the films and a concurrent decrease of the orientational order were observed.

Concluding these investigations, it was shown that the usage of hole-transporting alignment
layers of rubbed polyimide upon which the emissive material aligns when being annealed into
the liquid crystalline state is not only a successful, but also the only method until now to induce
monodomain alignment of polyfluorene. Other techniques of polymer alignment presented in

chapter 2.2 were shown not to be appropriate for polyfluorenes.

4.1.3 Optimization of the Nature of Side-Chains

The nature of the side-chains of a liquid crystalline polymer has a major impact on the
characteristics of the material, e.g. on the solubility and on the phase transition temperatures.®
To investigate their influence on the alignment behavior, polyfluorenes with different types of
alkyl side-chains Figure 4.3) were aligned on top of rubbed polyimide layers and evaluated
with respect to the achieved degrees of alignment. Not only the length of the chains was varied,
but also linear side-chains were compared with branched ones. In addition, a combination of
side-chains was studied by means of the copolymers PF8/1/1/C2/6 and PF4C12. For conven-
ience, the essential properties of these polyfluorenes are summarized in Table A.3, Appen-
dix A.3.

Our investigations started off from poly(dioctylfluorene) PF8 (M, = 150 000 g/mol,
PD = 2.0), which is a polymer with good solubility and easily accessible transition temperature
for melting of —174 °C. Furthermore, this type of polyfluorene is known for good alignment
properties since the first report of its monodomain alignment by Grell et al.*° As can be seen
from Figure 4.4, PF8 was aligned on top of rubbed polyimide showing a dichroic ratio of

D =9, consistent with numbers reported in the literature.™
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The figure also shows that the highest degree of order was obtained from PF2/6. The di-
chroic ratio, D = 16, was almost doubled compared to PF8. PF2/6 is substituted with ethyl-
hexyl side-chains, having the same number of carbon atoms as the octyl-substituents in PF8, but
in branched conformation. The transition temperature of 167 °C is even lower than the one of
PF8.

The slightly shorter but symmetric propylpentyl side-chains of PF3/5 yielded a dichroic ra-
tio of 12, which is higher than the ratio obtained for the linear octyl and lower than for the
branched ethylhexyl chains. The molecular weight of this polymer was M, = 32 000 g/mol with
a polydispersity of PD = 1.84. Due to the bulky structure of the side-chains, the transition tem-
perature was with 195 °C significantly higher than that of PF2/6.

The negative effect of increasing the side-chain length on the degree of alignment has fur-
ther been established in the case of the copolymers PF8/1/1C2/6 (M, = 173 000 g/mol,
PD = 1.66) and PF4C12 (M, = 129 000 g/mol, PD = 1.65). For the former, a content of only
10 % dimethyloctyl side-chains reduced the dichroic ratio from 16, which had been obtained
for the pure ethylhexyl polyfluorene, to a value of D = 13. In the presence of extremely long
side-chains, almost no alignment was obtained. For the copolymer PF4C12, which contains
long dodecyl side-chains at a content of 50 % (softening temperature of ~152 °C), the dichroic

ratio D was 3, only.
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Figure 4.3. Chemical structures of poly(9,9-bis(2-ethylhexyl)fluorene-2,7-diyl) (PF2/6), poly(9,9-bis(2-
propylpentyl)fluorene) (PF3/5), poly(9,9-bis(2-octyl)fluorene) (PF8), poly(2,7-(9,9-bis(2-butyl))co-(9,9-
bis(dodecyl))fluorene) (PF4C12), and poly(2,7-(9,9-bis(2-ethylhexyl))co-(9,9-bis((3S)-3,7-dimethyloctyl))fluorene)
(PF8/1/1C2/6).
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Figure 4.4. Polarized absorption spectra of polyfluorenes with different alkyl side-chains (shown in Figure 4.3)
aligned on rubbed P1 (on glass substrates). The numbers given in the figure correspond to the dichroic ratio D.

The variation of the nature of side-chains within polyfluorene clearly suggests that
branched ethylhexyl chains are by far most favorable in connection with attainable degrees of
alignment. Furthermore, the transition temperatures of PF2/6 are in a convenient region. This
result is fully consistent with the theory of liquid crystalline polymers. As discussed in section
2.2.5.1, longer side-chains increase the solubility and flexibility of the polymer, the latter re-
sulting in lower transition temperatures for melting and isotropization, respectively.’® How-
ever, the length and shape of the side-chains do also determine the diameter of the polymer
(without affecting the persistance length) and hence the persistance ratio p (persistance
length I /diameter d) (Equation 2.16). The achievable order parameter of a liquid crystalline
polymer increases with increasing persistance ratio,'®* and thus the characteristics of the side-

chains also crucially influence the alignment behavior of the material.

The phase transition temperatures of PF8 showed that straight side-chains with eight car-
bon atoms along the chain yield polymers with appropriate processing properties — in contrast
to PF3/5 with shorter chains, resulting in high transition temperatures. However, the dichroic

ratio of PF8 was rather moderate, D = 9, and opened room for optimization.

A successful approach was the replacement of the linear octyl side-chains by branched ones
containing the same number of carbon atoms. The lower overall length of the side-chain leads
to a lower effective diameter of the polymer molecule, whereas the Kuhn length of the molecule

should not be affected. As a result, the persistance ratio of PF2/6 is noticeably increased, ex-
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plaining the substantially higher order parameters compared to PF8. Moreover, the nature of
the side-chains is such that the transition temperature is still in an easily accessible region, in
contrast to PF3/5. Here, the chains are slightly shorter, but they also possess a more bulky
structure than in the ethylhexyl chains in PF2/6. Therefore, the overall diameter of this polymer
might be slightly larger and the persistance ratio lower than of PF2/6. Consequently, the d-
chroic ratio of PF3/5 is higher than for PF8, but lower than for PF2/6. However, a direct com-
parison of the dichroic ratios is critical, since the transition temperature of this polymer is larger
than those of PF2/6 and PF8, and annealing has to be performed at considerably higher tem-

peratures.

The very long dodecyl side-chains within PF4C12 obviously disturb the alignment proper-
ties significantly. This can be understood by considering the shape of the absorption spectra of
the different polymers shown in Figure 4.4. With increasing length of the side-chains, the spec-
tra display a shoulder between 420 and 440 nm. As demonstrated by Grell et al., a strong cor-
relation exists between the optical properties in absorption and the degree of local order.™®
These authors attributed the additional absorption peak to a planarization of the polymer con-
formation, and in case of PF8, a planar zigzag conformation was suggested for the well-ordered
state. According to this, the polyfluorenes with very long side-chains apparently adopt a board-
like planar structure, which goes along with an increased interchain interactions (p-p-stacking)
unfavorable for alignment, explaining the observed decrease of orientation. These assumptions
are consistent with studies by Teetsov et al. who established the effect of the alkyl side-chain
length on the polymer interchain interactions in isotropic solid samples. They compared poly-
fluorenes containing short hexyl and long dodecyl side-chains, respectively. In the case of the
long substituents, these authors also observed red-shifted fluorescence spectra, which they a-
tributed to pronounced interpolymer aggregation.'®284 In chapter 5, the influence of the poly-

mer structure on the alignment behavior will be further discussed.
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4.2 Alignment of
Poly(phenyleneethynylene)

In the previous section, we examined the influence of the chemical structure on the align-
ment behavior by comparing various polyfluorenes with different side-chain patterns. To ex-
tend these investigations, our aim was to study the orientational ability of another blue-emitting

conjugated polymer, namely hexyl-dodecyl copoly(phenyleneethynylene) (PPE)®* (Figure 4.5).
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e

CeHi3 Ci12H25

Figure 4.5. Chemical structure of hexyl-dodecyl copoly(phenyleneethynylene) (PPE).

In general, poly(phenyleneethynylene)s are known as rigid polymers**® with a strictly linear
conformation, and similar to polyfluorene, PPE was shown to be a thermotropic liquid crystal-
line polymer.*® This suggested to attempt the alignment of this polymer in the liquid crystalline

state on top of rubbed polyimide layers.

However, in contrast to polyfluorene, no alignment was obtained. This finding can be un-
derstood by evaluating the differential scanning calorimetry (DSC) traces of PPE (Figure 4.6).
The clearly defined transitions during the heating/cooling cycles correspond to isotropisation
(190 °C ) and LC phase formation (—170 °C),**® respectively, as viewed by polarizing micros-
copy. Contrary, the enthalpy of the crystalline/LC phase transition at —~110 °C is evidently too
low to be detected by DSC. This reveals high similarity between the two phases. Thus, even in
the liquid crystalline state, PPE resembles its crystalline form, which is characterized by ex-
tremely high stiffness.***** These observations are supported by studies of the optical properties
of films of PPE at different temperatures (not shown here). Both in the crystalline and liquid
crystalline state, the spectra displayed a sharp peak at 440 nm (see also Figure 4.7). Along with
the discussion in the previous section, this peak points to a planar, board-like backbone con-
formation,**® which is not favorable for orientation on alignment layers. Therefore, it may be

well understood that PPE could not be aligned on top of rubbed polyimide layers.
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Figure 4.6. DSC-traces of hexyl-dodecyl copoly(phenyleneethynylene (PPE).

However, in section 2.2.2 we stated that PPE can be aligned by direct rubbing of the PPE
layer itself. We showed that in contrast to the semi-rigid polyfluorene, the applied rubbing
force can be well transformed to the rigid polymer backbone and high degree of alignment of
the molecules can be induced. The direct rubbing of 150 nm thick crystalline layers of PPE with
a smooth cloth led to a dichroic ratio of 12 at the absorption peak of 439 nm (Figure 4.7).
When viewed by polarizing microscopy the directly rubbed films of PPE can be seen to consist

of highly oriented crystallites (Figure 4.8).
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Figure 4.7. Polarized absorption spectra of PPE aligned by direct rubbing. The spectra are recorded with polarization
parallel and perpendicular, respectively, to the direction of rubbing.
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Figure 4.8. Directly rubbed films of PPE viewed under the polarization microscope (crossed polarizers, the arrow
corresponds to the rubbing direction).

A polarized light emitting diode with rubbed PPE as emissive layer was successfully real-
ized.® It was necessary to control the uniformity of the film thickness and to prevent erosion of
the polymer from the substrate during rubbing. As discussed in section 2.2.2, this is a general
problem of mechanical alignment by the direct rubbing technique. Covering the rubbed poly-
mer with a 20 nm thick Li-surfactant layer helped to prevent electrical shorts due to mechanical
destruction and additionally improved the injection of electrons. The hole-injection from the
ITO into the polymer, which is characterized by a HOMO level of 5.8-6.3 eV?*’ was facilitated
by a PEDOT-PSS layer between the anode and PPE. By this, a polarized LED with the structure
ITO/PEDOT-PSS/PPE/Li-surfactant/Al could be fabricated.

However, the mechanical damage of the film was still severe and resulted in a relatively
short lifetime of the device. Furthermore, the achieved dichroic ratios were still substantially
lower than the ones obtained from the alignment of polyfluorenes in the liquid crystalline state.
For these reasons, these devices — although being of scientific interest — will not be further dis-

cussed in this work.

Concluding the results of this chapter, we found that in case of polyfluorene, the only
technique to obtain high degrees of orientation was the alignment in the liquid crystalline state
on top of suitable alignment layers. Furthermore, comparison of polyfluorenes with different
side-chain patterns revealed that the highest degrees of orientation were obtained for PF2/6
with ethylhexyl substituents. As an alternative to polyfluorenes, the alignment behavior of PPE
was investigated, showing that orientation could only be induced in the crystalline state by di-
rect rubbing rather than in the LC state on top of alignment layers. However, the results for
PPE were not comparable with the ones obtained for PF2/6, and therefore, only the latter

polymer will be discussed in the following.



5 Morphology, Structure and Properties
of Polyfluorene and Alignment Layers

In the following chapter we present detailed information on the morphology and on the
structure of the two essential layers required for polarized electroluminescence. On the one
hand, it was of fundamental interest to find explanations for the differences observed for PF2/6
and PF8 concerning the alignment behavior and the absorption characteristics, which are a-
tributed to the polymer conformation. On the other hand, the studies concerned the hole-
transporting alignment layers based on doped polyimide. The respective layers were investi-

gated by means of optical and electron microscopy, and by electron- and X-ray diffraction.

5.1 Polyfluorene

5.1.1 Alignment Behavior of Polyfluorene

We found that for polyfluorenes with a given side-chain pattern, the primary factor influ-

encing the alignment behavior is their molecular weights.

In principal, the molecular weight determines the phase transition temperatures for melting
and isotropization.®® Therefore, studies of polyfluorenes with different molecular weights were
carried out with the aim of shifting the transition temperatures into easily accessible regions.
We confirmed that lower molecular weights result in a decrease of the transition temperature,
which allows for a reduction of the annealing temperatures during the alignment procedure.
This has a positive effect on the device performance, since the latter suffers severely from high
temperatures.® However, apart from its effect on the thermal behavior, the molecular weight

was shown to crucially determine also the alignment ability of the polymers.

To study the correlation between these two factors in detail, poly(9,9-bis(2-
ethylhexyl)fluorene-2,7-diyl) (PF2/6) was fractionated into five portions of different molecular
weights with low polydispersity (PD). The aforementioned decrease of the melting temperatures
with decreasing molecular weights becomes apparent from the DSC traces of the fractions,
which are shown in Figure 5.1. Comparing the peak positions of the transition from crystalline
to liquid crystalline state reveals a remarkable shift of 10 K from 174 °C for the fraction with
the highest number average molecular weight of M,, — 373 000 g/mol to 164 °C for the fraction
with the lowest molecular weight of ~62 000 g/mol (Table 5.1).
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Figure 5.1. DSC-traces of poly(9,9-bis(2-ethylhexyl)fluorene-2,7-diyl) (PF2/6) fractionated into portions of different
molecular weights and low polydispersity (first heating scan). The molecular weights given in the figure correspond
to the number average molecular weight M,.

In order to compare the dependence of the alignment behavior on the molecular weight,
material of each fraction was annealed on top of rubbed polyimide and investigated by means of
polarized absorption spectroscopy as well as by electron diffraction. As shown in Table 5.1, the
alignment of polyfluorene is aggravated with increasing molecular weight, until at a certain
point, N0 macroscopic orientation is achievable at all. The data that was obtained from polar-
ized absorption spectroscopy, demonstrates that an upper limit for macroscopic alignment is in
the range of M, — 100 000 g/mol. The corresponding dichroic ratio was —16, and with the
lower molecular weight of —60 000 g/mol, a slightly higher ratio of D — 17 was obtained.
Conversely, annealing the fractions with M, — 150 000 g/mol resulted in a dichroic ratio as low
as —2, and molecular weights exceeding this value did not yield any measurable degree of mac-

roscopic alignment.

Analysis of the electron diffraction patterns clarifies the observed behavior. As shown in
Figure 5.2, the samples with number average molecular weight below 100 000 g/mol (lowest
row in the figure) display distinct features indicating the high degree of alignment. In particular,
the confinement of the arced meridian reflections, which represent the molecular orientation®
establishes a very narrow orientational distribution and high degree of order. Especially the
pattern of the sample with M, = 101 000 g/mol shows the sharp reflections, which are typical
for highly oriented PF2/6'®° and which are discussed more thoroughly in the following section.
The opposite is the case for the samples, which did not show any measurable macroscopic
alignment (middle and upper row). The meridian reflection is much broader and difficult to ob-
serve, especially in the case of the samples with M, of 373 000 g/mol and 154 000 g/mol, re-

spectively. The samples are not completely isotropic, visible from the somewhat arced meridian
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reflections in the pattern of the sample with M,, of 253 000 g/mol. This indicates molecular ori-
entation on a local scale (the spot size in the electron diffraction experiments was ca. 2.7 um in
diameter). However, comparison with the polarized absorption spectra, which averages the
molecular orientation across an array of ca. 5 mm?, shows that the alignment layers do not in-

duce any preferential orientation in layers of high molecular weight fractions.
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Figure 5.2. Electron diffraction patterns of different fractions of poly(9,9-bis(2-ethylhexyl)fluorene-2,7-diyl) (PF2/6)
with varying molecular weight, which were oriented on top of rubbed polyimide. The patterns correspond to circular
areas of the respective samples of 2.7 pm in diameter. The numbers given in the pictures correspond to the number
average molecular weight M, of the respective fraction. The dotted lines marked with ‘M’ correspond to the respec-
tive meridian direction.
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The finding that the electron diffraction patterns of the samples with M, of 101 000 g/mol
and 253 000 g/mol show higher degree of order than the respective sample of next lower mo-
lecular weight can be explained by experimental restrictions. First, the patterns do not represent
the whole area of the respective samples, but only a circular area of 2.7 um in diameter, and the
order recorded within these areas might deviate from the average macroscopic order. Further-
more, in the case of long exposure times during the measurement, very weak reflections may be
overemphasized in relation to the stronger peaks, leading to diminished contrast and less dis-

tinct patterns.

Table 5.1. Influence of the molecular weight on the phase transition temperatures (determined from DSC-traces) and
on the dichroic ratios D (determined from polarized absorption spectroscopy), respectively. The values are compared
for plain poly(9,9-bis(2-ethylhexyl)fluorene-2,7-diyl) (PF2/6) and for different fractions with low polydispersity (PD)
of PF2/6, respectively. The fractions were obtained from the batch of PF2/6, which is marked with a star. In addition,
the respective values are also shown for the endcapped PF2/6am-X discussed in chapter 6, and the percentage given
in the table corresponds to the endcapper/monomer feed ratio in mol%.

M, [g/mol] M, [g/mol] PD Teo e [°Cl D
373 000 455 000 122 174 1
©
2 . 253 000 308 000 122 174 1
S
Z U 154 000 212 000 138 172 2
S
- 101 000 165 000 163 168 16
62000 138 000 222 164 17
195 000 320 000 1.66 ~172 10
e S 127 000 210 000 1.65 169 13
o LL
o 111 000 247 000 222 169 ~15*
106 000 233 000 2.19 167 16
- 2% 103 000 146 000 141 165 >20
g ©
ga 4% 48000 75000 155 157 >20
'8 o
I 9% 12000 31000 257 135 >20

As shown in Table 5.1, high dichroic ratios of ~10 were achieved also for materials with
M, — 200 000 g/mol, a molecular weight which is almost twice the value stated above as upper
limit for alignment ability. This discrepancy is attributed to the higher polydispersity of the
material, guaranteeing that also a relevant number of molecules with lower molecular weight
are present. The results obtained for the fractions with narrow molecular weight distribution
clearly indicate that it is exclusively the portions of low-molecular weight, which are account-

able for the alignment.
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Concluding from the findings described above, a low value of the molecular weight has a
positive influence both on the transition temperature and on the alignment behavior of the re-
spective polymer. However, from another point of view there exists a lower limit for reducing
the molecular weight. Samples of very low-molecular weight form unstable films with high ten-
dency to dewetting. Below a certain value, the characteristics of the material approach the ones
of low-molecular weight compounds, which lack of the film forming properties of polymers. As
a result, the EL performance is negatively affected. Thus, for optimized device performance the
molecular weight should be low enough to yield low transition temperatures and high align-
ment ability, but sufficiently high to ensure good film quality of the samples. Further optimiza-
tion of molecular weights of polyfluorene via the approach of endcapping, which is described in
section 6.2 revealed that molecular weights of M, ~50 000 g/mol produced the best results —
allowing for high alignment capability and convenient transition temperatures well below

160 °C, very good film forming properties, and very good EL performance.

5.1.2 Morphology and Structure of Aligned

Polyfluorene

As mentioned above, high degrees of macroscopic order are observed after the alignment of
films of PF2/6 on top of rubbed polyimide alignment layers. As shown in Figure 4.4, typical di-
chroic ratios at the absorption peak at 381 nm reach values between 15 and 17. The large dif-
ference between the absorption parallel and perpendicular to the rubbing direction points to a
narrow orientational distribution and high degree of molecular alignment with the director.
These findings are confirmed when viewing samples of oriented PF2/6 in the optical microscope
between crossed polarizers. Figure 5.3 shows micrographs corresponding in size to the area of a
typical light emitting diode of 0.05cm?2. A complete extinction all over the films was observed
at every 90° of stage rotation, when the direction of rubbing was exactly parallel to one of the
polarizers. Apart from high orientation, these observations reveal a high degree of homogeneity

and confirm the monodomain alignment of the oriented layers.
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Figure 5.3. A film of PF2/6, which was aligned on top of a rubbed hole-transporting alignment layer of polyimide
molecularly doped with ST 638, viewed in a polarization microscope (crossed polarizers, the arrows in the pictures
correspond to the rubbing direction).

After considering the macroscopic alignment of PF2/6, several questions remained to be
clarified. Of foremost interest was to find an explanation for the finding that the degrees of ori-
entation attained for PF2/6 were considerably higher than for PF8. As described in section
4.1.3, the dichroism barely exceeded 10 for PF8,'** whereas D > 15 had been achieved for
PF2/6. Another important question addressed the observed differences in the absorption spectra
of PF2/6 and PF8. As mentioned above, the spectrum of well-ordered PF8 displayed a sharp
peak at 437 nm, which has been assigned by Grell et al.'®® to a planar zigzag conformation (2,
helix) of the oriented polymer. This peak was not observed in the spectrum of PF2/6. In search
of possible answers to these problems, studies on the conformation and packing of PF2/6 were
carried out. Films of highly oriented PF2/6 were investigated by means of optical microscopy,
by transmission electron microscopy (TEM) and by electron diffraction.*®® The work described
in the following section was done in collaboration with Dr. Giinter Lieser, who worked at the

Max Planck-Institute for Polymer Research in Mainz.

5.1.2.1 Morphology of Aligned Polyfluorene

To learn about the morphology of aligned polyfluorene films, we first examined TEM
darkfield images of highly oriented PF2/6, as shown in Figure 5.4. The aligned films were pre-
pared by spincoating PF2/6 on top of rubbed polyimide alignment layers and by subsequent an-
nealing at 175 °C for 2 hours under inert atmosphere. The final film thickness of the layers was

30 nm for polyimide and 20 nm for PF2/6, respectively.

The films are polycrystalline at room temperature. In the darkfield micrograph from elastic

scattered electrons (Figure a), we observe bright bands (attributed to well-ordered areas), which
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are interrupted by relatively long black stripes crossing perpendicular to the direction of rub-
bing. The lateral extension of the bright bands exceeds the bandwidth between the stripes by
far. These features are common for hairy-rod molecules and they can be explained in close
analogy to partially crystallized polymers# Accordingly, the bright bands are read as ordered
lamellae, whereas the black stripes correspond to disordered areas interrupting these ordered
regions. In general, we believe that the lamellae are formed in an early stage during the anneal-
ing. In the very beginning, the hairy-rod polymers are in an anisotropic melt and start to adopt
parallel orientation. With increasing dwell time during the stay in the liquid crystalline state, the
lamellae gradually take shape. Inside of the lamellae the chains are oriented more or less per-
pendicular to the lamella surface. The lamella thickness strongly depends on the chain length,*®
and due to the chain length distribution (molecular weight distribution) of the polymer the sur-
face of the lamellae in this stage is rough. However, in a later stage of annealing, the molecules
inside the lamellae domains start to segregate with regards to their chain lengths and the shorter
chains get expelled toward the lamellae ends. The structure of the lamellae becomes more
regular and wedge-shaped. This demixing of chains in previously investigated lyotropic and
thermotropic samples was associated with annihilation of disclinations in the director fields of
the liquid crystals. In the case of PF2/6 the oriented polyimide substrate prevents the formation
of similar singularities or accelerates their annihilation. The unique and homogeneous orienta-
tion of PF2/6 over large areas is favored by 'graphoepitaxy',®” the oriented growth on struc-

tured surface patterns.*®
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Figure 5.4. Electron micrographs of an oriented PF2/6 film. (a) dark field image in the light of the 00.5 reflection;
(b) mass thickness distribution in the same area by an inelastic darkfield image at an electron energy loss of 100 eV.
The white arrow corresponds to the direction of rubbing, and the scale is the same for both pictures.

The micrograph in Figure 5.4a shows that the current sample indeed passed through both
of the two mentioned stages of annealing. The ordered lamellae, which were formed in the
mesophase and fixed by the subsequent crystallization during cooling to the ambient are clearly
visible as the bright band-like domains. The annealing time of 2 hours obviously was sufficient
to reach the second stage of annealing, during which the chains segregate according to their
lengths, rendering the lamellae wedge-shaped. In the thicker parts of the lamellae, the degree of
polymerization of the respective chains is ~300, whereas in the ends of the wedges this number
is reduced to <100, in agreement to molecular weight measurements. In the regions outside of
the lamellae, which are imaged in the darkfield as the black lines, the end groups of the main
chains are concentrated. The end groups and the residual disorder as a result of the chain length
distribution prevent the formation of crystalline order and thus explain the disorder within

these interlamellar regions.

From the significant disturbance of the film continuity, which is seen in the elastic darkfield
image one might presume that the films are also disrupted by the disordered interlamellar areas.
However, electron microscopy with inelastic scattered electrons reveals that this is not the case.
By this technique, the mass distribution of the film is emphasized. The darkfield image shown in

Figure 5.4b demonstrates the relative uniformity of the films. The few lines perpendicular to
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the direction of rubbing, which are darker than the image on average correspond to the inter-

lamellar disordered regions also seen in the elastic darkfield image.

The observed pronounced formation of ordered lamellae and demixing of chains according
to their lengths with prolonged stay in the mesophase might suggest that the degree of macro-
scopic alignment and the homogeneity of the films could also be enhanced by further increasing
the annealing time. In order to investigate the validity of this speculation, samples annealed for
different amounts of time were compared with regards to the obtained alignment and morphol-
ogy.

Figure 5.5 shows polarized optical micrographs of two samples of PF2/6 on top of rubbed
polyimide, which had been annealed for 1 hour and 4 hours, respectively. In comparison to the
sample annealed for 1 hour, the polycrystalline morphology of the film treated for 4 hours was
characterized by highly pronounced boundaries between the oriented crystallites. With values
between 30 and 50 nm, the height of these edges even reached the range of the film thickness.
Moreover, it turned out that for both of the samples the dichroic ratios was D = 20 and thus,
the maximum achievable degree of macroscopic alignment was attained already by the short

thermal treatment.

These findings were supported by experimental observations as well as by temperature de-
pendent X-ray diffraction patterns of fibers with different thermal histories. When watching the
films under UV light with a polarizer during the annealing procedure, it was observed that mac-
roscopic alignment occurs within the first minute after passing the transition temperature with-
out being further enhanced by longer annealing times. Looking at the behavior of correspond-
ing fibers of PF2/6, we found that annealing for 3 minutes even yielded essentially the same

degree of alignment as it was obtained by annealing for 1 hour (Figure 5.6).

Keeping in mind that the performance of LEDs suffers from the exposure to high tem-
peratures, the time of annealing should be kept as short as possible. However, we regarded du-
ration in the range of 12 to 15 minutes as optimum annealing time — definitely ensuring macro-
scopic alignment but also enabling a certain degree of further arrangement of the chains within
the formed lamellae.
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Figure 5.5. Polarized optical micrographs of PF2/6 films (thickness 90 nm) on top of rubbed polyimide alignment
layers. The time of annealing at a temperature of ~175 °C was 1 hour (a) and 4 hours (b), respectively. The white ar-
row in the picture corresponds to the direction of rubbing. Both of the two samples showed a dichroic ratio of

D > 20.
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Figure 5.6. Temperature dependent X-ray diffraction pattern of fibers of PF2/6 with varying history of treatment.
In synthesis, we found that the morphology of oriented PF2/6 is characterized by highly

ordered lamellae, which are interrupted by disordered regions. With prolonged stay in the lig-

uid crystalline stage, a segregation of the wormlike molecules with respect to their chain lengths
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takes place while the formation of the ordered lamellae proceeds. The shorter chains are pushed
towards the lamellae ends and the lamellae thus become wedge-shaped. Within the disordered
interlamellar areas, the end groups of the chains are assembled preferentially. Comparing an-
nealing times of 1 hour and of 4 hours with respect to the achievable macroscopic alignment
showed that longer times did not yield any further enhancement but rather stimulated the for-
mation of boundaries between the crystallites. Since macroscopic alignment was observed to
appear shortly after passing the melting temperature, the time of annealing found as optimum
for EL applications was in the range of 12 to 15 minutes. This time guarantees macroscopic
alignment and also a certain degree of chain arrangement in the lamellae, but simultaneously

keeps the exposure to elevated temperatures relatively short.
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5.1.2.2 Structure of Aligned Polyfluorene Layers

Electron diffraction opens a way to reveal the structure of highly aligned polyfluorene lay-
ers. Figure 5.7 shows an electron diffraction pattern of a PF2/6 film corresponding to the sam-

ples investigated by TEM and discussed in the previous section.
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Figure 5.7. Electron diffraction pattern of PF2/6 oriented on top of rubbed polyimide from a circular area of 2.7 um
in diameter. The meridian and the equatorial directions are sketched as dotted lines. Also marked are the most pre-
dominant features of the pattern: the first triple reflections in equatorial direction, the arced reflections in the me-
ridian direction representing the molecular direction, and the halo with sampling on the equator corresponding to
the disorder of the aliphatic sidechains.

One of the most prominent features of the pattern is the strong confinement of the merid-
ian reflections and their sickle-like shape. This is evidence for a narrow orientational distribu-
tion of the main chain orientation®® and thus confirms the very high degree of molecular align-
ment (the dichroic ratio of the current sample was 15). That innermost meridian reflection is
the 00.5 reflection and we observed that in the meridian direction, only reflections with Miller
index ¢ =5n (n integer) are visible. One can show that this favors a 5/q helix for the backbone
conformation of the present polyfluorene (5 monomers perform g turns within a helix; see

Figure 5.8).2% From the diffraction data alone, the first choice of the g-parameter of the helix
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would be g = 1. However, molecular modeling based on ab initio molecular orbital (MO) cal-
culations have been carried out by Oda et al. with the aim to obtain independent information
on the chain geometry and conformation.*®® Founded on the observed packing of the individual

polyfluorene chains, these calculations give preference to g = 2 rather than to a 5/1 helix.

‘I{EM“KWWHIWQL

Figure 5.8. Molecular Modeling of oligo(25)-fluorene with 5/q helix. (Up): g = 1; (Down): q = 2. Structures are
based on RHF/6-31G calculations of bi- and terfluorene. Ethylhexyl side chains were replaced by hydrogen.

The reflections in Figure 5.2 in the equatorial direction exhibit a sequence, which is char-
acteristic for a unit cell of the hexagonal family. The striking triple of reflections in that direc-
tion corresponds to the reflections with the indices y =+1 (10.-1/ 10.0 / 10.1) and define a first
layer line. Concluding from the reflections of several electron diffraction patterns, the following

preliminary data for the corresponding hexagonal unit cell of aligned PF2/6 were determined:

a=b=16.7A a=b=90° (5.1)

c=40.4A g =120°
The texture of the film is fiber-like, which is confirmed by the invariance of the patterns
upon rotating the sample around the molecular axis. This direction in real space corresponds to
the direction of the meridian reflection in reciprocal space, implying orthogonality between the

fiber axis and hexagonal base plane.

All electron diffraction patterns of the film are fully consistent to X-ray diagrams of fibers,
which had been drawn from the melt and annealed in the liquid crystalline state (not shown

here).

The diffuse halo with sampling in the equatorial direction is attributed to the disorder of
the aliphatic side-chains, which surround the wormlike backbone of the main chain. This flexi-
ble and disordered side-chain shell around each individual polymer renders the viscosity in the
solid state very low, explaining the much higher degrees of alignment obtained with these class
of polyfluorenes in comparison to PF8 or poly(phenyleneethynylene) (PPE). PPE is a represen-
tative of the class of board-like systems,® which are a counterpart to the class of hairy-rods. The

experiments discussed in section 4.2 as well as vague calculations suggest that these board-like
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systems form sanidic lamellar LC phases, in which the rotation around the triple bond is re-
stricted. The conjugated backbone is characterized by a planar arrangement, and the polymer
thus displays a sheet-like geometry with high stiffness and excessive viscosity even in the liquid
crystalline state. PF8 with linear side chains might just present a mixed-character between hairy-
rods and board-like systems, in which the bent monomer unit in conjunction with the rotational
potential of the backbone favors a cylindrical helical conformation, while the linear side chains
induce a planar zigzag backbone conformation in the solid state under certain conditions. This
mixed characteristics could explain the observed lower degree of orientation of PF8 on align-

ment layers compared to PF2/6.

Concluding the structure investigations by means of electron diffraction, we showed that
the individual polymer chains of PF2/6 have a cylindrical shape with hexagonal packing, in
conjunction with a backbone conformation of almost linear structure of a 5/2-helix. The worm-
like backbone is surrounded by a cylindrical shell of disordered side-chains, and the concomi-
tant low viscosity explains the enhanced alignment behavior of PF2/6 in comparison to PF8 or
PPE.
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5.2 Alignment Layers

5.2.1 Basic Effects of Doping of Alignment Layers

As mentioned above, the alignment of the liquid crystalline polyfluorene emissive layers
was accomplished by using alignment layers based on rubbed polyimide (PI). We also learned
that in order to enable the utilization of these originally insulating alignment layers within po-
larized EL devices, the polyimide has been additionally doped with various hole-transporting
materials (HTMs). In the following, the main characteristics of these doped alignment layers

will be discussed.

We studied the influence of doping on the alignment properties of the layers. At first, we
confirmed that doping of polyimide layers did not generally affect the mechanical stability of
the polyimide, which is required for its alignment strength. Investigations of the layer morphol-
ogy, which will be discussed in section 5.2.4, showed that at moderate filler contents the re-
sulting blend films displayed no obvious signs of degradation or phase-separation after conver-
sion. For such reasonable concentrations, the mechanical stability known for the pristine
polyimide layers was not altered by the addition of the hole-transporting moieties, which guar-
anteed that the doped films were not noticeably affected by the rubbing procedure. As a conse-
guence, the alignment abilities of the doped layers were comparable to those of pure rubbed
polyimide layers. We also confirmed the stability of the doped layers by comparing the hole-
transporting properties of the layers before and after the rubbing treatment, and established

that the difference was almost negligible.

The charge injection and charge transport characteristics of the hole-transporting alignment
layers (HTALS) are illustrated in Figure 5.9, exemplary using 4,4°,4”’-tris(1-naphtyl)-N-phenyl-
amino)-triphenylamine (ST 638) as HTM (section 3.1.4.1). In the upper graph, the current den-
sity is plotted versus the applied voltage for devices of the structure ITO/(PI+ST 638)/Al at dif-
ferent filler contents. The positive effect of the doping on the charge transport characteristics
was already noticed at dopant concentrations of 5 wt.% only, increasing the current density by
more than one order of magnitude in comparison to the pure polyimide films. The increase was
almost three orders of magnitude when the filler concentrations reached values of 17 wt.%. For
concentrations exceeding this value, a further rise in the dopant content only yielded weak in-
crease in current density, suggesting percolation-type®®® threshold of conductivity for films of
filler contents of 17 wt.% and more. Details of the influence of dopant concentration on the

device performance are discussed in section 5.2.3.
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Figure 5.9. (Up): Current density—voltage characteristics for polyimide films with different content of ST638 filler.
For comparison, the film characteristic of polyimide doped with 30 wt.% TPD is shown as well. Within the error of
measurement, all films were 50 nm thick. (Down): Current density—electric field characteristics of 17%ST638/83%PI
and 30%ST638/70%PI films of different thickness d in the representation j*d versus the electric field E. The straight
lines correspond to linear fits to the data of d =40 nm.

The half-wave oxidation potential of ST 638 is E°, =310 mV vs. Ag/AgCl (section
3.1.4.1), which corresponds to an ionization potential of approximately I, » 5.1 eV, when an

offset of 4.8 eV between the electrochemical scale with the Ag/AgCI reference electrode and the
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vacuum level is assumed.**>'®® Thus, the HOMO level of the doped polyimide layers is very
close to the ionization potential of ITO (4.8-5.0 eV),"*** and the contact between the two lay-
ers is ohmic. The small barrier to hole-injection from the ITO into the polymer layer causes the
current to be transport-limited (section 2.1.1.1). In the lower graph of Figure 5.9, we see that
the j—V characteristics for 30%ST 638/70%PI films of different thickness d are virtually identi-
cal if plotted as log(j®) versus logE. According to Child's law for space-charge limited currents
(Equation 2.3), this confirms the expected space-charge limited conduction. Giebeler et al.**
have reported similar results for pure, glassy films of a material closely related to ST 638. The
currents found here are on the same order of magnitude. Using Equation (2.3) and a dielectric
constant of e = 3, the effective mobility of holes can be estimated to be in the range of
Hi70, — 33078 cm?/Vs for filler concentration of 17 wt.% and g, — 0.5-1407° cm?/Vs for con-
tents of 30 wt.%. The slight deviations from the SCLC fits, which are observed in the plots,

might point to a weak dependence of the hole drift mobilities on the electric field.

We have studied the j-V characteristics of converted films, which had been additionally
flushed with toluene following conversion, and confirmed that the electrical properties were
not considerably changed. This means that it is possible to spincoat an EL active layer from
toluene on top without losing the hole-transporting properties of the alignment layer. This

opens the way towards the fabrication of polarized light-emitting devices.

Details of the performance of such polarized EL devices will be more thoroughly discussed
in the next chapter, and further information to the device structure and fabrication is given in
chapter 3. At this point, only the characteristics of the hole-transporting alignment layers will
be examined. We confirmed that they yielded highly satisfying device performance when incor-
porated into electroluminescent devices. In Figure 5.10 we compare the intensity—voltage char-
acteristics of devices with doped, undoped and without additional polyimide alignment layer
between the ITO anode and an 80 nm emissive layer of PF2/6. While devices with the pure
polyimide layers did not produce any significant light output even at very high voltages
(<5cd/m? at 25V), the devices containing the HTALs reached high light intensities of
200 cd/m? at reasonable voltages of 20 V, with a light turn on voltage of ~15 V — without any
further layer optimization. The doped alignment layers indeed facilitated hole injection, which
was evident from the comparison with the monolayer devices of PF2/6 without any additional
alignment layer. In the latter case, the barrier to injection of holes from the ITO was very large
due to the high HOMO level of PF2/6 (—5.9 eV). The maximum light intensities obtained from
the monolayer LEDs were considerably lower and, moreover, the voltages required to get a

certain light output were up to 7 V higher than in the case of the double-layer devices.

These results demonstrate that polyimide films can be modified for hole conduction by the

addition of suitable hole-transporting moieties at moderate concentration. Only the doping en-
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abled the incorporation of alignment layers into polarized light-emitting devices, which will be
described in section 6. Before, we will focus on the optimization of the hole-transporting

alignment layers with respect to EL applications.
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Figure 5.10. Intensity—voltage characteristics of devices with doped, pristine and without alignment layer of poly-
imide between the ITO anode and an 80 nm thick emissive layer of PF2/6. In case of doping, ST 638 was used as
hole-transporting material The inset shows the layer arrangement with schematic energy level diagram of the device,
which contained the hole-transporting alignment layer.

5.2.2 Variation of Hole-Transporting Materials

5.2.2.1 Low-Molecular Weight Compounds and Their
Combination

In the previous section we demonstrated by the comparison of PF2/6-monolayer LEDs and
double-layer devices containing an HTAL, that the introduction of an additional layer reduced
the barrier to hole-injection from the anode side and enhanced the device performance (Figure
5.10). In general, such a reduction of the barrier height is in part the motivation for multilayer
devices (section 2.1.3). However, the low HOMO level of ST 638 of ~5.1 eV causes only the
barrier from the ITO side to be low, whereas the barrier to the emissive layer remains very large

with up to 0.8 eV. Therefore, the idea was to incorporate a further layer between the ITO and
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the alignment layer, realizing stepwise barriers of lower heights between the ITO and the emis-

sive polyfluorene layer.

The appropriate HOMO level of the additional layer was adjusted by means of various
low-molecular weight hole-transporting materials with high glass transition temperature, similar
to ST 638, but with different oxidation potentials and electronic properties. Besides of ST 638,
three other low-molecular weight compounds were investigated: 4,4’-bis{N-(1-naphthyl)-N-
phenylamino-biphenyl) (ST 16-7; I, — 5.5 eV), 1,1-Bis-(4-bis(4-methyl-phenyl)-amino-phenyl)-
cyclohexane (ST 755; 1, —5.6eV), and N,N’-Diphenyl-N,N’-bis(4’-(N,N-bis(naphth-1-yl)-
amino)-biphenyl-4-yl)-benzidine (ST 1163; I, — 5.6 eV). The chemical structures and cyclic

voltammograms of these materials are shown in section 3.1.4.1.

Several sets of combinations of these HTMs were compared with respect to the attainable
device performance and the degree of alignment. At first, the two HTMs ST 755 and ST 16-7
were investigated in various combinations with ST 638. Therefore, isotropic devices were fabri-
cated with two different hole-transporting layers (hole-transporting bilayer structure) covered
by PF2/6 as active layer. A schematic picture of that device configuration is sketched in the inset
of Figure 5.11, and details to the device fabrication are given in section 3.3 and 6. Towards the
anode side, only ST 638 was used as hole-transporting material, since the cyclovoltammetry
data of ST 16-7 and ST 755 suggested an injection limited rather than an ohmic contact with
the ITO (section 2.1.1.1).22 The content of the HTMs within the respective blends with poly-
imide was always 20 wt.%. Since only the upper of the two HTLs was to serve as alignment
layer, the lower one did not necessarily require polyimide as component. Consequently, the
layer configuration of a pure ST 638 layer spincoated on top of the ITO and covered with a

hole-transporting layer of doped polyimide was also tested.
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Figure 5.11. Intensity—voltage characteristics for isotropic diodes with PF2/6 emitting layer and different combina-
tions of HTMs (HTM:PI 20:80). In the inset, the intensity is plotted versus the electric field. Also sketched is the
layer arrangement with schematic energy level diagram of the device with the structure ST 638/(P1+ST 16-7), which
showed the best performance.

Figure 5.11 shows the intensity—voltage characteristics of the (isotropic) devices under in-
vestigation. The results confirmed the positive effect of a hole-transporting bilayer structure on
the device performance, attributed to the reduction of the barrier to hole-injection into the
emissive layer. The current density and the onset voltage for devices comprising a bilayer
structure consisting of a 30 nm hole-injection layer of pure ST 638 covered with a 40 nm
HTAL of (P1+20%ST 16-7) were comparable to those for devices with a single 40 nm thick
HTAL of the blend of (PI+17% ST 638). Taking into account the larger overall thickness of the
devices with a bilayer HTL structure, emission is observed at lower electric fields, which guar-
antees higher stability (inset of Figure 5.11). However, it turned out that a bilayer HTL struc-
ture was only of advantage if the first HTL below the actual alignment layer consisted of the
pure hole-transporting material without polyimide. The combination of two Pl-layers doped

with two different HTMs did not improve the diode characteristics.

Based on these results for devices with isotropic emitting layer, different combinations of
HTMs and HTL structures were investigated in devices with aligned PF2/6 emitting layer, i.e.
with polarized emission (section 6.1.2). Also in this case, the combination of a pure HTL cov-
ered by the doped HTAL yielded the best performance. In comparison to the other dopants, the
degree of alignment was the highest when ST 16-7 was used as HTM in the alignment layer.
While the electroluminescence of an LED with the bilayer HTL structure ST 638 / (PI+ST 638)
showed a polarization ratio of 15, this ratio was 21, when ST 16-7 was blended into the poly-

imide. The luminance of these devices typically was 100 cd/m2 at 18 V .1#2
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In a next step, the hole-transporting bilayer structure was further optimized by the usage of
ST 1163 as HTM. We found that the device performance was by far the best when using
ST 1163, both as pure hole-injection layer and as dopant for the polyimide in the HTAL. Com-
pared to ST 638, the maximum intensity was almost one order of magnitude larger and the
light onset voltage was remarkably lower when doping the polyimide with ST 1163, as shown
in Figure 5.12.* This finding suggests that the reason for the improved device performance is
not primarily a stepwise barrier between the respective layers. We believe that the positive ef-
fect of the bilayer HTL structure is rather due to an increased concentration of HTMs in the
lower regions of the doped alignment layer. Since the two layers of the HTL bilayer structure
are spincoated from the same solvent, the interface between the two layers is probably graded
rather than sharp. A certain amount of HTMs might enter the polyimide blend from the pure
HT layer and increase the concentration in the vicinity of the interface, yet without reaching
the uppermost zone of the alignment layer. In section 5.2.4 we show that an homogeneous in-
crease of the HTM concentration by higher filler contents in the blend can affect the alignment
properties of the layer. Raising the concentration by the bilayer HTL structure, however, can
shift the hole-injection towards the emissive layer, without causing this decrease in alignment
ability. Thus, it seems to be a gradual rather than a stepwise change of the concentration of the
hole-transporting molecules in combination with a gradual change in the HOMO level position
towards the emissive layer, which reduces the effective barrier to the HOMO of polyfluorene

and further improves the hole-injection.

The enhancement of the performance when using ST 1163 is attributed to its electronic
properties. We established that the first shoulder in the cyclic voltammogram shown in Figure
3.13 already corresponds to the first oxidation potential of ST 1163, which is located at
~0.66 eV. In connection with PF2/6, the respective HOMO level of ~5.4-5.5 eV obviously

guarantees the best possible injection characteristics among all the tested HTMs.

* The ST 1163 injection layer was 40 nm instead of ~20 nm, and the HTAL was 60 nm instead of 40-50 nm thick.
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Figure 5.12. Intensity—voltage curves for diodes with HTALs of Pl blended with 21 wt.% of ST 638 and ST 1163, re-
spectively. The emissive layer was PF2/6am9 (section 6.2). Note the higher onset voltages compared to the previously
shown data of typically 7.5-8 V, which is due to a higher layer thickness (see footnote).

5.2.2.2 Polymer Compounds as Hole-Transporting

Materials

In section 5.2.3 we will see that phase-separation can be a severe problem when using low-
molecular weight hole-transporting materials (HTMSs), such as ST 1163, as dopant for poly-
imide. From a certain doping concentration, the alignment ability of the HTAL is affected and
the degree of alignment is substantially decreased. One approach to overcome this problem is

the replacement of the low-molecular compounds by polymers.

5.2.2.2.1  Polymer Triphenyldiamine-Derivatives

Triphenylamine derivatives, such as (N,N'-biphenyl-N,N'-bis-(3-methylphenyl)-[1,1'-
biphenyl]-4,4'-diamine) (TPD), as low-molecular weight compounds have been shown to be a
suitable material for HTMs.'%*1%® Therefore, polymers on the base of such triphenylamine de-
rivatives were considered as promising candidates for polymer-HTMs. We nvestigated poly-
TPD (triphenyldiamine), poly-NPD (naphthyl phenylamino-biphenyl) and poly-TPD with an
additional (CH,)s-spacer unit in the main chain (p-HeO-TPD).
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The polymers were blended into Pl at a concentration of 13 wt.% at each case. In addition,
it was tested if rubbed layers of the pure polymers — without the use of Pl — could serve as
HTALs. The alignment as well as the performance in electroluminescence were tested in devices
with the structure ITO/ST 1163/(P1+13wt.%) poly-TPD/PF26am4/LiF/Ca.

The investigations showed that none of the three tested polymers — p-TPD, p-NPD and p-
HeO-TPD - was suitable as pure alignment layer. Due to the lacking stiffness of these layers, all
of them were partly removed after rubbing and mechanical traces produced by the rubbing were
clearly visible. In all cases, the emissive layer of PF26am4 (section 6.2) was not aligned. When
blended into PI, the alignment in photoluminescence was promising for all polymers, with po-
larization ratios between 8 and 12. However, in electroluminescence, the alignment behavior
differed substantially. The samples with (PI+HeO-TPD) and with (Pl+p-TPD) emitted iso-
tropic light, and the polarization ratio in the case of (PI+p-NPD) was lower than 10. Only the
latter samples showed no rubbing traces, whereas the other two alignment layers were severely
damaged. Moreover, the performance in EL was highly unsatisfying: the emitted color was
greenish rather than blue, and the luminance was less than 30 cd/m? at 18 V, resulting in low

power and luminous efficiency. Finally, the device stability was poor.

These results demonstrate that the polymer HTMs do not serve as alternatives to low-
molecular weight compounds for the use in polarized LEDs. Therefore, they will not be further

discussed in this work.

5.2.2.2.2 Polyaniline as Hole-Transporting Material in Polyimide

In section 6 we will see that the onset and operating voltages of isotropic LEDs are in gen-
eral remarkably lower than the ones of polarized LEDs containing the different hole-
transporting alignment layers discussed in the previous sections. This is due to the usage of
polyimide as alignment matrix within polarized LEDs, which is only conducting after doping.
Consequently, the performance of the resulting devices strongly depends on the nature of the
dopants. So far, the minimum value of the onset voltage was obtained using a bilayer hole in-
jection structure containing low-molecular weight compounds. In the following, we report on

attempts to replace these compounds by the polymer polyaniline (PAni).

Polyaniline (PAni) is known to be highly conductive after doping with functionalized pro-
tonic acids like camphorsulfonic acid (CSA).***'% We blended PAni-CSA with polyimide at dif-
ferent concentrations to obtain hole conducting alignment layers after conversion, similar to the

ones reported for the low-molecular weight compounds.

In a first step, we tested if rubbed films of blends of PANni-CSA and PI are suited for serving
as alignment layer. Our experiments showed that the alignment strength of these layers on top

of glass substrates were extraordinary high. Endcapped polyfluorene PF2/6am2 (section 6.2)
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was aligned on top of rubbed layers of blends of Pl and 40 wt.% PAnNIi-CSA, yielding dichroic
ratios in absorption of D > 20, which are among the highest values reported so far Eigure
5.13). It should be noted that for very well-aligned samples, the determination of the dichroic
ratio can be difficult. As shown in the Figure, the background correction might be problematic,
especially in the region of very short wavelengths. In case of high degrees of alignment, the ab-
sorption perpendicular to the molecular orientation is very low, and the error in the dichroic
ratio caused by the baseline adjustment can be up to 25 %. Therefore, to be on the safe side,

values larger than 20 are not quoted explicitly in the following.
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Figure 5.13. Polarized absorption spectra of PF2/6am2 (section 6.2) aligned on top of rubbed 40% PAni-CSA in Pl

on glass substrates. For very low absorption values in perpendicular direction, the error due to background direction
in the dichroic ratio is up to 25 %, explaining why only the order of the value is given.

However, the performance of PAni-CSA+PI blends within polarized light-emitting devices
was not very satisfying. For all the tested devices, the polarization ratios in electroluminescence
did not exceed values of P ~ 10. Moreover, these layers showed very poor hole-injection char-
acteristics in connection with polyfluorene. The consequential imbalance of charge carrier in-
jection and oversupply of electrons led to high currents resulting in very low efficiencies. In
paragraph 6 we will see that the overall performance of devices, which contained low-molecular
weight compounds as dopants in the HTALSs was superior in all respects. As illustrated in Figure
5.14, devices with comparable efficiencies showed more than doubled polarization ratios of 22
instead, and the efficiency of devices with polarization ratios of ~10 was more than one order
of magnitude higher. Therefore, blends containing PAni-CSA will not be discussed in further
detail.
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Figure 5.14. Photometric efficiencies for comparable polarized LEDs with alignment layers of Pl doped with PAni-
CSA (no symbols) and ST 1163 (circles), respectively. The polarization ratios of the respective devices are also given.

5.2.3 Influence of Doping on the Alignment and on

Electroluminescence

The concentration of the low-molecular weight HTMs, which were introduced in section
5.2.2.1 within the PI matrix was found to have an influence both on the electroluminescence
and on the alignment behavior of the respective devices. It turned out that increasing the filler
content up to a certain value had a positive effect on the brightness and onset/operating volt-
ages, but that the alignment ability of the doped HTALSs continuously decreased with augment-
ing filler contents.

In section 6.2.2 we will report on polarized light-emitting diodes of the structure
ITO/ST 1163/(Pl+x wt.%ST 1163)/PF26am9 /Ca. We will see that the luminance increased (at
decreasing onset voltage) from 200 to more than 800 cd/m? when the concentration of the
HTMs in Pl was increased from 10 wt.% to 30 wt.%, whereas the polarization ratio decreased
from 22 to 5 (Figure 6.13). These findings demonstrate that the concentration has to be care-
fully balanced for electroluminescence performance and alignment strength. However, devices
with 20 wt.% doping yielded the best overall EL performance and showed the highest power
efficiency, and therefore higher concentrations are not of interest for device applications. An
explanation for the observed decrease of order parameters with increased dopant concentra-

tions will be given in the next paragraph.
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5.2.4 Influence of Doping on the Morphology of

Hole-Transporting Alignment Layers

In the following, we will show that the influence of the dopant concentration on the
achievable degree of alignment can be explained by severe changes in the morphology of the
hole-transporting alignment layers due to phase-separation, an inherent problem when blending
polymers with low-molecular weight compounds?® Films with different concentrations of
ST 1163 in Pl were investigated by means of low-voltage scanning electron microscopy
(LVSEM) and atomic force microscopy (AFM). The results obtained show an optimized doping
concentration balancing between best possible alignment strength and electroluminescence per-

formance.

For all the layers described below, blends of precursor-Pl and different concentrations of
ST 1163 were spincoated on top of ITO-covered glass substrates to obtain hole-transporting
layers of approximately 40 nm thickness after conversion. To investigate the influence of the
rubbing treatment on the film morphology, unrubbed and rubbed layers were compared for dif-

ferent filler contents.

Figure 5.15 shows scanning electron microscope pictures of unrubbed layers with doping
concentrations of ST 1163 in PI increasing from 10 to 40 wt.%. Looking at the pictures for low
filler contents, we find that the appearance of the respective layers is comparatively homogene-
ous. However, at higher filler contents, the surface is covered with increasing density by round
spots of increasing size. The concentration dependence suggests that these spots correspond to

hole-transporting molecules, which phase-separate within the polyimide blends.

As shown in the Figure, the phase-separated structures are almost not noticeable for dopant
concentrations of 10 wt.%, and the layer surface is rather flat with a root-mean-square (RMS)
roughness of 1.4 nm. At a concentration of 15 wt.%, dark spots with a diameter of 60 to
130 nm can be faintly perceived. When the concentration reaches 20 wt.%, the degree of
phase-separation starts to become considerably, and the diameter of these areas varies from 100
to 220 nm. Comparison of the different pictures reveals that the appearance of the nanophase-
separated structures changes with the concentration of the HTMs. While at very low contents,
the HTMs were noticed as dark spots, these marks are encircled by bright edges for a content of
20 wt.%. The latter indicates that they form crater-like depressions within the PI film, which
are surrounded by protruding fringes. According to AFM measurements, the depth of these
craters is between 3 and 6 nm (Table 5.2). When the filler contents further increases to 30 and
40 wt.%, the form of the nanophase-separated structures changes from depressions to globules
with a height between 10 and 15 nm and diameter between 180 and 400 nm. The RMS n-
creases to 4 nm (30 wt.%) and 6-8 nm (40 wt.%), respectively.
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Figure 5.15. Low-voltage scanning electron microscope (LVSEM) pictures of unrubbed layers (NR) of Pl doped with
ST 1163 at different concentrations (in wt.%).

In addition to these nanophase-separated structures, one observes bright spots of compara-
tively large size dispersed all over the samples. This can be seen when looking at the film at
lower magnification (Figure 5.16, left column). The diameters of these spots increase with aug-
menting filler content from —~700 nm for 10 wt.% to —~1650 nm for 40 wt.% (Table 5.2). Due
to this concentration dependence, they are interpreted as accumulations of hole-transporting
molecules. AFM investigations reveal a blister-like shape of these microdomains with height in-
creasing from 25 nm for 10 wt.% to 60 nm for 40 wt.% doping.

These observations suggest that the hole-transporting molecules tend to diffuse out of the
layers to the surface, and starting from a certain concentration, the Pl matrix might be too se-
verely degraded to incorporate or keep them inside of the film. Excessing HTMs start to well

out of the PI matrix and form nanophase-separated structures with a size of 180 to 400 nm
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arching over the Pl film. Furthermore, microphase-separated agglomerates with diameters in
the range of —1 um are formed on top of the layers, which are not incorporated into the
polyimide matrix at all. These interpretations will be further supported by the following discus-

sion of the layer morphology after rubbing.

Figure 5.16 shows LVSEM pictures of unrubbed and rubbed layers of Pl doped with
ST 1163 at different concentrations. The effects of the rubbing procedure on the morphology
of the alignment layers are evaluated regarding to the appearance of (i) the rubbed layers as a
whole, (ii) the nanophase-separated structures of HTMs, and (iii) the agglomerates on top of

the layers.

As can be seen from the pictures, the extent to which the film morphology is influenced by
the rubbing, strongly depends on the concentration of the hole-transporting moieties. Figure
5.16 and 5.17 show that for low concentrations of 10 and 15 wt.% the matrix of the layers is
not noticeably disturbed by the rubbing, and the films are very homogeneous. The layers only
show very few single fissures produced by the rubbing procedure. On the contrary, for filler
contents of 30 and 40 wt.%, the entire film is covered with rubbing grooves (Figure 5.20). For
10 wt.% doping, the few microgrooves are approximately 50 nm wide and 5 nm deep, and for

filler contents of 40 wt.% these values increase to 140 nm and 15 nm, respectively.

These findings suggest that with higher doping concentrations, the ratio of Pl to dopant
molecules within the matrix is too low to arrive at a sufficient degree of imidization and to yield
the stiffness inherent to fully imidized polyimide. This assumption is in agreement with Han
and Im*** who noticed a lower degree of imidization for higher dopant and lower polyimide
contents in comparable conductive polyaniline/polyimide blends. As a consequence, we observe

a significant increase both of the number and the size of the rubbing traces.

The finding mentioned in section 5.2.3 that the layers with low doping concentrations
yield the highest polarization ratios (see Figure 6.13) demonstrates that alignment on top of
rubbed PI is due to molecular alignment rather than to microgrooves, which are created by the
rubbing. This is consistent with previous studies (section 2.2.5.2) 116117.120122.194.195 £\ rthermore,
hole-transporting characteristics of the doped Pl layers, characterized by a percolation-type
transport threshold, indicates that a large fraction of the HTMs is still incorporated into the
layer matrix. Thus, the alignment layers doped at moderate concentrations, are stiff and con-

ducting.
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Figure 5.16. LVSEM pictures, showing the comparison of unrubbed (NR) and rubbed (R) layers of Pl doped with
ST 1163 at different concentrations (in wt.%). The size of the nanostructures inside the layers and of the agglomer-
ates on top, respectively, is also shown (as evaluated from LVSEM and AFM measurements). The direction of rub-
bing was vertical.
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Figure 5.17. LVSEM pictures showing the comparison of rubbed (R) layers of Pl doped with ST 1163 at different
concentrations (in wt.%). The direction of rubbing was vertical.

Concerning the nano-size features, which are attributed to microphase-separation of HTMs
inside the polyimide, the rubbing procedure has even a positive effect on the morphology of the
layers. Evaluation of the size of these phase-separated HTMs demonstrates that the latters are
partially covered by this procedure, and for all concentrations their average diameter decreases

by rubbing by approximately one third to one fourth (Table 5.2).
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Table 5.2. Diameter and depth of phase-separated clusters of HTMs inside of the layer and on top of the layer, re-
spectively, for unrubbed (NR) and rubbed (R) films of Pl doped with ST 1163 at different concentrations. The values
for the diameter were determined both from LVSEM and from AFM measurements, and the height (positive
val.)/depth (negative val.) was obtained from AFM studies.

HTMs inside of PI film HTMs on top of PI film
Dopant
concentr in Pl ) ) ) )
[wt %] Diameter [nm] Height [nm] Diameter [nm] Height [nm]
(SEM/AFM) (AFM) (SEM/AFM) (AFM)

10% NR 70-90 -4 to -6 550-850 +25

R 30-70 -4 to -6 Not observed Not observed
15% NR 60-130 800-950

R 40-75 (No data) Not observed (No data)
20% NR 100-220 -3to-6 1000-1350 +40 to +45

R 80-160 -4 to -6 1200-1950 +20 to +30
30% NR 180-360 +9to +11 1200-1500 +50 to +60

R 120-270 -8to-10 2000-2150 +20 to +25
40 % NR 210-400 +8to +15 1300-2000 +55 to +60

R 170-270 Not measurable 1300-1550 +15 to +20

To be more precise, the rubbing has two different effects on the incorporated HTMs, de-
pending on the filler content of the dopant materials. In case of moderate doping, where the
HTMs form crater-like depressions within the film, the surroundings are removed by the rub-
bing, partly covering the depressions and reducing their overall size. However, for high dopant
concentrations, where the HTMs form blister-like globules, this treatment has another conse-
guence. Figure 5.16 reveals that the appearance of the microphase-separated features changes
from bright marks to dark spots surrounded by bright fringes. Comparison of surface scans of
unrubbed and rubbed samples clarifies this observance. Figure 5.18 shows AFM pictures of
samples with dopant concentrations of 30 wt.%, together with horizontal and vertical scans
over the surface along the black lines. In fact, the scans demonstrate that in the case of the un-
rubbed sample — as mentioned above - the features arch over the surface and form globules of
about 10 nm height (for visualization, each area belonging to a single dopant is marked with
blue in the line-scan picture). Contrary, after rubbing, the features remain as crater-like holes
with a depth of ~8 nm in the layer, surrounded by fringes, which protrude few nanometers

over the surface.

This observation might be understood assuming that the rubbing procedure cuts off a part

of the blisters, which then seems to crack — indicating that also in the case of high concentra-
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tions, microphase separation causes depressions in the PI layer, which yet are covered by a thin
outside layer. This coating is stripped off during rubbing and the released material then partly
covers the hole. Thus, for the higher dopant concentrations, craters remain after the rubbing

procedure, in contrast to the observations for low filler contents.

One could also suppose that the features at higher filler contents are completely filled by
hole-transporting material. That would also imply that rubbing removes the dopants as a whole.
The following considerations disprove this hypothesis, however. Estimations of the layers with
30 wt.% (Figure 5.15) show that under the assumption of massive blobs, 25 wt.% of the hole-
transporting material would be incorporated into the microphase-separated features.* Thus, less
than 5 wt.% would be integrated into the bulk of the layer. Since the globules are completely
removed during the rubbing procedure, the film should be almost non-conductive after rubbing.
However, the electrical performance of such films is not considerably affected by the rubbing

treatment, as already mentioned (section 5.2.1 and Figure 6.13).

* In Figure 5.15, approximately 110 blisters with an average diameter of ~250 nm and an average height of
~10 nm are perceived on the area of ~10~7 om?. Assuming massive blisters, they take a volume of —107* cm® cor-
responding to a mass of —~107*® g. The mass of the 40 nm thick polyimide on this area can be estimated to ~4>10
13 9. Hence, the concentration of the observed dopant globules — which are only on the surface of the layer — is
25 wt.%.
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Figure 5.18. AFM pictures and Line-scans of unrubbed (NR) and rubbed (R) films of Pl doped with 30 wt.%
ST 1163. Line-scans are along the black lines shown in the AFM pictures in horizontal and vertical direction, respec-
tively, and the arrows denote the respective positions in the pictures. For clarity, areas belonging to a single dopant
island are marked with blue lines (dark and bright by turns). The black horizontal line in the line-scan pictures indi-
cates the layer surface. The direction of rubbing was vertical.

The effect of rubbing and concentration on the above mentioned large agglomerates lying
on top of the films becomes evident from the results both of LVSEM and of AFM measure-
ments (Figure 5.16, Figure 5.19 and Figure 5.20). For filler contents of 10 and 15 wt.%, these
particles — being present before rubbing — are completely removed by the rubbing treatment. In
contrary, in the case of dopant concentrations of 20 wt.% and more, these agglomerates are
smeared to smudgy bands covering the layer surface to a large extent. To some extent the lat-
ters consist of the material from the cut-off blisters, but mainly this material originates from the
large agglomerates of HTMs, which lie on top of the matrix without being incorporated into it
at all. The increase in diameter and decrease in height, respectively, of the smeared bands rela-

tive to the pristine agglomerates is between 40 and 50 % (Figure 5.19 and Table 5.2).

Obviously, the observed behavior is determined by the stiffness and roughness of the layer
surface. In case of low dopant contents, the degree of imidization is high enough to yield a stiff

layer, and the surface is relatively even. Both the unrubbed and the rubbed layers then resemble
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an homogeneous PI film without dopants on top of the layer. However, for higher concentra-
tions, the layers are softer, and instead of being removed by the rubbing, the agglomerates
might stick at the protruding blisters caused by the nanophase-separated structures. The result-
ing blurred areas of soft HTMs lying on top of the films do not fulfill the essential requirement
for serving as alignment layer, i.e. building a stiff matrix with high mechanical stability with-
standing the rubbing treatment, like polyimide does. Particularly Figure 5.19 and Figure 5.20
show the large extent to which these smeared areas dominate the characteristics of the layer as a

whole for concentrations larger than 20 wt.%.

10% R

30%R

50 pm

Figure 5.19. Comparison of rubbed (R) layers of Pl doped with ST 1163 at different concentrations (in wt.%). The
direction of rubbing was vertical.
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Figure 5.20. AFM pictures of unrubbed (NR) and rubbed (R) films of Pl doped with hole-transporting material
ST 1163 at different concentrations. The direction of rubbing was vertical. The length of the square area shown is
5 um at each case.
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It should be noted that the impact both of the dopant concentration and of the rubbing
procedure on the morphology are surface effects. Neither the holes induced by microphase-
separation nor the traces produced by the rubbing penetrate the film deeper than approximately

10 nm (Table 5.2). These findings are also confirmed by cyclovoltammetric data of the films.

Based upon our findings that a big fraction of the phase-separated HTMs lies as large clus-
ters on top of rather than being incorporated into the films, it was tested if they could be re-
moved by washing the samples in toluene. Since the hole-transporting alignment layers are rea-
sonably inert to toluene after conversion** this should only remove the excessing dopants,
which are not included into the matrix and which therefore do not contribute to the hole-
transport. The influence of such a treatment was investigated both on unrubbed and on rubbed
layers. Figure 5.21 shows two samples with different concentrations of dopants before and after
being stirred in a toluene bath for 3 hours and 3 minutes, respectively. As can be clearly seen
from the pictures, the films in both cases initially showed a high density of the large agglomer-
ates, which were completely removed after washing. The removal of the particles is complete
already after 3 minutes, indeed disproving their incorporation into the matrix. Note, that these
clusters are entirely removed also if the toluene treatment is done after the rubbing procedure.
This suggests that the agglomerates might also be partly removed by the subsequent spincoating

of an emissive layer from toluene solution.

Further investigations revealed that the alignment power of layers with dopant concentra-
tions of 30 wt.% and higher was considerably lower than for layers with moderate filler con-
tents even after the toluene treatment. This indicates that the remaining layer surface is still too
rough and too soft to serve as appropriate alignment layer, attributable to the effects caused by
the nanophase-separated HTMs inside of the matrix. Thus, simply removing the large agglom-
erates does not allow for an incorporation of layers with higher doping concentrations into po-
larized LEDs, with the aim to obtain enhanced EL performance without any reduction of

alignment power.
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Figure 5.21. Unrubbed (NR) and rubbed (R) films of PI doped with ST 1163 at different concentrations without
(left) and with (right) additional bathing in toluene. The direction of rubbing was vertical.

To summarize, the observed decrease of alignment with increasing dopant concentration
was explained by LVSEM and AFM studies of unrubbed and rubbed layers of Pl doped with
ST 1163 at different concentrations. Investigation of the hole-transporting alignment layers
showed that phase-separation is negligible for filler contents of 10 wt.% and starts at 15 wt.%
doping. At these concentrations, the degree of imidization appears to be sufficient and the layer
characteristics are dominated by the stiff polyimide, resulting in films with high alignment
strength after rubbing and without any remarkable damage by microgrooves. The morphology
is substantially modified by the dopants for concentrations higher than 20 wt.%, and phase-
separation becomes more and more severe. Moreover, HTMs tend to well out of the matrix
and form globules arching over the entire surface. However, these nanophase-separated struc-
tures are covered by a coating rather than being massive, and after rubbing the blisters are cut
off without the conductivity of the film being affected. For all concentrations, there are excess-
ing HTMs, which agglomerate into large clusters lying on top of the layers. For low concentra-
tions, they are removed during rubbing, whereas at higher filler contents, they appear as blurred
stripes covering the whole layer and leading to a decrease in alignment. It was shown that for
layers with very high dopant concentrations, these clusters are entirely removed by a short tolu-
ene treatment, but that the resulting alignment power of such layers was still considerably lower

than for lower concentrations.



5.2 Alignment Layers 107

5.2.5 Other Factors Influencing the Alignment

In the previous sections we described that the achievable degree of alignment strongly de-
pends on the characteristics of the alignment layer and of the layer to be aligned. For instance,
we ascertained that the obtainable polarization ratios are governed by the concentration of the
dopants in the polyimide alignment layer and the concomitant changes in the layer morphology
or, likewise, by the molecular weight of the polyfluorene. However, there are additional, exter-
nal parameters, which influence the alignment behavior of the samples as well as their appear-

ance. The most important ones will be shortly discussed now.
a) Rubbing Speed

We found that a high degree of homogeneity of the rubbed films requires a large mean
number of fibers passing a position of unit width. This was accomplished by means of a fairly
low translating speed of the substrate beneath the roller of 2.2 mm/s and a large number of 23
revolutions/s of the rotating cylinder, yielding a high velocity of the rubbing cloth relative to the
sample of 510 cm/s. With a number of translations under the roller of N = 2 the obtained ho-
mogeneity was very satisfying and mechanical damage of the samples was not noticeable. A

higher number of reruns was not necessary, as this did not lead to higher order parameters.
b) Rubbing Contact Pressure

The homogeneity of the films after rubbing depends on the bending depth of the cloth fi-
bers due to contact pressure.’ The latter should be chosen to such a degree that all fibers just
touch the surface of the respective samples. Conversely, if not all of the fibers are in contact
with the sample, not all of the molecules in the alignment layer will be aligned and the resulting
alignment will not be homogeneous. Extremely high contact pressures were found to result in
mechanical damage of the alignment layers, again resulting in inhomogeneous alignment. Fur-
thermore, the degree of orientation, which was obtained with moderate contact pressure was
not enhanced by further increasing the rubbing pressure. These findings are partly in agreement
with Kim et al. who perceived a minimum alignment strength required for the onset of any lig-
uid crystal alignment, but partly also in contradiction to their observation of monotonic n-
crease of the obtained LC order parameters with rubbing strength.'*® This difference might be
explained by the fact that their LC systems under study showed average surface order parame-
ters in the range of S = 0.25 only,* whereas the respective values for our systems are supposed

to be substantially larger and possibly closer to a principally achievable limit of order.

* Kim et al. calculated the average surface order parameter in dependence of parameters, such as the rubbing strength
and the order parameter of the polyimide. We did not determine the latter value and could only estimate our sur-
face order parameter.
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¢) Rubbing Cloth

The nature of the rubbing cloth was also found to be relevant for the alignment procedure.
Therefore, different types of rubbing clothes were investigated: the standard cotton pile cloth
typically used in the rubbing experiments presented so far, a slightly smoother one, and two
very smooth ones. The smoothness of the clothes is hereby mainly determined by the length,
the diameter, and the resulting density of the fibers. A smooth cloth is characterized by short,
thin fibers enabling a high density of fibers per unit area. The different clothes were tested with
samples of the configuration Glass/Pl (rubbed)/PF26am9 and in diodes of the structure
ITO/ST 1163/ PI+15%ST1163 (rubbed)/PF26am9. Our experiments revealed that the standard
cloth yielded the best results. Using this cloth, the high dichroic ratio D > 20 was obtained. For
the slightly smoother one, the dichroic ratio was almost similar O = 18), but for the two
smoothest clothes the ratios were noticeably lower with values of 14 and 11. These results indi-
cate that an extremely smooth cloth with short and thin rubbing fibers does not produce better
alignment layers, even though it possesses better homogeneity of the fibers. Instead, rubbing
with too smooth clothes lowers the degree of alignment when PI or Pl doped with ST 1163 is
used as alignment layer. As described in section 2.2.5.2, either frictional heating or direct me-
chanical forces (or both)*® are responsible for the alignment of the polyimide. Obviously, a cer-
tain length and diameter of the rubbing fibers is required to provide this necessary intensity of
interaction.

d) Reproducibility

An important concern in the rubbing process are attrition effects of the rubbing cloth. After
the treatment of about 50 samples, the expected and observed degrees of alignment did not
match anymore. We attributed this behavior to attrition of the rubbing fibers. Caused by the
repeated use of the rubbing cloth, the nature of the fibers might approach the characteristics of
the shorter and thinner rubbing fibers discussed above, for which lower degrees of alignment
were observed, too. As a result of these findings, the rubbing cloth was changed after the treat-

ment of 50 samples.

e) Humidity

Temperature and humidity effects are also thought to play a role in the alignment proce-
dure. We noticed that the first 2-4 samples after the very beginning of a rubbing cycle (after not
having used the rubbing machine for more than one day) never yielded any degree of orienta-
tion. This might be understood by assuming that that after storage, the rubbing cloth has a cer-
tain degree of humidity, which is eliminated by the first rubbing cycles. The humidity might

plasticize and soften the fibers, reducing the interaction with the polyimide surface. As a conse-
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guence, the rubbing was performed in a fume-hood under constant nitrogen flow in order to
ensure the dryness of the fibers.

f) Annealing Conditions

We found that there is no alignment of the LC polymer, if the annealing is done in air. We
attribute this behavior to the negative influence of both oxygen and humidity on the alignment

process. Therefore, the annealing was always done under inert atmosphere.
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Polyfluorene

6.1 (Undoped) Polyfluorene

In chapter 4 we established that the alignment of polyfluorenes in liquid crystalline state on
top of alignment layers is an appropriate (and so far the only) method to orient these polymers.
Furthermore, we found that the highest degrees of alignment were obtained from polyfluore-
nes, which were substituted with ethylhexyl side-chains. In chapter 5 we gained detailed infor-
mation about the morphology and other essential properties both of the polyfluorene and of the
required hole-transporting alignment layers. The following paragraph finally covers the elec-
troluminescence of devices with polyfluorene emissive layer. In the first part, we describe the
establishment of the most favorable device architecture and the optimization of the respective
layers on the way from isotropic towards polarized LEDs. In the second part, we will see that
the performance of the LEDs was drastically enhanced in every respect by chemical modifica-
tion of the polyfluorene, which was accomplished by endcapping of the main chains with hole-

transporting moieties.

The work presented in the following chapter was performed in close collaboration with Dr.
Tzenka Miteva who worked at the Max Planck-Institute for Polymer Research in Mainz from
1998 until 2001.

6.1.1 Optimization of the Device Architecture in

Isotropic LEDs

The fabrication of advanced polarized light-emitting devices, requires detailed knowledge
of the essential parameters, which determine the performance of isotropic LEDs. For that rea-
son, we first established the architecture and layer configuration, which yielded the best per-
formance for isotropic devices, followed by the investigation, which of these results could be
translated into the polarized case. From the previous sections we know that highly satisfying
device performance implies a multilayer instead of a single-layer LED structure. In general, the
goal of designing a multilayer structure is the minimization of the injection barrier heights and
the balance of charge carrier injection, respectively. Thus, we have to establish a layer configu-
ration, which harmonizes the barriers between the emissive layer and the electrodes. As dis-
cussed in section 3.1.1.1 the HOMO level of the polyfluorene under study, PF2/6, is at
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~5.9 eV and the LUMO level at ~2.6-2.9 eV.*” Due to the need for a transparent material the
work function of the anode is fixed to the value of the commonly used ITO of 4.8-5.0 eV,*3*
whereas the appropriate cathode material can be selected with respect to the LUMO level of the
emitter. Usually, the cathode material to be evaporated is chosen among the low work-function

metals aluminum (4.3 eV), magnesium (3.7 eV) and calcium (2.9 eV).

The electronic properties of PF2/6 suggest the usage of an hole-injection layer due to the
large barrier from the ITO-anode. As stated in section 3.1.6, a commonly used hole-injection
layer is PEDOT-PSS, increasing the work function of the resulting anode combination up ~5.2-
5.3eV." On the cathode side, calcium is an appropriate material. Possibly, the device perform-
ance might be enhanced by the use of an ultrathin LiF-layer between the polyfluorene and the
cathode, as reported by several groups.*” In Figure 6.1, a scheme of a typical isotropic multi-

layer LED as well as a schematic energy level diagram are shown.

Light-emitting

Ca/Al electrode Polymer (PF2/6)

I / Hole-injection layer
\ (PEDOT-PSS)

ITO
electrode Substrate
~2.6 eV
ITO / PEDT O‘Q - Ca
5.0eV
5.9eV

Figure 6.1. Schematic picture of a light-emitting device with a hole-injection layer of PEDOT-PSS below the emissive
layer PF2/6. The energy levels of such a device are sketched in the lower drawing.

We compared devices with a 90 nm thick PF2/6 emissive layer and the mentioned cathode
materials, and we simultaneously investigated the effect of 30 nm PEDOT-PSS hole-injection

and 1 nm LiF electron-blocking layers, respectively. The thickness of Al and Mg cathodes was

~100 nm, and in case of the reactive calcium cathodes, a 20 nm thick Ca layer was covered
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with a 100 nm Al protection layer in order to prevent from oxidation.* The device fabrication
was done according to the procedure described in section 3.2.

As illustrated in Figure 6.2, the addition of PEDOT-PSS led to a dramatic increase both in
the device brightness and in efficiency (see also Figure 6.3). As expected, the use of Ca yielded
the lowest onset voltage of —5 V. For all the cathode materials, the incorporation of an LiF
layer led to enhanced device performance. The best isotropic diode structure with PF26 as
emitting layer was shown to be ITO/PEDT/PF26/LiF/Ca, showing an onset voltage of ~4V. For
comparison, an isotropic diode with the multilayer architecture of a polarized LED is also
shown. It contains a hole-transporting layer of polyimide doped with ST 638, as discussed in

the next section. In this special case, the emissive polymer was not aligned on top of this diode.
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Figure 6.2. Intensity—voltage characteristics for diodes with isotropic PF2/6 emitting layer and different cathode ma-
terials, showing the effect of including a 30 nm PEDOT-PSS hole-injection layer and an 1 nm layer of LiF. For com-
parison, an isotropic diode with the structure of a polarized LED is also shown (Pl + ST 638). 1 nW corresponds to
approximately 1 cd/m? at this color.

* If we mention Ca cathodes in the following, it is always implied that they are covered by the Al protection layer.
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Figure 6.3. Intensity—current characteristics for diodes with isotropic PF2/6 emitting layer and different cathode ma-
terials, showing the effect of including a 30 nm PEDOT-PSS hole-injection layer and an 1 nm layer of LiF.

The EL performance is known to depend on the thickness of the emissive layer. Therefore,
we investigated devices with PEDOT-PSS injection layer and Ca cathode and varied the thick-
ness of the emitting layers from 70 to 200 nm (in this case, PF8C2/6 was used as emissive
polymer). Figure 6.4 shows that the highest brightness and device efficiency was achieved for an
active layer thickness of 70 nm. The devices with 95-100 nm thick emissive layers of PF8C2/6
had the same onset fields as those with 70 nm thick emissive layers, but the former were signifi-
cantly more stable. It should be noted that the devices with 200 nm thick emissive layers had
much lower onset voltages and higher brightness than those with 150 nm emissive layers. We
believe that this irregular dependence of the device performance on the emissive layer thickness
can be partly attributed to the reflection of the emitted light at the mirror-like metal electrodes.
Depending on the thickness and the refractive index of the active layer, characteristic interfer-

ence maxima and minima are generated, which might explain the observed behavior.*®
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Figure 6.4. Influence of the thickness of the emissive layer on the device performance. The plot shows the intensity—
voltage characteristics of isotropic devices of the structure ITO / PEDOT-PSS / PF8C2/6 / Ca.

In synthesis, we found that in the case of isotropic polyfluorene LEDs, the best results are
obtained for a multilayer structure comprising an ITO anode and Ca cathode, and an emissive
layer of thickness between 70 and 90 nm, which is sandwiched between a 30 nm PEDOT-PSS
hole-injection layer and a 1 nm LiF-layer. Such devices have an onset voltage of » 4 V, and the
luminance at an operating voltage of 9 V is » 200 cd/m? with CIE color coordinates of (0.21,
0.25), when using PF2/6 as the emitting material. The intensity-voltage characteristics together
with the current-voltage curves and typical electroluminescent spectra are shown in Figure 6.5.

The spectral characteristics will be discussed in section 6.1.3.
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Figure 6.5. Intensity-voltage curves for devices with PF2/6 emissive layers. Insets: Intensity—current curves and elec-
troluminescence spectra for the same devices (PEDOT-PSS hole-injection layers, Ca cathodes).

6.1.2 Polarized Electroluminescence from Undoped

Polyfluorene

The results obtained in the last section can be transferred to the case of polarized LEDs, as
far as the emissive layer thickness and the cathode side is concerned. Accordingly, the upper
section of the multilayer structure also consists of a 70-90 nm thick PF2/6 layer, which is cov-
ered by a thin LiF layer and a Ca cathode. However, the alignment of PF2/6 requires the incor-
poration of an hole-transporting alignment layer of doped polyimide. For the polarized LEDs
described in this work, PEDOT-PSS cannot be used as hole-injection layer, as it is not stable at

temperatures higher than 200 °C, at which the HTALSs have to be converted (see chapter 3).

In a first step, we tested polarized LEDs with only one HTAL between the ITO and the
emissive layer. We shortly mentioned these devices in section 5.2.3. The respective LED struc-
ture resembled the one shown in Figure 6.1, with the only difference that the PEDOT-PSS was
replaced by a rubbed HTAL of polyimide blended with 17 wt.% ST 638. The luminescence—
voltage curve of such an aligned ITO/(PI+17%ST 638)/PF2/6/Ca device measured without
polarizer is shown in Figure 5.10. An onset voltage of 12 V and luminance of 200 cd/m?2 at

18 V are typical for these devices. The emission appears blue with maxima at 425, 451 and
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typical for these devices. The emission appears blue with maxima at 425, 451 and 477 nm and
a shoulder at 505-510 nm for the light emitted with polarization parallel to the direction of
rubbing. The maxima of the emission perpendicular to the rubbing are blue-shifted by ap-
proximately 5 nm. The electroluminescence spectra were very similar to the ones shown in
Figure 6.7. The emission was highly anisotropic with a polarization ratio of 15 at the emission

peak at 451 nm.

In a next step we obtained, as demonstrated in section 5.2.2.1, enhanced device perform-
ance using a bilayer HTL structure, i.e. a rubbed HTAL of polyimide doped with a low mo-

lecular hole-transporting material on top of a pure hole-injection layer, as shown in Figure 6.6.
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Figure 6.6: Schematic picture of a polarized light-emitting device with a rubbed hole-transporting alignment layer of
doped PI and an additional hole-injection layer (consisting of a hole-transporting material) below the emissive layer.
The energy levels of such a device are sketched in the lower drawing.

In section 5.2.2.1 we demonstrated that the insertion of a pure layer of ST 638 below a
rubbed layer of (P1+20 wt.% ST 16-7) allowed for a device operation at considerably lower
fields than in the case of devices without additional hole-injection layer below the HTAL
(Figure 5.11). The degree of alignment was significantly increased by doping the Pl with ST 16-
7 instead of ST 638, while the spectral characteristics were unchanged. As shown in Figure 6.7,
the emission parallel to the rubbing again peaked at 450 nm and the respective polarization ra-

tio was as high as 21. The typical luminance of these devices was 100 cd/m?2 at 18 V.**



6.1 (Undoped) Polyfluorene 117

Comparing the spectra of isotropic and aligned LEDs reveals obvious differences of the
characteristic shape. We attribute this to thermal effects, which are caused by the annealing
procedure rather than to order effects.
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Figure 6.7. Electroluminescence spectra parallel and perpendicular to the direction of rubbing for devices of the
structure ITO/ST 638/(P1+20% ST 16-7)/PF2/6/Ca. The polarization ratio at the peak at 451 nm was 21.

6.1.3 Problems with the Use of Undoped

Polyfluorene

Although both the isotropic and polarized LEDs discussed above showed comparatively
bright and blue emission, with the polarized LEDs reaching very high polarization ratios in ex-
cess of 20, all the devices based on non-aligned and aligned PF2/6 homopolymers displayed a
red-shifted emission contribution in the electroluminescence spectrum. The intensity of this
long-wavelength tail was found to vary for different batches of PF2/6 with different molecular
weights. Furthermore, the device efficiency did not remarkably exceed values of » 0.5 cd/A for
the isotropic and 0.1 cd/A for the polarized LEDs. In section 3.1.1.1 we learned that the red-
shifted emission tail is assigned to interchain interactions, which do form in films of conjugated
polymers, such as aggregates and excimers.**”* In general, interchain interactions imply a de-

localization of the excited state wave function, which lowers the energy of this state relative to a
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single-chain exciton, explaining the red-shift of interchain luminescence relative to the standard
exciton emission. Likewise, also the low efficiency is attributed to aggregates and excimer
forming sites, since they are known to provide nonradiative relaxation pathways, which lead to

reduced emission efficiency relative to exciton luminescence.*?53114.148.149

Sainova et al. demonstrated that the simple physical addition of a small amount of low-
molecular HTMs to the PF2/6 led to an effective suppression of the red-shifted emission contri-
bution and an considerable increase in the luminance efficiency.*®® This was attributed to hole-
trapping effects, which are explained as follows. The species responsible for the green emission
contribution, which are believed to be already present in the ground state are predominantly
populated due to charge carrier trapping. Thanks to the low ionization potential of the HTMs
they also act as very efficient hole-traps, and compete with the aggregate sites for holes. The
latter might actually become detrapped from the HTM and recombine with an electron on a
nearby polyfluorene chain instead, provided that the HTMs are molecularly dispersed in the
blend (Figure 6.8).
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Figure 6.8. Cartoon explaining the blue emission in case of doping the PF2/6 layer with HTMs with low-oxidation
potential. Due to hole-trapping at the HTM sites, recombination occurs predominantly along the chain rather than
on aggregate sites.

However, the concept of doping the polyfluorene with low-molecular weight HTMs im-
plies the possibility of phase-separation. As a consequence, the long-term device stability is se-
verely affected and the LC properties of the polymer may be disturbed or even destroyed by the

presence of the HTMs. In the next section, we demonstrate that a successful approach to over-
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come this problem was the chemical attachment of the HTMs by endcapping the polyfluorene

main chains.

6.2 Endcapped Polyfluorene

In the following, we show that endcapping of the polyfluorene main chain with low-
molecular weight hole-transporting moieties is a concept, which extends the positive effects
obtained for simply doping these HTMs into polyfluorene while simultaneously avoiding the

observed problem of phase-separation.

6.2.1 Isotropic Electroluminescence from Endcapped

Polyfluorene

6.2.1.1 Influence of the Endcapping on the Charge-
Transporting Properties

In section 3.1.1.2 we investigated the chemical and electronic properties of PF2/6 end-
capped with two types of HTMs. In the first case, PF2/6 was endcapped with bis(4-
methylphenyl)(4-bromophenyl)amine, resulting in PF2/6am-X, where 'X' denotes the endcap-
per/monomer feed ratio in mol%. The second end-group was (4'-bromo-biphenyl-4-yl)-
naphthalen-2-yl-phenyl-amine, and the corresponding polymer is referred to as PF2/6nap-X.

The chemical structures of these polyfluorenes are shown in Figure 3.6.

By means of cyclic voltammetry Figure 3.7) we found that the end-groups act as inde-
pendent electroactive moieties and that they form traps for holes within the PF matrix. In order
to investigate the effect of the terminal HT moieties on the charge-transporting and emissive
properties of the endcapped polyfluorenes, single layer sandwich devices were fabricated with

either hole-injecting gold or with electron-injecting Ca/Al top electrodes.

Hole-only devices with PF2/6am-X active layer and a 50 nm Au top electrode reveal a pro-
nounced effect of the endcapper on the current-voltage characteristics (Figure 6.9a). The cur-
rent for devices with 2 mol% endcapper content is substantially lower than in the case of the
non-endcapped PF2/6, whereas with increasing endcapper content, the values approach the
characteristics of the pure material. The inset in Figure 6.9a shows that the current density j
through the hole-only device increases gradually for higher endcapper concentrations after a
sharp initial drop at low concentrations. The overall dependence of j on the endcapper concen-

tration agrees qualitatively with the change of hole mobility in polymers doped with hole-
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transporting molecules with increasing dopant concentration.*” For the latter system, Pai et al.
explained the sharp decrease at low concentrations by severe hole-trapping on the dopant mole-
cules, while the gradual increase at higher concentrations was attributed to charge transport by
hopping via the dopant molecules. The latter opens a new channel for charge carrier transport
and explains the increased current density. In addition, at higher endcapper concentrations the
hole-injection into the polymer is further expected to be facilitated in case of the hole-only de-
vices discussed here.
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Figure 6.9. Current-voltage characteristics of (a): hole-only devices: ITO/PEDOT-PSS/PF2/6am-X/Au (open symbols)
and (b) the corresponding LED devices: ITO/PEDOT-PSS/PF2/6am-X/Ca (solid symbols): PF2/6 (no symbols);
PF2/6am2 (stars); PF2/6am4 (triangles); PF2/6am9 (circles). The inset shows the current density through the hole-
only devices at 8.5 V as a function of the endcapper feed ratio (in mol%). (c): Intensity—voltage characteristics of the
LEDs on a logarithmic scale. At the emissive color of the endcapped polyfluorene, 1 nW corresponds to ~0.3 cd/m?.
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6.2.1.2 Influence of the Endcapping on the Emission
Characteristics

When electron injection is enabled through a 20 nm Ca-top electrode, the current in for-
ward bias increases significantly (Figure 6.9b). This indicates that electrons rather than holes
dominate the current through these bipolar devices (see also section 7.2.3.2). Figure 6.9 and
6.11 show that the attachment of HT moieties significantly raises the emitted light intensity
compared to the non-endcapped PF2/6, whereas a further increase of the endcapper concentra-
tion itself does not lead to considerable changes. Most notably, the green emission tail peaking
at ca. 515 nm, which was observed for the non-endcapped PF2/6, decreases continuously with
increasing endcapper concentration, and is finally completely suppressed in the emission from

the devices with a PF2/6am9 emitting layer.
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Figure 6.10. Emission spectra of the LEDs based on endcapped polyfluorene PF2/6am-X, and on pure PF2/6, respec-
tively. PF2/6 (no symbols; the two spectra shown correspond to batches with molecular weights of M,
=195 000 g/mol (green line) and M, = 111000 g/mol (blue line)); PF2/6am2 (stars); PF2/6am4 (triangles);
PF2/6am9 (circles). The suppression of the red-shifted emission contribution with increasing endcapper content be-
comes evident. The spectra were recorded at a driving voltage between 4.5 V and 5 V. The CIE-coordinates of the
respective devices are also given.

These results confirm the assumption made in section 6.1.3 that in case of the non-
endcapped PF2/6 a certain fraction of the electron-hole-recombinations takes place at sites,
which are less efficient emitters, such as aggregates or excimer forming sites.>3!471491%8 On the
contrary, in the layers of the endcapped polyfluorenes, the predominant fraction of holes might
be guided to the chain ends via charge-trapping, followed by recombination with an electron on

the polyfluorene main chain, as sketched in Figure 6.8.
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Strong evidence that the observed changes in device performance are related to the end-
capper moieties rather than to the change in the molecular weight comes from the comparison
of the two different endcappers. As illustrated in Figure 6.10 and Figure 6.11, the device per-
formance is drastically improved when the endcapper bis(4-methylphenyl)phenylamine with the
lower oxidation potential (Figure 3.7) is attached to the PF2/6. In this case, we noticed the sup-
pression of the red-shifted emission as well as a substantial increase in the EL intensity at a
given voltage. On the other hand, the (N-(biphenyl-4-yl)-N-napth-2-yl-N-phenylamine) end-
capper also leads to a suppression of the red-shifted emission, but the increase in device effi-

ciency is only weak.
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Figure 6.11. Comparison of intensity—current characteristics for LEDs based on endcapped and on pure polyfluo-
rene, respectively. PF2/6 (no symbols), PF2/6napX (open symbols), and PF2/6am-X (filled symbols).

6.2.1.3 Performance of Isotropic LEDs from Endcapped
Polyfluorene

The best diode performance was obtained for devices with PF2/6am4 with an endcapper
feed ratio of 4 mol%. They exhibited an onset voltage of 3.5 V, a maximum luminance of
1600 cd/m? with a luminance efficiency of 1.1 cd/A, and CIE-color coordinates (0.150, 0.080)
at 8.5 V, which is a deep blue. These values correspond to a luminous efficiency of 0.40 Im/W.
At this concentration, the red-emission contribution is almost completely suppressed, but the
concentration is still too low to allow for predominant charge transport by hopping via the

endcapper groups (see also discussion in Pai et al.*®’). Compared to the device with the non-
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endcapped PF2/6, an improvement in efficiency of more than one order of magnitude is

achieved, without disturbing the electronic and chemical structure of the backbone.

Figure 6.12 shows that the photometric efficiencies of all devices with PF2/6am-X emission
layers depend only very weakly on the emission brightness for luminance higher than
200 cd/m?. Moreover, there is a complete color stability during the device operation for a given
operation voltage. Interestingly, the emission color changes significantly from greenish-blue
with coordinates (0.220, 0.217) to blue with increasing the bias beyond » 4 V, and remains
deep blue at higher voltages. This behavior is completely reversible. The greenish-blue emission
color of the devices with all PF2/6am-X polymers at voltages below 4 V (corresponding to cur-
rent levels of ca. 1-10 mA/cm?) resembles the emission of the pure non-endcapped PF2/6. This
indicates that the traps introduced by the endcapper moieties are not yet occupied at lower

voltages.
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Figure 6.12. Efficiency—luminance-curve for an isotropic LED based on PF2/6am4. The numbers along the curve are
the CIE-coordinates at the corresponding luminance levels.

Our results are better than » 0.75 cd/A at 1500 cd/m? which have been reported for opti-
mized ITO/PEDOT-PSS/PFO/Ca devices.® For these devices a much lower content of the less
efficient aggregate sites in their PF8 layers was achieved by narrowing the molecular weight
distribution of the polymers, but the high sensitivity on morphological changes during the de-
vice operation was still present. On the contrary, aggregation seems not to be a critical issue in
case of endcapped polyfluorenes. As described above the endcappers are believed to compete
with the aggregate sites with respect to charge carrier trapping. Thus, aggregate sites, even
though present in the material, will not be occupied by a large fraction of the overall number of
injected charge carriers, and the contribution of the aggregates to the emission will be minor

(see also the discussion in the following sections).
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The luminous efficiency at high luminance compares well with that reported for an opti-
mized three-layer device with a thermally-crosslinked polyfluorene emission layer at a compa-
rable luminance.® An even higher efficiency of 2.7 cd/A at 100 cd/m? has recently been
achieved using a PF2/6am2 emission layer and three crosslinked hole-injection layers (“graded

injection”). For a luminance of 1000 cd/m? the efficiency dropped only slightly to 2.4 cd/A.**°

6.2.2 Polarized LEDs from Endcapped Polyfluorene

We confirmed that endcapping the polyfluorene with HT moieties maintained the LC
properties and alignment abilities of the pristine polyfluorene. This is in contrast to, for exam-
ple, the approach of the incorporation of hole-transport moieties into the polymer backbone,?®
resulting in purely amorphous layers, which are not suitable for alignment. Another important
finding with respect to polarized electroluminescence was that endcapping allowed for the
tuning of the molecular weight, which has significant influence both on the transition tempera-
tures and on the alignment behavior of the respective polymer (section 5.1.1). Consequently, all
endcapped polyfluorenes showed similar or even higher alignment ability on rubbed alignment
layers than their non-endcapped counterpart, and additionally, the annealing could be per-
formed at lower temperatures. As shown in Table 5.1 and Figure 5.13, dichroic ratios of more

than 20 were achieved for endcapped PF2/6am-X.

Polarized LEDs have been fabricated following the procedure as described in section 3.3
using a polyimide alignment layer doped with hole-transporting molecules ST 1163 at various
concentrations. Generally, the best performance was observed for devices with a PF2/6am9
emission layer. We believe that due to the rather poor hole-transporting properties of the
doped polyimide, the hole-current in these multilayer devices is limited by the alignment layer
rather than by the emissive polymer layer. This was demonstrated both for non-aligned and
aligned diodes and for different concentrations of ST 1163. As shown in Figure 6.13, the peak
polarization ratio of the electroluminescence intensity reached values of 22 for an ST 1163 con-
centration of 10 wt.%, and 15 for a concentration of 15 wt.%. In the first case, the luminance
was up to 200 cd/m? at 19 V, and the latter devices attained up to 800 cd/m? at 18 V with an ef-
ficiency of 0.25 cd/A. At comparable polarization ratios and brightness levels, the efficiencies of
our polarized light emitting devices are more than doubled compared to the values reported by
Whitehead et al. for PF8 based devices'*? and by Jandke et al. for devices based on rubbing-
aligned PPV 8¢

The Figure also shows that raising the concentrations of the dopant within the polyimide

matrix from 10 to 30 wt.% led to drastically enhanced brightness of the devices, but at the same
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time the polarization ratios dropped from values of 22 down to 5. Reasons for this behavior are
given in section 5.2.4.
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Figure 6.13. Polarized emission spectra for devices with 80 nm PF26am9 emissive layer and different concentrations
of ST 1163 in the 30 nm HT alignment layer, normalized to identical parallel emission. The polarization ratios P of

the respective devices are also given. (Hole-injection layer: 25 nm ST 1163, Ca cathodes). Inset: Intensity—voltage
characteristics for the same devices.

In conclusion, we have seen that endcapping of the main chain of a polyfluorene homo-
polymer with hole-transporting moieties opened a way to blue LEDs with clearly enhanced effi-
ciency and high color stability, without altering the electronic properties of the conjugated
polymer backbone. Furthermore, we demonstrated that endcapping did neither disturb the LC
properties nor the orientational abilities of the polyfluorene. Highly anisotropic LEDs with po-
larization ratios of 22 reaching luminance of 200 cd/m? at operating voltage of 19 V have been

realized. LEDs with a polarization ratio of 15 showed a luminance of even 800 cd/m?.



7 Doping of Charge-Trapping Dyes into
Polyfluorene

7.1 Green Emissive Thiophene Dyes

7.1.1 Isotropic Electroluminescence

As mentioned in section 2.1.4, blue emitters are of great interest, since full color displays
can be realized by down-conversion from blue to green and red light. From the mentioned vari-
ety of blue-emitting conjugated polymers — such as derivatives of poly(p-phenylenevinylene)s
(PPVs),®* poly(p-phenylene)s (PPPs)?°>?3 and the poly(alkylfluorene)s*?°3%5%62%4 _ color tuning
can be easily achieved by doping with lower band gap materials. For example, it was shown that
doping a small amount of a fluorescent dye into an OLED can lead to significant changes in the

color of luminescence.65:1¢7

In the following, we report on the effect on the emission color and on the device perform-
ance upon doping a low-molecular weight fluorescent thiophene dye S2_3 (inset Figure 7.1)
into polyfluorene. With the aim to realize polarized emission, we chose this rod-shaped green-
emitting dye, with photoluminescence peaking at 527 nm (not shown) and with absorption
spectra as plotted in Figure 7.1. Due to its highly satisfying performance we used PF2/6am4 as

the emissive host (section 6.2).
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Figure 7.1. Absorption spectrum of a drop-casted layer of the thiophene dye S2_3, the chemical structure of which is
also shown.
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In Figure 7.2 we compare the electroluminescence spectra obtained from a device of the
structure ITO/PEDOT-PSS/(PF26am4 + 1 wt.% S2_3)/LiF/Ca with a corresponding device of
pure PF2/6am4 as emissive layer. In case of doping, we clearly observe emission from the dye.
The peaks in the blue region of the spectrum are almost completely suppressed and the emis-
sion is dominated by the inherent peak of the dye at 527 nm. Considering the absorption char-
acteristics of the dye and the emission properties of the polyfluorene suggests the energy trans-
fer to occur via Forster transfer*?* between energy donor (polyfluorene) and acceptor (dye)

(see also section 7.2.3.1).

The performance of the doped device was highly satisfying. The recorded luminance was
up to 5100 cd/m? at 13 V with an efficiency of 3.1 cd/A for emission peaking at 530 nm (Figure

7.3). The dopant concentration of 1 wt.% was low enough to prevent any phase-separation.
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Figure 7.2. Emission spectra of LEDs with an emissive layer of PF26am4 (80 nm) doped with 1 wt.% of the low
molecular emitter thiophene dye S2_3. PEDOT-PSS was used as hole-injection layer and LiF/Ca/Al as cathodes.

The light power intensity of the doped LEDs was almost one order of magnitude lower,
but the luminance was more than three times higher (Figure 7.3).* Since the current in the
doped devices was 2-3 times lower (not shown here), the luminance efficiency was dramatically
enhanced by the addition of S2_3, which is also attributable to the greener emission color. The
intense color change suggests that the generation of excitons and subsequent recombination oc-
curs directly on the dye. The different mechanisms of Forster energy transfer*?®® and charge
carrier trapping, leading to the emission from guest molecules, which are blended into a host

matrix, will be addressed in section 7.2.3.

* This is due to the dependence of the photometric quantities on the selective spectral responsivity of the human eye
(Appendix A.1, Figure A.1).
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Figure 7.3. Intensity—voltage curves of LEDs with emissive layer of PF26am4 (80 nm) doped with 1 wt.% of the low
molecular emitter thiophene dye S2_3. PEDOT-PSS was used as hole-injection layer and the combination of
LiF/Ca/Al as cathodes.

7.1.2 Polarized Electroluminescence

The rod-like structure of the low-molecular thiophene dye suggested that the addition to
polyfluorene should not affect the alignment behavior known from the undoped polymer. We
investigated whether the potential of S2_3 for color tuning and efficiency improvement could

be used in polarized emitting LEDs.

We doped PF2/6am4 with S2_3 at different concentrations and fabricated polarized LEDs
of the structure ITO/ST 1163/(Pl + 15 wt.% ST 1163)/(PF26am4 + x wt.% S2_3)/LiF/Ca. The
influence of the doping on the alignment and on the device performance was studied by com-

paring the doped devices with corresponding LEDs of pure PF2/6am4.

The intensity—voltage and current—voltage characteristics of the respective devices are
plotted in Figure 7.3. Except for the device with the highest dye content of 1 wt.%, the overall
dependence of the current on the filler concentration is similar to the one observed for the end-
capped devices, as discussed in section 6.2.1.1. The sharp decrease at low concentrations is at-
tributed to severe hole-trapping on the dye molecules, while the gradual increase at higher con-
tents is explained by charge transport by hopping via the dye molecules. The current
characteristics of the devices with 0.3 wt.% dye concentration are comparable to the undoped
devices, which might point to additional hopping via dye and endcapper moieties due to the in-
creased proximity of the two species. The drop in the current of the device with 1 wt.% S2_3 is

not unambiguously clear, but might be a be a symptom of phase-separation and aggregation.
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Figure 7.4. Intensity—voltage curves of polarized LEDs with the following structure ITO/ST 1163/(Pl1 + 15 wt.%
ST 1163)/(PF26am4 + x wt.% S2_3)/LiF/Ca. The inset shows the current-voltage characteristics of the correspond-
ing devices.

The polarized electroluminescence spectra of the investigated LEDs are shown in Figure
7.5. First, we notice that all devices are highly anisotropic. As summarized in Table 7.1, the
polarization ratio of the LED with a dopant concentration of 0.3 wt.% is 23 at the peak at
450 nm, and as high as 30 at 510 nm. The recorded luminance was 600 cd/m? and the effi-
ciency was 0.30 cd/A. These are the highest values reported for polarized OLEDs so far. In case
of 0.1 wt.% filler content, the degree of anisotropy is only slightly lower, while the luminance
reaches 720 cd/m? at 0.50 cd/A. For the devices with 1 wt.% S2_3 in the blend, which display
the highest contribution of green emission, the polarization ratio at 510 nm is 20 at a luminance
of 500 cd/m? and an efficiency of 0.50 cd/A.

The spectra for doping concentrations of 0.1 and 0.3 wt.% resemble the ones recorded for
the isotropic devices with pure PF2/6 emissive layers and PF2/6am2, respectively (section
6.2.1.2). One might assume that the green emission contribution could be attributed to aggre-
gates rather than to the S2_3 dye. The remarkable difference to the spectra of pure PF2/6 layers

shown in Figure 7.5, however, disproves this assumption.

Comparing the spectra of the polarized devices with the corresponding isotropic LEDs
(Figure 7.2), reveals that in the case of anisotropic devices, the contribution of the dye to the
emission is much less pronounced. The suppression of the blue emission contribution from the
polyfluorene is considerably weaker and the peak at 450 nm is still higher than the peak of the
dye at 527 nm. We assign this difference to the thermal treatment during the alignment proce-

dure rather than to effects of the alignment.
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Figure 7.5. Polarized EL spectra of LEDs with the following structure ITO/ST 1163/(PI + 15wt.%
ST 1163)/(PF26am4 + x wt.% S2_3)/LiF/Ca/Al. The numbers at the curves correspond to the content of S2_3.

The high polarization ratios of the doped devices at 510 nm and the increase of anisotropy
for increasing (moderate) dye concentrations might be explained by the assumption that the
dopant molecules are situated in the better aligned domains of PF2/6am4. Due to efficient
charge-trapping and the increased hole density, the EL emission then predominantly occurs
from these better aligned polyfluorene domains. Moreover, the high degrees of orientation
point to an alignment of the rod-like dye molecules themselves. This assumption is supported
by the polarized absorption spectra shown in Figure 7.6. The spectra reveal enhanced degrees
of alignment after doping and further increases for increasing dopant concentration. The con-
tribution of the dye (absorption peak at 425 nm (Figure 7.1)) to the absorption spectra of the

doped devices at high wavelengths is clearly noticeable.
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Table 7.1. Performance of the polarized LEDs with structure ITO/ST 1163/(Pl + 15 wt.% ST 1163)/(PF26am4 +
X wt.% S2_3)/LiF/Ca.
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Figure 7.6. Polarized absorption spectra for devices with PF2/6am4 emissive layers and PF2/6am4 doped with S2_3
at different concentrations, respectively.*

The investigations presented above showed that doping polyfluorene at low concentrations
with the green-emitting dye S2_3 leads to significant changes in the emission spectrum, and al-
lows for the realization of green emission. The dopant was shown to act as active charge-trap,
causing the exciton generation and recombination to occur primarily on the dye. Due to a de-
crease in the current and the high luminance values, the luminance efficiency was remarkably
enhanced by the doping. Moreover, we realized highly polarized electroluminescence from
blends of PF2/6am4 and S2_3 with polarization ratios of up to 30 and a luminance of
600 cd/m? at an efficiency of 0.30 cd/A. The high degrees of anisotropy were attributed to the

* Due to experimental reasons, the dichroic ratios are not evaluated for these polarized samples. In this special case,
the absorption spectra were recorded after the cathode deposition and after operation in electroluminescence. To

avoid reflections during the measurements, the mirror-like Ca/Al-cathodes have been removed by hydrochloric
acid. The spectra are shown for comparison of the different samples, but.the absolute dichroic ratios are expected
to be considerably higher.
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dye predominantly being located in the highly ordered regions of the polyfluorene. For devices
with stronger pronunciation of the green emission contribution, the polarization ratio was 20 at
500 cd/m? and 0.50 cd/A. It should also be noted that the addition of the dye yields a controlled
broadening of the spectra, without disturbing the high degrees of anisotropy. This is an impor-

tant step towards the realization of ‘white' polarized electroluminescence.
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7.2 Red Light-Emitting Diodes Based on
Dendronized Perylenes

The concept of color tuning and color down-conversion via doping a blue emissive poly-
mer with lower bandgap materials was also applied to obtain red emission. This opens the way
towards the realization of full color red-green-blue (RGB) emission starting off from a single
blue emissive polymer. For example, the addition of tetraphenylporphyrin to PF8* yielded red
emission from an originally blue emitting matrix, as well as doping ladder-type PPP with a
polymer, which contained a perylene derivative in the main chain.?®® However, this concept
implies one major drawback, namely the tendency of this kind of small molecule emitters to

phase-separate, which leads to lack of long-term device stability.

One approach to overcome these problems is the dendronization of small molecule chro-
mophores. Dendrimers are monodisperse, highly ordered, hyperbranched three-dimensional
nanostructures, which are built up in a stepwise synthesis. The finding that the core, the scaf-
fold and the surface functionalization can be selected and varied independently makes den-

drimers very attractive for the application in LEDs.2°"?1

Furthermore, in the previous sections, we found that the addition of dopants to polyfluo-
rene led to remarkable changes both of the current and the emission characteristics. This was
partly attributed to the trapping of charge carriers at the dopants, followed by exciton genera-
tion and recombination directly on the dye. However, it remained to be clarified, whether the
changes in the emission spectra are also due to Forster energy transfer from the host matrix to
the guest molecules. The use of dendrimers should be a promising approach to address this
question. The adjustable size of the scaffold opens a way to control the transfer mechanisms,
since the Forster transfer scales with the transfer distance according to R™°® (Equation 1.3),

whereas tunneling is proportional to e*®.

7.2.1 Dendrimers and Electroluminescence

Our aim was to realize and then to optimize EL emission from polyphenylene dendrimers
with perylene diimde as luminescent core. Here, the emphasis lay on the separation and isola-
tion of the emitter molecules resulting in the prevention of aggregation and crystallization.
Perylene diimide derivatives have been successfully used as functional dyes in fluorescent solar
collectors,?'* photovoltaic cells,?*? optical switches, lasers*** and in light emitting diodes 2*>%*’
because of their excellent chemical, thermal and photochemical stability.?*® However, this class

of chromophores shows a high tendency to p-stacking because of its extended aromatic core.
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To overcome this problem, we shielded this luminophor with polyphenylene dendrons consist-
ing of tetraphenyl benzene repeat units. The dense packing of the benzene rings and the inher-
ent stiffness of the phenyl-phenyl-bond provide a shape-persistant dendritic shell, which is also
characterized by thermal and chemical stability. The synthesis of the fourfold ethynyl substi-
tuted tetraphenoxy perylene diimide derivative, which serves as a core molecule and the subse-
quent build-up of three generations of dendrimers via repetitive Diels-Alder reaction with tetra-
phenylcylopentadianone building blocks is described elsewhere.?® In the same work it was
shown by optical characterization of these dendrimers that aggregation in solid state is effec-

tively prevented already from the first generation on.

Subject of this investigation were the polyphenylene dendrimers of the first (G1) and sec-
ond (G2) generation, as well as the non-dendronized tetraphenoxyperylene diimide model
compound (M) (Figure 7.7). From these compounds two different kinds of LEDs were investi-
gated. In a first approach, the active layers of the devices consisted of the pure materials M, G1
and G2 with the aim to show the prevention of aggregation for the dendritic structures. Next,
these materials were doped as guest-molecules into a blue-emitting polyfluorene host
(PF1/1/1/6, Figure 7.8).



136 7 Doping of Charge-Trapping Dyes into Polyfluorene

aseteselv

"CHY (Model)

Figure 7.7. Structure of non-dendronized tetraphenoxyperylene diimide model compound (M) and the polyphenyl-
ene dendrimers of the first (G1) and second (G2) generation. On the left, simulations of the molecular structures are

& oo P
FRET

Figure 7.8. Structure of a,w-bis[N,N-di(4-methylphenyl)aminophenyl]-poly(9,9-bis(3,5,5-trimethylhexyl)fluorene-
2,7-diyl) (PF1/1/1/6).

According to the procedure described in section 3.2, for all devices described in the fol-
lowing, a 20 nm hole-injecting layer from polyethylenedioxythiophene doped with poly(styrene
sulfonate) (PEDOT-PSS, section 3.1.6) was spincoated on top of an ITO anode. The respective
emissive layers were sandwiched between this PEDOT-PSS-layer and a LiF/Ca cathode (0.8 nm

LiF and 20 nm Ca). Finally, a 100 nm aluminum protection layer was evaporated on top.
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7.2.2 LEDs with Model Compound and Dendrimers

as Active Layer

Figure 7.9 contains the electroluminescence spectra of the devices with M, G1 and G2 as
active layers. The spectra of the non-dendronized and dendritic materials substantially differ
from each other, whereas the spectra of G1 and G2 are almost identical. The characteristics of
the spectrum of M with a 95 nm full-width at half-maximum (FWHM) and its additional
shoulder clearly evidence closely packed chromophores. On the contrary, the narrow spectra of
the dendrimers G1 and G2 indicate that already from the first generation on the p-stacking is
completely suppressed. These results demonstrate that the shielding of the central dye with four
space-filling, stiff dendrons effectively prevents any chromophore-chromophore interaction of

the perylene molecules so that the luminophores behave like isolated emitters.
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Figure 7.9. Electroluminescence spectra of devices with M (circles), G1 (triangles) and G2 (squares) as emissive lay-
ers.

The onset voltages of the devices with the pure materials as active layers were rather low
with 4V in the case of M and G1 and 7 V for G2. For single layer devices with the non-
dendronized compound M, the luminance was 11 cd/m? at 18 V, only. In contrast, bright red
EL with a luminance of 120 cd/m? at 11 V was obtained for pure G1. The CIE color coordi-
nates were (0.627, 0.372). Compared to the results by Virgilii et al. on poly(dioctylfluorene)
layers doped with tetraphenylporphyrin, the driving voltage for reasonable brightness is 3 times
lower.* They reported a luminance of 90 cd/m? at 33 V with an efficiency of 0.18 cd/A, but the
X-color coordinate was 0.65, which is slightly more in the red. For G2, the luminance is only
13 cd/m? at 18 V, which we attribute to the isolating effect of the scaffold. Note, that the spin-
coated films of all the pure materials were very inhomogeneous resulting in large currents. As a
result, luminance efficiencies of all LEDs were quite low, with values of approx. 0.03 cd/A for

the best devices.
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7.2.3 Doping of M, G1, and G2 into Polyfluorene

To overcome the problem of the poor film qualities and still maintain the red emission
from the perylene chromophores, M, G1 and G2 were blended into a,w-bis[N,N-di(4-
methylphenyl)aminophenyl]-poly(9,9-bis(3,5,5-trimethylhexyl)fluorene-2,7-diyl) (PF1/1/1/6,
Figure 7.8). This polymer is comparable to the endcapped polyfluorenes discussed in section
3.1.1.2 which were shown to yield very bright and highly efficient electroluminescence. The
type of polyfluorene described here was used, since it showed good compatibility with M, G1
and G2. The focus of this studies was centered on investigating the influence of the degree of
dendronization on the EL color, brightness and efficiency, and for the blended devices on the
mechanisms leading to the emission from host molecules. The approach makes use of the ex-
cellent film forming properties of these polymers and provides further possibilities for device
optimization. The two concentrations of the perylene-containing M, G1 and G2 dopants stud-
ied were 3 and 10 wt.% in PF1/1/1/6. Actually, due to the size of the scaffold and the resulting
higher molecular weights of the dendrimers G1 and G2 the concentrations in wt.% are not
identical with the effective concentrations of the active perylene chromophore molecules (Table
7.2).

Table 7.2. Concentration of respective dye in PF1/1/1/6 and the corresponding effective concentration of perylene
chromophores (in wt.%).

Dopant material and Effective content of
concentration [wt.%)] perylene dyes [wt.%]

10% M 100

10 % Gl 47

10 % G2 2.3

3% M 3.0

3% Gl 14

3% G2 0.7

7.2.3.1 Energy Transfer in Photoluminescence

As mentioned, one major goal for doping the polyfluorene was to achieve an emission
contribution of the perylene host dye at dopant concentrations, which still allow for the prepa-
ration of homogeneous layers. Figure 7.10 shows the normalized photoluminescence spectra of
films of pure PF1/1/1/6 and of the blends of PF1/1/1/6 and 3 wt.% of the respective dyes M, G1
and G2. On all cases, the excitation wavelength was 340 nm, close to the wavelength of mini-
mum absorption of the dopant. Therefore, the contribution by excitons generated directly on

the perylene dye should be small. As can be seen from the spectra, the emission from the
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dopants decreases in the series M, G1 and G2. Doping with the non-dendronized M yields the
most efficient energy transfer from the PF1/1/1/6 host molecules, the peak in the high wave-
length region is located at 616 nm and reaches 80 % of the height of the strongest PF1/1/1/6
emission peak at 421 nm. From the spectra and by using the CIE color matching functions®*
color coordinates of (X, Y) = (0.39, 0.19) were calculated. For the dendrimer G1 the contribu-
tion in the red is shifted to 603 nm and still reaches 60 % of the PF1/1/1/6 peak height, yielding
CIE values of (0.35, 0.18), whereas for G2 the peak in the red is at 598 nm and weak compared

to the blue emission of the PF1/1/1/6. The corresponding color coordinates are (0.19, 0.08).
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Figure 7.10. Photoluminescence spectra (normalized to the peak at 421 nm) of blends of PF1/1/1/6 and 3 wt.% of M
(circles), of G1 (triangles) and of G2 (squares), respectively. For comparison, the spectrum of the pure PF1/1/1/6 (no
symbols) is also shown. The excitation wavelength was 340 nm.

We believe that in the event of energy transfer, dipole-dipole Forster interaction is the
dominating factor.*?% This is the through-space resonant interaction of the transition dipole
moments of excited PF1/1/1/6 donor (of energy) molecules and chromophore acceptor mole-
cules. The rate of energy being transferred depends on various factors one of which is the dis-
tance between donor and acceptor. Therefore, the observation of the energy transfer decreasing
in the series M, G1 and G2 can be well understood. Compared to the non-dendronized M, the
spatial extent of the dendrimers is larger and increases from G1 to G2, resulting in a decrease in

the Forster energy transfer rate.

An important measure for a quantitative estimation of the probability of energy transfer is
the Forster radius (R,) of the respective guest-host system. It mainly depends on the relative
overlap of the donor fluorescence and the acceptor absorption bands and assesses the energy
matching of the donor and acceptor excited states. This radius gives the distance between donor

and acceptor at which an intermolecular energy transfer is equally probable as the depopulation
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of the excited state via fluorescence, internal conversion or intersystem crossing. The probabili-
ties of exciton energy transfer to a chromophore molecule and of recombination on the poly-

fluorene main chain are then the same.

The PL-emission of PF1/1/1/6 at excitation wavelength of 340 nm and the absorption
spectra of M, G1 and G2 are shown in Figure 7.11. It is evident that the spectrum of PF1/1/1/6
with its two maxima at 421 and 442 nm overlaps strongly with the short-wavelength absorption
bands of M, G1 and G2, which are located at 450 and 443 nm, respectively. (In addition, the
absorption spectra of M, G1 and G2 demonstrate again the already described prevention of ag-
gregation in solid-state for the dendronized compounds. The maximum of the non-dendronized
M appears at 585 nm and is shifted to the red by 19 nm in comparison to the maxima of the

dendrimers G1 and G2 at 566 nm.)
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Figure 7.11. Fluorescence spectra of pure PF1/1/1/6 (no symbols) and absorption spectra of M (circles), of G1 (trian-
gles) and of G2 (squares), respectively. All spectra are normalized to their respective emission maxima.

The Forster radii (R,) for the respective guest-host systems were calculated according to the

relation*2%

2
where k? is an orientation factor (2/3 for random orientations of donor and acceptor), F, the
fluorescence quantum yield of the donor in the absence of the acceptor (ca. 50 % for
PF1/1/1/6), N,' the number of molecules per millimole (Avogradro's constant~ 107%), and n is
the refractive index of the host system (n,.,... = 2). J is the mentioned overlap integral between

the donor fluorescence spectrum and the acceptor absorption spectrum (cm®/mmol) defined by
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J= (‘j:m(n)>eQ(n)f]—T (7.2)

where F_ is the spectral distribution of donor fluorescence @ ,(n)dn = 1), e,(n) the molar
decadic extinction coefficient spectrum of the respective acceptor (cm?/mmol), and n is the en-
ergy in wavenumbers in inverse centimeters. For all the blends of PF1/1/1/6 and M, G1 and G2,
respectively, we calculate Forster radii of R,=29 A (with J, =5.0"10"* cm®mmol* and
Joreo = 4.9 10" cmPmmol™?). This value should be compared to the minimum distance between
the conjugated PF1/1/1/6 main chain and the core of the dendrimer. In section 5.1.2 we showed
that the comparable but slightly less bulky PF2/6 adopts a helical structure with the main chains
surrounded by the side-chains and that the diameter of such a helix is in the range of 16 A.%
Assuming that the shape of the dendrimers G1 and G2 is coffer-like with a box diameter of
about 30 A for G1 and more than 44 A for G2,?2° the minimal possible center-to-center distance
R between the transition dipole moments of donor and acceptor can be estimated to approxi-
mately 22 to 24 A for G1 and 30 to 34 A for G2. The finding that only for G1 (and certainly
for the smaller M, too), but not for G2 these values lie well below R, explains the good energy
transfer for doping with M and G1 and the less pronounced transfer for G2.

A more quantitative description can be based on the assumption that the ratio V, of fluores-

cent intensity from the dendrimer G, and from the polyfluorene is proportional to the Forster

energy transfer rate k,, which is given by**®

_9(n10Kk’F,J 1 _ R} (7.3)
= 128p°N,'n* tR® tR®

Here, t is donor fluorescent lifetime in the absence of the acceptor, R, is the Forster radius,
and R; is the donor-acceptor center-to-center distance for the respective dendrimer ( = 1 for
G1, i= 2 for G2). If energy is indeed exchanged via FOrster energy transfer, the ratio
V =V,/V, should equal the ratio k =k, / k., From the PL intensities shown in Figure 7.10 we
calculate V. = 0.6/ 0.08 = 7.5. For comparison, we calculate k » 7 + 4 using the values of R,
and the mean values of R, obtained above (the large variation results from sixth power of the
radii). This rather good agreement supports our interpretation, that the excitons generated on
the PF1/1/1/6 chains are indeed transferred to the perylene dye via Forster energy transfer. It
should be noted that our estimate completely neglects the migration of the exciton within the
host as discussed recently for m-LPPP doped with a fluorescent polymer at low concentrations
(below 5 wt.%).” Also, the effective volume concentration of the fluorescent perylene core was
approximately three times smaller for G2 compared to G1 (Table 7.2). On the other hand, the
comparison of results for the same mass ratio (in this case 3 wt.%) ensures that the volume

fraction occupied by the matrix and the dopant is the same (provided that the mass densities of
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G1 and G2 are comparable). Therefore, the total interfacial area as well as the average distance

excitons have to travel in the host before they are transferred to the guest are comparable.

7.2.3.2 Charge-Transport Properties of the Layers

In order to study the effect of doping on the charge-transport properties of the blended ac-
tive layers, hole-only devices with 50 nm hole-injecting gold top electrodes were fabricated.
Even though the position of the HOMO-level of PF1/1/1/6 with respect to the work function of
ITO/PEDOT or Au suggests, that the current through such a sandwich structure is injection-
limited, investigations of these hole-only devices reveal a pronounced effect of the dopants on
the current-voltage (I-V) characteristics (Figure 7.12, open symbols). For voltages lower than
10 V, the current of the devices with the non-dendronized M as dopant is almost one order of
magnitude lower than for pure PF1/1/1/6. This indicates that neither the injection of holes from
the PEDOT-PSS hole injection layer nor their transport through the emission layer are facili-
tated by the dopants. The obvious decrease in the hole current reveals that the non-dendronized
M behaves as a shallow hole trap instead. Note that the oxidation potential of M as determined
from cyclic voltammetry (CV) in solution is only 0.1 V lower that that of PF1/1/1/6 E°,, (M)
=1.0V, E°, (PF1/1/1/6) = 1.1 V vs. Ag/AgCI). Due to aggregation, the oxidation potential for
M in films is, however, expected to be even smaller. Layers doped with G1 and G2 show higher
currents than pure PF1/1/1/6 for smaller bias, but larger currents for voltages above ca. 11 V.
This effects in not yet understood, but one might suppose that the addition of the dopant to the
PF1/1/1/6 alters e.g. the morphology of the layer or the PF1/1/1/6 chain orientation at the inter-

faces, thus affecting injection of holes or their transport in the blended layer.
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Figure 7.12. Current-voltage characteristics of hole-only devices (open symbols) and the corresponding bipolar LED
devices (filled symbols). At each case, blends of PF1/1/1/6 with 3 wt.% of M (circles), of G1 (triangles) and of G2
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(squares), respectively, are compared with pure PF1/1/1/6 devices (no symbols). Due to fluctuations in the low volt-
age region, the results are plotted only for voltages higher than 3.5 V for which the values were reproducible.

In comparison to the hole-only devices a significant rise in the current under forward bias
is observed when electrons are injected from a LiF/Ca top electrode (Figure 7.12, closed sym-
bols). This gives evidence that electrons are the majority carriers in PF1/1/1/6, as it is believed

to be the case in other polyfluorenes (see also section 6.2.1.1).5%43

At low bias, the current through the bipolar devices drops upon doping, similar to the hole-
only devices. Comparison of the CV data for PF1/1/1/6 and for M, G1 and G2 shows that all of
them behave as active electron traps, since the reduction peak potentials E°,., of the dopants
(E°, (M)=-0.8V, E°, (G1,G2) =-1.0V are considerably less negative compared to
E° ., (PF1/1/1/6) =-1.9 V vs. Ag/AgCl). For higher voltages, the current of all the blend devices
approaches the values for those with pure PF1/1/1/6, but for the model compound this occurs
only at remarkably higher voltages than in the case of the dendrimers G1 and G2. The |-V
curves recorded for the higher doping concentrations of 10 wt.% (not depicted in Figure 7.12)
show that the drop in the current is even more pronounced than it is for 3 wt.%, especially in
the region of low voltages. Note, that for both the hole-only and the bipolar devices, the cur-
rent does not noticeably depend on the generation, i.e. is not significantly influenced by the size
of the dendritic scaffold. This indicates that the predominant fraction of charges are travelling
within the PF1/1/1/6 matrix and only few are captured on the dendrimer cores at larger applied
fields.

7.2.3.3 Electroluminescence — Intensity

Figure 7.13 shows the intensity—current characteristics of the LEDs with pure and doped
PF1/1/1/6 emission layers. The intensity of the light emitted at a given current level from de-
vices with M doped PF1/1/1/6 layer is at least an order of magnitude lower than the one emit-
ted from the devices with pure PF1/1/1/6. This can be explained with charge carriers trapped at,
most probably, aggregate sites of M, which serve as centers for recombination, since radiative
recombination from aggregates is presumed to be rather inefficient.}*"%%1%8 |ncreasing the
dopant concentration from 3 to 10 wt.% leads to a further decrease by one order of magnitude
in light intensity when M is used as a dopant (Figure 7.13), thus again suggesting the nature of
the quenching sites to be aggregated perylene molecules. The light intensity at the same current
level is noticeably higher for the devices with emission layer doped with dendrimer G1 and the
emission onsets decreases to 4 V (Figure 7.14). Finally, with G2 as a dopant, the emission onset

and intensity values are similar to the ones obtained for the pure PF1/1/1/6 devices. The de-
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crease of the emitted light intensity with increasing dopant concentration is much less pro-
nounced for the dendrimer G1, and for G2 the intensity changes only slightly when the con-

centration is raised.
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Figure 7.13. Emission intensity as a function of current for blends of PF1/1/1/6 and 3 wt.% (open symbols) and 10
wt.% (closed symbols) of M (circles), of G1 (triangles) and of G2 (squares), respectively. For comparison, the curve
of the pure PF1/1/1/6 (no symbols) is also shown.
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Figure 7.14. Intensity—voltage characteristics for PF1/1/1/6 (no symbols) and PF1/1/1/6 blended with 3 wt.% (open
symbols) and 10 wt.% (closed symbols) of M (circles), of G1 (triangles) and of G2 (squares), respectively.
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7.2.3.4 Emission Characteristics in Electroluminescence

Figure 7.15 shows that the EL spectrum of non-dendronized M in PF1/1/1/6 is dominated
by the red emission from the dye at 612 nm with a very weak contribution by the PF1/1/1/6 in-
herent peak at 421 nm. Predominant emission from the chromophore is still registered for the
dendrimer G1 showing a maximum at 600 nm and a smaller peak in the blue. The influence of
doping on the spectral characteristics is, however, strongly reduced when doping with G2. In
this case, the relative intensity of the red emission is only one third of that of the PF1/1/1/6

emission at 421 nm (at ca. 20 cd/m?).
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Figure 7.15. Electroluminescence spectra (normalized to the peak at 424 nm) for blends of PF1/1/1/6 and 3 wt.% of
M (circles), of G1 (triangles) and of G2 (squares), respectively. For comparison, the spectrum of the pure PF1/1/1/6
(no symbols) is also shown. Due to the sensitivity of the photomultiplier, the spectra were recorded at luminance of
about 20 cd/m?. At higher values the emission characteristics changes (see Figure 7.16).

Comparing the electroluminescence spectra with the respective photoluminescence spectra
shown in Figure 7.10 reveals that the emission from the dye is generally much more pro-
nounced in EL than it is in PL, indicating that a significant fraction of excitons is generated di-
rectly on the perylene dye rather than in the PF1/1/1/6 matrix. This can be explained by the
trapping of electrons on the dye. As discussed above, the chromophore sites are energetically
more favorable for electrons than the PF1/1/1/6 sites. The resulting trapping of electrons — en-
abled by the suitable energy levels of the dopants — increases the probability for hole capture
and subsequent recombination taking place on a chromophore. Consequently, in EL the red
emission is much more pronounced than in PL, where excitons are predominately generated on

the polyfluorene host and only partially transferred to the dendrimer core via energy transfer.



146 7 Doping of Charge-Trapping Dyes into Polyfluorene

As documented above, the energy transfer in PL is strongly dependent on both the presence
of a dendritic scaffold and on its size, since the polyphenylene dendrons increase the distance
between donor and acceptor molecules. In the case of the scaffold being too large, recombina-
tion barely takes place at the guest molecules and the emission predominantly comes from the
PF1/1/1/6 sites. Similarly, in electroluminescence the contribution of the red emission becomes
smaller with increasing size of the scaffold, since the ability for trapping is largely decreased for
the dendrimers compared to M. In accordance with this interpretation, the observed decrease
of the red emission contribution when increasing the width of the scaffold is far more pro-
nounced in EL than in PL. In the former case, tunneling of the charges through the scaffold is
the rate-limiting step, which decreases exponentially with the width of the isolating scaffold ac-

cording to quantum mechanics tunneling theories.

7.2.3.5 Color and Efficiency

Figure 7.16 shows the dependency of the emissive color on the applied voltage for
PF1/1/1/6 blended with 3 and 10 wt.% of M, G1 and G2, respectively. It is shown that for all
the samples the color coordinates change with higher voltages to lower values, i.e. into the blu-
ish region. For the blend of PF1/1/1/6 and M, this color change is, however, quite small. For
the lower dopant content, the difference in the CIE-coordinates (X, Y) between the color at 6 V
and 11 V is (0.08, 0.04) only, and for 10 wt.% there is almost no color change. For doping
with G1, this difference is (0.13, 0.09) for both concentrations, whereas it is (0.15, 0.13) when
using G2 as the dopant.
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Figure 7.16. Upper graph: Voltage dependent color change of blends of PF1/1/1/6 and 3 wt.% (open symbols) and
10 wt.% (closed symbols) of M (circles), of G1 (triangles) and of G2 (squares), respectively, plotted in CIE-
coordinates. The value of pure PF1/1/1/6 is also shown (star). Lower graph: For illustration, the values are drawn
into the complete CIE-chromaticity diagram.??® Also shown are the calculated color coordinates of the emission in
photoluminescence as single points with the same nomenclature as in the legend of the upper graph.



148 7 Doping of Charge-Trapping Dyes into Polyfluorene

Interestingly, the color coordinates of electroluminescence and photoluminescence (the
latter are shown in Table 7.3) for the blend of PF1/1/1/6 and M are very different, even at the
largest driving voltage (the most bluish emission) (Figure 7.16, lower graph). This effect is still
evident for G1, while for G2 the emission in EL at 11 V and in PL are almost identical. This is
fully consistent with the statements made in the section above, according to which the similarity
between EL and PL should increase with decreasing ability of the dopants to trap charges. The
pronounced blue shift with higher degree of dendronization and larger driving voltages further
indicates that charge trapping on the chromophore is kinetically hindered, as for higher current
(higher charge carrier concentration) and for higher voltage (shorter transit time of the charge

carriers) the emission from the dye becomes less significant.

Table 7.3. CIE color coordinates (X, Y) of blends of PF1/1/1/6 and M, G1 or G2, respectively, calculated from the PL
spectra shown in Figure 7.10.

Dopant material 3 wt.% conc. 10 wt.% conc.

M (0.35, 0.16) (0.33, 0.14)
Gl (031, 0.16) (0.28, 0.13)
G2 (0.18, 0.07) (0.18, 0.07)

Concluding the results of the investigations of the spectral characteristics in PL and EL, im-
proving the brightness and efficiency in the series M, G1 and G2, i.e. introducing and increas-
ing a dendritic shell, implies at the same time a reduction of the red chromophore contribution
to the emission. Therefore, a compromise has to be found between the improvement of device
performance and a maintenance of red emission. When non-dendronized perylene M (3 wt.%)
is used, the emission onset voltage is 6 V, and the luminance reaches 300 cd/m?at 11 V with a
luminous efficiency of 0.05 cd/A and CIE-color coordinates (X, Y) = (0.56, 0.31). Blending
PF1/1/1/6 with 3wt.% G1 increases both the maximum luminance and the efficiency. The
maximum brightness is 700 cd/m? at 11 V and 0.1 cd/A, respectively, but the EL spectrum at
this voltage shows a strong blue emission contribution attributed to recombination on PF1/1/1/6
chains. Nevertheless, orange-red emission with a luminance of 100 cd/m? is achieved at a volt-
age of 6.5 V with the dominant emission by the guest (color coordinates: 0.49, 0.30). Obvi-
ously, an ideal compromise is realized in G1 with a complete prevention of aggregation and a
sufficiently large charge transfer from the PF1/1/1/6 host to the perylene core. Using the second
generation dendrimer G2, the brightness further increases to more than 1400 cd/m? at 11V
with an efficiency of 0.2 cd/A (for 10 wt.% G2), but the color is in the bluish region even at the

lowest bias tested and for a dopant concentration of 10 wt.%. At 100 cd/m? the color coordi-
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nates are (0.230, 0.140) for 3 wt.% G2 and (0.236, 0.145) for 10wt.% and the emission color

is white-bluish.

7.2.3.6 Closing Remarks

In conclusion, the emission properties of perylene dendrimers doped at small concentra-
tions into a polyfluorene host are shown to be significantly affected by the thickness of the den-
dritic scaffold. In photoluminescence, the energy transfer of excitons from the PF1/1/1/6 host to
the perylene core can be satisfactorily explained by Foérster transfer through the isolating scaf-
fold. In electroluminescence, the red emission contribution from the perylene dye is, however,
significantly stronger than in photoluminescence, and it increases for smaller driving currents.
These results give strong evidence that the excitons in EL are generated directly on the perylene
dye via charge carrier trapping and that the transfer of excitons generated on the PF1/1/1/6 host
only gives a minor contribution to the perylene emission. This is in clear contrast to frequently
given interpretations of electroluminescence and electrophosphorescence spectra of dye-doped
polymer emission layers, which completely neglected direct exciton generation on the
dopant.’®12242% |n fact, only few papers have pointed out the importance of charge carrier
trapping by the dopant for controlling color and efficiency of doped emission layers in EL.*>%®
In this respect, dendrimers in which the active chromophore is surrounded by an isolating shell
represents an ideal model system for studying energy and charge carrier transfer processes. This
is particularly evident in the extent of color shift as a function of driving voltage for different
thickness of the scaffold. The shift is most pronounced for blends with the second generation
dendrimer but almost absent in case of the model compound, for which charge carrier transfer

from the host to the dye is not kinetically hindered.



38 Summary

The work described in this thesis concerns the steps on the way to the realization of blue
polarized electroluminescence from aligned films in polymer light-emitting diodes. Polarized
light-sources on the basis of highly ordered polymers have notable potential as backlight in lig-
uid crystal displays. In this regard, the alignment of liquid crystalline polyfluorene, a blue-
emitter known for outstanding performance, was tailored with regards to an application in
LEDs. Therefore, alignment layers based on rubbed polyimide were modified for hole-
conduction. Additionally, attention was directed towards the characterization of both highly
aligned polyfluorene films and of hole-transporting alignment layers. Finally, results of tuning
the emission color from blue to green and red by the doping of polyfluorene with fluorescent

dyes are presented, combined with studies on the mechanisms leading to these color changes.

Chapter 2 provides insight into the theory relevant to this thesis. The first part gives an in-
troduction into the fundamental principles of electroluminescence from conjugated polymers.
Polarized electroluminescence requires a high degree of anisotropy in the emissive layer, there-
fore, the most common techniques for alignment of polymers are discussed, focusing on the

orientation of liquid crystalline polymers by means of additional alignment layers.

A brief introduction of the materials and experimental methods used in this study is given
in Chapter 3. Two blue emitting polymers, which are favorable for the employment as active
layers in LEDs are compared, namely polyfluorene as the central emitter in this work as well as
poly(phenyleneethynylene) (PPE). The essential chemical and physical properties of
poly(dialkylfluorene)s in general are described, complemented by specific characteristics of
polyfluorene endcapped with low-molecular weight hole-transporting moieties. Following a
short description of the materials used for alignment and for doping, respectively, details about
the preparation of isotropic and of polarized light-emitting diodes are presented. Finally, the

techniques for the investigation of optical, electrical, and structural properties are introduced.

In Chapter 4 different alignment techniques are applied to polyfluorene and to PPE, -
spectively, and considered with regards to the attained degrees of orientation. In the case of
polyfluorene, alignment in liquid-crystalline state by means of additional alignment layers based
on rubbed polyimide was shown to be the only appropriate technique to induce orientation of
this polymer. It was established that the non-conducting polyimide can be modified for hole
conduction by the addition of suitable hole-transporting moieties at moderate concentrations,
without significantly affecting the alignment ability known from pristine polyimide. This -
abled the incorporation of such modified alignment layers into light-emitting devices. Besides,

the side-chain patterns were found to severely influence the alignment behavior of polyfluo-
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rene. The highest degree of order was observed for polyfluorene with branched ethylhexyl side-
chains (PF2/6). This was explained by the assumption that branching of side-chains increases
the persistance ratio of the polyfluorene, which increases the attainable order parameter of a
liquid crystalline polymer. The degrees of alignment were observed to decrease with increasing
side-chain length. According to investigations of the absorption characteristics, this was attrib-
uted to a planar, board-like backbone conformation, which goes along with stronger interchain
interactions, unfavorable for alignment. In contrast to polyfluorene, PPE was incapable of
aligning in the liquid crystalline state. DSC investigations revealed high similarity of the liquid
crystalline and crystalline states, the latter of which is characterized by extremely high stiffness
and planar backbone conformation. However, PPE was successfully aligned in the crystalline
state by means of direct rubbing. The stiffness of the molecules enabled the transformation of
the applied rubbing force to the rigid backbone and resulted in well-aligned samples. By this

technique, polarized LEDs with PPE as the emissive layer were realized.

Both polyfluorene and the required hole-transporting alignment layers are investigated in
Chapter 5 by means of optical and electron microscopy, electron- and X-ray diffraction, yield-
ing detailed information about the morphology, structure, and other essential properties. In the
first part, the decrease of alignment ability with increasing molecular weight, which was d-
served for polyfluorene in general, was clarified by means of electron diffraction experiments.
As maintained by TEM studies, the morphology of highly aligned PF2/6 films was shown to be
characterized by highly ordered lamellae, which are disturbed by disordered regions. Within the
ordered lamellae the wormlike molecules segregate with respect to their chain lengths, and in
the disordered regions preferentially the end groups of the chains are assembled. The structure
investigations revealed that the individual polymer chains of PF2/6 have a cylindrical rather
than planar shape with hexagonal packing, in conjunction with a backbone conformation of
almost linear structure of a 5/2-helix. The wormlike backbone is surrounded by a cylindrical
shell of disordered side-chains, which act similarly to solvent between the chains. The conse-
quential low viscosity gives an explanation to the enhanced alignment behavior of PF2/6 in

comparison to PF8 or PPE.

The second part of Chapter 5 gives details on the investigations of alignment layers. The ef-
fect of doping polyimide with HTMs on mechanical, charge injection and -transport properties
was studied. Both, polymeric and low-molecular weight hole-transporting compounds were in-
vestigated concerning the obtainable degrees of alignment and performance in electrolumines-
cence, but only the latter were found to be satisfying in both respects. The best results were
obtained for LEDs where the emissive layer was spincoated on top of a bilayer structure con-
sisting of a hole-injection layer of pure low-molecular HTM covered by a rubbed hole-

transporting alignment layer of polyimide doped with such an HTM. Variations of the dopant
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concentrations in the polyimide revealed that the luminance increased while the polarization
ratio decreased with augmenting filler contents. According to SEM and AFM investigations of
the influence of the dopant concentration on the morphology of the hole-transporting align-
ment layers, this observation was attributed to growing phase-separation and layer damage for
filler contents higher than 20 wt.%.

Chapter 6 reports on the electroluminescence from devices using polyfluorene as the emis-
sive layer. After optimization of the respective layers in blue-emitting isotropic LEDs, the reali-
zation of highly anisotropic electroluminescence from aligned PF2/6 was accomplished. Blue
emission peaking at 450 nm with a polarization ratio of 21 was obtained from devices showing
a luminance of 100 cd/m? at an operating voltage of 18 V. Furthermore, it was demonstrated
that the performance of both isotropic and polarized LEDs was drastically enhanced by chemi-
cal modification of the polyfluorene, accomplished by endcapping of the main chains with hole-
transporting moieties. The green emission contribution, which was observed for all devices with
non-endcapped PF2/6 and attributed to interchain interactions, was effectively suppressed in
the case of endcapping, and very good color stability was obtained. The efficiency of the devices
was enhanced by more than an order of magnitude when PF2/6 was replaced by its endcapped
counterpart. Both phenomena are explained by the finding that the end groups act as active
charge-traps, causing the generation of excitons and the recombination to occur predominantly
close to the chain ends rather than at less efficient aggregates or excimer forming sites, as do-
served for non-endcapped PF2/6. Moreover, the endcapping did not disturb the LC properties
and alignment ability of the polyfluorene, and highly anisotropic LEDs with polarization ratios
of 21 reaching a luminance of 200 cd/m? at an operating voltage of 19 V were realized. Devices
showing a polarization ratio of 15 achieved a luminance of up to 800 cd/m?. The efficiency of
0.25 cd/A of these devices at comparable polarization ratios and brightness levels was enhanced

more than 2-fold compared to the values thus far reported.

Color tuning, accomplished by doping polyfluorene with lower bandgap materials, is de-
scribed in Chapter 7. It was demonstrated that the addition of a green emitting thiophene dye
resulted in significant changes in the emission spectrum and allowed for the realization of green
emission. Similar to the non-emissive HTMs used for endcapping, the dye, too, was shown to
act as active charge-trap, resulting in drastically enhanced device efficiencies. Moreover, polar-
ized electroluminescence with peak polarization ratios of up to 30 and luminance of 600 cd/m?

at an efficiency of 0.30 cd/A was realized.

To achieve red electroluminescence, dendronized perylene dyes, both as pure layers and as
dopant for polyfluorene, were investigated in LEDs. Two generations of polyphenylene den-
drimers with a perylene diimide core were compared with a non-dendronized model com-

pound. Single layer devices with the first and second generation dendrimers as active layers
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emitted pure red light (CIE color coordinates: 0.627, 0.372) with a luminance of up to 120
cd/m? at 11 V, but the efficiency was only 0.03 cd/A. To study the respective contributions of
energy transfer and charge carrier trapping to the dopant emission, these materials were
blended into polyfluorene, and the effect of dendronization on the emission color and electro-
luminescence intensity was studied. In photoluminescence, higher degrees of dendronization led
to a reduction of the Forster transfer rate from the polyfluorene host to the perylene, resulting
in a larger contribution of the host blue emission in the PL spectra. In electroluminescence, the
dopants appeared to act as active traps for electrons, resulting in predominant recombination
on the dye. Therefore, the contribution of red emission in electroluminescence was remarkably
stronger than in photoluminescence where energy is exchanged exclusively via Forster transfer.
A pronounced color change from red to blue with higher degree of dendronization and larger
driving voltages was explained by the kinetic hindrance of electron transfer from the polyfluo-
rene host to the dendrimer core. A perfect compromise between red color and bright emission
was obtained for a blend of polyfluorene and the first generation dendrimer yielding 100 cd/m?

at 6.5 V with the emission maximum at 600 nm.



A Appendix

A.1 Luminous Intensity and Luminance of
OLEDs

When measuring light, one has to distinguish between radiometric and photometric quan-
tities. Radiometric measurements do not consider the wavelength of the radiation. They are de-
rived from the base unit of all light measurement, the radiant flux which measures the power of
the radiation and describes the rate of energy flow in joules per second (watt). On the contrary,
the photometry provides the respective psychophysical analog of any radiometric quantity by
relating it to the selective spectral responsivity of the human eye. In general, this is done by the

relative luminous efficiency functions,?*

f(l ), introduced by the '‘Commission Internationale de
L'Eclairage’ (CIE).*" They give the ratio of the energy of a spectral light of the wavelength | ,,,
to which the eye is most sensitive, to the energy of a spectral light of wavelength | , at which the

two lights generate equivalent luminous sensations:

f(l) :% (A1)

The relative luminous efficiency function for bright light conditions (cones active) is the
photopic curve f(I ) which peaks in the yellow-green at | .., =555 nm, whereas for dark light
conditions (rods active) the scotopic curve with a peak at 507 nm is used (Figure A.1). Conven-

tion dictates that unless otherwise stated, all photometric units are photopic quantities.
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Figure A.1. The relative luminous efficiency function for bright light conditions (photopic curve; thick line) and for
dark light conditions (scotopic curve; thin line) introduced by the CIE.?*
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The photometric counterpart to the radiant flux and the base unit of the photometric
quantities is the luminous flux F, which is derived from weighting the radiant power with the
photopic luminous function f(I). It is expressed in lumens (Im), and per definition, 1
Im = 1/683 W at 555 nm.

The luminous intensity | is the luminous flux emitted from a point per unit solid angel in a
particular direction. The SI unit of the luminous intensity is Candela (cd) and was defined in
1996 by the 'Conférence Genérale des Poids et Mesures' as the luminous intensity in a given di-
rection of a source that emits monochromatic radiation of frequency 540" 10'? hertz and that
has a radiant intensity in that direction of 1/683 Watt per steradian. Hence, a 1 candela light-
source emits isotropically 1 lumen per steradian (Im/sr) in all directions and, since a steradian
has a projected area of 1 m? at a distance of 1 meter, produces the illuminance E of 1 lumen per

m? (1 lux) at a distance of 1 meter.

1 cd =1 Im/sr = 1/683 Wsr* at 555 nm. (A.2)

The physical measure of the photometric brightness of an LED is the luminance L. This is
the luminous intensity per unit of projected area of any surface as measured from a given direc-
tion. The luminance is the amount of visible light leaving a point on a surface in a given direc-
tion. This surface can be a physical surface or an imaginary plane, and the light leaving the sur-
face can be due to reflection, transmission, and/or emission. The standard unit of the luminance
L is candela per square meter (cd/m?), and thus:

1 cd/m? = 1 Im/(m?>sr). (A.3)

For the calculation of the luminous efficiency of an electrically driven light source, the

power efficiency (Equation 2.7) is multiplied by the eye sensitivity curve f(l ):
hIum =h pow xf (I ) me (A4)

with K., = 683 Im/W for photopic vision and K, = 1699 Im/W for scotopic vision.*

A measure of the luminance efficiency h,,,, of light-emitting devices is the ratio of the db-

tained luminance L to the current density j in the device:
By = = (A.5)

the unit of the luminous efficiency is candela per ampere (cd/A).

For convenience, all radiometric and photometric concepts and units are summarized in

Table A.1.
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Table A.1. Radiometric and the respective photometric concepts and units. K, in the equation of the luminous flux is
K., = 683 Im/W for photopic vision and K, = 1699 Im/W for scotopic vision.

Term Symbol Defining Equation Remarks SI Unit
: _dQ Total quantity of light _
Radiant Flux Fr Fo= dt emitted from a source. W=1/s
oF Total quantity of light
. . _aF, emitted by a point
Radiant Intensity I I an source, in a given solid W/sr
f angle.
(<)
IS
o
§ de Density of light incident
Irradiance E: E =— on asurface or in a given W/m?2
dA plane.
d Amount of light emitted
; — r or reflected from an
Radian L L= dAcogy extended source in a W/ (mzsi)
given direction.
. Total quantity of light
Luminous Flux F F =Kn¢F,(1)xf(1)dl emitted from a source. lumen [Im]
o Total quantity of light
i i | =9 emitted _by apoint candela [cd]
Luminous Intensity ' dw source, inagivensolid  (lumens/sr)
= angle.
(<5
S
e
2 dE Density of light incident
e Illuminance E E=— on asurface or in a given  lumens/mz [lux]
dA |
plane.
d Amount of light emitted
: L= or reflected from an cd/me
Luminance L dAcogy extended source in a (lumens/mzsr)
given direction.




A.2 Chromaticity

Human night-time vision depends on sensitive rod photoreceptors, whereas human day-
time color vision depends on the three types of cone photoreceptors. Each type of the cone has
its maximum sensitivity at a different position of the visible spectrum; one type is long-, another
middle- and the last one is short-wavelength sensitive. Therefore, they are commonly referred
to as red (R), green (G) and blue (B). Any spectral light that is observed can be matched to a
mixture of these three fixed-color primary lights. The three functions relating the matching in-
tensities of the three primary lights to the respective wavelength of the spectral light are termed
as the color matching functions r(l ), g(I ) and b(l ) (CMFs). These functions apply to real red,
green and blue matching lights, but in some cases they can be negative (in case this primary light
has to be removed from the mixture and added to the monochromatic light to realize the
match). To overcome this problem, they are commonly linearly transformed to imaginary
matching lights, such as the XYZ-primaries defined by the CIE (Figure A.2). They can be used to
match — with only positive weights — all visible colors. The Y(I) primary light is intentionally
defined to have a color-matching function that exactly matches the photopic luminous effi-

ciency function f(l ) (section A.1).%%
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Figure A.2. The XYZ color matching functions defined by the CIE in 1931, modified by Judd and Vos in 1978.2*

The chromaticity coordinates X, y, z are derived from the relative magnitude of the tris-
timulus values X, Y, Z and describe the essential color attributes. They are calculated as follows:
N S ye Y . oz (A6)

X+Y+Z X+Y+Z X+Y+Z

and hence:
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X+y+z=1. (A.7)

It is sufficient to give the x and y chromaticity coordinates since the remaining one can be
calculated from these two variables. Commonly, they are plotted in the two-dimensional chro-
maticity diagram (Figure A.3). The horseshoe curve represents all pure colors, i.e. colors with
only one wavelength in their spectral distribution (sine wave at the appropriate frequency). As
all visible colors are made from combinations of these pure colors, they must be inside the area
delimited by the curve. If two colors are given, any color connecting these two points can be
obtained by mixing these colors, and in the case of three colors (e.g. E, F, G in Figure A.3), all
colors in the triangular volume can be represented. White light (a blackbody radiating at 6447
Kelvin) corresponds to the point C with coordinates (x =y = 1/3). For a point E, the dominant
wavelength is obtained by the intersection of the line through E and C with the horseshoe

curve.

_hromaticity Diagram

Figure A.3. Chromaticity diagram®? defined by the CIE in 1931.



A.3 Properties of Polyfluorenes with
Different Side-Chain Patterns

Table A.2. Essential properties and chemical structures of polyfluorenes with different side-chain patterns. The frac-
tions of PF2/6 were obtained from the batch of plain PF2/6, which is marked with a star. The full names of the
polymers are given in the Appendix of abbreviations.

M, [g/mol]  M,,[g/mol] PD  |Tw.[°C] D Chemical structure
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E © 253000 308 000 1.22 174 1
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PE2/6 127 000 210 000 1.65 169 13
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o
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o
PF8 150 000 300 000 20 174 9 I;%x
PF2/6am2 103000 146 000 141 165 >20
PF2/6am4 48000 75000 1.55 157 >20 53
¢ 2 Q
[a
g PF2/6am9 12 000 31000 257 135 >20
g
©
]
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PF3/5am6 30000 54 000 1.84 192 13 g{)j%%t@g
o | PR8/L/1C2/6| 173000 288 000 1.66 149 13
IS o5 o1
=
2
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Zusammenfassung

Ziel im Rahmen der vorliegenden Dissertation war die Realisierung der polarisierten E-
lektrolumineszenz blau emittierender flussigkristalliner Polyfluorene. Polymere Leuchtdioden,
die aufgrund hoher Orientierung der Molekile in der aktiven Schicht polarisiert emittieren,
sind fur eine Anwendung beispielsweise als Hintergrundbeleuchtung in Flussigkristallanzeigen
(LCDs) von Interesse. Es wurde gezeigt, dass sich mit der Ausrichtung von Polyfluoren auf Ori-
entierungsschichten auf der Basis von geriebenem Polyimid hohe Ordnungsgrade erzielen las-
sen. Die Dotierung mit lochleitenden Materialien erlaubte erstmals den Einbau solcher Orien-
tierungsschichten in  Leuchtdioden und ermdglichte die Realisierung polarisierter
Elektrolumineszenz. Die Morphologie und Struktur sowohl der hoch orientierten Polyfluoren-
filme als auch lochleitender Orientierungsschichten wurden eingehend untersucht. Die E-
lektrolumineszenz-Eigenschaften von isotropen sowie polarisierten Leuchtdioden wurden aus-
fahrlich analysiert und anschlieBend durch chemische Modifizierung des Polyfluorens
entscheidend verbessert. Zusétzlich wurde Polyfluoren mit fluoreszierenden Farbstoffen dotiert,
um ausgehend von blauem Licht griine und rote Emission zu erhalten. Hierbei wurde unter-
sucht, in welchem Mal} Forster-Energietransfer sowie Ladungstrégereinfang fir die Emission
der eingemischten Farbstoffe verantwortlich sind.

Eine Einflhrung in die Grundlagen der Elektrolumineszenz konjugierter Polymere findet
sich in Kapitel 2 dieser Arbeit. Da polarisierte Elektrolumineszenz ein hohes Mal3 an Anistotro-
pie der emittierenden Schicht erfordert, werden anschlieRend verschiedene Methoden zur Aus-
richtung von Polymeren besprochen, wobei besondere Betonung auf der Orientierung flssig-

kristalliner Polymere liegt.

Kapitel 3 behandelt die signifikanten Eigenschaften der Polymere sowie die experimentel-
len Methoden, die im Rahmen dieser Arbeit verwendet wurden. Neben Polyfluoren wird ein
weiteres blau emittierendes Polymer, Polyphenylenethynylen (PPE), eingefuhrt. Bei der Cha-
rakterisierung der Polyfluorene wird im Anschluss an die Beschreibung der reinen Polymere
insbesondere der positive Einfluss des Anbringens von lochleitende Endgruppen an die Haupt-
kettenenden auf wesentliche Eigenschaften bezuglich der Elektrolumineszenz aufgezeigt. Au-
Berdem werden die wesentlichen Merkmale von Polyimid, welches die Matrix der Orientie-
rungsschicht bildet, sowie von verschiedenen Polymeren, die der Lochleitung und der
Lochinjektion dienen, besprochen. Die Beschreibung der Methoden zur Praparation isotroper
und polarisierter Leuchtdioden sowie zur Untersuchung der optischen, elektrischen und mor-

phologischen Eigenschaften der Polymerfilme bilden den Abschluss dieses Abschnitts.
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Im vierten Kapitel dieser Arbeit werden unterschiedliche Verfahren zur Ausrichtung der
Polymermolekule auf Polyfluoren sowie auf PPE angewandt und hinsichtlich der erreichbaren
Ordnungsgrade verglichen und beurteilt. Im Falle von Polyfluoren wurde gezeigt, dass eine Ori-
entierung im flussigkristallinen Zustand mit Hilfe zusétzlicher Orientierungsschichten, welche
auf geriebenem Polyimid basieren, die einzige geeignete Methode zur Orientierung dieses Po-
lymers ist. Durch den Zusatz von niedrigmolekularen lochleitenden Materialien in geeigneter
Konzentration in die Polyimid-Matrix konnte das nicht-leitende Polyimid so modifiziert wer-
den, dass es sich in Leuchtdioden einbinden liefl3, ohne dass die Orientierungseigenschaften der
Schichten verloren gingen. Vergleiche unterschiedlicher Polyfluorene ergaben, dass die Lénge
und Struktur der Alkyl-Seitenketten das Orientierungsverhalten entscheiden beeinflussen. Hier-
bei wurde gezeigt, dass sich fur verzweigte Seitenketten deutlich héhere Orientierungsgrade er-
reichen lassen als fur solche mit linearen Seitenketten. Dies wurde mit dem vergrolRerten Ver-
haltnis aus Persistenzlange und Polymerdurchmesser erklart, was geméld der Theorie der
flussigkristallinen Polymere zu einer Zunahme des erreichbaren Ordnungsparameter fuhrt. Au-
Rerdem wiesen die Absorptionsspektren der Polyfluorene mit langen Seitenketten auf eine pla-
nare Konformation der Polymerrickgrate hin, welche aufgrund der starken Wechselwirkung
zwischen den einzelnen Ketten eine Orientierung im flussigkristallinen Zustand verhindert. Von
allen untersuchten Polyfluorenen lie3 sich Poly(di-ethylhexylfluoren) (PF2/6) am besten orien-

tieren.

Im Gegensatz zu Polyfluoren scheiterte der Versuch, PPE im fllssigkristallinen Zustand auf
Orientierungsschichten auszurichten. Kalorimetrische DSC-Untersuchungen machten deutlich,
dass sich die Struktur von PPE in flUssigkristalliner und kristalliner Phase nur unwesentlich von-
einander unterscheiden. In beiden Phasen deuteten Absorptionsuntersuchungen auf eine planare
Konformation der PPE-RUckgrate. Die Viskositéat des als sehr steif bekannten Polymers PPE ist
daher auch in flussigkristallinem Zustand zu hoch, um eine Umordnung der Molekle zu verur-
sachen, welche allein durch Wechselwirkung mit einer Orientierungsschicht hervorgerufen
wird. PPE konnte jedoch im kristallinen Zustand orientiert werden, indem anstatt einer zusétz-
lichen Orientierungsschicht der Polymerfilm selbst gerieben wurde. Die hohe Steifigkeit von
PPE erlaubte die Ubertragung der Kréfte, die durch das Reiben verursacht werden, auf das star-
re Polymerrickgrat und ermdglichte eine homogene Ausrichtung der Molekule. Mit Hilfe die-
ser Methode konnten Leuchtdioden mit PPE in der aktiven Schicht verwirklicht werden, die
polarisiert emittierten. Die bestmdglichen Methoden zur Ausrichtung der Molekile unterschie-
den sich demnach fur die beiden flissigkristallinen Polymere Polyfluoren und PPE, und fir bei-
de Polymere wurden Verfahren gefunden, die die Herstellung von polarisierten Leuchtdioden

ermdglichten.
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In Kapitel 5 dieser Arbeit werden die Morphologie, die Struktur sowie weitere wesentliche
Eigenschaften sowohl orientierter Polyfluorenfilme als auch der zur Ausrichtung bendtigten
lochleitenden Orientierungsschichten aus dotiertem Polyimid besprochen. Hierfir wurden die
Filme mit Hilfe von Licht- und Elektronenmikroskopie sowie von Elektronen- und Réntgen-
beugungsexperimenten untersucht. Im ersten Teil wird die beobachtete Abnahme der Orien-
tierbarkeit von Polyfluoren mit zunehmendem Molekulargewicht durch Elektronenbeugungs-
untersuchungen naher beschrieben. Ergebnisse aus Transmissions-Elektronenmikroskopie
Untersuchungen zeigten, dass sich die Morphologie orientierter PF2/6-Filme durch hochgeord-
nete Lamellen auszeichnet, welche in regelméRigen Abstdnden von ungeordneten Regionen un-
terbrochen werden. Innerhalb der orientierten Lamellen sortieren sich die Molekdle nach &hnli-
cher Kettenlédnge, wohingegen in den ungeordneten Gebieten vornehmlich die Endgruppen der
Ketten vorzufinden sind. Strukturuntersuchungen ergaben, dass die einzelnen Polymerketten
von PF2/6 zylindrisch sind und eine hexagonale Packung aufweisen, wobei die Polymerrick-
grate eine 5/2-Helixstruktur bilden. Das wurméhnliche Rickgrat ist dabei zylinderférmig von
einer Hulle aus ungeordneten Seitenketten umgeben, die &hnlich wie ein Ldsungsmittel zwi-
schen den einzelnen Ketten wirken. Die hieraus folgende geringe Viskositat des Polymers dient
als Erklarung fur die beobachtete bessere Orientierbarkeit von PF2/6 im Vergleich zu Polyfluo-

ren mit linearen Oktyl-Seitenketten oder zu PPE.

Im zweiten Teil des funften Kapitels werden Ergebnisse von Untersuchungen der lochlei-
tenden Orientierungsschichten vorgestellt. Der Einfluss der Zugabe von lochleitenden Materia-
lien zu Polyimid auf mechanische sowie auf elektrische Eigenschaften wurde untersucht. Bei
moderater Lochleiter-Konzentration war die mechanische Stabilitdt der Filme ausreichend, um
nach dem Reiben keine merklichen Unterschiede zu undotierten geriebene Filmen aufzuweisen.
Vergleiche entsprechender Filme hinsichtlich Ladungsinjektion und -transport zeigten, dass erst
durch die Dotierung eine Verwendung von Polyimid-Orientierungsschichten in Leuchtdioden
ermdglicht wird. Sowohl polymere als auch niedrig-molekulare lochleitende Materialien wur-
den hinsichtlich der erreichbaren Orientierungsgrade sowie der resultierenden Elektrolumines-
zenz-Eigenschaften verglichen, wobei nur letztere in beiden Belangen zugleich zu vorteilhaften
Ergebnissen fuhrten. Es wurde gezeigt, dass sich die besten Resultate mit polarisierten Leucht-
dioden erzielen lieRen, bei denen die emittierende Schicht auf eine Doppelschicht-Struktur auf-
gebracht war, die der Lochinjektion und der Orientierung dienten. Hierbei befand sich oberhalb
einer Lochinjektions-Schicht aus reinem Lochleitermaterial eine weitere lochleitende Orientie-
rungs-Schicht aus dotiertem Polyimid. Variation der Lochleiterkonzentrationen in Polyimid er-
gaben, dass die Helligkeit mit zunehmender Konzentration zunahm, wohingegen die erreichten
Polarisationsverhaltnisse gleichzeitig abnahmen. SEM- und AFM-Untersuchungen Uber den Ein-

fluss der Lochleiterkonzentration auf die Schichtmorphologie ergaben, dass diese Beobachtun-



Zusammenfassung 163

gen durch Phasenseparation und mechanische Beschadigung der Filme zu erklaren ist, welche

bei Konzentrationen oberhalb 20 Gewichtsprozent eintreten.

Im Kapitel 6 wird schlief3lich die Elektrolumineszenz von Leuchtdioden mit Polyfluoren als
emittierende Schicht diskutiert. Zuerst wurde in isotropen Leuchtdioden die glnstigste Dioden-
architektur ermittelt sowie die Optimierung der verwendeten Schichten vorgenommen. Die Er-
gebnisse wurden mit den Kenntnissen kombiniert, die im Rahmen der oben beschriebenen Un-
tersuchungen erworben wurden, um die Herstellung von Leuchtdioden mit hoch-polarisierter
Emission zu verwirklichen. Blaue Elektrolumineszenz mit einem Emissionsmaximum von
450 nm und einem Polarisationsverhéltnis von 21 wurden erzielt, wobei die Leuchtdichte bei
einer angelegten Spannung von 18 V etwa 100 cd/m? betrug, was der typischen Helligkeit eines
Computermonitors entspricht. Alle Elektrolumineszenz-Eigenschaften lieBen sich durch End-
funktionalisierung des Polyfluorens weiter deutlich verbessern, indem lochleitende Triarylamin-
Derivate an die Enden der Hauptketten angebracht wurden ('Endcapping’). Der unerwinschte
Beitrag zur Emission bei hoheren Wellenldngen, welcher im Falle des reinen Polyfluoren beo-
bachtet wurde und gemeinhin aggregierten Polymermolekilen zugeschrieben wird, wurde
durch das Konzept der Endfunktionalisierung wirksam unterdriickt. AuBerdem war die Farbsta-
bilitat wesentlich verbessert und die Effizienz der Leuchtdioden um mehr als eine GréRRenord-
nung hoher als bei der Verwendung des reinen Polyfluorens. Diese Beobachtungen wurden mit
den elektrochemischen Eigenschaften der Endgruppen erklért. Letztere wirken als anziehende
Fallen fur Ladungstréger, was dazu fuhrt, dass die Erzeugung von Exzitonen und die anschlie-
Rende Rekombination vorwiegend in der Nahe der Kettenenden stattfindet, anstatt wie im Falle
des reinen Polyfluorens an weniger effizienten Aggregaten oder Exzimer-erzeugenden Stellen.
Es wurde gezeigt, dass die Endfunktionalisierung weder das Verhalten des Polymers im flUssig-
kristallinen Zustand, noch dessen Orientierbarkeit beeintrachtigte. Die Verwendung des modifi-
zierten Polyfluorens erlaubte die Herstellung von polarisierten Leuchtdioden mit einem Polari-
sationsverhaltnis von 22 und einer Leuchtdichte von 200 cd/m? bei 19V, wobei die
Schwellspannung auf 7,5 V gesenkt wurde. Dioden mit einem Anisotropiefaktor von 15 &-
reichten Leuchtdichten von bis zu 800 cd/m?. Die Effizienz dieser Leuchtdioden war mit
0,25 cd/A bei ahnlichem Polarisationsverhaltnis und Leuchtdichte um mehr als doppelt so hoch

wie die bisher berichteten Werte.

Die Veranderung der eigentlich blauen Emissionsfarbe durch die Zugabe von Materialien
mit niedrigerer Bandllcke in eine Polyfluorenmatrix wird im Kapitel 7 beschrieben. Es wurde
gezeigt, dass der Zusatz bereits geringer Konzentrationen eines grin emittierenden Thiophen-
Farbstoffes das Emissionsspektrum des Polyfluorens entscheidend veranderte und die Realisie-
rung griner Emission ermaoglichte. Genau wie im Falle der nicht-emittierenden Lochleiter, die

fur die Endfunktionalisierung des Polyfluoren verwendet wurden, wirken auch die Thiophen-
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Farbstoffe als effektive Ladungstragerfallen, was neben der Farbverdnderung eine drastische
Verbesserung der Leuchtdiodeneffizienzen zur Folge hatte. Dartber hinaus konnte mit Hilfe des
dotierten Polyfluorens polarisierte grine Elektrolumineszenz verwirklicht werden, wobei die
Polarisationsverhaltnisse Werte von bis zu 30 erreichten, bei einer Leuchtdichte von 600 cd/m?

und einer Effizienz von 0,3 cd/A.

Im Hinblick auf rote Elektrolumineszenz wurden Leuchtdioden mit dendronisierten Pery-
lenfarbstoffen in der emittierenden Schicht untersucht, zum einen in reiner Form und zum an-
deren in Mischungen mit Polyfluoren. Hierflr wurden zwei Generationen von Dendrimeren,
bestehend aus zentralem Perylendiimid-Chromophor und Polyphenylen-Gerist, mit einer nicht-
dendronisierten Modellverbindung verglichen. Leuchtdioden mit reinen Filmen der ersten und
zweiten Dendrimergeneration emittierten rotes Licht mit CIE-Koordinaten (0,627/0,372) und
einer Leuchtdichte von bis zu 120 cd/m? bei 11 V, wobei die Effizienz allerdings nur 0,03 cd/A
betrug. Um die unterschiedlichen Mechanismen zu kléren, die zur Emission der Farbstoffmole-
kule fihren, wurden die Farbstoffe in Polyfluoren beigemischt, und der Einfluss der Dendroni-
sierung auf die Emissionsfarbe und die Intensitat der Elektrolumineszenz wurde untersucht. In
Photolumineszenz wurde mit zunehmender Dendronisierung eine Abnahme des Forster-
Energielbertrags vom Polyfluoren-Wirt zu dem Perylenfarbstoff-Gast verzeichnet, was zu einen
hoheren blauen Anteil im Emissionsspektrum fiihrte. Hingegen wurde gezeigt, dass in Elektro-
lumineszenz die Farbstoffe als Elektronenfallen wirken und die Rekombination der Ladungstra-
ger zu Exzitonen somit vorwiegend auf den Farbstoff- anstatt auf den Polyfluorenmolekiilen
statt findet. Aus diesem Grund war die Betonung der roten Emission in Elektrolumineszenz un-
gleich starker als in Photolumineszenz, bei der die rote Emission ausschlieRlich durch Energie-
Ubertrag via Forstertransfer zu Stande kommt. Die Verstarkung einer Farbverschiebung von rot
nach blau, die mit zunehmender Dendronisierung und ansteigender Betriebsspannung beo-
bachtet wurde, konnte qualitativ mit der kinetischen Beeintrachtigung des Elektronenibertrags
vom Polyfluoren-Wirt auf den Perylendiimid-Chromophor erklart werden. Der bestmdgliche
Kompromiss aus roter Farbtiefe und Helligkeit wurde fur die Mischung aus Polyfluoren und
dem Farbstoff der ersten Dendrimergeneration erzielt. Bei angelegter Spannung von 6,5 V lag
die Leuchtdichte bei 100 cd/m? und bei 11 V bei 700 cd/m?, wobei das Emission bei 600 nm ihr

Maximum hatte.



Abbreviations

AFM Atomic force microscopy

Ca Calcium

Cd Candela

CIE Commission Internationale de L'Eclairage

CVv Cyclovoltammetry

D Dichroic ratio in absorption

DSC Differential scanning calometry

E°x (E%q) Onset potential for oxidation (reduction)

E. Electron affinity

EL Electroluminescence

Gl Polyphenylene dendrimer of the first generation
G2 Polyphenylene dendrimer of the second generation
HOMO Highest occupied molecular orbital

HT Hole-transporting

HTAL Hole-transporting alignment layer

HTM Hole-transporting moiety

lonization potential

ITO Indium tin oxide

-V Current-voltage

J Current Density

LC Liquid crystal

LCD Liquid crystal display

LCP Liquid crystalline polymer

LED Light-emitting diode

LiF Lithiumfluoride

I, Kuhn length

Im Lumen

I, Persistance length

LUMO Lowest unoccupied molecular orbital
LVSEM Low-voltage scanning electron microscopy

M Non-dendronized tetraphenoxyperylene diimide model compound
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PANi-CSA
PD
PEDOT-PSS
PF

PF2/6
PF2/6am-X

PF2/6napX

PF3/5
PF4C12
PF8/1/1C2/6

P
PL

PPE
PPV

S

scLC
SEM
s2.3
ST 1163

ST 16-7
ST 638
ST 755
T

TC® LC

TEM

Number average molecular weight

Weight average molecular weight

Refractive index

Organic Light-Emitting Diode

Polarization ratio in emission

Persistance ratio

Polyaniline doped with camphor sulfonic acid
Polydispersity
Poly(3,4-ethylenedioxythiophene) doped with poly(styrene sulfonic acid)
Polyfluorene
Poly(9,9-bis(2-ethylhexyl)fluorene-2,7-diyl)

Poly(9,9-bis(2-ethylhexyl)fluorene-2,7-diyl) endcapped with X mol%
bis(4-methylphenyl)(4-bromophenyl)amine

Poly(9,9-bis(2-ethylhexyl)fluorene-2,7-diyl) endcapped with X mol% (4'-
bromo-biphenyl-4-yl)-naphthalen-2-yl-phenyl-amine

Poly(9,9-bis(2-propylpentyl)fluorene)
Poly(2,7-(9,9-bis(2-butyl))co-(9,9-bis(dodecyl))fluorene)

Poly(2,7-(9,9-bis(2-ethylhexyl))co-(9,9-bis((3S)-3,7-
dimethyloctyl))fluorene)

Polyimide

Photoluminescence

Hexyl-dodecyl copoly(phenyleneethynylene)
Poly(p-phenylene-vinylene)

Order Parameter

Space-charge limited current

Scanning electron microscopy

Thiophene dye

N,N’-diphenyl-N,N’-bis(4’-(N,N-bis(naphth-1-yl)-amino)-biphenyl-4-yl)-
benzidine

4,4’-bis{N-(1-naphthyl)-N-phenylamino}-biphenyl)
4,4’,4”-tris(1-naphtyl)-N-phenyl-amino)-triphenylamine
1,1-bis-(4-bis(4-methyl-phenyl)-amino-phenyl)-cyclohexane
Temperature

Temperature for transition from crystalline to liquid crystalline state

Transmission electron microscopy
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Glass transition temperature
Melting temperature
Voltage

Ultraviolet/Visible Light
Barrier to charge injection
Dielectric constant

Vacuum permittivity

Metal work function
Quantum efficiency
Wavelength

Frequency
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