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Chapter 1

Introduction

Abstract

In this chapter a brief historical overview is presented concerning the progress made
in the field of luminescent conjugated polymers in the past decade. The current
understanding concerning the device operation of polymeric Light-Emitting Diodes is
described, as well as the problems encountered. Furthermore, the synthetic approach
towards the development of well-defined highly luminescent copolymers is explained.
Finally, the aim and outline of this thesis are presented.



2 Chapter One

1.1 Conjugated polymers a new class of semiconducting materials

Conjugated polymers attract much interest nowadays for use as active component in
electronic, optical and optoelectronic applications, like light-emitting diodes [1,2], light-
emitting electrochemical cells [3,4], photodiodes [5,6], photovoltaic cells [7,8], field-
effect transistors [9,10], optocouplers [11] and optically pumped lasers in solution
[12,13] and solid state [14 -16]. They combine the properties of classical
macromolecules, such as low weight, good mechanical behaviour (strength and
flexibility) and processability with semiconductor properties, arising from their particular
electronic structure. Conjugated polymers have a backbone consisting of alternating
single and double bonds (see figure 1.1). The overlap of = bonding and =* antibonding
molecular orbitals forms a continuous system of electron density along the backbone.
The extent of this overlap together with the bond alternation (the conjugation length)
determines the HOMO-LUMO bandgap. Conjugated polymers have bandgaps in the
range of 1 to 4 eV, allowing stable optical excitations and mobile charge carriers.

PA PT PP PPV
~ S
\ / \
n n n n
polyacetylene polythiophene  poly-(p-phenylene)  poly(p-phenylene vinylene)

LUMO

B s I e R —
qj\hfv\o/\' relaxation r\/-\%\.
e i e

HOMO

Figure 1.1 Some examples of conjugated polymers. Below: schematic representation
of radiative decay on a polymer chain after photoexcitation.

Excitations can be created by charge injection, light and chemical doping. Excitation
(see figure 1.1) results in a local deformation of the molecule around the site of
electronic excitation [17,18]. The change of chain geometry (from aromatic to
quinoid) has the effect of pulling levels away from the band edges into the gap. The
degree of (de)localization is likely to depend on the nature of the conjugated system.
Aromatic rings tend to localize the excitation because the alternative electronic
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configuration, the quinoid one, is higher in energy. These materials are often strongly
fluorescent and emit in the range from near infrared to the ultraviolet. Especially PPV
and soluble derivatives thereof, are of great interest, due to the combination of
emission in the visible wavelength region and high luminescence quantum yields.

The wavelength of emission depends on the extent of conjugation/delocalization,
and can be controlled by modification of the chemical structure. This can be done by the
attachment of functional groups, which alter the electronic structure of the conjugated
backbone or by making copolymers with non-r-conjugated sequences, which interrupt
the m-orbital overlap. So, light emission is possible over the entire visible range of the
visible spectrum, by “chemical” tuning of the HOMO-LUMO energy gap of the
polymer. The tuneable emissive properties are particularly attractive for lighting and
display applications, especially in combination with (relatively) low material cost and the
possibility of large-area device fabrication by means of simple casting techniques.

1.2 Brief historical overview
Light-Emitting Diodes

The first report concerning electroluminescence of an organic semiconductor by Pope
et al. [19] goes back to 1963. They observed luminescence from single crystals of
anthracene (a few tens of microns thick) using silver paste electrodes and bias voltages
of a few hundred volts. An extensive and excellent survey of the photophysics, charge
injection/transport and electroluminescence in organic crystals can be found in the
book “Electronic processes in organic crystals” by Pope and Swenberg [20]. The
difficulties with respect to crystal growth and the large voltages required for light
emission limited the practical application of organic crystals as LED. Tang et al.
[21,22] revived the interest in organic EL by using evaporated thin films of ~100 nm
as emissive layer, which reduced the operating voltages significantly (=10 V). The
first publication describing electroluminescence from a polymer (polyvinylcarbazole)
by Partridge [23], in 1983, remained largely unnoticed. It lasted untill 1990 before a
large academic and industrial interest in the field of light-emitting conjugated
polymers was established, initiated by a publication from Friend and co-workers [1]
describing EL from PPV films. A lot of research in the field has been directed towards
the development of new efficient polymeric emitters (for a recent review see [24,25]).
A whole range of polymeric LEDs, emitting over the whole visible wavelength region
from blue to red, has been reported [26,27]. Furthermore, the LED performance was
greatly improved, by means of additional charge-transport layers [28,29]. Double-
layer LEDs with high peak brightness and internal electroluminescence efficiencies up
to 4% [30] have been reported.

Despite the rapid progress in the field of polymeric light-emitters, no commercial
displays based on polymer LEDs have been manufactured yet. The long-
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term device stability and device efficiencies of polymer LEDs are rapidly increasing,
but improvements are still desired, especially for polymers emitting in the blue
wavelength region. The main problem for commercialization of organic LEDs is the
device lifetime. Especially oxygen has a dendrimental effect on device operation [37].
Oxygen can attack the vinylene bond and result in aldehyde-like chain terminations.
These moieties are more electronegative and can act as quenching sites (charge
transfer quenching of excitons). Evidence has been reported that even in an inert
environment (nitrogen-filled glovebox, [O,]< 1 ppm) this type of photooxidation
reactions can occur due to oxygen diffusion from the ITO contacts [31]. Schlatmann et
al. [32] already demonstrated that tin, indium and oxygen can diffuse out of the ITO
contact into the polymer layer. It has been shown that the LED performance and
stability can be significantly enhanced by coating the ITO contact with conducting
polyaniline (PAni) [33]. PAni is transparent, has a higher work function than 1TO,
planarizes the ITO surface (avoiding shorts) and can act as a barrier to avoid diffusion
of elements into the polymer layer. Another problem is the interface and contact
stability. Low work function metals oxidize in the presence of either water or O,. For
instance it has been shown that an ITO/PAni/MEH-PPV/Ca device operated in water
vapour loses 90% of its efficiency (but only one-third of its current) in 37 seconds!
[34]. At that point the electrode is far from being oxidized, and still has its shiny
colour, indicating a highly porous morphology. Also water-induced delamination of
Mg cathodes in Algs devices, resulting in blackspot formation has been reported. The
temperature stability is an important parameter for display applications; displays must
withstand extremes in temperature and thermal cycling. It has been shown that for
example an ITO/PAni/MEH-PPV/Ca device shows a reduction of lifetime of a factor
20 upon changing the operating temperatures from 30°C to 60°C [34].

Lasing in polymer thin films

Excited states formed in conjugated polymers by charge injection or photoexcitation
have photophysical characteristics similar to those of small organic chromophores
such as laser dyes. It was realized that the high photoluminescence (PL) quantum yield
and appreciable Stokes shift of conjugated polymers made them promising candidates
as laser media in diluted solutions and solid state, the ultimate target being the
elaboration of electrically pumped polymer lasers operating in the visible wavelength
regime. Soon after the introduction of polymer LEDs, efficient laser action of the
semiconducting  polymer  poly[2-methoxy-5-(2’-ethyl-hexyloxy)-1,4-phenylene-
vinylene] (MEH-PPV) in the liquid state [12], operating in the yellow/red wavelength
region, was reported. This was followed by blue laser emission from solutions of an
alternating PPV copolymer [13]. More recently, laser emission from dilute blends and
blends containing titanium dioxide nanocrystals [35,36] has been demonstrated.



Introduction 5

However, the prospects for solid-state lasing of neat polymer films seemed less
hopeful. In solution and in dilute blends, the individual polymer chains are spatially
well separated by the host medium, minimizing interchain interactions, that result in
luminescence quenching. Despite the fast sub-nanosecond decay, the substantially
decreased PL quantum efficiency (in comparison with solutions) and the photo-
induced absorption, stimulated emission was observed in optically pumped neat
polymer films in several ultrafast spectroscopy studies [37,38], indicating the possible
development of solid-state polymer lasers. This was positively confirmed recently by
Tessler et al. [14], who reported lasing from spincast PPV films under pulsed optical
excitation in a microcavity construction. Furthermore, gain narrowing in optically
pumped neat films of various PPV’s without the use of an external feedback system by
several groups [15,16,39,40] was reported, including ours.

The observation of lasing in optically pumped neat polymer films with and
without external feedback system gives hope for the possible development of an
electrically pumped laser diode. The major limiting factor at this moment is the drive-
current necessary for electrically pumped lasing to be realized. One can make a rough
estimation of the current threshold, based on the excitation density at which spectral
narrowing occurs in optically pumped polymer films. It was estimated that current
densities in excess of 10° A.cm? [15] are needed to establish electrically induced
lasing. The highest reported current density achieved in a polymer LED until now is
~25 A.cm [41] and illustrates the barriers which have to be overcome concerning the
development of a polymer laser diode. However, electroluminescence (EL) of a 3 nm
thick PPV film by tunnelling injection from a scanning tunnelling microscope (STM)
tip with current densities of the order of 10* A.cm™ has been reported recently by
Bradley et al. [42]. It indicates, be it under extreme circumstances, an ultra thin film (3
nm) in combination with a nanometer-sized cathode (end of the STM tip, area ~1
nm?), light emission at high current densities is possible in polymer films.

1.3 Current understanding of the operating principles of
organic Light-emitting diodes

In a simple LED device, a conjugated polymer film is sandwiched between two metal
electrodes and by applying a bias voltage charge injection is established. This is
schematically depicted in figure 1.2. The contacts facilitate charge-injection of
electrons and holes into the LUMO and HOMO levels of the polymer, which migrate
through the bulk under the influence of the applied electric field. This is followed by
recombination of the charge carriers on a chain segment resulting in the formation of
relatively localized excited states (excitons) which decay radiatively.

Charge injection. Indium-tin-oxide (ITO) is the most commonly used hole-
injection contact, it has a high work function (¢;r0 = 4.5-5.3 eV) close to the HOMO-
level of conjugated polymers and is transparent, which allows the escape of the
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generated light out of the device. As electron-injecting contact, low work function
metals such as Ca (¢pca=2.9 eV), Mg (¢mg=3.7 eV) or Al (¢pa=4.3 eV) are used. The
exact charge-injection mechanism is still controversial. It is generally believed that
injection of holes at the ITO anode into the polymer is controlled by a superposition of
field-emission tunneling and thermionic emission, the important parameter being the
magnitude of the injection barrier [43,44]. Parker [43] showed that the -V
characteristics at high fields in a polymer LED can be described reasonably well with
a Fowler-Nordheim tunnelling injection model of tunneling through a triangular
potential barrier. A recent analysis by Davids et al. [45] suggests that tunneling
dominates only for barriers higher than several tenths of an electronvolt, with a strong
contribution of charge flowback, due to the low mobility of conjugated polymers. For
smaller barriers, space-charge-limited thermionic injection is dominant. The influence
and importance of an interfacial layer, formed between the polymer and electrode
metal, on the injection barrier is still under investigation. It is known that Al forms
covalent bonds with PPV [46] and Ca undergoes charge transfer, forming cationic Ca
and bipolarons (doubly charged anions) in PPV [47]. A recent study with the inert
transition metal ZrC (¢zc=3.6 eV) as cathode metal, revealed that the efficiency in
AU/MEH-PPV/ZrC devices is well below that obtained with Al as cathode material
[48]. This gives a strong indication that the work function of the injecting contact
probably cannot alone account for the charge injection barrier.

_ Al
A=
Aluminium
74
|
)
PPV
ITO
Glass
ITo |,
+
PPV

Figure 1.2 Left: schematic representation of a polymer LED. Right: simple energy
level diagram of a polymer LED operating in forward bias.

The injection barrier for electrons is often significantly higher, which limits the
injection rate for electrons severely. So, the emissive performance of a single-layer
device is usually governed by field-driven electron injection. This has as a
consequence that in single-layer devices the injection of opposite charges is
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unbalanced resulting in large loss (hole) currents and low efficiencies. Low work
function metals like Ca [49] improve the injection rates but have the disadvantage of
being highly reactive (oxidation).

Charge transport. The charge mobility is an important parameter, which has a
significant impact on the device performance (brightness and EL efficiency). Charges
move by electron transfer reactions or hopping between polymer chains [50].
Interchain transport is expected to be slower than intrachain transport, because
electrical transport through a polymer chain is far more efficient than through space
[51]. Conformational disorder and chemical defects can reduce intrachain transport
significantly, however. The electron and hole mobilities in conjugated polymers are in
general low, in the range of 10%-10® cm®v's* [52]. This puts a constraint on the
maximum amount of charges which can be injected into the bulk (so limiting the
brightness of the device). In addition, there is good evidence that holes are
considerably more mobile than electrons in conjugated polymers due to deep trapping
of electrons [53], which makes them preferentially hole transporters. The lower
electron mobility results in unbalanced transport and recombination close to the
interface of the electron-injecting metal electrode, which has the effect of quenching
the emission.

Balanced injection and transport. So, for efficient LED operation balanced
injection and transport are required. It has been shown that this requirement can be
fulfilled in a polymer LED by using additional transport layers [28,30]. A concept
which has proven its success in LEDs based on evaporated thin films of small organic
emitters [21]. For example the introduction of an appropriate electron transport layer
(ETL) can lower the electron-injection barrier, and create an energy offset for holes at
the emissive layer/transport layer interface. This energy offset effectively blocks the
hole current at the interface and results in a positive space-charge interfacial zone in
the emissive layer. The space-charge zone will increase the field over the ETL layer
resulting in enhanced electron-injection from the cathode. In addition, recombination
will take place in a region (near the hetero-junction) away from the metal cathode.
This concept poses some challenges for polymers, because the upper layer of the
device must be cast without redissolving the lower one.

Recombination and decay. It is obvious that the EL efficiency of a polymer
LED is for a large part determined by the efficiency of radiative decay of the
excitations formed upon recombination. Charge recombination produces excitons, but
generates both singlets and triplets. According to spin statistics, only approximately
one quarter of the initially formed excitons will be singlets [28,54]. In PPV a variety
of evidence, including the vibronic structure on the emission spectrum, strongly
suggests that the luminescence is from an intrachain singlet exciton [55,56]. This is
also reflected in the EL spectrum of PPV, which is identical to its PL spectrum. The
importance of this is that the estimated upper limit of the EL-efficiency is set to 25 %
of the PL efficiency for which the dominant photoexcitation is an intrachain singlet
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exciton. In fact the situation is far more complicated as described above, because
interchain interactions have a large influence on the decay pathways in the condensed
state. Time-resolved photoluminescence studies give valuable information about the
nature of the excited states, their lifetime, energy migration and decay pathways
[57,58] and therefore helps to understand the photophysics of luminescent polymers.
Yan et al. [37] reported a photoluminescence study of PPV films, and claimed that
intrachain singlet excitons are not the primary photoexcitations generated. They
proposed that the majority excitations are interchain excitations (modelled as
interchain polaron pairs [59]) which decay non-radiatively, and speculated that they
may be formed upon charge recombination to a lesser extent. However, Friend et al.
[25] claimed that PPV films with 80% PL-efficiency can be prepared, which implies
the generation of singlet excitons with unit quantum yield upon photoexcitation. This
illustrates the importance of the way of preparation of PPV (amount of chemical and
conformational defects as a result of the synthesis), film morphology, intermolecular
organization (“packing”), the influence of impurities and oxidation products, etc. The
importance of chain packing was also elegantly demonstrated in cyano-substituted
PPV derivatives. In this type of polymers the backbones are closely packed, due to
strong coulombic interactions. A photoluminescence study by Samuels et al. [60] of
thin films of cyano-substituted PPV, has shown that in this case interchain excitations
are the dominant species, which can give rise to highly efficient luminescence. They
based their conclusion on the large Stokes shift, the broad structureless spectrum and
the long luminescence lifetime of ~6 ns found upon photoexcitation. The exact origin
of this emission, whether it originates from dimers/aggregates or excimers is not clear
at present. The above-mentioned PL studies illustrate that the design of highly
luminescent polymers for light-emission applications is not only a question of
choosing a suitable chromophore, but also of controlling their interactions in the
condensed state.

1.4 Well-defined alternating semiconducting copolymers and oligomers

Alternating PPV copolymers

In conjugated homopolymers the actual conjugation length is an average value
determined by random conformational or chemical defects in the polymer backbone
and is difficult to control. Our approach to controlling the conjugation length and
make the link between the luminescence properties of oligomers and those of
polymers, is through multiblock copolymers containing well-defined conjugated
sequences (Fig. 1.3). Luminescent chromophores (A: typically =-conjugated
oligomers) are either separated by higher band gap blocks (B), or directly linked to
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each other in a non-coplanar way. In both molecular structures the conjugation of the
polymer main chain is regularly interrupted, giving well-defined tunable optical
properties [61,62]. This approach is particularly suitable for blue-light emission, since
this demands a short conjugation length. This molecular design can also enhance the
luminescence efficiency through confinement of the excitons to the conjugated blocks,
hindering their migration to quenching sites [63].

o B S B S e S S R e =R

Figure 1.3 Schematic representation of alternating copolymers; A is the conjugated
chromophore, B is the interruption unit. For both approaches an example is given.

Two examples of blue-light-emitting alternating PPV copolymers made following this
approach are shown in figure 1.3a and b. In structure (2), abbreviated as SiPPV, PPV
oligomers (distyrylbenzene) are linked through dimethylsilylene units. The
dimethylsilylene units provide flexibility to the polymer backbone. The choice of this
interrupting block is based on previous studies carried out in our group on
poly[(silanylene)thiophene]s [64]. In this study it has been shown that the presence of
only one silicon atom in the backbone effectively interrupts the conjugation. Structure
(b), abbreviated as TOP-PPV, can be regarded as a copolymer of PPV and PP.
Actually the PPV blocks are linked through an aromatic phenyl ring within a fully
rigid-rod chain. The desired control of the conjugation length is achieved through
steric interactions between the side chains and the rings within the terphenylene parts
of the copolymer. As can be seen from figure 1.3b (arrow) the middle ring in the
terphenylene unit is twisted out of coplanarity, effectively interrupting the =-orbital
overlap along the backbone. Also in this copolymer the active chromophore is a
distyrylbenzene unit. The wavelength of emission of the copolymers can be tuned by
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increasing the size of the oligomeric blocks or by the introduction of substituents,
which alter the electronic structure of the chromophore. For instance, by introducing
electron-accepting cyano-substituents on the vinylene linkage or by changing the side-
chains from alkyl to alkoxy (an electron-donating moiety), the emission can be
considerably shifted to the red part of the spectrum.

PPV oligomers

From the preceding section (1.3) it became clear that the efficiency of radiative decay
of photoexcited species (photoluminescence) is strongly dependent on the actual
chemical structure of the polymer and on its state of aggregation (solid or solution).
Since the processes of intramolecular exciton diffusion, intermolecular exciton
stabilization, hopping, and exciton trapping at conformational defects, chemical
defects or impurities are considered important factors in the competition between
radiative and nonradiative decay, the conformation of the polymer molecule and the
intermolecular organization (“packing”) are of utmost relevance. These factors
however, are hardly controllable if at all, especially in amorphous polymers. The study
of small model compounds, which can be obtained in ultra pure form and with
controllable molecular structure and organization (single crystals or polycrystalline
films), can help in understanding the influence of those factors. With this in mind, a
series of soluble 3 and 5-ring oligo(p-phenylene vinylene)s representing the PPV
blocks of the copolymers have been synthesized and their single-crystal structure has
been determined [65,66]. Furthermore, PPV oligomers gained considerable interest,
not only as model compounds [67,68], but also for application as active layer in LEDs
[69,70]. They are highly fluorescent, and they can be processed by vacuum-deposition
from the vapour phase into high-purity thin films. The morphology of the thin films
can be controlled by means of adjustment of the substrate temperature during
deposition [70], or by annealing after deposition [71]. The optical properties of PPV
oligomers (wavelength of absorbance, luminescence and photoconductivity maxima)
as a function of the number of repeat units (n—1, where n is the number of phenyl rings
in the backbone) are converging to that of the corresponding fully conjugated PPV
polymer at the five-ring level (n = 5) [68,72].

Alternating copolymer versus model oligomer

The effective interruption of m-orbital overlap in our copolymers is illustrated in figure
1.4, where the UV-vis absorption and fluorescence spectra of TOP-PPV and its
corresponding PPV model oligomer (tetraoctyl-substituted distyrylbenzene,
abbreviated as Oct-OPV3) are shown. The shape and the width of the emission
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spectrum of the copolymer are very similar to that of the model oligomer, confirming
that the distyrylbenzene units are the active chromophores. In addition, the quantum
yield and luminescence lifetimes of the copolymer and model oligomer are
comparable. The small red-shift of the copolymer spectra is probably due to a slight
electronic contribution of the non-coplanar phenyl rings. The high luminescence
guantum yield of these well-defined alternating PPV copolymers indicates their
potential as emissive component in light emission applications like LEDs or lasers.

Absorbance
PL - intensity

300 400 500 600
Wavelength (nm)

Figure 1.4 UV-vis absorption and fluorescence spectra in tetrahydrofuran solution of
TOP-PPV (solid lines) and Oct-OPV3 (dotted lines).

1.5 Aim and outline of this thesis

The primary interest of this study has been the solid-state photophysical
characterization of a series of novel well-defined alternating PPV copolymers and
crystalline 5-ring oligo(p-phenylene vinylene)s, and their application as emissive
medium in light-emitting diodes and photopumped lasers.

In chapter 2 the optical properties in solution and solid state of a series of
alternating PPV copolymers and all-trans 5-ring oligo(p-phenylene vinylene)s are
evaluated [73]. The influence of different substitution patterns on the optical
properties as well as the differences between the optical properties in dilute solution
and thin films are discussed. The spectroscopic properties of the copolymers in dilute
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solution are compared with those of distyrylbenzene model oligomers representing the
chromophores in the backbone. The optical properties of solution-grown oligo(p-
phenylene vinylene) single crystals are discussed in terms of molecular conformation
and packing based on the X-ray diffraction data of the single crystals. Furthermore,
the optical properties of oligomer thin films prepared by vacuum-deposition from the
vapour phase are described. The influence of the thin-film morphology of the
oligomers on the optical properties was investigated by means of annealing.

Chapter 3 deals with the application of alternating PPV copolymers as laser
dyes in solution. Laser action of an efficient blue-light-emitting copolymer poly[(2, 5,
2’,  57-tetraoctyl)-p-terphenyl-4,4”-ylene  vinylene-p-phenylene vinylene] is
demonstrated [13]. Three different solvents (n-hexane, p-xylene and tetrahydrofuran)
were used to investigate the influence of the molecular environment on the lasing
properties. The commercially available laser dyes, Coumarin 47 and 120, were used as
a reference to compare the lasing efficiency and wavelength tunability of the
copolymer with that of conventional laser dyes.

Chapter 4 describes the emission properties of spincast neat films of the blue-
light-emitting silylene-alt-oligo(phenylene vinylene) copolymer (SiPPV) under pulsed
laser excitation [16,74]. Spectral narrowing was observed above a well-defined
excitation energy threshold. The influence of film thickness and the size of the
excitation area on the threshold of spectral narrowing are discussed, as well as the
angular dependence of the emission. Furthermore, laser action in films of a red-light-
emitting homopolymer, poly(2,5-di-n-octyloxy-p-phenylene vinylene) (Ooct-PPV) in a
microcavity configuration is demonstrated.

Chapter 5 describes the emission properties of both solution-grown single
crystals and vacuum-deposited thin films of an octyloxy-substituted oligo(p-phenylene
vinylene) under intense laser excitation. The morphology of the thin films was varied
by annealing and by recrystallization from the isotropic melt. In this way, the
crystalline domain size could be varied from a few microns up to several millimeters
in the latter case. In both single crystals and thin films mirrorless lasing was observed.
Stimulated emission in the polycrystalline thin films was only observed after the
crystal domain size was increased by a thermal treatment [73,75].

In chapter 6 the electrical and optical characteristics of light-emitting diodes
based on alternating PPV copolymers [61,76] and 5-ring oligo(p-phenylene vinylene)s
are evaluated. The influence of thin-film morphology on LED performance is
discussed for an octyloxy-substituted 5-ring OPV. Device optimization by means of
additional charge-transport layers and blending has been applied to enhance the
electroluminescence efficiency. A novel polymer with oxadiazole-based side-chains
has been used as an electron-transport/hole-blocking layer.
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Chapter 2

Optical properties of alternating
PPV copolymers and
oligo(p-phenylene vinylene)s'

Abstract

In this chapter the optical properties in solution and solid state of a series of well-
defined alternating PPV copolymers and all-trans 5-ring oligo(p-phenylene vinylene)s
are evaluated. The optical properties of the copolymers in dilute solution were similar
to those of the distyrylbenzene model oligomers representing the chromophores in the
polymer backbone, indicating that the conjugation is effectively interrupted in the
copolymers. For the blue-light-emitting alternating copolymers, the photoluminescence
(PL) efficiency and lifetime did not significantly change going from solution to the solid
state, and shows that the contribution from additional non-radiative decay channels
due to interchain interactions in the condensed state is negligible, resulting in efficient
solid-state PL.

For both the cyano-substituted copolymer and Ooct-OPV5-CN1, a fast double
exponential PL decay was measured in dilute solution, which is the result of a fast
non-radiative channel associated with the cyano substituents on the vinylene linkages.
Restricting the molecular motion (twisting/bending) by dispersing the oligomer in a
solid polysulfone matrix resulted in an effective inhibition of the non-radiative decay
channel and a much longer single-exponential PL decay with a time constant of 1.7
ns. Remarkably, for Ooct-OPV5-CN2 in solution a long PL-decay with a PL lifetime of
1.4 ns was observed, which indicates that the position of the cyano moieties on the
vinylene bonds is an important parameter, governing this fast non-radiative decay
channel.

For the Ooct-OPV5-CN2 single crystals, the PL spectra are broad and
featureless and a long PL lifetime of 8 ns was measured. The long-lived luminescence
is attributed to emission from excimers rather than singlet excitons. This is positively
confirmed by X-ray diffraction data of the single crystal. On the basis of the packing of
the molecules in the crystal lattice, significant 7~ interactions between adjacent (face-
to-face) molecules are to be expected. Also in the case of the cyano-substituted
copolymer films there is evidence that the luminescence originates from excimers.

t H.J. Brouwer, V.V. Krasnikov, T.A. Pham, R.E. Gill, P.F. van Hutten,
G. Hadziioannou, Chem. Phys., in press
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2.1 Introduction

Time-resolved photoluminescence studies on conjugated polymers can give valuable
information about the nature of the excited states, their lifetime, energy migration and
decay pathways [1-11]. The measurements of luminescence in conjugated polymers
are important for both understanding the photophysics involved and the operation of
electroluminescent devices. The operation of a light-emitting diode comprises several
steps: charge injection, charge transport, charge recombination and decay of the
excitation formed via radiative and non-radiative channels. In the majority of cases the
same excited states are responsible for both electroluminescence (EL) and
photoluminescence (PL). PL measurements enable the last step to be studied directly.

It is generally accepted that the dominant type of (photo)excitations are
intrachain singlet excitons, in dilute solutions where interchain interactions are
negligible, which can decay by a combination of radiative and nonradiative processes.
The relative rates of the decay processes determine the quantum efficiency of
luminescence. If the nonradiative decay process is fast then most of the excitons will
decay via this route before they have time to emit, resulting in weak luminescence.
The measured lifetime, t, is shorter than the natural radiative lifetime tg, and can be
related to the rate constants for radiative and nonradiative decay kr and kngr by:

1

T=———
Kr + Kyr

2.1)

the PL efficiency is then given by:

= L = E (2.2)
Ke + Kng Tw

where 1z = kg* is the natural radiative lifetime (the lifetime of the luminescence in the

absence of competing non-radiative decay processes) and b is the fraction of absorbed

photons leading to singlet excitons (0 < b < 1). The natural radiative lifetime can be

estimated from measurements of @ and t, or via the absorbance and emission spectra

using the Strickler-Berg relationship [12] given by:

L 8rnn? vy o (v)dv 2.3)
A%

T =
R 2
C
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(2.4)

where n is the refractive index, o(v) is the absorption cross-section per absorbing
species at frequency v, and L(v) is the emission spectrum as a function of photon
frequency v. Equation 2.4 is derived from the Einstein relations between transition
probabilities for absorption, stimulated emission and spontaneous emission [12]. The
equation ignores conformational changes going from the ground state to the excited
state upon excitation (which alter the probability of radiative decay and hence the
lifetime). Secondly, it is not clear how to define the absorbing unit in a polymer chain
(number of repeat units defining the chromophore), which is necessary for calculating
the molar extinction coefficient €. Furthermore, for solid-state samples (thin films) it is
difficult to determine the refractive indices accurately. So, because of the above-
mentioned difficulties and shortcomings, radiative lifetimes obtained by equation 2.4
should be regarded as rough estimates.

Despite the large number of ultrafast spectroscopy studies on PPV and its
soluble derivatives, there is still great controversy regarding the primary
photoexcitations in solid-state PPV films. In the solid state, strong intermolecular
interactions can lead to the formation of interchain excitations, which can decay non-
radiatively [9,13] or radiatively [14]. Yan et al. [9,13] claimed that the majority
excitations in PPV upon illumination are non-emissive interchain excitations leading
to a value of b ~0.1. These interchain excitations were modelled as interchain bound
polaron pairs [15]. On the contrary, Friend et al. [16,17] claimed solid-state quantum
efficiencies of 0.27 up to 0.8! for PPV, depending on the way of preparation, showing
that b can be very close to 1 and that the primary photoexcitations are in fact
intrachain singlet excitons.

An example of polymers which can form interchain excitations upon
photoexcitation and that can decay radiatively, are cyano-substituted PPV derivatives.
In this type of polymers the backbones are closely packed, due to strong coulombic
interactions. A photoluminescence study by Samuels et al. [14] of thin films of cyano-
substituted PPV, has shown that in this case interchain excitations are the dominant
species, which can gives rise to highly efficient luminescence. They based their
conclusion on the large Stokes shift, the broad structureless spectrum and the long
luminescence lifetime of ~6 ns found upon photoexcitation. The exact origin of this
emission, whether it originates from interchain excitons, dimers or eximers is not clear
at present. So, as illustrated by these examples, the type of primary photoexitations
and the branching ratio b is a complex function of the state of aggregation (solid or
liquid), extent of oxidation of the pristine material, the packing of the polymer chains
on a microscopic scale, type of substituents, number of chemical and conformational
defects, impurities etc.
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Samuels et al. [18] proposed a kinetic scheme to explain the excited state
kinetics of conjugated polymers, which is depicted in figure 2.1. X* is the initial
excited state and the two processes leading to the population of A* and B* are
described by two rate constants kxa and kys. These processes are very efficient and
occur on very short timescales (less than 1 ps). If X* is assigned to a non-relaxed or
“hot” excitation, then kya represents the relaxation of this state into longer conjugated
sequences, A*. This could be energy relaxation along the polymer backbones or
relaxation of the polymer chain around the excitation, or a combination of the two. kxg
represents the population of the interchain states by similar processes. If these
processes compete efficiently with kxa, then on the timescale of a PL decay
measurement (resolution 30 ps) this will look as an direct excitation of the interchain
B* state.

hv
X*
A* Kas g+
Ko ‘R, B
kNR,\AA kNR, B

Figure 2.1 Kinetic scheme for a general model representing the rate processes
between an initial excited state (X*), an intrachain (A*) and an interchain (B*)
excitation. Taken from reference [18].

kR, A

Both the A* state and B* state can decay back to the ground state by radiative and
non-radiative channels, with rate constants kg a, Knr a, Kr g @and kyg g, respectively.

In this chapter, the optical properties in solution and solid state of a series of
alternating PPV copolymers and all-trans 5-ring oligo(p-phenylene vinylene)s are
evaluated. The influence of different substitution patterns on the optical properties as
well as the differences between the optical properties in dilute solution and thin films
are discussed. The spectroscopic properties of the copolymers in dilute solution are
compared with those of distyrylbenzene model oligomers representing the
chromophores in the backbone. The optical properties of solution-grown oligo(p-
phenylene vinylene) singlecrystals are discussed in terms of molecular conformation
and packing based on the X-ray diffraction data of the single crystals. Furthermore,
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the optical properties of oligomer thin films prepared by vacuum deposition from the
vapour phase are described.

2.2 Experimental
2.2.1 Time-correlated single-photon counting

A method to measure the luminescence lifetime of emitting species is via the time-
correlated single-photon counting technique [19]. The single-photon counting
technique records this distribution by measuring the time delays of individual photons
with respect to the excitation pulse. More background information concerning this
experimental technigue can be found in reference [20].

Ar'laser | | TiSlaser | Pulsepicker | SHG |
I
A Sample
Ti:S laser
t~100fs
t Monochromator
Pulse picker
1 MHz MCPM PD
t
PL. \\ ‘\ S~ Electronics
t
Photon . T, T,
counting ﬂ:j,,k e e Computer
set-up ‘ ‘ : ¢

Figure 2.2 Schematic representation of the time-correlated single-photon counting
setup.

Figure 2.2 shows the schematic layout of our time-correlated single-photon counting
set-up. Excitation was provided by the frequency-doubled output of a mode-locked
Ti:Sapphire laser (Mira 900, Coherent) pumped by an Argon-ion laser (Beamlock
2080 A, Spectra Physics). This system produced ~100 fs pulses at a repetition rate of
76 Mhz. In order to match the photon counting electronics (Ortec), the laser repetition
rate was reduced by an acousto-optical pulse-picker (Bragg cell, CAMAC) to 2 MHz.
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The excitation wavelength range was 370-450 nm, and the excitation energy density
did not exceed 1nJ/cm? per pulse. The luminescence from the sample was focussed
into a monochromator equipped with a microchannel plate photomultiplier detector
(MCP-1564-410, Hamamatsu). The instrumental response time, full width at half
maximum, was approximately 30 ps. Data analysis was performed by a nonlinear
least-squares iterative fitting of the luminescence to a sum of exponentials convoluted
with the measured instrumental response function.

2.2.2 Solid-state PL quantum yield measurements
The absolute photoluminescence quantum vyields of our polymer films were

determined using an integrating sphere and an Ar* (488 nm) or frequency-doubled
Ti:S (370 nm) laser as excitation source (see figure 2.3) [16,21].

detector + filter

laser

sample
vacuum cell

integrating
sphere

Figure 2.3 Schematic representation of the PL measurement set-up.

An integrating sphere is a hollow sphere with a diffusely reflecting coating inside. The
flux of light measured at any aperture of the sphere is proportional to the total amount
of light produced within the sphere, irrespective of its angular distribution. Thin
polymer films (= 1 mm thickness, optical density preferably > 1) were cast on round
suprasil glass plates (diameter 10 mm). The films were mounted in a glass cell, which
was kept at a static vacuum of P < 10 mbar. After evacuation, the cell was mounted
in an integrating sphere, with the film centred in the middle. The films were excited
under near normal incidence, in such a way that the reflected excitation light did not
escape the entrance hole directly. The luminescence was measured with a calibrated
optical power meter (Advantest TQ 8210), which was shielded with a diffusely
reflecting baffle to avoid direct illumination. A suitable cut-off filter was
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placed directly in front of the optical power meter to block the excitation light. The
incident power of the excitation beam was measured outside the integrating sphere
with the optical power meter and the filter removed. We determined the power
efficiency of the integrating sphere by measuring the output power, at the aperture, of
a piece of “milky” glass (highly scattering glass) mounted in the vacuum cell
illuminated with a HeNe laser (A = 633 nm). The input power of the HeNe beam was
measured outside the sphere with the filter removed. The spectral response of the
integrating sphere is flat between 400 nm and 1 um, thus the power efficiency of the
integrated sphere nsphere IS given by:

Puut‘633nm
nsphere = P— (25)

and the PL quantum efficiency is then given by:

P t,PL 7\'
O, =— P (2.6)
P T T]sphere 7\'exc

in,exc

where Pop. IS the luminescence output power, Pinex iS the incident laser power
(measured outside of the integrated sphere), T the transmittance of the sample at the
wavelength of excitation and ngpere i the power efficiency of the integrating sphere.

A reasonably large experimental error is introduced by the fact that the
following contributions were neglected:

[1] Excitation light which is reflected and diffusely scattered by the sample (a part
will be indirectly absorbed by the sample after reflection by the sphere wall).

[2] Spectral response of the optical power meter (which is assumed constant over the
PL wavelength region of the film) and integrating sphere.

[3] Absorption of luminescence (blue tail) by the cut-off filter.

[4] Luminescence which escapes via the vacuum cell.

[5] Luminescence (blue tail) which is reabsorbed by the sample.

The experimental inaccuracies lead to an estimated overall error of about 20 % in the
final absolute quantum yields.
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2.3 Results and discussion
2.3.1 Alternating PPV copolymers

The optical properties of a series of four well-defined alternating PPV copolymers
containing three-ring oligo(p-phenylene vinylene) units as the light-emitting
chromophores were studied in solution and solid state (see figure 1.3). The chemical
structures of the copolymers are depicted in figure 2.3. In copolymers I through 111 the
chromophores are directly linked to each other in a non-coplanar way (see paragraph
1.4, page 8 for more detail), while in copolymer 1V the chromophores are connected
by non-n-conjugated dimethylsilylene spacer units. The substitution pattern
(octyl/octyloxy sidechains and cyano groups on the vinylene linkages) in copolymers
I to 111 was varied to tune the wavelength of emission. In such a way light emission
from the blue to the orange/red wavelength region was established. The synthesis and
characterization of the PPV copolymers are described in the references [22,23].

R, R,

X

SOy 4
R, R, X

I Ry=-CgHy7, X=-H
Il Ry=-OCgH;7, X=-H

11 Rq=-OCgH;7, X=-CN

Figure 2.3 Chemical structure of the alternating copolymers | - IV and corresponding
oligomers.

All absorption and emission properties of the copolymers in solution
(tetrahydrofuran) are summarized in table 2.1 on the next page. In addition, the
spectroscopic properties of the corresponding model three-ring oligo(p-phenylene
vinylene)s were measured for comparison. All copolymers and model oligomers show



Table 2.1 Absorption and emission properties of copolymers and model compounds in tetrahydrofuran solution.

Compound Absorption Fluorescence
My, 4 Emax b ] b

A@._ﬁo_ v Mw/M, y)cmémx A_.:.:vﬁm A_l._ﬁo_,p.o—.:.pv v(_”_:émx ADBV @ Shift Ao_j v Dy, TFlu,1 A:mv N TFlu,2 A:wv
I 5.000 1.7 361 51.600 422, 448 4000, 5400 0.80 0.72
I 39.000 1.8 415 69.800 463, 490 2500, 3700 053 0.75
1« 7.200 1.1 430 - 540 4700 014 0.11 2.3
v 60.000 2.4 360 28.600 412,438 3500, 4900 061 0.9
Mod | 355 52.600 401, 423 3200, 4500 0.87 1.0
Mod Il 380 48.000 426, 450 2800, 4100 0.88 1.6
Mod 111 © 385 - 425 2400 0.14 -
Mod IV 351 47.100 400, 423 3500, 4900 080 1.2

a) taken from reference [22]. b) The shift is defined here as the difference between Aapsmax and Ariumax, the underlined values are the absolute
fluorescence maxima. ¢) PL-decays were measured at the wavelength of the PL maximum. d) Taken from reference [23].

Table 2.2 Solid-state absorption and emission properties of copolymer thin films.

Compound  Absorption

Fluorescence

v«>cm43mx Q.:.:v v(ﬂ_FBmx C.:.:v @ Shift AOS.J ¢ e_”_: TFlu,1 AsmV ® TFlu2 A:mv
I 355 434, 455 5100, 6200 0.5 0.8
1 418 484, 510 3300, 4300 0.09 0.2 0.7
Il 450 592 5300 04 2.6
v 352 452, 483 6300, 7700 04 0.9

a) The shift is defined here as the difference between Aaps max a8Nd Ay max: the underlined values are the absolute fluorescence maxima.
b) PL-decays were measured at the maximum of the PL spectra.
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a strong absorption band (emsx ~10* L.mol™*.cm™) in the ultraviolet and/or blue part of
the visible spectrum. Blue light emission is observed from copolymer | and IV in
which the chromophores are alkyl-substituted distyrylbenzene units, (Arumax =
422/448 nm and 412/438 nm, respectively). The change of the type of side chains
from alkyl to alkoxy (copolymer I1) shifts the emission wavelength to the blue/green
(Arumax = 463/490 nm), due to the increased electron density of the w-system induced
by the electron-donating alkoxy group. Alkoxy side chains in combination with cyano
substituents (copolymer I11) results in a red shift to the orange part of the spectrum
((Arumax = 540 nm). It has been demonstrated that cyano groups on the vinylene
linkage lower both the HOMO and LUMO level, but that the LUMO level is stabilized
more, resulting in a red shift [24,25].

If one compares the polymers and models, it appears for copolymer 1V that
there is a striking similarity with the optical properties of model 1V. The absorbance
and fluorescence maxima are slightly red-shifted in comparison with the model, but
the Stokes shifts are identical. The red-shift can be readily explained by the weakly
electron-donating character of the silylene interruption units. If we compare the
copolymers I-111 with the corresponding models, we must make a distinction between
the different types of side chain (octyl or octyloxy). For the octyl-substituted
copolymer | also a small red-shift is found with respect to the model (see also figure
1.4, page 11). However, for the octyloxy-substituted copolymers Il and 111, the shifts
are larger. These results can be explained by the steric interactions in the terphenyl
part of those polymers. It is known that isolated non-substituted oligophenylenes are
non-planar [26], because steric hindrance between protons on adjacent phenyl rings
induces a twist between the rings. Molecular modelling calculations showed that this
twist is about 40° [27]. In such a situation some overlap of the m—orbitals is still
possible, which allows conjugation. When substituents on the rings are present the
twist angle will be larger. Hilberer et al. [22] performed supplementary calculations on
substituted terphenylenes by means of the AM1 semi-empirical quantum chemical
method. They found that alkyl-substituted terphenylenes have twist angles between
adjacent rings which are significantly shifted to 90°. In the case of the sterically less
demanding alkoxy side-chains the twist angle was smaller (~ 50°). These findings
suggest that overlap of m-orbitals is significantly diminished in the case of alkoxy
substitution and effectively cancelled for alkyl substituents. This means that in the
copolymers I-111 the conjugation is rather effectively interrupted when octyl
sidechains are present and to a lesser extent when octyloxy chains are present, which
explains why the octyloxy-substituted copolymers show a larger red-shift in
comparison with their model compounds. But for all copolymers the width and shape
are still similar to those of the models, indicating well-defined optical properties.

The fluorescence quantum yields ®g,, were measured relative to quinine sulfate
(Dr,=0.55) [28]. The experimental inaccuracies lead to an overall error of about 10 —
15 % in the final quantum yields. The fluorescence quantum yields for all compounds
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in solution are high (except for structure I11), and the yields for the copolymers are
only slightly reduced in comparison to the corresponding model compounds. All PL-
decay curves of the copolymers and models in solution show a single-exponential
dependence, except for the cyano-substituted copolymer and oligomer. The reason for
the fast decay and low fluorescence quantum yield for this type of compounds will be
explained later on in this chapter. Single-exponential decay is more or less expected in
dilute solution due to the absence of strong intermolecular interactions. The
fluorescence lifetimes (0.7-0.9 ns) of our copolymers are somewhat shorter than those
of the model oligomers, but they are significantly longer than that of fully conjugated
PPV  homopolymers like  poly[2-methoxy,5-(2’-ethyl-hexyloxy)-p-phenylene
vinylene] (MEH-PPV: t=270 ps [29], =300 ps [30] and t=300 ps [9]). The reason for
the longer lifetimes in our copolymers could be that non-radiative decay channels, like
exciton diffusion to quenching sites, are efficiently inhibited by the blocking units [6].
In addition, the number of chemical and conformational defects which could lead to
quenching, is expected to be less in this type of copolymers.

Solid-state optical properties

In table 2.2 the solid-state spectroscopic properties of the copolymers are summarized.
The photoluminescence measurements were performed on thin (100-300 nm) spincast
films on quartz substrates, under a static vacuum of P<10™* mbar, unless otherwise
stated. The absorbance and emission spectra for all copolymers are depicted in figure
2.4. For all compounds the absorbance spectra are red-shifted. The red-shift is
probably due to the effect of solid-state packing and the change of dielectric
environment. For copolymer | and IV, comparing the spectral position of the
absorbance maximum in table 2.2 is rather misleading (in that case a slight blue-shift
would be concluded). In fact the spectra of the thin films are significantly more
inhomogeneously broadened (probably due to an increase in conformational disorder
upon spin-casting) than solution spectra and also for the copolymers I and 1V a red-
shift of the low-energy tail is observed. The lowest-energy absorption peaks of I (355
nm) and 1V (352 nm) are significantly blue-shifted in comparison to thin films of a
fully conjugated alkyl-substituted PPV homopolymers (Aapsmax = 405 nm [31]),
demonstrating the effective interruption of the conjugation along the backbone.

The same trend (red-shift) was found for the solid-state luminescence spectra.
The shift between absorbance and luminescence is generally in the range of 3300 —
6300 cm™ (0.3-0.6 eV). A part of this shift is attributed to the stabilization of the
excited state through a change in molecular geometry (electron-phonon coupling) and
migration of the excitation towards low-energy chain segments. Note that the shifts (in
cm™) summarized in table 2.1 and 2.2 are not the exact Stokes shifts but the
differences between absorbance and luminescence maximum. The ill-resolved nature
of the spectra precludes the straightforward determination of the Stokes shift.
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Figure 2.4 Solid-state absorbance & fluorescence spectra of copolymer | through IV.

The different bands in the luminescence spectra arise from strong coupling of
vibrations of the molecular skeleton to the exciton level. The vibronic features are also
present in the absorbance spectra but much less pronounced. The enhancement of the
vibronic features in the luminescence spectra is usually attributed to the fact that the
emission occurs after migration of excitons to chain segments with the lowest energy
[32]. So the emission in this case is characterized by the low-energy sites rather than
contributions from all chain segments, resulting in a more pronounced spectrum.

If we compare the solid-state PL quantum yields with those obtained from dilute
solution we see that the PL efficiencies for the blue-emitting copolymers | and 1V
decreased, while the PL lifetimes (both show a single-exponential decay in solution
and solid state) are approximately constant, going from solution to solid-state. These
observations contradict each other. This apparent difference in PL efficiencies can be
attributed to the fact that we compare efficiencies obtained by two different techniques
which both have a reasonably large experimental error. Hence, for the blue-light-
emitting copolymers we can conclude that the contributions of additional non-
radiative  decay channels due to interchain interactions in  the
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condensed state are negligible, resulting in efficient solid-state PL. The situation for
copolymers Il and 111 is totally different. For the cyano-substituted copolymer (111) a
significant increase in both PL efficiency (0.4) and lifetime (tr,=2.6 ns) is observed in
the solid state. In addition, the luminescence spectrum is significantly broader and the
vibronic features are poorly resolved in comparison to the other copolymers. Further
on in this chapter we will demonstrate that the PL in copolymer 111 has a different
origin, and arises from interchain excitations (eximer/dimer luminescence) rather than
intrachain singlet excitons. For copolymer Il a large decrease in PL efficiency (0.09)
and lifetime was observed upon spin-casting. The PL decay showed a double
exponential dependence with a fast initial component (t fu1~ 200 ps with a pre-
exponential weigth factor a; = 0.8) followed by a second component with a lifetime of
Tru2~700 ps. So, in this particular case the contribution from non-radiative decay
channels is significant. The exact reason for this is not known. It could be due to a
difference in chain packing in comparison to the octyl-substituted copolymers,
resulting in interchain interactions, which stimulate efficient non-radiative decay
channels. Another possible explanation could be the fact that the conjugation is less
effectively broken for the octyloxy-substituted copolymers and exciton migration to
quenching sites will be much faster in this case, resulting in a faster PL-decay [33].
Unfortunately, we cannot compare the results with those of copolymer 111, which also
has octyloxy sidechains, due to the different origin of the solid-state luminescence for
that polymer.

Wavelength dependence of the PL decay

The wavelength dependence of photoluminescence decay was measured for our
copolymer thin films. In figure 2.5 (right side) a semi-log plot of the luminescence
decay curves collected from a copolymer IV film at A = 420 nm, 460 nm and 500 nm
is depicted. For comparison, the wavelength-dependent PL decay of a converted
precursor PPV film is shown on the left side of figure 2.5. It is obvious from the decay
curves of the copolymer IV film that the PL decay becomes faster at shorter
wavelength. However, for the PPV film the PL-decay is independent of the
wavelength of emission. The faster PL decay in the blue tail of the emission spectra
for copolymer 1V could arise from exciton diffusion to low energy sites. Béssler et al.
[32] reported that for fully conjugated PPV, exciton diffusion to lower energy sites
(longer conjugated chain segments) takes place at a time-scale of < ps. So, exciton
diffusion takes place at a time-scale which cannot be resolved with our experimental
setup (system response ~ 30 ps). For this reason one would expect that the PL decay is
independent on wavelength as displayed in figure 2.5. For the copolymers, the
situation could be different due to the fact that we incorporated well-defined potential
barriers (the interruption blocks), which can effectively lower the mobility for exciton
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migration. The excitons have to pass the barriers by either a tunnelling or hopping
process, which can slow down the diffusion process significantly. If diffusion occurs
on a time-scale longer than 30 ps, this process acts as a non-radiative decay channel in
the blue part of the emission spectrum, resulting in wavelength dependent PL-decay.
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Figure 2.5 Left: Semi-log plot of the luminescence decay curves collected from a
converted precursor PPV film at A = 500 nm, 550 nm and 600 nm. Right: Semi-log plot
of the luminescence decay curves collected from a copolymer IV film at A = 420 nm,
460 nm and 500 nm.
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2.3.2 Oligo(p-phenylene vinylene)s

The optical properties of a series of three different five-ring oligo(p-phenylene
vinylene)s have been studied in solution and solid state. The chemical structures of the
OPVs employed for this study are depicted in figure 2.6. The synthesis,
characterization and steady-state optical properties of the compounds can be found in
reference [34].

Ooct-OPV5

0/

N 0 CN
B SAT BTN -»

/_/_/_/' » /_/_/_/-o R WA

Ooct-OPV5-CN1 Ooct-OPV5-CN2

OO \SN

Figure 2.6 Chemical formulae and abbreviations of the five-ring oligo(p-phenylene
vinylene)s used in this study.

The series comprises OPVs with octyloxy side chains on the middle ring, which two
have cyano substituents on the adjacent central vinylene linkages. Ooct-OPV5-CN1
has the cyano substituents at the inner positions of these vinylene linkages, while
Ooct-OPV5-CN2 has them on the outer positions. All absorption and emission
properties of the oligo(p-phenylene vinylene)s in solution (chloroform) are
summarized in table 2.3 on the next page. For Ooct-OPV5 and Ooct-OPV5-CN2, the
spectroscopic properties in solution are similar to those reported for small conjugated
molecules. The PL efficiencies are high (0.7-0.9) and the PL time-decay curves are
single-exponential corresponding to lifetimes around 1 ns. These values are similar to
those reported for other substituted 5-ring PPV oligomers [35]. For both oligomers the
emission spectra show pronounced vibronic features. The absorbance and emission
spectra for Ooct-OPV5-CN2 are red-shifted with respect to Ooct-OPV5, which can be
explained by the influence of the electron-accepting cyano group on the electronic
structure of the molecule. However, in the case of Ooct-OPV5-CN1, the fluorescence
qguantum vyield is extremely low (0.04) in combination with a fast double-exponential
PL-decay, indicating an efficient non-radiative decay channel.
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The absorbance spectrum of Ooct-OPV5-CNL1 is blue-shifted with respect to Ooct-
OPVS5, and its emission spectrum is broad and featureless. The blue-shift of Ooct-
OPV5-CNL1 in chloroform in comparison to Ooct-OPV5-CN2 suggests that the former
is less planar in the ground state, while the broad and featureless PL spectrum likely
indicates that a relaxed excited state is not reached upon photoexcitation. To constrain
the degree of freedom of the oligomers, dilute blends with polysulfone as transparent
host-matrix were prepared. In figure 2.7 the PL decay curves for CN1 and CN2 in
both chloroform and polysulfone are depicted and the PL spectra of Ooct-OPV5-CN1
in chloroform and polysulfone.
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Figure 2.7 PL decay curves of cyano-substituted PPV oligomers (1) System response
(2) Ooct-OPV5-CN1 in CHCI; (3) Ooct-OPV5-CN2 in CHCI; (4) Ooct-OPV5-CN2 in
polysulfone (5) Ooct-OPV5-CN1 in polysulfone. Inset right: PL spectra of Ooct-OPV5-
CNL1 in chloroform (solid line) and polysulfone (dotted line).

From the identical shape and position of the absorbance (not shown) and
photoluminescence spectra in chloroform and polysulfone we conclude that the
distribution of molecular geometries of the CN1 oligomers is the same in both
situations. As can be seen from figure 2.7, a fast decay is observed for CN1 in
chloroform (=80 ps). In polysulfone the non-radiative decay channel is effectively
inhibited and a normal single exponential decay with a time constant of 1.7 ns is seen
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however. From these measurements we can conclude that the efficient non-radiative
decay channel observed for CN1 in solution is connected with the extend of
conformational freedom it possesses in the surrounding medium. Restriction of the
molecular motion reduces the efficiency of the non-radiative decay pathway, severely.
For CN2 the decay curves in solution and the solid polysulfone matrix do not differ
much (1.4 and 1.7 ns, respectively). These results indicate that the conformational
freedom is somehow associated with the position of the cyano substituents on the
oligomer backbone. The slight increase in the PL-lifetime of CN2 going from solution
to the solid state may also be attributed to the same effect, which is probably general
for all PPVs. It is not possible at this moment to specify the exact degree of freedom
responsible for the fast non-radiative decay channel. It could possibly be associated
with a twisting or bending motion. An elegant illustration to visualize how the
relaxation processes for Ooct-OPV-CN1 may look like is depicted in figure 2.8. In this
figure the potential energy surfaces of the ground and excited state associated with the
cis-trans isomerization of cis-stilbene are shown [36] as an example.
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Figure 2.8 One-dimensional representation of the ground- and excited-state potential
surfaces for trans- and cis-stilbene, from reference [36].

If we adapt this picture to our situation, it is clear that the coordinate (for stilbene: the
twisting angle) in our case is not known, it could well be multidimensional. If we now
associate the right-hand side of the plot to the situation in solution, we see that after
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optical excitation the molecule moves from the Frank-Condon region of the S; surface
to a twisted geometry along the potential surface with either no or a small barrier. In
the twisted region, non-radiative relaxation to the ground-state is very rapid. For the
situation where the molecules are dispersed into a solid matrix, the ground and excited
state potential surfaces look different from the ones displayed in figure 2.8. The
constraint on the twisting motion in this case will favour a normal radiative relaxation
process. The emission spectrum (inset figure 2.7) for CN1 remains broad and
featureless upon changing the matrix from chloroform to polysulfone; this is probably
due to the fact that we excite a large distribution of rotamers with different non-planar
geometries.

For copolymer I11 we see a similar behaviour as displayed by Ooct-OPV5-CNL1.
In solution a fast double-exponential decay was found, while in a polysulfone matrix
single-exponential decay with a time-constant of 1.7 ns was observed. We attribute
this behaviour to the same phenomena.

Single crystals

From all three octyloxy-substituted oligo(p-phenylene vinylene)s needle-shaped single
crystals could be obtained by crystallization from solution. Ooct-OPV5 was
crystallized from a THF/methanol mixture and the cyano-substituted derivatives from
a chloroform/n-hexane mixture.

a
Figure 2.9 Molecular packing of Ooct-OPVS5 in the unit cell. Left: oblique view of the
unit cell of Ooct-OPV5 perpendicular to the (ac) plane. Right: projection of the unit cell
on the (bc) plane (c-axis vertical). From reference [34].
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The structure of all three oligomers has been resolved by X-ray crystallography
[34,37,38]. For a detailed description of the experimental procedure and
crystallographic data, see reference [34]. For Ooct-OPV5 the unit cell is monoclinic,
space group I2/a, and contains eight discrete molecules separated by normal van der
Waals distances. The representation of the unit cell in figure 2.9 shows that the
conjugated backbones lie parallel to each other, lined up in strings along the a-axis
and separated along the c-axis by a layer accommodating the aliphatic side-chains.
Although the phenyl rings are not “m-stacked”, the molecules are nonetheless
contained in layers parallel to the (010) plane. The interlayer distance is b/2 = 3.77 A,
which is indeed larger than the typical values for -stacking, 3.3 - 3.4 A [39].

For both cyano-substituted oligomers, the unit cell was defined as triclinic, space
group P-1, containing one discrete molecule. For Ooct-OPV5-CN1 the molecules have
a remarkable, “wave-like” shape, which involves deviations from planarity of the
vinylene moieties as well as the rings (see figure 2.10). The bending is the strongest
for the vinylene moieties. Such distortions indicate the presence of considerable
packing forces. This is corroborated by the value of the crystal density, 1.210 g.cm?,
which is almost 10 % higher than that of the monoclinic crystalline phase of Ooct-
OPV5 (1.107 g.cm™). The introduction of the cyano groups has obviously strongly
enhanced the intermolecular interaction, resulting in a dense packing of the molecules
(see figure 2.10). However, no n-rt interactions are expected, since the phenyl rings
are both laterally and axially shifted and as a result there is no overlap of the aromatic
backbone. The axial shift, approximately half the length of a styryl-unit, is an essential
aspect, since it serves to bring the nitrogen atom of the cyano group above the center
of the middle phenyl ring of the neighbor molecule. This is attributed to a strong
Coulombic interaction between the two: the cyano group bears a negative charge
while the central phenyl ring is positively charged due to its octyloxy substituents
(from AM1 quantum-chemical calculations: -0.15 and +0.07 electron units,
respectively [34]). There is a distinct out-of-plane bending of the cyano group, which
brings the nitrogen atom at a distance of only 3.3 A above the ring. Remarkably,
Conwell et al. [40,41] found the same distance for the nitrogen atom in a cyano-PPV
polymer. They determine the lowest energy configuration by a Monte Carlo
simulation for a layer of cyano-PPV homopolymer, consisting of 5 face-to-face
segments, each with three phenyl rings (1% repeat unit). In the lowest-energy
configuration, the cyano group in one chain overlapped the edge of a phenyl ring in
the nearest-neighbor chain.

For Ooct-OPV5-CN2, which has its cyano substituents at the outer-position of
the central vinylene linkages, the situation is different and significant n-x interactions
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Figure 2.10 Top-view (top) and side-view (bottom) of two nearest-neighbour Ooct-OPV-CN1
molecules in the unit cell. Atom colors: light and dark gray: carbon atoms of the front and rear
molecule respectively; white: oxygen atoms; black: nitrogen atoms. The distance corresponds to
the shortest distance measured between the atoms of two neighbour molecules in perpendicular
direction.

o005 2-00-AHD-0O-GHO-D-0DD
{35A
o2-0-0-252-00-CHD-0O-GHO-O-00
Figure 2.11 Top-view (top) and side-view (bottom) of two nearest-neighbour Ooct-OPV-CN2

molecules in the unit cell. Atom colors: light and dark gray: carbon atoms of the front and rear
molecule respectively; white: oxygen atoms; black: nitrogen atoms.
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are possible between neighbouring molecules. As can be seen from figure 2.11, the
nearest neighbour molecules, which are separated by a distance of approximately 3.5
A, exhibit only an axial displacement of approximately one phenyl ring (half a repeat
unit), resulting in strong overlap of the aromatic backbones. The CN2 molecules do
not display the “wave-like” shape as observed for the CN1 molecules, and appear to
be almost flat with the octyloxy chains extended nearly perpendicular to the molecular
axis, in the plane of the aromatic backbone.

For the three octyloxy-substituted oligomers the normalized photoluminescence
spectra are depicted in figure 2.12.00ct-OPV5 and Ooct-OPV5-CN1 the optical
properties of the single crystal. Due to the large absorption coefficient (more than 10°
cm™ in maximum) we were not able to measure the absorbance spectra of relatively
thick (20 - 30 um) single crystals.
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Figure 2.12 Normalized photoluminescence spectra of (1) Ooct-OPV5, (2) Ooct-
OPV5-CN1 and (3) Ooct-OPV5-CN2 single crystals. Inset top-right: corresponding PL
decay curves (semi-log plot).

For Ooct-OPV5 and Ooct-OPV5-CNL1 the PL spectra (figure 2.12) show reasonably
pronounced vibrational structure similar to that of a free single molecule. In addition,
the estimated natural radiative lifetimes (based on ®g, and tf,, table 2.4) for the
oligomer single crystals, 2 and 5.5 ns respectively, are typical values reported for
small organic dyes. The observation of Iluminescence originating from an
intramolecular excitation for both oligomers, agrees with the conclusions drawn on the
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basis of the molecular packing of the single crystal. For both oligomers no significant
n-w interactions were expected on the basis of the crystal structure.

From the molecular organization within the Ooct-OPV5-CN2 single-crystals it became
clear that significant -r interactions can be expected between neighboring molecules
in the crystal lattice. This is reflected in the emission properties of the Ooct-OPV5-
CN2 single crystals, which differ significantly from those of the two others. The CN2
single-crystal luminescence spectrum is broad and featureless and red-shifted in
comparison to that of its chemical isomer Ooct-OPV5-CN1. Secondly, the estimated
natural radiative lifetime, ~16 ns, is significantly longer. The behaviour is similar to
that reported by Samuels et al. [14] for cyano-PPV films, which they attributed to
either excimer or dimer luminescence originating from interchain excitations. An
excimer is a pair of identical planar molecules in a cofacial arrangement whose
interaction is repulsive in the ground state but attractive if one of the molecules is
excited. A situation which occurs when the molecules are separated between roughly 3
and 4 A [39,42]. In this situation the rt-orbitals of the molecules can overlap, allowing
delocalization of the electrons over more than one molecule. In the case of polymers,
the excimer is thought to be formed by coplanar conjugated chain segments of two or
more polymer chains, which are parallel to each other separated by a distance of
presumably less than 4 A to allow w-orbital overlap. To illustrate the excimer
formation, a sketch of the potential energy surfaces as function of intermolecular
separation is given in figure 2.13.

E

A\

r
Figure 2.13 Potential energy surface as a function of
intermolecular separation. From reference [42].
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From this sketch the red-shift and the absence of vibronic features for an excimer is
obvious. Another characteristic of an excimer is a long radiative lifetime, because the
transition is usually forbidden by symmetry.

Sometimes it it is difficult to distinguish between an excimer and a physical
dimer/aggregate, because both can give rise to the above-mentioned emission
behaviour. Only in the latter case the interacting molecules also have a stable ground
state. This should result in the appearance of an additional absorption band. It is
difficult to identify this additional absorption band, because it is usually fully masked
by the inhomogeneously broadened absorbance spectra.

For copolymer 111 we have found similar behaviour as displayed by the Ooct-
OPV5-CN2 single crystals and the cyano-PPV reported by Samuels et al. [14]. An
appreciable red-shift of the absorbance (20 nm) and luminescence spectra (50 nm)
going from solution to the solid state, a broad and featureless luminescence spectrum
and a relatively long PL lifetime of 2.6 ns in comparison with the other copolymers.
The estimated natural radiative lifetime of 6.5 ns, for the copolymer, is relatively short
in comparison to the 16 ns reported for cyano-PPV [14]. The possible reasons for the
difference in PL lifetime could be the intermolecular distance or displacement (axial
or lateral displacement of the chain segments), which determine the magnitude of n-
orbital overlap, or the degree of symmetry of the interacting chain segments. For
instance, the symmetry of the ensemble of interacting molecules or chain segments
can be lower if the molecules are not parallel to each other but slightly tilted. This will
influence the emission probability and can result in a faster PL decay.

Vacuum-deposited oligomer thin films

As already mentioned in chapter 1 it is also possible to process the oligomers into
high-purity thin films via vacuum deposition. Oligo(p-phenylene vinylene) thin films
were prepared by slow evaporation (pressure ~10° mbar, evaporation rate 2-4 A/s) of
the compounds from a molybdenum boat just above their melting point, with the
quartz substrates positioned about 10 cm above the boat. A Dektak 3030ST surface
profiler was used to determine the layer thickness. All oligomers gave pin-hole free
polycrystalline layers, showing a granular structure when observed under the optical
microscope (crossed polarizers), indicating the films to be at least to some extent
crystalline. All oligomers showed liquid-crystalline behaviour, which is attributed to
the combination of long aliphatic side-chains and the rigid-rod trans p-phenylene
vinylene backbone, which can act as a mesogenic unit. Similar behaviour has been
observed for side-chain-substituted PPV homopolymers [43]. Gill [34] showed that
annealing the oligomer thin films below the first melting point (crystal-mesophase
transition) resulted in a recrystallization of the films. X-ray diffraction studies of the
films clearly indicated an enhanced molecular orientation upon annealing.
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Figure 2.14 Absorbance and emission spectra and PL-decay of Ooct-OPV5 in (A)
solution, (B) as-deposited film, (C) annealed film (120 °C, 5 min) and (D) single
crystal. Right: polarized light micrographs of the two thin-film morphologies.
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For Ooct-OPV5 and Ooct-OPV5-CN2 we will discuss the optical properties of the as-
deposited and annealed films in more detail and compare them with the optical
properties of solutions and the single crystals.

Ooct-OPV5

The absorbance and emission spectra and PL-decay of Ooct-OPV5 in (A) solution, (B)
as-deposited film, (C) annealed film and (D) single crystal are shown in figure 2.14, as
are optical micrographs of the as-deposited and annealed Ooct-OPV5 films. Heating
the film at 120 °C for 5 minutes resulted in an increase of the domain size from a few
um to approximately 20 um. The individual domains of the annealed films appeared to
be highly birefringent when observed under crossed polarizers. An X-ray diffraction
study of the films showed that the lattice period changed upon annealing and is in any
case smaller than that of the single crystal (16.34 A): as-deposited film 14.9 A,
annealed film 15.05 A. The existence of various crystalline forms can be explained by
the compressibility of the aliphatic layer between the conjugated backbones, resulting
in a deformability of the unit cell. This deformation is reflected in an adjustment of the
c-axis and/or monoclinic angle. In figure 2.15 a schematic representation of the
molecular orientation of the annealed film of Ooct-OPV5 on glass is shown, as
proposed by Gill [34].

1.5 nm

Aba !

substrate

Figure 2.15 Schematic representation of one unit cell of Ooct-OPV5 on a glass
substrate, showing two adjacent rows of oligomers. From ref [34].

All PL spectra show reasonably pronounced vibrational structure similar to that of free
single molecule. The apparent absence of a band in luminescence spectrum from the
single crystal around 500 nm is likely due to self-absorption. Unlike the luminescence
from evaporated films the luminescence from the single crystals was strongly
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polarized along the molecule’s long axis with a dichroic ratio around 12,
corresponding to that of an oriented Ooct-OPVS5 thin film [44]. The red shift in both
luminescence and absorbance spectra with the increase in crystallinity size and
crystalline fraction is evident. The increase in the intramolecular order (transition from
the as-deposited film to single crystal) may result in two effects. First, oligomers are
almost planar in the crystalline phase, while they may be twisted in the disordered
phase resulting in a shorter effective conjugation length [45]. Secondly, the coupling
between the molecular transition dipoles in the close-packed organization of the
crystal leads to splitting of the energy levels. In the simplest case of a dimer with
coplanar inclined transition dipoles, a decrease in the shift angle results in a red shift
of the lowest dipole-allowed electron transition with respect to that in a monomer [46].
According to X-ray data, the shift angle of the single crystal is approximately 45
degrees, indicating that such a mechanism of transition energy lowering is possible.
Both these effects contribute to the red shift, but their relative importance is not clear.

It is obvious from figure 2.14 that for Ooct-OPV5 in solution, the as-deposited
film and the single crystal, the PL lifetimes are approximately the same, around 1-1.2
ns. However, for the annealed film a significantly longer PL lifetime of 1.7 ns was
observed. The PL quantum yield of the films increased from 0.5 to approximately 0.7
upon annealing, which agrees with the observed longer PL lifetime. The exact reason
for the longer lifetime is currently not known.

Ooct-OPV5-CN2

The absorbance and emission spectra and PL-decay of Ooct-OPV5-CN2 in (A)
solution, (B) as deposited film, (C) annealed film and (D) single crystal, are shown in
figure 2.16, along with optical micrographs of the as-deposited and annealed Ooct-
OPV5-CN2 films. Heating an as-deposited film at 160 °C for 5 minutes resulted in the
formation of small needle-like crystallites, suggesting an enhanced molecular
orientation and increase of the crystalline fraction upon annealing. X-ray diffraction
(XRD) studies to get more insight in the molecular structure of the different thin-film
morphologies are currently in progress. The first preliminary XRD result showed that
the as-deposited films are poorly crystalline, while annealing the film indeed results in
an increase of the number of reflections in the XRD-pattern, which shows that a higher
degree of orientation is obtained.

In the emission spectra we see an apparent gradual transition from single
molecule luminescence to excimer luminescence associated with the Ooct-OPV5-CN2
crystal lattice going from solution to the single crystal. Apparently, the as-deposited
and annealed films represent an intermediate state, with contributions from both a
disordered (amorphous) and an ordered (crystalline) morphology.
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Figure 2.16 Absorbance and emission spectra and PL-decay of Ooct-OPV5-CN2 in

(A) solution, (B) as-deposited film, (C) annealed film (160 °C, 5 min) and (D) single
crystal. Right: polarized light micrographs of the two thin-film morphologies.
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The PL spectrum of the as-deposited film (B) shows pronounced vibrational features,
common for single-molecule luminescence, indicating that the contribution from the
amorphous fraction is more dominant. For the annealed film (C), a broad and
featureless composite spectrum is observed, due to a larger contribution from the
crystalline fraction. From the absorbance spectra of the thin films it is obvious that the
low-energy shoulder is red-shifted and slightly more pronounced for the annealed
film. The absorbance from the crystalline phase is less inhomogeneous broadened and
the molecules have a more coplanar geometry, resulting in a red-shift. Note that the
absorbance spectrum of the solution-grown single crystal is absent, due to the high
absorption coefficient we were not able to measure the absorbance spectrum for the
relatively thick single crystals.

The disorder-to-order transition is also clearly reflected in the time-resolved PL decay
curves. For Ooct-OPV5-CN2 in solution and the single crystal, single-exponential
decay curves were observed corresponding to PL lifetimes of 1.4 and 8 ns,
respectively. They are representing the two extremes: single-molecule and excimer
luminescence. However, the PL-decay curves for the as-deposited and annealed films
show double-exponential dependencies with lifetimes of 1.5/7.0 ns (ti/t,) and 3.4/8.0
ns, respectively. This shows that the contribution of the fast decay associated with
single-molecule luminescence decreases upon annealing, which is in agreement with
the observed increase of the crystalline fraction upon annealing.

2.4 Conclusions

In this chapter, the optical properties in solution and solid state for a series of well-
defined alternating PPV copolymers and all-trans 5-ring oligo(p-phenylene vinylene)s
were evaluated. The optical properties of the copolymers in dilute solution were
similar to those of the distyrylbenzene model oligomers representing the
chromophores in the polymer backbone, indicating that the conjugation is effectively
interrupted in the copolymers. For the blue-light-emitting alternating copolymers the
photoluminescence (PL) efficiency and lifetime did not significantly change going
from solution to the solid-state, indicating that the contribution from additional non-
radiative decay channels due to interchain interactions in the condensed state is
negligible, resulting in efficient solid-state PL.

For both the cyano-substituted copolymer and Ooct-OPV5-CNL1, a fast double
exponential PL decay was measured in dilute solution, which is the result of a fast
non-radiative relaxation pathway associated with the cyano substituents on the
vinylene linkages. Restricting the molecular motion by dispersing the oligomer in a
solid polysulfone matrix resulted in an effective inhibition of the non-radiative decay
channel and a much longer single-exponential PL decay with a time constant of 1.7 ns.
Remarkably, for Ooct-OPV5-CN2 in solution this effect was not so strong.
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A reasonably long PL-decay with a PL lifetime of 1.4 ns was measured, which
indicates that the position of the cyano moieties on the vinylene bonds is an important
parameter, governing this fast non-radiative decay pathway.

For the Ooct-OPV5-CN2 single crystals, the PL spectrum was broad and
featureless and a long PL lifetime of 8 ns was measured. The long-lived luminescence
is attributed to excimer emission. This is positively confirmed by X-ray diffraction
data of the single crystal. On the basis of the packing of the molecules in the crystal
lattice, significant =-r interactions between adjacent (face-to-face) molecules are to be
expected. Also in the case of the cyano-substituted copolymer there is evidence that
the luminescence originates from eximers, but though the characteristic features are
less pronounced as observed for Ooct-OPV5-CN2 and cyano-PPV homopolymers
[14].
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Chapter 3

Laser emission from an
alternating PPV copolymer
in solution’

Abstract

The lasing efficiency and wavelength tunability of a novel blue-light-emitting
copolymer, poly[(2, 5, 2", 5"-tetraoctyl)-p-terphenyl-4,4”-ylene vinylene-p-phenylene
vinylene], TOP-PPV, was studied in various organic solvents. Laser generation was
established using the third harmonic radiation of a Nd:YAG laser as pump source. The
results were compared with the conventional laser dyes Coumarin 120 and Coumarin
47 in ethanol under identical experimental conditions. The energy conversion
efficiency of TOP-PPV in hexane exceeds that of both coumarin dyes with more than
50%. The laser emission of the copolymer dye in hexane is tuneable in the
wavelength region between 414 and 456 nm (44= 38 nm).

t H.J. Brouwer, V.V. Krasnikov, A. Hilberer, J. Wildeman, G. Hadziioannou,
Appl. Phys. Lett., 66, 3404 (1995)
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3.1 Introduction

It was realized that the large absorption cross-section and high photoluminescence
(PL) quantum yield of substituted PPV’s make them promising candidates as active
laser media in dilute solution and blends (i.e. the active polymer dispersed in a
transparent solid host matrix) in analogy with conventional laser dyes [1]. Under these
conditions the individual polymer chains are spatially well-separated by the host
medium so that interchain interactions which result in fast non-radiative decay and
luminescence quenching are neglectible. In conventional solid-state dye lasers the
transparent host matrices are either organically modified sol-gel glasses (Ormosils)
[2,3] or amorphous polymers like polyurethanes [4], or poly(methylmethacrylate)
(PMMA) [5] and copolymers [6,7] thereof. The poor compatibility of the laser dyes
with the host matrix and the small dimensions of the dye molecules leads to fast phase
separation (recrystallization) during operation and subsequent formation of
aggregates, which usually exhibit weak fluorescence [1]. PPV-based homo- and
copolymers can be considered as attractive materials for the possible application as
active gain media in solid-state dye lasers, since they combine high PL-quantum
yields and tuneable optical properties with good processability and excellent
mechanical properties.

Laser action of a soluble conjugated polymer, poly(2-methoxy-5-(2’-ethyl-
hexyloxy)-p-phenylenevinylene) (MEH-PPV) in the liquid state [8,9] was achieved
for the first time in 1992. Lasing of the polymer solution in a transverse cavity
configuration was observed at 596 nm using second harmonic radiation of a Nd:YAG
laser (A= 532 nm, pulse width 6 ns, repetition rate 10 Hz) as excitation source. The
reported lasing performance of MEH-PPV was comparable to that of the most
efficient laser dye in the yellow/red wavelength region, Rhodamine 6G. Holzer et al.
[10] reported on laser emission from a PPV copolymer solution in the blue wavelength
region by pumping with 35 ps pulses from a frequency-doubled ruby laser. Recently,
laser emission from blend films containing MEH-PPV and TiO, nanoparticles in a
polystyrene (PS) matrix [11] has been reported. The TiO, nanoparticles in these films
strongly scatter the emitted photons and provide the feedback necessary for lasing
[12]. Both observations in liquid and solid state are consistent with the reported
stimulated emission (SE) in an ultrafast spectroscopy study by Yan et al. [13] of
solutions and blends of MEH-PPV in PS.

In this chapter, laser action of an efficient blue-light-emitting PPV-based
copolymer, poly[(2, 5, 2’°, 5’-tetraoctyl)-p-terphenyl-4,4”-ylene vinylene-p-
phenylene vinylene] (abbreviated as TOP-PPV) [14 - 16] in solution is demonstrated.
The lasing performance of TOP-PPV is quantified in terms of energy conversion
efficiency and wavelength tuneability for the specific dispersive resonator
configuration used in this study. Three different solvents (n-hexane, p-xylene and
tetrahydrofuran) were used to investigate the influence of the molecular environment
on the lasing properties of the TOP-PPV copolymer in solution. The blue-light-
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emitting laser dyes, Coumarine 47 and 120, were used as reference to compare the
lasing efficiency and wavelength tuneability of the PPV-copolymer with that of
conventional laser dyes.

3.2 Experimental

The energy conversion efficiency measurements were performed using a linear non-
dispersive cavity in a quasi-longitudinal pumping arrangement. The experimental set-
up is schematically depicted in figure 3.1. The cavity is defined by a concave metallic
rear mirror and a flat dielectric output coupler (transmittance T = 81 %, A = 360 - 460
nm) separated by a distance of 95 mm.

Nd:YAG laser, 3" harmonic
A = 355 nm, repetition rate 1 Hz

BS

OM

RM
PD

Figure 3.1 Experimental set-up: L: lens, BS: beam splitter, PD: pyroelectric detector,
RM: concave rear mirror, C: flow cell and OM: dielectric output mirror.

The pump source was a Nd:YAG laser, Quanta-Ray GCR 130-50, operating at tripled
frequency (A = 355 nm, p-polarized, pulse width = 8 ns) with a repetition rate of 1 Hz.
In order to prevent laser generation from the cell walls and to minimize Fresnel losses,
the dye cell (pathlength 10-mm) was tilted with respect to the pumping beam. The
angle between the pumping and generated beam was approximately 7°. The input and
output pulse energy was monitored with two calibrated pyroelectric detectors
(Coherent LMP 5 and Molectron J3-02, respectively). The spectral characteristics of
the laser output were measured with an Optical Multichannel Analyzer (Princeton
Instruments). In the case of the tuning-range measurements, a quartz prism was
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incorporated between the rear mirror and the dye cell as a dispersive element.
Wavelength tuning was achieved by rotation of the rear mirror.

The lasing performance of TOP-PPV was studied in three solvents:
tetrahydofuran (THF), n-hexane and p-xylene (Merck, spectroscopic grade). The
solubility of TOP-PPV in the non-polar solvent hexane was low, which made it
difficult to determine the concentration accurately in this case. All solutions were
filtered over a 0.2 um filter, to remove dust and, in the case of hexane, undissolved
compound. The reference laser dyes Coumarin 120 and 47 (Lambdachrome LC 4400
and LC 4700) [17] were used in ethanol solution (Merck, spectroscopic grade).
Absorbance and fluorescence spectra were recorded on an SLM Aminco 3000 diode
array spectrometer and a SLM Aminco SPF-500 fluoro-spectrometer, respectively.
Luminescence quantum yields in solution were obtained using quinine sulphate in
sulphuric acid (®r=0.55) as the fluorescence standard. Luminescence lifetime
measurements were made using the time-correlated single-photon counting technique,
described in chapter 2.

3.3 Results and discussion
3.3.1 Chemical structure and optical properties in solution

In figure 3.2 (A) the structure of the repeat unit of the TOP-PPV copolymer is given.
The rigid-rod copolymer (M,, = 4.5x10% M,/M,=1.7) has a well defined conjugated
backbone, consisting of regularly alternating tetraoctylterphenylene (TOP) and p-
phenylenebisvinylene blocks. The copolymer was synthesized via a Heck-coupling
reaction and a detailed description of the synthesis is given in reference [14]. The
copolymer is thermally stable, up to 420°C under nitrogen and has a glass transition
temperature of —20 °C. The presence of four octyl side chains on the terphenylene unit
provides solubility of the rigid copolymer in common organic solvents such as THF,
chloroform and toluene.

The TOP-PPV copolymer consists of well-defined chromophores, which are the
direct result of steric interactions in the backbone. The middle rings in the
terphenylene units are twisted out of coplanarity due to steric hindrance induced by
the bulky side chains and the n-conjugation is effectively interrupted [14]. Hence, the
actual chromophores in the copolymer backbone are 1,4-bis(2,5-dioctylstyryl)benzene
units connected to each other by non-coplanar phenylene groups. These well-defined
conjugated PPV segments give to the copolymer the optical properties similar to those
observed in small dye molecules, in particular exceptionally efficient blue
fluorescence. The number of chromophores per polymer chain in TOP-PPV is equal to
the number of repeat units, which in this case are 5 to 6 chromophores. Figure 3.2A
shows the absorbance (Aaps, max = 352 nm) and emission (Agy, max = 440 nm) spectra of
a dilute solution of the TOP-PPV copolymer in n-hexane. The absorbance and
luminescence of TOP-PPV in both THF and p-xylene are approximately 7 nm red-
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shifted. The photoluminescence (PL) quantum yields of TOP-PPV in THF and p-
xylene were measured as ®¢ = 0.8 (try = 0.7 ns); a value of ®g, = 0.9 (try = 0.8 ng)
was found in hexane.

Coumarins are known as a class of efficient laser dyes in the blue-green
wavelength region [1] and were chosen as a reference for this reason. The chemical
structure and optical spectra in ethanol of the two coumarin derivatives used in this
study, 7-amino-4-methylcoumarin  (Coumarin  120) and 7-diethylamino-4-
methylcoumarin (Coumarin 47), are depicted in figure 3.2B and C, respectively.

Absorbance
2
Fluorescence

300 400 500 600 700
Wavelength (nm)

Figure 3.2 Absorbance (solid line) and emission spectra (dotted line) at low solute
concentration (O.D. at Aaps, max = 0.1) of (A) TOP-PPV in hexane, (B) Coumarin 120 in
ethanol and (C) Coumarin 47 in ethanol. Inset (right): the chemical structure of the
TOP-PPV repeat unit, Coumarin 120 and Coumarin 47.

The absorbance (Aaps, max = 354 nm) and fluorescence (A, max = 432 nm) of Coumarin
120 in ethanol are in the same spectral region as that of the copolymer in hexane and
the absorbance maxima of both compounds are in close proximity of the wavelength
of our Nd:YAG pump source. In the case of Coumarine 47 in ethanol, the absorbance
(Aabs, max = 373 nm) and fluorescence (Ariy, max = 446 Nm) are red-shifted with respect to
Coumarin 120 due to the electron-donating character of the ethyl group, and the
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spectral region of emission coincides with that of TOP-PPV in THF or p-xylene. The
measured PL quantum yields of Coumarin 120 and Coumarin 47 are ®= 0.5 (1 = 3.6
ns) and ®e= 0.6 (t¢ = 3.1 ns), respectively.

3.3.2 Dye laser performance
All dye solutions used in this study had a transmittance of T=1 % (quartz cuvette, 10

mm path length) at the wavelength of the pump source (A = 355 nm), which was in the
region of optimum lasing efficiency.
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Figure 3.3 Normalized dye laser output energy (at fixed pumped energy) as a function
of transmittance of the dye solution at 4 = 355 nm (quartz cuvette, 10 mm path
length):®: TOP-PPV in THF, O: TOP-PPV in p-xylene and ®: Coumarin 120 in
ethanol. Arrow: T = 1%.

Concentration-dependent measurements at a fixed pump energy of 10 mJ showed that
the maximum achievable output energy in our linear resonator was constant between a
dye cell transmittance of T=0.1 and 6% for all compounds, which can be seen in figure
3.3. A transmittance of T=1% corresponded with a TOP-PPV chromophore
concentration in THF of 5.9x10"° M and a chromophore density of 3.6x10' cm™.
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Clear evidence of laser action of the TOP-PPV copolymer is shown in figure 3.4.
When the pump energy exceed the threshold energy for lasing, intense blue light with
a narrow spectral bandwidth (7 nm, FWHM) was emerging from the output coupler.
The spectrum of the spontaneous emission was obtained after blocking the rear mirror
of the resonator to interrupt the feedback system. The wavelength of laser generation
of TOP-PPV coincided with the maximum of the spontaneous emission spectrum (the
wavelength of maximum gain to a first approximation) as expected for a free-running
(self-tuning) resonator.

A 5:44Onm
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Figure 3.4 Spontaneous (dotted line) and stimulated (solid line) emission spectra of
TOP-PPV in hexane as measured with the linear non-dispersive cavity.

Figure 3.5 shows the ordinary linear dependence of the output pulse energy of the
dyes as function on the input pulse energy of the Nd:YAG laser. The slope of the lines
represents the energy conversion efficiency (or slope efficiency) and the intercept of
the lines with the abscissa corresponds to the threshold energy for lasing. The
conversion efficiency of TOP-PPV was dependent on the solvent used. The
conversion efficiency (7%) of TOP-PPV in n-hexane is significantly higher than in all
other cases. The conversion efficiencies and lasing wavelengths for all dyes are given
in table 3.1.
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Output energy (mJ)

Input energy (mJ)

Figure 3.5: Plot of the output pulse energy of the dye laser as a function of the input
pulse energy of the Nd:YAG pump beam in the case of : TOP-PPV copolymer in
hexane, e : TOP-PPV copolymer in p-xylene and ®: Coumarin 120 in ethanol.

Table 3.1: The lasing characteristics of coumarin 47, coumarin 120 and TOP-PPV.

Dye Solvent 7\|as(a Ethreshold @ Eff@ tuning AN
(hm)  (mJ) (%)  range® (nm) (nm)
TOP-PPV THF 449 0.8 1.8 438 -456 18
p-xylene 449 0.5 2.8 436 -456 20
Hexane 440 0.6 6.8 414 -452 38
Coumarin 47 Ethanol 451 1.3 2.8 444 - 470 26
Coumarin 120  Ethanol 439 1.8 2.3 424 - 450 26

a) Linear non-dispersive resonator, b) Dispersive resonator

The efficiencies of TOP-PPV in THF and p-xylene (1.8 and 2.8%, respectively) are
comparable to those of both coumarin dyes, but their lasing threshold energies are a
factor two lower. As expected, the lasing wavelength, for TOP-PPV in THF and p-
xylene are red-shifted with respect to hexane due to increasing solvent
polarity/dielectric constant. The lasing bandwidth of the TOP-PPV polymer was
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approximately 7 nm in all solvents. The bandwidth of both coumarin dyes was almost
twice as large, 12 nm. During all measurements no signs of photodegradation were
observed.

The wavelength tuneability of the copolymer and dye solutions has been determined
in the same resonator; a prism was incorporated between the rear mirror and the dye
cell as wavelength-selective element. The results of the wavelength tuneability
measurements are shown in table 3.1.
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Figure 3.6 Tuning curve (M) and luminescence spectrum (dashed line) of the TOP-
PPV copolymer in hexane (pump energy 10 mJ) and the tuning curves of TOP-PPV in
p-xylene (O) and tetrahydrofuran (®).

The tuning curves for the TOP-PPV copolymer in n-hexane, THF and p-xylene are
plotted in figure 3.6. The curves were recorded at a pump energy of 10 mJ. The
luminescence spectrum of TOP-PPV in hexane is shown in the same figure for
comparison. From this plot it can be seen that the tuning curve for TOP-PPV in n-
hexane follows the shape of the emission spectrum in the region between 414 and 452
nm. The cross-section for stimulated emission as a function of wavelength cem()) to a
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first approximation coincides with the spontaneous emission spectrum, which is
expressed in the following relationship [1]:

A E(L
Com(h)= ——F— ) (3.1)
8nn°c, T
where n, ¢g and tr are the refractive index, velocity of light and luminescence lifetime,
respectively E()) is the normalized spontaneous emission lineshape function such that
[E(r)dA = @, the fluorescence quantum yield. If we assume that the losses due too

intersystem crossing, S;—T; (based on the high fluorescence quantum yield), and
excited state absorption, S;—S,, are small, then the gain as function of wavelength is
G(\) ~ oem(M) - oms(A). The latter term represents the cross-section of residual
ground-state absorption at the wavelength of interest; its contribution should also be
reasonably small, considering the small overlap between absorption and emission. The
magnitude of the laser power output is determined by the combination of cavity losses
and gain. The power output efficiency n in the case of optimum output coupling for a
standing-wave laser oscillator is given by [18]:

2
)
Nopt = l:l—,/ﬁ} (3.2)
m0 Mm

where &, represents the internal cavity losses and 2amopm the unsaturated round-trip
laser gain. From equation 3.2 it is obvious that the output power efficiency rapidly
decreases as the ratio of internal cavity losses to unsaturated gain increases. Since the
reflectivities of the resonator mirrors and other cavity losses are approximately
constant in the wavelength region of luminescence, the laser output power as a
function of wavelength should reflect the fluorescence spectrum, as shown for TOP-
PPV in hexane in figure 3.6. The tuning curve looks rather peculiar if one compares it
with that of conventional laser dyes, which are usually featureless due to the lack of
pronounced vibrational coupling.

The wavelength tuning range of TOP-PPV in hexane (AA = 38 nm) was the
widest among all dye/solvent systems measured, which demonstrated the superior
efficiency of this polymer solution. It should be mentioned that the bandwidth of laser
generation was 3 nm (FWHM) in all cases and was mainly determined by the
dispersion of the cavity.

The reason for the higher conversion efficiency of TOP-PPV in hexane is unclear at
this moment. Gel Permeation Chromatography (GPC) was used to investigate which
molecular weight fraction of the copolymer dissolved in hexane. The molecular
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weight distribution of the copolymer in hexane indeed differed from that in THF and
p-xylene. Due to the poor solubility in hexane, only the lower molecular weight
species dissolved and as a result the polydispersity (My,/ M,) decreased from 1.7 (in
THF) to 1.17 (M, = 3.1x10° M, = 3.6x10%). Hence, in hexane the average number of
chromophores is 4 per polymer chain. It is unlikely that this difference in molecular
weight distribution is the main reason for the higher conversion efficiency in hexane.
The luminescence quantum efficiency (in solution) of the copolymer, ®F = 0.9, is the
same as that of the model compound 1,4-bis(2,5-dioctylstyryl)benzene (the
chromophore in TOP-PPV) [14], which indicates that the efficiency does not change
drastically as a function of chain length.

3.4 Conclusions

In conclusion, we have demonstrated efficient laser action of a novel blue-light-
emitting PPV copolymer in solution, photoexcited by ns pulses from the frequency-
tripled output of a Nd:YAG laser. The energy conversion efficiency and wavelength
tuning range of TOP-PPV in n-hexane exceeded that of both reference coumarin dyes.
This study clearly demonstrates the potential of conjugated PPV polymers for dye
laser applications. Further comprehensive studies concerning photostability,
conversion efficiencies, wavelength tunability, and the effect of solvent environment
on the photophysical parameters are necessary however in view of possible future
applications.

The prospects for PPV polymers as active lasing medium in optically pumped
solid state dye lasers and amplifiers based on dilute blends seem good, based on the
above mentioned observations in solution. The superior mechanical properties and
thermal stability of conjugated polymers over conventional laser dyes in combination
with efficient emission will likely result in an overall improvement of the performance
of such solid-state dye lasers.

Moreover, lasing from neat PPV (and derivatives thereof) films under pulsed
optical excitation has been reported recently [19,20], which demonstrates that
polymers exhibit considerable net gain in the solid state even under extreme
conditions were the chains are in close contact. The possibility to generate laser light
in pure PPV films with a typical thickness of 100 — 300 nm, prepared by the simple
spincasting technique, can be considered as an important development. Our efforts
with respect to studies of neat homo- and copolymer films under intense optical
excitation are described in the next chapter.
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Chapter 4

Stimulated emission from neat
polymer films'

Abstract

We have observed mirrorless lasing in optically-pumped, neat films of a PPV based
alternating copolymer and a PPV homopolymer with octyloxy side chains. This
mirrorless laser emission is the result of Amplification of Spontaneous Emission (ASE)
due to optically induced net gain. Propagation of the emitted photons by waveguiding,
inside the polymer film, is important, because it provides the necessary length of
interaction of the emitted light to build up sufficient net gain. A threshold for spectral
narrowing was observed above which superradiant emission appeared with a narrow
spectral bandwidth of 6 — 7 nm (FWHM). The observed narrow emission band was
located near the maximum of the low-intensity fluorescence spectrum (=gain
maximum) for both polymers. Additionally, laser action from an Ooct-PPV film in a
planar cavity configuration, consisting of two dielectric mirrors, was demonstrated. The
cavity construction enabled us to tune the wavelength of the laser emission. A
wavelength tuning range of approximately 20 nm was observed for the laser emission
from Ooct-PPV, centred at the gain maximum located at 631 nm.

t H.J. Brouwer, V.V. Krasnikov, A. Hilberer, G. Hadziioannou,
Adv. Mater., 8, 935 (1997)
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4.1 Introduction

The introduction of Light Emitting Diodes (LEDs) based on a semiconducting polymer,
poly(p-phenylene vinylene) (PPV) [1,2], seven years ago triggered intensive research in
the field of conjugated polymers. This led to the elaboration of various other conjugated
polymer LEDs with impressive efficiencies [3] and light emission over the entire range
of the visible spectrum [4-10]. The use of microcavities (i.e.. an optical resonator
consisting of two coplanar reflectors separated by a distance of 1 wm or less) in polymer
LEDs [11-13] made it possible to alter the emission properties significantly through
coupling of the generated electroluminescence (EL) to resonant cavity modes. It results
in substantially narrowed emission, increased directionality of the emitted light and
wavelength tuneability of the emission (in the region of EL) by varying the cavity path
length. The combination of efficient photoluminescence, the possibility to establish light
emission by current injection and the successful application of microcavities in polymer
LEDs, indicates that the development of polymer diode lasers operating in the visible
can possibly be achieved on the long run. Recently, lasing in optically pumped neat
(undiluted) polymer films was reported by several groups, which is an important
development supporting such a possibility.

In chapter three, lasing from PPV copolymer in the dilute solutions has been
discussed. Under these conditions, the chromophores are spatially well separated and
interchain interactions are negligible. As anticipated, laser action in direct analogy with
conventional laser dyes was observed, consistent with other similar studies [14,15]
reported in literature. Correspondingly, lasing from solid-state films based on a dilute
blend of poly(2-methoxy-5-(2’-ethyl-hexyloxy)-p-phenylene vinylene) (MEH-PPV) in
polystyrene was reported by Hide et al.[16]. However, the prospects for neat MEH-PPV
films as active laser medium seemed less hopeful because of the large contribution of
photoinduced absorption resulting from interchain interactions, which cancelled out the
stimulated emission (SE) in such films [17]. Despite the fast sub-nanosecond decay, the
substantially decreased PL quantum efficiency and the photoinduced absorption, SE
was observed in optically pumped neat polymer films in several ultrafast spectroscopy
studies [18-21], indicating the possibility of lasing. This was positively confirmed
recently by Tessler et al. [22] whom reported lasing from spincast PPV films under
pulsed optical excitation in a microcavity construction. Furthermore, gain narrowing
in optically pumped neat films of various PPV’s was reported without the use of an
external feedback system by several groups [23-27] , including ours.

This chapter describes the emission properties of spincasted neat films of the
blue-light-emitting silylene-alt-oligo(phenylene vinylene) copolymer (abbreviated as
SiPPV) under pulsed laser excitation. This copolymer differs from its fully conjugated
counterparts, due to the broken conjugation induced by the dimethylsilylene
interruption units and can be seen as a long flexible chain of separate oligomers (di-n-
octyl distyrylbenzene) connected by small spacer units. Spectral narrowing of the
emission from the SiPPV films was observed with increasing excitation energy. The
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intensity of the narrow band scaled super-linear with excitation energy. The influence
of film thickness and the size of the excitation area on the threshold of spectral
narrowing are discussed as well as the angular dependence of the emission.
Furthermore, the emission properties of drop-cast films of a red-light-emitting
homopolymer poly (2,5-di-n-octyloxy-p-phenylene vinylene) (Ooct-PPV) under pulsed
laser excitation are described. In this case optical feedback was established using a
planar cavity configuration consisting of two dielectric mirrors.

4.2 Experimental

Thin SiPPV films were fabricated by spincoating the copolymer from a toluene
solution (5% w/w) onto glass slides (20 x 20 mm?). The solution was filtered (0.2 um-
filters, Spartan 13/30) prior to spincoating to ensure good optical quality films. After
spincoating the films were dried under vacuum at 50 °C to remove all residual toluene.
The Ooct-PPV films were made by dropcasting the chlorine-precursor polymer from a
filtered chloroform solution onto glass slides or dielectric mirror in the case of the
cavity experiments. The precursor-PPV films were converted under vacuum at 100 °C
for 2 hours.

A Dektak 3030 ST surface profiler was used to determine the layer thickness.
The absorbance spectra of the films were recorded on an SLM-Aminco 3000 array
spectrophotometer. Fluorescence spectra were recorded on a Perkin-Elmer LS50-B
fluorospectrometer. Luminescence lifetimes were determined using the time-correlated
single-photon counting technique and absolute PL quantum yields of the films were
measured in an integrated sphere as described in chapter 2.

Polymer film

Nd:YAG laser
A =355 nm or 532 nm,

OMA

Figure 4.1 The experimental geometry for excitation and detection.
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The third harmonic radiation of a Nd:YAG laser (Quanta-Ray GRC 130-50, A = 355
nm, pulse width = 15 ns) operating at a repetition rate of 1 Hz, was used for
photoexcitation of the SiPPV films. The beam was focused to an elliptical spot size of
5.0 by 2.5 mm? with a cylindrical lens (see figure 4.1). The energy of the excitation
beam was varied using neutral density filters. The copolymer films were excited under
normal incidence. The emitted light emerging from the edge of the films along the
long axis of the beam spot was collected with a lens and focused into a multimode
optical fiber input of an Optical Multichannel Analyzer (Chromex 250 SI
polychromator with Chromcam | CCD detector). The acceptance cone (full angle) was
approximately 10°. The Ooct-PPV films were photoexcited (diameter of the excited
area ~2 mm) under normal incidence by the frequency-doubled output of the Nd:YAG
laser (A = 532 nm), and the total emission from the films was measured using an

integrating sphere.
F ~5um-—»

Nd:YAG 2™ harmonic

A =532 nm
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Figure 4.2 Ooct-PPV cavity structure.

The emission properties of Ooct-PPV films were measured in a planar cavity structure
as depicted in figure 4.2. The cavity consisted of two flat dielectric mirrors with
reflectivities of R = 95 and R = 99% in the red wavelength region. The polymer was
cast on top of the high-reflectance dielectric mirror (R=99%) as described above, and
the second dielectric mirror was mounted on the polymer film using a small amount of
transparent silicone grease (Dow-Corning) forming a thin compressible spacer film.
The cavity structure was clamped into a mechanical holder, and by varying the applied
force onto the mirrors, it was possible to adjust the cavity length and so tune the
wavelength of emission. The layer thickness of the Ooct-PPV films was
approximately 1.5 um and the total cavity path length in the experiments described
was estimated to be roughly 5 um. It should be explicitly stated that all above-
mentioned photoexcitation experiments were performed under ambient conditions.
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4.3 Results and discussion
4.3.1 Silylene-alt-oligo(phenylene vinylene) copolymer films

In figure 4.3 (inset) the structure of the repeat unit of the copolymer poly[dimethyl
silylene-p-phenylene-vinylene-(2,5-di-n-octyl-p-phenylene)-vinylene-p-phenylene] is
given. The synthesis, full characterization and optical properties in solution are
described in reference [28]. The Si-PPV copolymer (M,, = 25.000, M,/M,, = 2.4) has a
well-defined backbone consisting of regularly alternating di-n-octyl-distyrylbenzene
and fully saturated dimethylsilylene units.
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Figure 4.3 Absorbance spectrum of a spincasted SiPPV copolymer film (150 nm).
Inset: the chemical structure of the SiPPV repeat unit and luminescence decay curve
of the film.

The average number of chromophores per SiPPV chain is equal to the number of
repeat units, which in this case is 45 chromophores/chain. Figure 4.3 shows the
absorbance spectrum (Aaps, max = 352 nm) of a spincoated SiPPV film, with a thickness
of 150 nm. The copolymer exhibits a large absorption coefficient (s nm = 1.3.10° cmv
1) due to the high density of chromphores. In solution, PL-quantum yields of ®¢~0.6
(tr = 0.9 ns) have been measured [29]. The solid-state quantum yield of a SiPPV film
determined in an integrated sphere was ®r = 0.4 (Ary, max = 452 / 483 nm), with a
luminescence decay showing a single-exponential dependence with a time constant of
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= = 0.9 ns. Based on these observations, it can be concluded that the PL quantum
yield does not drop significant going from solution to solid state. The apparent
difference in PL efficiencies can be attributed to the fact that we compare efficiencies
obtained by two different techniques which both have a reasonably large experimental
error.

We have measured light emission spectra from a series of SiPPV copolymer films
with different film thickness. The typical spectral evolution as a function of excitation
energy is shown in figure 4.4 (spectra 2,3 and 4) for a 150 nm thick sample. The
spectra represent the emission emerging from the edge of the film; they are normalized
on excitation energy. For comparison, a photoluminescence spectrum (1) collected at
an angle of 30° with respect to the film is also included.

T T T

@ L 1~
= N
C IE
> 5
2 S
< <
> p—
= (O]
0 O
c [
= 2
£ N

. [¢)
S =
5 S
z 2

i N 1 N 1 N 1 ]
440 460 480 500

Wavelength (nm)

Figure 4.4 Fluorescence spectrum (1) and emission spectra normalized on excitation
energy of an SiPPV copolymer film (thickness 150 nm): (2) emission spectrum below
lasing threshold, E¢, = 7.5 102 mJ and emission spectra above threshold (3) E¢= 0.25
mJ and (4) Eex = 1 mJ.

An increase in pump energy resulted in spectral narrowing and the appearance of a
sharp peak surrounded by a broad luminescence tail. The super-linear increase in
amplitude of the sharp peak, as well as the sub-linear growth of the broad tail, are
evident. As a result, the higher the excitation energy, the more dominant the spectrally
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narrow emission becomes. The ratio of the spectrally narrow emission to the
background luminescence increases with excitation energy, which is shown in figure
4.5.
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Figure 4.5 Normalized intensity ratio of superradiant emission and luminescence
background as a function of excitation energy. Inset (bottom right): emission linewidth
as a function of excitation energy.

Above an energy threshold of approximately 0.1 mJ, narrow blue emission with a full
width at half maximum (FWHM) of 6 nm was emerging from the edge of the film
(inset, figure 4.5). The main features of the spectral behaviour of our system remained
the same at any light collection angle. Only the relative amplitude of the sharp
maximum with respect to the amplitude of the broad tails and the shape of the
emission spectrum below threshold depended on the angle of observation. It should be
mentioned that the threshold of breakdown lies at approximately 1.5 - 2 mJ, depending
on the film quality, allowing measurements at pump energy levels well above the
threshold of spectral narrowing to be made. We have measured the spectral
characteristics as a function of pump energy for several samples of the same thickness
and under the same conditions with a good sample-to-sample reproducibility.

The behaviour observed, viz. the appearance of a spectrally narrow peak above
a well-defined energy threshold and the relative suppression of the broad
luminescence tails, indicating the redistribution of spectral energy within the emitted
light, is a clear signature of light-induced net gain due to stimulated emission. This
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radiation, which appears regardless of whether there is any input radiation, is called
Amplified Spontaneous Emission (ASE). ASE has at least some properties resembling
laser radiation. For this reason systems emitting ASE are often referred to as
mirrorless lasers or superradiant lasers and such mirrorless lasing is sometimes called
superradiance [30,31].

Mirrorless lasing requires light-induced amplification with a sufficient length of
interaction for the generated light to build up considerable net gain. We believe that,
in our case, the emission propagates through a waveguide formed by the thin polymer
film, based on the following four observations. 1) The spectral shape of emission
below threshold of lasing differs from the luminescence spectrum collected under an
angle of 30° (figure 4.4, spectra 1 and 4). This difference can be explained as being
due to waveguiding of the light collected at the edge of the film and is caused by the
dispersions of both the absorption tail and waveguiding; 2) We observed a dramatic
increase in lasing threshold with decreasing excitation spot size, while keeping the
light intensity the same; 3) No change in spectral behaviour of the thin films was
observed when varying the thickness of the glass slide; 4) A decrease of film thickness
from 150 to 50 nm resulted in the absence of laser generation at any pump energy up
to the damage threshold, which indicates the existence of a cut-off thickness. The cut-
off thickness hgy.of fOr asymmetric planar waveguides, below which radiation of A =
452 nm (maximum of the narrow emission band) cannot propagate, can be calculated
using the following expression [32]:

h (3.1)

cut—off ~

where ng, ng and n are the refractive indices of the film, substrate and cladding,
respectively. We calculated a hgoff ® 85 nm, using ns(glass) = 1.5, n«SiPPV) = 1.7
and n¢(air) = 1. This value is in good agreement with our experimental observations.

The wavelength of the superradiant peak (Amax = 452 nm) at high pump energies
coincides with the maximum of the fluorescence emission spectrum (figure 4.4). The
exact reason of the recorded blue shift (of approximately 5 nm) of the laser emission
with increasing excitation energy is not entirely clear. Most likely it is caused by (I)
light-induced depopulation of the ground state of the photoactive chromophores
(ground-state bleaching) and (I1) light-induced excited-state absorption, which is
usually red-shifted. A possible role of light-induced absorption due to interchain
interaction and the influence of singlet-triplet intersystem crossing cannot be excluded
either.
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4.3.2 Poly(2,5-di-n-octyloxy-p-phenylene vinylene) films

We also studied the spectral behaviour of a red-light-emitting PPV homopolymer. In
figure 4.6 (inset) the structure of the repeat unit of the homopolymer poly(2,5-di-n-
octyloxy-p-phenylene vinylene) is given. The polymer was synthesized via the chlorine
precursor route (CPR-route) [33,34], which gave a precursor polymer with a molecular
weight of M,, ~ 1.10° g/mol determined by gel permeation chromatography. The drop-
cast precursor Ooct-PPV films were heated at 100 °C under vacuum for 2 hours, which
gave partially converted PPV films with PL-efficiencies between 10-15%.

Absorbance (Arb. Units)

300 400 500 600 700 800
Wavelength (nm)

Figure 4.6 Absorbance spectrum of a partially converted Ooct-PPV film. Inset: the
structure of the Ooct-PPV repeat unit.

The absorbance and emission spectra corresponded to those of fully converted Ooct-
PPV [35], which indicated that our polymer had converted sequences longer than the
average effective conjugation length and that the density of non-converted chain
segments was reasonably low. A typical absorbance spectrum of a partially converted
Ooct-PPV film on glass is shown in figure 4.6 which exhibits an absorbance
maximum at Aaps, max=492 nm. The emission spectra of an Ooct-PPV film as a function
of excitation energy are shown in figure 4.7. The polymer was photoexcited (Aexcitation
= 532 nm) at the red absorption edge. The same trend in emission behaviour as
displayed by SiPPV is observed with increasing excitation energy, which we attribute
to ASE. The spectral narrowing of Ooct-PPV occurs at a lower energy threshold
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(=30 wJ) and the suppression of the broad luminescence tail is more pronounced. The
narrow emission band is slightly red-shifted with respect to the maximum of the 0-1
vibronic peak and its wavelength (Amax = 637 nm, FWHM = 7 nm) position did not
shift with increasing excitation energy as in the case of SiPPV. However, it should be
stated that the absolute value of the excitation threshold, wavelength position and the
absolute magnitude of gain narrowing, differed from (polymerization) batch-to-batch
and even from sample-to-sample, which makes a quantitative analysis of the process
for Ooct-PPV difficult.
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Figure 4.7 Emission spectra from a 1.5 mm thick Ooct-PPV film on glass at different
excitation energies: (1) E¢x = 20 zJ (below threshold); (2) Eex = 90 £43; (3) Eex = 280 z4J.
Inset (left): the integrated emission intensity as a function of excitation energy of the
same film measured in an integrated sphere. The solid line is a linear fit through the
data points. Beam diameter =2 mm.

The (polymerization) batch-to-batch variations are caused by the differences in
obtained molecular weight (distributions), the extent of chemical and conformational
defects and amount of chemical impurities present. Sample-to-sample variations are
likely the result of differences in microscopic structure of the film, the extent of
precursor conversion and amount of defects introduced by thermal and photochemical
oxidation. Hide et al. [23] already showed the importance of microscopic morphology
on the gain-narrowing process by varying the solvent from which the polymer was
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spincast, resulting in a significant difference in the energy threshold of emission
narrowing.

The integrated emission intensity of the above-mentioned Ooct-PPV film as a
function of excitation energy was measured in an integrated sphere (shown in the inset
of figure 4.7). In this way we were able to collect all light emerging from the sample.
The maximum excitation energy (0.3 mJ) displayed lies well beyond the threshold for
emission narrowing (=30 pJ). No discontinuity in output energy was observed and the
integrated emission output showed a linear dependence up to excitation energies of 0.3
mJ (corresponding to a pump fluence ~ 2.4 mJ.cm™ and an exciton density of n ~ 10"
cm™®). The absence of a threshold in output energy, is an clear indication that the
spectral narrowing in the Ooct-PPV film is due to a single-pass amplification process
like ASE rather than multiple-pass amplification established by resonant feedback
[22,40]. Above 0.3 mJ (not shown in figure 4.7) the dependence became sub-linear,
but we were unable to measure the emission reproducibly at much higher excitation
energies due to degradation of the sample. Ground-state bleaching as a possible cause
for this sub-linear behaviour is unlikely, because of the relative thick (1.5 um)
polymer film used and the absence of a significant increase in pump transmission at
high excitation energies. It has been reported for PPV that at high excitation densities,
bimolecular exciton annihilation [38,39] starts playing a role, resulting in a decreased
emission quantum yield. We cannot exclude that this mechanism is operative at high
exciton concentrations (n > 10* cm™®) in Ooct-PPV.

Frolov et al. [26,35,36] also studied the emission properties of Ooct-PPV but under
intense ps laser excitation. The reported time-integrated spectral behaviour is roughly
similar to that observed by us. They attributed the spectral narrowing to super
fluorescence (SF), which is a co-operative emission process [31,37] in which an
initially uncorrelated ensemble of N inverted emitters develop a coherent macroscopic
dipole moment followed by simultaneous radiative decay resulting in a short burst of
emission. This co-operative state is built up by the initial spontaneous emission noise
(from a small fraction of emitters) which ‘capture’ or rephase the oscillations in all
other inverted emitters. The distinct features of this emission process are: an initial
short time delay associated with the development of the macroscopic dipole moment;
a shortened emission decay time proportional to N* (smaller than the normal
fluorescence lifetime t¢, which is independent of the number of emitters involved) and
an emission intensity proportional to N% Despite the subtle difference with ordinary
ASE, it is extremely difficult to separate ASE and SF experimentally and there are
only a few well-documented studies, one of them concerning two-level atoms in the
gas phase [37]. It is even questionable if in complicated systems like organic
molecules and polymers, SF will have the ideal characteristics as described above. We
do not have the facility to perform time-resolved experiments at high excitation
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energies in our laboratory, which could give some further insight concerning the
origin of the process responsible for spectral narrowing in polymers. Nevertheless we
cannot find any objections towards the possible involvement of SF.

In order to study whether or not it was possible to achieve ‘true’ resonant lasing, a
Ooct-PPV thin-film cavity was prepared, consisting of two dielectric mirrors as
described in the experimental section. The thin-film cavity was constructed in such a
way that it was possible to change the cavity path length and thus the wavelength
position of the resonant modes inside the cavity. This in turn gave us control over the
lasing wavelength and the possibility to study the wavelength tuneability of the laser
emission within the same film. Additionally, by using dielectric mirrors instead of
evaporated metal mirrors we avoid PL quenching at the polymer/metal interface
[41,42] and we assure a high Q of the cavity.

In figure 4.8 A to C, three sets of emission spectra at low (dotted lines) and high
(solid lines) excitation energy are shown. In figure 4.8 A, the emission spectra of an
Ooct-PPV film on glass are given for comparison. This film was spincast from the
same Ooct-PPV solution used for the fabrication of the cavity (note that the Ooct-PPV
was from a different polymerization batch as the one used in the preceding paragraph).
At high excitation energies, ASE with a bandwidth of approximately 7 nm (FWHM)
was observed at Ams = 631 nm (note that the ASE in this case coincides with the
maximum of the 0-1 transition). In Figure 4.8 B the emission characteristics of an
Ooct-PPV film in the planar cavity configuration are shown. At low excitation energy,
three cavity modes at 598, 618 and 642 nm are visible, which do not differ
significantly in intensity. At high excitation energy, the emission was strongly coupled
into the cavity mode located at 642 nm, with a peak area ratio of ~ 10 with respect to
the mode at 618 nm. Additionally, the peak width (FWHM) decreased from 5.5 nm to
2.6 nm and the directionality of the emitted light was enhanced at high energy. All
observations confirm that ‘true’ lasing is established in the thin-film cavity, in
agreement with the study reported by Tessler et al. [22]. A set of emission spectra
from the same cavity is shown in figure 4.8 C for a different cavity path length. In this
case the wavelength of laser emission is located at 623 nm, demonstrating that
wavelength tuning was possible over a range of roughly 20 nm. It should be
mentioned that although this particular cavity construction allowed us to tune the
lasing wavelength, it was difficult to obtain reproducible results due to the difficulty
of aligning the two mirrors exactly parallel to each other, which is necessary for good
resonant feedback. A slight misalignment of the mirrors from parallel resulted
immediately in the observation of ASE instead of ‘true’ resonant lasing. Although we
did not quantify the threshold for cavity lasing, it is significantly higher than the
threshold for gain narrowing without optical feedback. This is probably partly caused
by the shorter amplification path length for the thin film cavity (path length is equal to
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the film thickness ~1.5 um in this case). Secondly, the quality of the cavity was far
from optimal, which results in high optical losses.

Normalized Intensity

580 600 620 640 660

Wavelength (nm)

Figure 4.8 (A) Emission spectra of a 1.5 um thick Ooct-PPV film on glass. (B) and (C)
are two sets of emission spectra of an Ooct-PPV film in a planar optical cavity with
different cavity path length. The dotted lines represent the emission spectra at low
excitation energy and the solid lines those at high excitation energy. The low-energy
spectra are scaled up for the sake of clarity.
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We were not able to achieve laser emission in the wavelength region beyond 623 to
642 nm. This indicates that the spectral region of gain (sufficiently large for lasing to
occur) is rather narrow and located roughly within 10 nm of the PL maximum (=gain
maximum) at A = 631 nm. This observation is in agreement with the small wavelength
tuning ranges of 10 — 20 nm reported in other publications concerning lasing from
optically pumped polymer microcavities [22,40]. In several ultrafast spectroscopy
studies, including one concerning Ooct-PPV [36,43] it was shown that the wavelength
region of gain in polymer films is typically much broader, and on the basis of that one
would anticipate a larger tuning range for laser emission in more optimized devices.

4.4 Conclusions

In conclusion, we have observed mirrorless lasing in optically pumped, neat films of
the copolymer SiPPV and the homopolymer Ooct-PPV. This mirrorless laser emission
is the result of amplification of spontaneous emission (ASE) due to optically-induced
net gain. Propagation of the emitted photons by waveguiding, inside the polymer film,
is important, because it provides the necessary length of interaction of the emitted
light to build up sufficient net gain. A threshold for spectral narrowing was observed
above which coherent light emission appeared with a narrow spectral bandwidth of 6 —
7 nm (FWHM). The observed narrow emission band was located near the maximum of
the low intensity fluorescence spectrum (=gain maximum) for both polymers. The
possible involvement of superfluorescence (SF) in mirrorless lasing reported by
several groups [35,44] cannot be ruled out, but until now there are no studies reported
in which one was able to clearly identify SF over ASE based on ‘hard’ evidence
obtained from time-resolved measurements.

We demonstrated ‘true’ lasing from an Ooct-PPV film with external optical
feedback provided by a planar cavity consisting of two dielectric mirrors. This cavity
construction enabled us to tune the wavelength of the laser emission within the same
polymer film. A wavelength tuning range of approximately 20 nm was observed for
the laser emission from Ooct-PPV, centred at the gain maximum located at 631 nm.

The observation of lasing in optically pumped polymer films with and without
external feedback system gives hope for the possible development of an electrically
pumped laser diode. The major limiting factor at this moment is the drive current
necessary for electrically pumped lasing to be realized. One can make a rough
estimation of the current threshold, based on the excitation density at which spectral
narrowing occurs in optically pumped polymer films. It was estimated that current
densities in excess of 10° A.cm? [23] are needed to establish electrically induced
lasing. The highest reported current density achieved in a polymer LED until now is
~25 A.cm? [45], which illustrates the barriers to be overcome concerning the
development of a polymer laser diode. This was one of the reasons why we started to
study the emission properties of PPV oligomers under pulsed laser excitation.
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Oligomers have the ability to form well-ordered structures and due to this fact usually
exhibit better charge transport properties. The results of this study are described in the
next chapter.
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Chapter 5

Stimulated emission from single
crystals and vacuum-deposited
thin films of a substituted
oligo(p-phenylene vinylene)

Abstract

Stimulated emission from both single crystals and vacuum-deposited polycrystalline
thin films of a substituted 5-ring PPV oligomer has been demonstrated. In the case of
the polycrystalline vacuum-deposited films, Amplified Spontaneous Emission ASE
occurs within the individual crystalline domains and was only observed if the domain
size was increased by annealing or recrystallization from the melt. The amplification
length is restricted by the size of the crystalline domains due to high optical losses
(scattering) from the crystallite boundaries. The threshold for mirrorless lasing for an
individual crystalline domain is comparable to that for conjugated polymer films if the
domain size is sufficiently large, as demonstrated in the recrystallized Ooct-OPV5
films.

t H.J. Brouwer, V.V. Krasnikov, T.-A. Pham, R.E. Gill, P.F. van Hutten,
G. Hadziioannou, Chem. Phys. in press
H.J. Brouwer, V.V. Krasnikov, T.-A. Pham, R.E. Gill, G. Hadziioannou,
submitted to Appl. Phys. Lett.
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5.1 Introduction

The generation of laser light under pulsed optical excitation, using conjugated
polymers as active medium, has been demonstrated in solution [1,2], dilute blends [3]
and more recently in neat thin films [4-8]. Our efforts concerning lasing from
alternating PPV copolymers are described in chapter 3 (solution) and chapter 4 (thin
films) of this thesis. The reported stimulated emission from photopumped neat
polymer films is an important observation, which shows that singlet intrachain
excitons, which are thought to be responsible for light emission (see [9] for a recent
review), can be generated with high yields in the condensed phase. It is well-
established that electroluminescence from polymer diodes originates from the same
excited states as created by photoexcitations (PL and EL spectra are in the majority
cases identical) and this makes one envisage the possible development of an
electrically pumped polymer laser. The two proposed photophysical processes
responsible for the observed net gain in photopumped neat polymer films without
external feedback system are ordinary Amplified Spontaneous Emission (ASE) [7,10]
and Superfluorescence (SF) [6] with its more subtle temporal characteristics. Also the
combination of the two processes (co-existing in competition with each other) was
suggested to explain the emission narrowing [11]. The structural complexity of
polymers due to chemical and structural imperfections (conformational
defects/mislinkages/saturated sites/molecular weight distributions/presence of end-
groups) and the poorly defined microstructure in polymer films makes it difficult to
identify the precise mechanism for the observed narrowing and to reconcile all
reported studies. Detailed knowledge about the precise molecular structure of
conjugated polymers and the structural organization of these polymers in thin films is
of great importance for a better understanding of the underlying photophysics and
structure/properties relationships.

An important question to be answered is whether or not it is possible to obtain
electrically induced net gain. Based on the lasing threshold under optical excitation, it
is estimated [4] that current densities in excess of 10* A cm? are needed to establish
net gain in such devices, which is substantially higher than currently achieved in
polymer LEDs. The low current densities in polymer LEDs, especially for electron
transport, are the result of the low charge carrier mobilities, high trap densities and
poor charge injection in conjugated polymers. However, electroluminescence (EL) of
a 3 nm thick PPV film by tunnelling injection from a scanning tunnelling microscope
(STM) tip with current densities of the order of 10 A cm™ has been reported recently
[12]. Despite the extreme circumstances, an ultrathin film (3 nm) in combination with
a nanometer-sized cathode (end of the STM tip, area roughly 1 nm), it indicates that
light emission at high current densities is possible in polymer films.

Conjugated oligomers can be considered as an interesting alternative. They can
serve as models for their parent polymers or chain segments thereof [13-17], due to the
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precise control of conjugation length and chemical structure in combination with the
ability of crystallization into well-ordered molecular crystals. This allows structural
information to be obtained from X-ray diffraction data, which is useful as a guide for
interpreting polymer diffraction data [18,19]. In the case of PPV oligomers, the optical
properties (wavelength of absorbance, luminescence and photoconductivity maxima)
as a function of the number of repeat units (n-1, where n is the number of phenyl rings
in the backbone) are converging to that of the corresponding fully conjugated PPV
polymer at the five ring level (n = 5) [14-16]. Additionally, it is well-known that
ordered conjugated organic materials exhibit low trap densities and high charge carrier
mobilities, for both electrons and holes. As an example, in single crystals of
anthracene [20] the hole and electron mobilities are approximately 1 cm?v*s™ and the
crystal photoluminescence (PL) quantum yield at room temperature is almost unity.
Both electroluminescence [20] and optically induced lasing [21] have been
demonstrated in anthracene single crystals. From application point of view, organic
single crystals are rather inconvenient, because perfect crystals are difficult to grow,
hard to handle and have relatively large dimensions (typical thickness around 1 - 100
um). The possibility to process oligomers into high-purity polycrystalline thin films
by vacuum deposition allows the desired geometry for LED applications [22,23] to be
realized. However, it is evident that the optical quality of polycrystalline films is
rather poor due to scattering from grain boundaries, which is particularly
disadvantageous for laser applications. Additionally, grain boundaries also have a
negative impact on the electrical properties of such films. Hence, under any
circumstances sufficiently large, crystalline domains are required.

In this chapter we describe the emission properties of both solution-grown
single crystals and vacuum-deposited thin films of an all-trans 5-ring n-dioctyloxy-
substituted oligo(p-phenylene vinylene)s under intense laser excitation. The
morphology of the thin films was varied by annealing just below the first melting
point and by recrystallization from the isotropic melt. In this way the crystalline
domain size could be varied from a few microns up to several millimetres in the latter
case. In both single crystals and thin films, mirrorless lasing has been observed.
Stimulated emission in the polycrystalline thin films was only observed after the
domain size was increased by thermal treatment.

5.2 Experimental

Optical microscopy pictures were taken on an Zeiss Photomicroscope. UV-vis spectra
were obtained on a SLM Aminco 3000 Array spectrophotometer. Luminescence
spectra were recorded on a Perkin Elmer LS50-B spectrofluorometer. Absolute
luminescence quantum yields of the vacuum-deposited films and solution-grown
single crystals were determined in a calibrate d integrating sphere and luminescence
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decay measurements were made by time-correlated single-photon counting as
described in chapter 2. The lasing experiments were performed in an integrating
sphere, with the third harmonic of a Nd:YAG laser (Quanta-Ray GRC 130-50, A = 355
nm, pulse width 15 ns, repetition rate 1 Hz) as photoexcitation source. Neutral density
filters were used to attenuate the excitation energy. The vacuum-deposited films and
single crystals were excited under normal incidence. The emitted light emerging from
the sample was detected by an Optical Multichannel Analyzer (Chromex 250 Sl
polychromator with Chromcam | CCD detector). All optical measurements were
performed under vacuum (glass cell, static vacuum better than 10~ mbar) unless
otherwise stated.

5.3 Results and discussion

The synthesis and characterization of the all-trans 5-ring oligo(p-phenylene vinylene)
(abbreviated as Ooct-OPV5) as well as the single-crystal structure [24] and the X-ray
diffraction data of the thin-film morphologies are given in the Ph.D. thesis of R.E. Gill
[25]. All solid-state optical properties of Ooct-OPV5 are described in more detail in
chapter 2 of this thesis. For the sake of clarity a short description of the single-crystal
structure and the thin-film morphologies is given in this section. The molecular
structure of the oligomer is depicted in figure 5.1. The oligomer has a nematic liquid
crystalline phase between 183 °C (crystal-mesophase transition, 77 J/mmol) and 204
°C (mesophase-isotropic transition, 0.98 J/mmol).

Figure 5.1 Chemical structure of Ooct-OPV5.

The oligomer is soluble in common organic solvents like chloroform and
tetrahydrofuran and yellow needle-shaped single crystals were obtained when the
oligomer crystallized from a THF/methanol solution. The unit cell of the Ooct-OPV5
solution-grown single crystals is monoclinic, space group 12/a, and contains eight
discrete molecules separated by normal van der Waals distances. Thin films were
prepared by slow evaporation from a molybdenum boat just above the melting point
(290 °C) and at a pressure of 10 mbar, with the glass substrate positioned about 10
cm above the boat. Optical microscopy (crossed polarizers) and Atomic Force
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Microscopy showed that the as-deposited oligomer films were pinhole-free and
exhibited a granular structure, indicating some extent of crystallinity. Optical
micrographs (crossed polarizers) of all different thin-film morphologies are shown in
chapter 2 of this thesis. Annealing the film at a temperature of 120 °C resulted in a
morphological change, which was irreversible. This morphological change occurred
below the first melting point of the oligomer and manifested itself in an increase of the
crystal domain size from approximately 4 um to 20 um. X-ray diffraction studies on
the as-deposited and annealed films confirmed the enhanced molecular order and the
increase in crystal domain size upon annealing. The crystalline domains were found to
be oriented with the ab-axis standing up on the substrate. The crystalline structures of
the single crystal, the as-deposited and the annealed film differ slightly from each
other. The existence of different crystalline forms is attributed to the compressibility
of the aliphatic layer (side chains) between the conjugated backbone, resulting in a
deformability of the unit cell [25].

Figure 5.2 Optical micrograph (crossed polarizers) of a thin film of Ooct-OPVS5,
obtained after slow cooling from the isotropic melt. Scale bar: 250 zm.

Heating the film to the isotropic melt (210 °C) and subsequent slow cooling resulted in
a different morphology. Large domains were formed with dimensions up to several
millimeters. In figure 5.2 an optical micrograph (crossed polarizers) of a recrystallized
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Ooct-OPVS5 film is shown. The highly birefringent domains consisted of small bundles
running parallel to the substrate. An in-plane dichroic ratio of approximately D =
AlA; ~30 was determined from polarized absorption spectra recorded within one
domain. Additionally a dichroic ratio in luminescence emission of I,/1, =20 £10 was
measured, both ratios indicate a high degree of orientation of the conjugated
backbones. The exact microstructure of this morphology has not yet been revealed.

Single crystals

We have recorded emission spectra as a function of excitation energy from single
crystals and thin films of Ooct-OPV5 photoexcited with ns pulses from a frequency
tripled Nd:YAG laser (A = 355 nm). Our efforts were mainly focused on thin films,
because of the possibility to make light emitting diodes out of them eventually in a
later stage. The solution-grown single crystals were tried in first instance to check
whether or not it was possible to generate stimulated emission in crystalline Ooct-
OPVS5, because of their large dimensions (millimeter-sized) and reasonable optical
quality.

Intensity (Arb. Units)

520 540 560 580 600

Wavelength (nm)

Figure 5.3 Emission spectra of a solution-grown single crystal of Ooct-OPV5.
Excitation energy: 0.2 mJ (dotted line, scaled for clarity) and 0.5 mJ (solid line).
Excitation spotsize ~0.5 mm.
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The emission spectra of a 30 um thick solution-grown single crystal at low and high
excitation energy are shown in figure 5.3. The solution-grown single crystals showed
spectral behaviour similar to that of SiPPV and Ooct-PPV as described in the
preceding chapter. Above an excitation threshold, which depended on the illumination
spot size, ASE with a spectral bandwidth of 6 nm (FWHM) was observed, centred at
540 nm, in close proximity of the fluorescence maximum. The broad luminescence
tails were almost fully suppressed at high excitation energy (l(ase, 540 nm)/l quminescence, 560
nm) > 100 at Eex = 0.5 mJ). The intense emission was mainly emerging from the edge
faces of the crystal. The observed behaviour is typical for organic single crystals with
high PL quantum yield and was already reported a long time ago for anthracene [19].
It should be stated that the threshold and intensity dependence for optical pumping is
highly dependent on the quality of the crystals, the perfection of the facets, and the
crystal thickness, which resulted in reasonably large crystal-to-crystal variations. The
solution-grown Ooct-OPVS5 single crystals on the average were far from perfect, due
to thickness variations, defects and damage (small cracks) resulting from handling.
Especially the larger crystals had a larger quantity of growth defects. Attempts to
cleave the Ooct-OPVS5 single crystals in a controlled way, to obtain thinner crystals
with improved optical quality failed, due to the relative softness of the crystals
resulting from the presence of long aliphatic side chains.

PL (arb.units)

520 540 560 580
Wavelength (nm)

Figure 5.4 Emission spectra of an annealed thin (300 nm) film of Ooct-OPV5.
Excitation energy: (a) 0.9, (b) 1.6, (c) 2.1, (d) 3.1 and (e) 3.9 mJ, excitation beam
diameter ~1.8 mm.



84 Chapter Five

120 .

1
w B
o o

Integrated PL (arb.units)
" " IB " "
Linewidth FWHM (nm)

80

40

t

L
©)
1

Ay

o

Energy (mJ)

Figure 5.5 Integrated PL («) and linewidth (e) as a function of excitation energy for an
annealed thin (300 nm) film of Ooct-OPV5.

Vacuum-deposited films

For the study of the different thin-film morphologies, films with a thickness of 300 nm
were prepared by vacuum deposition onto glass substrates. The as-deposited films
showed no spectral narrowing at any pump energy up to the damage threshold. After
annealing the film at 120 °C for 5 minutes under vacuum, ASE was observed in the
same film. A set of emission spectra as a function of excitation energy collected from
this annealed Ooct-OPV5 film is shown in figure 5.4. The integrated intensity of all
light emerging from the film (measured in an integrated sphere) and the emission
linewidth (FWHM) as a function of excitation energy are plotted in figure 5.4. At low
excitation energy only the ordinary luminescence spectrum was observed. Above an
energy threshold of approximately 1.6 mJ, a sharp emission peak appeared with a
bandwidth of ~ 7 nm centred around 548 nm (0-1 transition). The amplitude of the
peak intensity scaled superlinear with excitation energy and the linear dependence of
the integrated intensity depicted in figure 5.5 strongly supports that there is energy
redistribution within the emitted light. The shift in emission wavelength compared to
the Ooct-OPVS5 single crystals can be attributed to the difference in crystal packing,
which alter the emission properties (see chapter 2). It is evident from figure 5.4 that
the suppression of the broad luminescence tails (ratio lasg/l.um ~5) is substantially
weaker than that observed with the solution-grown single crystals. The spot-to-spot
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reproducibility of the measured characteristics was good, and we could measure up to
excitation energies of 4 mJ without visual damage of the illuminated spot. Lasing was
not observed in annealed films of 100 nm thickness, which indicated that waveguiding
inside the domains is crucial.

The energy threshold for linewidth collapse is approximately 1.6 mJ with a
round excitation spot size of ~ 1.8 mm, which corresponds to a threshold pump
fluence of 63 mJ.cm™ and a pump intensity of 7.10* photons.cm™.s™. This threshold
value is three orders of magnitude higher than that reported for PPV’s [4,6-8,11]. This
can be attributed to the polycrystalline structure of the thin films. We believe that laser
generation in the annealed films occurs only within the individual single crystal
domains, which on the average have dimensions of approximately 20 um. Scattering
at grain boundaries likely results in high optical losses, which prevents sufficient net
gain to be realized over multiple domains. Hence, the amplification length is restricted
by the size of the individual crystalline domains. The domain size in as-deposited
films, approximately 4 um, is too small to achieve significant gain at all. Based on this
argument one should expect that the threshold fluence for linewidth collapse in the
case of the annealed Ooct-OPV5 films remains constant if the excitation spot size is
decreased (up to a diameter comparable to the crystalline domain size = 20 um). This
was checked experimentally by putting an adjustable iris before the focusing lens to
vary the excitation spot size, while maintaining approximately the same excitation
fluence. A reduction of the excitation spot size from 1.8 mm (pump energy 3 mJ) to 1
mm did not alter the shape of the emission spectrum significantly and the same
magnitude of amplification was observed. This confirmed that the interaction length
was significantly smaller than the diameter of the excited area. This behaviour differed
significantly from that observed for neat copolymer films (chapter 4). In that case a
reduction of the spot size resulted in a large decrease of the magnitude of
amplification, indicating that the interaction length was equal to the diameter of the
excited area.

Additionally, a much smaller area of the films was excited by focussing the
pump beam to a spot size with a diameter of approximately 30 um. With such a beam
size only a few single crystal domains are excited, at the most. Sample alignment was
found to be crucial with such a small spot size. Mirrorless laser generation was not
observed at each spot excited on the sample and the magnitude of spectral narrowing
varied highly from spot to spot, indicating that the excitation beam should be well
aligned above a crystalline domain. The best results obtained from these experiments
at low and high excitation energy (6 and 180 pJ, respectively) are shown in figure 5.6.
Note that both spectra are recorded at excitation energies above the threshold for
spectral narrowing. Furthermore, restricting the excitation area to only a few domains
appears to result in a more pronounced suppression of the broad luminescence tail.
The threshold fluence estimated from these experiments is roughly 100-200 mJ.cm?,
which is a few times higher than obtained with an excitation spot size of 1.8 mm. The
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excitation threshold observed in the experiments using a spot diameter of 1.8 mm is an
average value over roughly 8000 crystal domains. Also the shape of the time-averaged
emission spectra is determined by this. It is obvious that with a spot diameter of
roughly the size of a crystalline domain, the chance to locate the most optimum
domain is extremely small, which explains the discrepancy between the threshold
values.

Norm. intensity

500 520 540 560 580 600

Wavelength (nm)

Figure 5.6 Emission spectra recorded from an annealed Ooct-OPV5 film using a
smaller excitation spot size (diameter ~30 xm). Excitation energy: 6 wJ (dotted line)
and 180 4 (solid line).

It is evident from all these experiments that it is possible to generate ASE in thin films
of the model oligomer Ooct-OPV5, but that the amplification length is restricted by
the size of the crystalline domains. Increasing the domain size will likely result in
excitation thresholds for ASE comparable to that reported for conjugated polymer
films [4,6-8,11], which are typically in the range of 10 pJ.cm™ to a few hundred
nl.cm?, using ns pulses. This was checked experimentally with Ooct-OPV5 films
recrystallized from the isotropic melt. Recrystallization of the films resulted in the
formation of large domains with dimensions up to several millimeters. The normalized
emission spectra for different excitation energies for a recrystallized film are shown in
figure 5.7. The excitation spot diameter was 1 mm in these experiments and the beam
was focused within one domain. The domains were excited with the pump light
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polarized parallel to the molecular axis. The O.D. at 355 nm for the recrystallized
films was approximately twice as high of that for the annealed film. The lowest
measured energy threshold for linewidth collapse was approximately 4 pJ
corresponding to a threshold fluence of ~ 500 pJ.cm™, which is substantially lower
than that measured for the annealed films and cannot be explained only on the basis of
the difference in optical density with respect to the annealed film.

Normalized Intensity

1 L 1 L 1 A 1 n o

520 540 560 580 600
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Figure 5.7 Normalized emission spectra of a recrystallized thin (300 nm) film of Ooct-
OPV5. Excitation energy: (a) 1, (b) 10, (c) 50 and (d) 70 zJ, excitation beam diameter
~1 mm.

The energy threshold was dependent on the excitation spot size at constant pump
intensity, which indicated that amplification occurred over the whole illuminated area.
It should be stated that despite the large domains, the optical quality within the
domains is less than that of the annealed films. This gives rise to additional scattering
losses which decreases the magnitude of the amplification.

5.4 Conclusions and outlook

In conclusion, stimulated emission from both single crystals and vacuum-deposited
polycrystalline thin films of a substituted 5-ring PPV oligomer has been demonstrated.
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In the case of the polycrystalline vacuum-deposited films, ASE occurs within the
individual crystalline domains and was only observed if the domain size was increased
by annealing or recrystallization from the melt. The amplification length is restricted
by the size of the crystalline domains due to high optical losses (scattering) from the
crystallite boundaries. The threshold for mirrorless lasing for an individual crystalline
domain is comparable to that for conjugated polymer films if the domain size is
sufficiently large, as demonstrated in the recrystallized Ooct-OPV5 films (=~ 500
nd.cm?). Current research efforts are directed towards the preparation of Ooct-OPV5
thin films consisting of large domains with a higher degree of perfection.
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Chapter 6

Light-Emitting Diodes based on
alternating PPV copolymers and
oligo(p-phenylene vinylene)s

Abstract

In this chapter the performance of several novel alternating PPV copolymers and 5-
ring oligo(p-phenylene vinylene)s as active layer in LEDs are presented. The colour of
emission of the copolymers and oligomers is varied by means of different substituents
(cyano groups, alkyl/alkoxy side-chains), attached to the conjugated backbone, which
alter the electronic structure of the molecules. Electroluminescence in the blue, green
and orange wavelength region was achieved in single-layer devices with air-stable Al
cathodes. The external electroluminescence efficiencies of all single-layer devices
were found to be in the range of 0.01 to 0.03 % photons/electron, values comparable
to those reported for fully conjugated PPVs. The influence of the thin-film morphology
on LED performance has been investigated for the 5-ring oligomers. For Ooct-OPV5 a
more than tenfold increase in efficiency was observed for devices consisting of an
annealed active layer, which has been attributed to enhanced electron transport upon
annealing.

Device optimization by means of additional charge-transport layers has been
applied to enhance the electroluminescence efficiency. A novel polymer with
oxadiazole-based side-chains has been used successfully as an electron-
transport/hole-blocking layer. In combination with a PPV copolymer as the emissive
layer, external EL efficiencies up to 0.1 % were obtained. The best-performing double-
layer LEDs were based on the cyano-substituted copolymers and oligomers as the
electron-transport/emissive layer. In this case, external electroluminescence
efficiencies up to 0.4 % are reached.

H.J. Brouwer, A. Hilberer, V.V. Krasnikov, M.P.L. Werts, G. Hadziioannou, Synth.
Met., 84, 881 (1997)
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6.1 Introduction

The most widely used semi-conducting polymers for application in light-emitting
diodes are poly(p-phenylene vinylene) (PPV) and its derivatives, which have the
highest luminescence efficiencies of all conjugated polymers. Their excellent emissive
properties already have been demonstrated in chapter 3 in 4, where photopumped
lasing of PPV polymers in solution and solid state has been described. After the
introduction of Light-Emitting Diodes (LEDs) based on PPV in 1990 by Friend et al.
[1], a lot of research in the field of semi-conducting polymers has been directed
towards the development of new efficient polymeric emitters (for a recent review see
[2,3]). A whole range of polymeric LEDs, emitting over the whole visible wavelength
region from blue to red, has been reported [4,5]. Furthermore, the LED performance
was greatly improved by means of additional charge-transport layers, which
effectively balance the injection and transport of charges and move the e-h
recombination zone away from the metal cathode [6]. Double-layer LEDs with high
peak brightness and internal electroluminescence efficiencies up to 4 % [7] have been
reported. Nevertheless, no commercial polymer LEDs has been manufactured yet. The
long-term device stability and device efficiencies of polymer LEDs are rapidly
increasing, but improvements are still desired, especially for polymers emitting in the
blue wavelength region.

In conjugated polymers and oligomers, the overlap of m-orbitals provides a
continuous system of electron density along the molecular backbone. The extent of
this overlap (the so-called conjugation length) determines the HOMO-LUMO energy
gap, which is, in general, found to be within the visible wavelength region. In
conjugated homopolymers, the actual conjugation length is an average value
determined principally by random conformational or chemical defects in the polymer
backbone and is difficult to control. Our approach to controlling the conjugation
length (described in chapter 1) and making the link between the luminescence
properties of oligomers and those of polymers, is through alternating copolymers
containing well-defined conjugated sequences with non-conjugated spacer units. This
approach is particularly suitable for the design of blue-light emitters, which have a
large HOMO-LUMO gap. This demands a high degree of control over the conjugation
length. Furthermore, this approach can enhance the photo- and electroluminescence
efficiency through confinement of the excitons to the conjugated blocks, which
hinders the migration to quenching sites [8]. Braun et al. [9] showed that the PL
efficiency increased with increasing fraction of the non-conjugated blocks in the
backbone. Blue-light emitting devices with external efficiencies up to 0.7 % [10] were
reported by our group with alternating SiPPV copolymers made according this
concept.

PPV oligomers gained considerable interest, both as model compounds [11] and
for application as active layer in LEDs [12,13]. They are highly fluorescent, have
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a well-defined chemical structure and conjugation length and the ability to crystallize
into well-ordered molecular crystals, which allows structural information to be
obtained. Furthermore, they can be processed by vacuum deposition from the vapour
phase into high-purity thin films. The morphology of the thin films can be controlled
by means of adjustment of the substrate temperature during evaporation, or like in our
case an annealing treatment after deposition. At low temperature the molecules stick
where they collide, but at a substrate temperature close to the melting point of the
oligomer, the molecules have sufficient thermal energy to diffuse and to minimize
their structural energy, resulting in a more ordered packing. For example, in the case
of a-sexithiophene, this led to improved transport properties [14]. Furthermore, the
control of molecular order allows the systematic investigation of the influence of thin-
film morphology on LED performance.

In this chapter we evaluate the electrical and optical characteristics of light-
emitting diodes based on alternating PPV copolymers and 5-ring oligo(p-phenylene
vinylene)s. The colour of emission of the copolymers and oligomers is varied by
means of different substituents (cyano, alkoxy), attached to the conjugated backbone,
which alter the electronic structure of the molecules. Electroluminescence was
achieved in the blue, green and orange wavelength region with single-layer devices
consisting of transparent indium-tin-oxide anodes and air-stable Al cathodes. The
efficiencies of the single-layer copolymer/oligomer LEDs are comparable to those
reported for fully conjugated PPVs. Fowler-Nordheim tunnelling theory was used to
analyse the current-voltage characteristics in order to determine the barriers for hole-
injection in the single-layer devices. In combination with cyclic voltammetry and
optical absorption measurements it was possible to estimate energy diagrams for all
copolymers and oligomers, which could be used to describe the results obtained in a
qualitative way. Furthermore, the influence of the thin-film morphology on LED
performance has been investigated for the octyloxy-substituted oligo(p-phenylene
vinylene).

Device optimization by means of additional charge-transport layers was applied
to enhance the electroluminescence efficiency. A novel polymer with oxadiazole-
based side-chains was used successfully as an electron-transport/hole-blocking layer,
in a double-layer configuration with an orange-light-emitting PPV copolymer as the
emissive layer. Also single-layer devices based on blends of the transport polymer and
the PPV copolymer were studied.

The best-performing copolymer and oligomer double-layer devices were
obtained by using an electronegative cyano-substituted PPV copolymer/oligomer as
the electron-transport/emissive layer in combination with a hole-transport layer.
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6.2. Experimental
Sample preparation

Polymer light-emitting diodes (PLEDs) were fabricated by spincoating the copolymers
from filtered (0.2 pm-filters) chloroform solutions (3% w/w) onto 20 mm? ITO-
covered glass slides (Merck Balzers AG, sheet resistance < 200Q/«). The ITO plates
were ultrasonically cleaned in a series of nonpolar and polar solvents (p-xylene/2-
propanol/ethanol) and rinsed in de-ionized water prior to use. By varying the rotation
speed in the range of 700-2500 rpm, film thicknesses of 50-175 nm were obtained.
The polymer films were dried for one hour at 40°C in a vacuum oven. Oligomer light-
emitting diodes (OLEDs) were prepared by slow evaporation (pressure ~10° mbar,
evaporation rate 2-4 A/s) of the compounds from a molybdenum boat just above their
melting point, with the 1TO plates positioned about 10 cm above the boat. The home-
built evaporator was equipped with two separate sources, which enabled us to prepare
double-layer devices in one run. Al or Au top electrodes (area: 1 x 9 mm?) were
deposited by evaporation (pressure < 2x10°® mbar, evaporation rate < 5 A/s, thickness
~ 80 nm) through a shadow mask. The active area of the device 1 x 8 mm? is defined
by the overlap of the ITO and the top metal electrode. Atomic Force Microscopy was
used to monitor the quality of the copolymer and oligomer films. A Dektak 3030ST
surface profiler was used to determine the layer thickness.

LED characterization

Photo- and electroluminescence spectra of the thin-film devices were recorded on a
SLM-Aminco SPF500C spectrofluorometer or Perkin-Elmer LS-50B. Absorbance
spectra of the thin films were measured on a SLM-Aminco 3000 Array
spectrophotometer.

Current-voltage (I-V) and luminance-voltage (L-V) measurements were
performed in a dry-nitrogen atmosphere glove box to avoid exposure to ambient
oxygen and water. I-V-measurements were taken with a Keithley 236 SMU operated
in pulsed mode (low duty cycle, t,,= 100 ms and t,= 500 ms) to minimize heating
effects. The external quantum efficiencies (humber of emitted photons per injected
electron) of the devices were determined by measuring the light output of the diodes
vs. current with a calibrated photodiode mounted on an integrated sphere (LabSphere).
A photon counter (Stanford Research SR400) was used to measure the photodiode
output.
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Cyclic voltammetry

Cyclic voltammetry was used to determine the oxidation potentials of the copolymers.
The cyclic voltammetry measurements were performed on a Parc EG&G
galvanometer using platinum working and counter electrodes and silver as the
reference electrode in dichloromethane with tetrabutylammonium
hexafluorophosphate as the electrolyte. The cylcovoltammograms were calibrated
towards the normal hydrogen electrode (NHE) using the ferrocene/ferrocenium-ion
couple as an internal standard [15,16].

Electroabsorption measurements

It is known that the work function of ITO is a poorly defined quantity, and that its
value varies significantly (4.5-5.3 eV) [17,18] depending on the fabrication conditions
and supplier. The built-in electric field in our metal/polymer(oligomer)/ITO diodes
was determined via electroabsorption measurements [19], in order to obtain the work
function of our ITO electrodes (Balzer A.G. Austria).

The electroabsorption response is proportional to the imaginary part of the third
order susceptibility Imy®(hv) and the square of the electric field.

Aa(hv) o« —A_I_—T(hl)) o Imy® (hv) E? 6.1)

where o is the absorption coefficient, hv is the photon energy, T the transmission and
E the electric field. The electroabsorption response to an applied AC bias is:

E =E, +E, cos(Qat), Q=1kHz,

—A_I_—T(ho) o Imy®(hu{E: [1+ cos(2Qt)]/ 2+ 2E, E_ cos(Qt)+E2} (6.2)

where Ej is the static electric field and Eac is the amplitude of the AC electric field. In
the presence of a static electric field the, electroabsorption is modulated at both the
fundamental and the second harmonic frequency of the applied AC voltage. The built-
in electric field is measured by applying an external DC bias and finding the external
potential at which the electroabsorption signal at the fundamental frequency vanishes.
The built-in electric field, in a diode with a constant electric field throughout the
device, will be equal to the difference in work function of the metal electrodes, if the
work function of the metals lies within the HOMO-LUMO gap of the
polymer/oligomer.
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For these experiments single-layer diodes were prepared following the
procedure described in the sample preparation section. The oligomer Ooct-OPV5 was
used as active layer. Electrical measurements on several Al/Ooct-OPV5/ITO diodes
with different Ooct-OPV5 layer thickness showed that the 1-V-dependence scaled with
the Ooct-OPV5 layer thickness (see section 6.3.2), which indicated that there is a
constant electric field throughout the bulk. In figure 6.1 the electroabsorption response
at A = 510 nm is shown for 200 nm thick Ooct-OPV5 films sandwiched between
Al/ITO, Au/ITO and Al/Au electrodes. The Al/Ooct-OPV5/Au device was prepared
by successive evaporation of the oligomer and Al counter electrodes onto a 40 nm
thick semi-transparent Au layer on glass. The DC bias was referenced to the high work
function contacts (ITO or Au). The DC bias of 1.0 Volts required to null the
electroabsorption signal in the Al/Au diode corresponded closely to the difference in
work function between the two metals (¢a = 4.2-4.3 eV and ¢y = 5.1-5.2 eV) [20].

|AT/T| (arb. units)

1.0
Bias (V)

Figure 6.1 Electroabsorption response at 4=510 nm for 200 nm thick Ooct-OPVS5 films
sandwiched between Al/ITO, Au/ITO and Al/Au electrodes.

The DC biases to null the electroabsorption signal in the Al/ITO and Au/ITO devices
were 1.0 and 0.1 Volts, respectively. From these measurements we determined a work
function of ¢ro= 5.240.1 eV for our ITO electrodes. The reproducibility of the
electroabsorption measurements was good, and the same values for the ITO work
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function were obtained from measurements with single-layer diodes made from the
PPV based copolymers.

6.3 Results and discussion
6.3.1 Alternating PPV copolymers

A series of three alternating PPV copolymers containing substituted distyrylbenzene
units as the light-emitting chromophores were used as active layer in LEDs. The
chemical structures of the copolymers are depicted in figure 6.2. The substitution
pattern (octyl/octyloxy side-chains and cyano groups on the vinylene linkages) in the
copolymers was varied in order to tune the wavelength of emission. In such a way
light emission from the blue to orange/red wavelength region was established. The
synthesis and full characterization of the PPV copolymers are described in the
references [21,22].

OO~

I

Figure 6.2 Chemical structure of the copolymers.

The molar masses and the solid-state optical properties are summarized in table 6.1
(see also chapter two for more detail). The copolymers have a well-defined conjugated
backbone consisting of regularly alternating terphenylene and p-phenylenebisvinylene
blocks. The desired control of conjugation length was achieved through steric
interactions between the side-chains and the rings within the terphenyl part of the
copolymer. The octyl and octyloxy side chains in these polymers serve a
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dual role: (1) interrupting the conjugation and (2) providing solubility. The middle
rings in the terphenyl units are twisted out of plane, disabling the possibility of
conjugation through the three consecutive phenyl rings. Thus, the conjugation of the
fully unsaturated backbone is regularly interrupted, resulting in well-defined
distyrylbenzene chromophores connected by non-coplanar phenylene groups. The
copolymers show intense fluorescence in solution (0.4-0.9) as well as in the solid
state. The films cast from copolymer I and 111 have photoluminescence efficiencies in
the range of 30 — 40 %, whereas that from copolymer Il has a substantially lower
efficiency of ~9% (see chapter 2 for more details).

Table 6.1 Molar masses of the copolymers and absorption, emission and PL
efficiency in solid state.

COpOIymer I\/IW Mn 7\‘Abs,max 7\‘Flu,max (nm) (DFIu
(g.mol™)@ (g.mol™)@ (nm)

| 5000 3000 355 445 0.4

1 39000 22000 418 485 0.09

i 7200 6500 450 592 0.4

a) Molecular weights obtained from reference [21,22]

LED devices were prepared as described in the experimental section. Analysis with
Atomic Force Microscopy showed that the film surfaces were homogeneous and
pinhole-free, with a surface roughness of a few percent of the total layer thickness.
The electroluminescence spectra obtained from Al/copolymer/ITO devices are shown
in figure 6.3. Copolymer I, in which the chromophore is an alkyl-substituted
distyrylbenzene unit, emits in the blue (445 nm). The change of the type of side chains
from alkyl to alkoxy (copolymer I1) shifts the emission wavelength to the green (485
nm), due to the increased electron density of the n-system induced by the electron-
donating alkoxy group. Alkoxy side chains in combination with cyano substituents
(copolymer I11) results in a red shift to the orange part of the spectrum (592 nm). It
has been demonstrated that cyano groups on the vinylene linkage lower both the
HOMO and LUMO level, but that the LUMO level is stabilized more, resulting in a
red shift [7,23]. The HOMO-LUMO gaps for the copolymers | to 111 determined by
the onset of absorption are 3.0, 2.6 and 2.3 eV, respectively.

All electroluminescence spectra of the copolymers coincided with the solid-
state photoluminescence spectra. The photoluminescence spectrum of copolymer 111 is
shown in figure 6.3 as an example. This implies that the excited states (created by
charge injection) responsible for light emission in a PLED, are the same as those
produced by photoexcitation.
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Figure 6.3 Electroluminescence spectra of the copolymers (solid lines + symbols) and
photoluminescence spectrum of copolymer Il (dotted line).

In figure 6.4 the current density and luminance as a function of drive voltage in
forward bias are shown for a single-layer 1TO/copolymer I/Al device with a layer
thickness of 80 nm (in table 6.2 the electrical characteristics and EL efficiencies of all
single-layer devices are summarized). Forward bias is defined as the positive voltage
on the hole-injecting ITO contact. Electron-injecting Al contacts were chosen for
reasons of stability but have the disadvantage that they limit the electron-injection
rates. This is due to the relatively large difference between the molecular LUMO-
levels of the polymers and the work function of Al [17,24], resulting in a high
injection barrier for electrons. Additionally, there is good evidence that holes are
considerably more mobile than electrons in PPV polymers due to severe trapping of
electrons [25] at electron-accepting impurities, related to oxygen (molecular oxygen,
carbonyl moieties, etc.). This makes these polymers preferentially hole transporters.
The unbalanced electron and hole currents, due to the low injection rate and poor
transport of electrons in comparison with holes, has as a consequence that there is a
large (hole) loss current. In addition, since the electrons are not able to move far into
the bulk due to trapping, the electron-hole recombination zone is located close to the
metal cathode of the device, which has the effect of quenching the emission. Single-
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layer devices therefore have low EL efficiencies. The use of the low work function
metal Ca [17,26] as electron-injecting contact will result in more balanced injection,
higher efficiencies and lower operating voltages but has the drawback of being highly
reactive under ambient conditions.

The LEDs with copolymer | as active layer (80 nm) started emitting light at a
turn-on voltage of 15 Volts. This corresponds to an electric field strength (E=V/d, d is
the layer thickness) at turn-on of 1.9x10° V/m (see top x-axis in figure 6.4). Turn-on
voltage is defined here as the voltage at which the electroluminescence starts
exceeding the background signal. It should be stated that the sensitivity for the
detection of light of our set-up is low, due to the use of an integrating sphere. Only a
small fraction of the photons emitted into the integrating sphere will reach the
photodiode. So the turn-on voltage measured by our set-up is significantly higher as
the voltage required to reach ‘flat-band’ conditions, which is the correct definition of
the turn-on voltage [17]. The ‘real’ turn-on voltage is essentially independent of the
layer thickness. In our case, we see a slight dependence of the turn-on voltage on the
thickness of the active layer. This is due to the fact that we need to create a sufficiently
large flux of photons to reach the lower detection limit of our set-up. So, the turn-on
voltage obtained by our set-up also depends on the EL-efficiency of the LEDs and the
guantum yield of the photodiode in the spectral region of emission.

Blue light, visible to the eye, was observed at drive voltages above 25 V. The
emission was homogeneous over the whole active area at high drive voltages. The
electroluminescence intensity increased linearly with drive current, and a maximum
external EL-efficiency of 2.3x10 % ph/el was reached at a drive current of 8x102
Alcm?. The current-voltage characteristics of the devices scaled with layer thickness
over the range of 50-175 nm, indicating that the electric field is uniformly distributed
throughout the bulk and that significant band bending is absent at both metallic
interfaces. The dependence of the device current on the electric field rather than the
drive voltage is considered as evidence for field-emission tunnelling of charge carriers
across an interfacial barrier [17].

A change of the electron-injecting metal from Al (¢a= 4.3 V) to Au (¢pa,= 5.2
eV), resulted in light emission in forward bias at a much higher turn-on voltage of 24
Volts (E = 3.0x10® V/m). The external EL quantum efficiency of the diodes was
~3x10° % phlel. The I-V characteristics in forward and reverse bias were nearly
symmetrical in the ITO/Au diodes, due to the small difference in work function
between the opposite contacts. In reverse bias, light emission started at a turn-on
voltage of —25 Volts. This observation supports the conclusion that field-driven
electron injection determines the emissive properties of a polymer LED.
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Figure 6.4 Current density (closed circles) and luminance (open circles) of a single-layer
ITO/copolymer I/Al device as a function of bias voltage. Layer thickness 80 nm. Inset: semilog
plot of the luminance as a function of bias voltage.
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Figure 6.5 Current density as a function of electric field for single layer ITO/Copolymer/Al
devices. Arrows: the electric field strength at onset of emission.
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In figure 6.5 the I-V dependencies for all copolymer devices are plotted. The electric
field strength at the onset of light emission for polymers I to 111 are equal to 1.9x10°,
1.4x10® and 0.8x10° \//m, respectively. The consecutive lowering of the electric field
is the result of the reduced HOMO-LUMO gaps, due to the substitution by octyloxy
side-chains and cyano-groups onto the copolymer backbone, which decreases the
barrier for electron injection.

Table 6.2 Electrical properties and efficiencies of single-layer copolymer LEDs with
ITO hole-injecting contacts in forward bias operation.

Copolymer  Layer Electrode Bias voltage Field Ext.EL
Thickness at turn-on at turn-on efficiency
(nm) (V) (108 V/m) (102 ph/el)
| 80 Al 15 1.9 2.3
80 Au 24 3.0 0.3
1 90 Al 13 1.4 0.9
i 140 Al 11.7 0.8 3.0

The hole-injection barrier

The injection of holes at the ITO anode into the polymer is controlled by a
superposition of tunnelling and thermionic emission, the important parameter being
the magnitude of the injection barrier [17,27]. At high fields, charge injection is
dominated by tunnelling. The field dependence of the I-V characteristics were
analysed using Fowler-Nordheim (FN) tunnelling theory in order to estimate the
barrier heights for charge injection into the copolymer films. On the basis of this
analysis we are able to roughly estimate the ionization potential or HOMO-level of the
copolymers in an indirect way. In combination with the HOMO-LUMO gaps
determined from the absorption spectra it is possible to derive an energy diagram for
the copolymers. Fowler-Nordheim field emission tunnelling of electrons and holes
through a triangular barrier gives [17,28]:

—K
| c E*exp| — | 6.3
oo 2] o
o - 8n(2m )7 (6.4)
3gh

where | is the current, E is the electric field, ¢ is the barrier height, m* is the effective
mass of the charge carriers (m* is taken to be the free electron mass) and « is a
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parameter that depends on the barrier shape [29]. If Ln(I/E?) versus 1/E is plotted, a
linear dependence is obtained with a slope representing «. In our ITO/copolymer/Al
devices, the majority carriers are holes, due to the high work function of the electron
injecting Al contacts. For this reason, they can be considered as “hole-only” devices.
Therefore, FN analysis of the I-V curves in forward bias will yield the barrier heights
between the hole-injecting 1TO-contact and the molecular HOMO-level (lonisation
Potential, IP) of the copolymers. The FN analysis has been performed on at least three
samples with different layer thickness, each consisting of four separate diodes. An
example of a Fowler-Nordheim plot of a 95 nm thick ITO/Copolymer I/Al device is
shown in figure 6.6.
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Figure 6.6 Fowler-Nordheim plot for a 95 nm thick ITO/Copolymer | /Al device.

The results of the FN-analysis of all four copolymers are summarized in table 6.3. The
diode-to-diode and sample-to-sample reproducibility of the obtained barrier heights
was reasonably good (£0.05 eV). Additionally, several devices were made with Au
contacts to check the validity of the analysis for ITO/AIl devices. The obtained barrier
heights in ITO/Al and ITO/Au diodes were identical. This indicates that we indeed
obtained the barrier for hole injection in ITO/AIl diodes and that the contribution of the
electron current to the total cell current can be neglected in such devices. The
calculated hole injection barriers and ionization potentials (taking the work function of
ITO to be ¢ro= 5.2 eV) are listed in table 6.3. It should be explicitly stated that
although the good reproducibility of the obtained barrier height, the absolute value for
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the ionisation potential of the copolymers will be a rough estimate. This is caused by
the influence of impurities, interface defects, bandbending, image force effects
[29,30], and the uncertainty in the value of the work function of ITO, which will lead
to errors of the value of the barrier height and the ionization potential.

For this reason, cyclic voltammetry was used to determine the ionization
potentials of the copolymers in solution as additional check to the Fowler-Nordheim
analysis. With this electrochemical technique one can measure the oxidation potential
of a molecule. The obtained oxidation potential can be converted to the ionization
potential using an internal reference. Cyclovoltammograms were recorded in
dichloromethane solution with tetrabutyl ammonium hexafluorophosphate as the
electrolyte. The ferrocene/ferrocenium couple was used as internal reference to
calibrate the cyclovoltammograms towards the Normal Hydrogen Electrode [16,31].
An ionization potential of 4.8 eV with respect to zero vacuum energy level was taken
for ferrocene [32].

Table 6.3 lonization potentials and hole-injection barriers obtained by cyclic
voltammetry and Fowler-Nordheim analysis.

Copolymer IP (eV) Dholes (V) IP (eV)
cyclic voltammetry FN-analysis FN-analysis
I >5.8 0.4 5.6
I 5.7 0.2 5.4
i 5.8 0.3 5.5

The measured oxidation potentials were 0.9 and 1 Volts for the copolymers 11 and 111,
respectively. This corresponds to ionization potentials of 5.7 and 5.8 eV. The observed
redox processes were reversible for both copolymers. For the copolymer I, no
oxidation potential could be measured, due to oxidation of the electrolyte solution.
This indicates that the oxidation potential of copolymer I is probably located beyond
the measurement range. The trend in ionization potentials obtained with cyclic
voltammetry corresponded with the trend obtained from Fowler-Nordheim analysis;
only the absolute values are higher in the case of cyclic voltammetry.

In the copolymer LEDs the (hole) cell-current is determined by the injection
barriers for holes in combination with the hole mobility in the copolymer. The trend in
hole-injection barrier found for the copolymers corresponds with the observed
electrical characteristics depicted in figure 6.5. The importance of the mobility for the
cell current is reflected by the fact that the actual device current is usually several
orders of magnitude smaller than the calculated Fowler-Nordheim tunnelling current.
An explanation for this discrepancy was reported by Davids et al.[33]. They found
that the low mobility in the polymer leads to a large backflow of injected carriers into
the injecting contact, which decreases the injection rate of charges.
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It is obvious that for the copolymers under discussion, the intrachain
conductivity and hence the mobility, is affected by the steric interactions in the
terphenyl parts of the backbone. It is known [34] that isolated non-substituted
oligophenylenes are non-planar, because steric hindrance between protons on adjacent
phenyl rings induces a twist between the rings. Molecular modelling calculations
showed that this twist is about 40° [35]. In such a situation some overlap of the
n—orbitals is still possible, which allows conjugation. When substituents on the rings
are present the twist angle will be larger. Hilberer et al. [21] performed supplementary
calculations on substituted terphenylenes by means of the AM1 semi-empirical
guantum chemical method. They found that alkyl-substituted terphenylenes have twist
angles between adjacent rings which are significantly shifted to 90°. In the case of the
sterically less demanding alkoxy side-chains, the twist angle was less (= 50°). These
findings suggest that overlap in w-orbitals is significantly diminished in the case of
alkoxy substitution and effectively cancelled for alkyl substituents. Hence the barrier
for carriers to move (hopping/tunnelling) between adjacent chromophores is smaller in
the octyloxy-substituted copolymers.

Energy diagrams
Based on the ionization potentials obtained by FN-analysis and the HOMO-LUMO

gaps derived from the onset of absorption, an energy diagram for the copolymers can
be estimated, which is depicted in figure 6.7.
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Figure 6.7 Schematic energy diagram for the PPV-based copolymers.

With the value of ¢, at 4.3 eV, the electron-injection barriers derived from the energy
diagram for the copolymers | to 111 are ¢ejectrons = 1.7, 1.5 and 1.1 eV, respectively.
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The copolymer diodes have external EL efficiencies of approximately ~2x10%% ph/el,
except for copolymer I1, which has an efficiency of 9x10°% ph/el (see table 6.2). A
rough estimate of the maximum external quantum efficiency achievable in an organic
LED can be obtained from equation (6.5), which contains all factors governing the EL
efficiency (Rothberg et al. [2]):

O =yydP n. M. S[ljxlxlx( 1 j (6.5)
4 2n’

where y is the fraction of recombinations that result in a singlet exciton, @ is
the fraction of excitons that emit (PL quantum yield), nr is the fraction of electrons
and holes that recombine in the emissive layer and ne the fraction of emitted photons
that escape the emissive layer, which acts as a planar waveguide (n is the refractive
index). According to a simple spin statistics argument of recombining e-h pairs
(singlet:triplet generation rate is =1:3) , y is limited to 0.25. The PL quantum
efficiency @ can be as high as unity. The fraction of e-h recombination nr can also be
close to unity if deep trapping is negligible and unipolar current flow is completely
blocked. So the EL efficiency of an LED reflects the PL efficiency of the emissive
layer. Based on equation (6.5) the upper limit of the external EL efficiency ®g_ for
copolymer I, for example, should be approximately 1.9 % (with n=1.6 and @~ 0.4).
The difference with the actual efficiency (2x102%) illustrates the large imbalance of
the electron and hole currents in our single-layer ITO/copolymer/Al diodes.

The trend found in EL efficiencies for our copolymers is in reasonable
agreement with the trend in solid-state PL efficiencies (for PL efficiencies see table
6.1). However, if we compare copolymer | and Ill, we would expect a higher
efficiency for copolymer I11. From the energy diagrams depicted in figure 6.7, it is
obvious that the electron and hole currents in a copolymer 111 device should be more
balanced in comparison with copolymer I, and hence a larger value for nrand a higher
EL-efficiency would be anticipated.

Device optimization

From the preceding section it has become clear that the efficiency of single-layer
devices is rather low due to unbalanced injection and transport of charge carriers.
Electrons are not able to move far into the bulk due to trapping, resulting in an e-h
recombination zone close to the metal electrode in a single-layer device, which has the
effect of quenching the emission. Furthermore, the large unipolar loss current of holes,
which do not recombine but are captured by the counter electrode, is significant in a
single-layer device, reducing the efficiency greatly.
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One way to optimize the efficiency of a device is by blending of the active material in
a polymeric binder, which does not contribute to the emission. Bassler et al. [36]
reported that blending of PPV in polystyrene (1:1 w/w) increased the efficiency
approximately two orders of magnitude in comparison to a conventional PPV LED.
Dilution of the polymer in a host matrix can have a two-fold effect. (1) An enhanced
PL-efficiency due to the reduction of intermolecular exciton transfer to quenching
sites, and (2) a reduction of the unipolar loss current (if the emitting polymer acts as a
trap for holes).

Device optimization by means of electron transport molecules in a double- layer
configuration has proven to be the most important approach to the enhancement of the
quantum efficiency by well-balanced injection and transport [37,6]. The introduction
of an electron-transport/hole-blocking layer (ETL) will move the recombination zone
away from the interface. This is due to the introduction of an energy offset (hole-
injection barrier) at the polymer/ETL interface, which prevents holes to cross the ETL
layer, which results in a positive space-charge interfacial zone in the emissive layer.
The space-charge zone will increase the field over the ETL layer, resulting in
enhanced electron-injection from the cathode. Hence, e-h recombination takes place in
a small region of the PPV layer near the heterojunction. The difference in EL
efficiencies using Ca or Al as electron-injecting electrode in double-layer devices is
smaller in comparison to single-layer devices. This is caused by the fact that the
redistribution of the internal electric field by hole blocking has a larger effect on
electron injection than the difference in the barrier height. A few examples of electron
transport molecules are molecular acceptors with oxadiazole [37,38] and triazole
[39,40] moieties. The most widely used transport molecule is 2-(4-t-butyl-phenyl)-5-
(4-biphenyl)-1,3,4-oxadiazole (PBD). However, the main drawback of this molecule is
its crystallinity. For this reason PBD is usually blended with an amorphous transparent
host polymer, e.g. poly(methyl methacrylate) [38,6], to suppress crystallization.
Loading of the host polymer is limited to 3:1 w/w PBD:PMMA. The disadvantage of
this method is the reduced conductivity upon dilution resulting in higher operating
voltages and device failure due to phase separation (recrystallization) of the blend
under applied bias (device heating).

In our group, a novel PBD side-chain polymer (pPBD) was synthesized via a
TEMPO-mediated “living” free-radical polymerization [41,42], which is used as
electron transport layer in this study. The chemical structure is depicted in figure 6.8.
The pPBD polymer has a molecular weight of M,= 18,000 g.mol™ (polydispersity
1.2), which corresponds to approximately 50 repeat units per chain. The polymer was
soluble in toluene, and uniform layers could be prepared by spincoating. A rough
estimate of the HOMO and LUMO levels for pPBD can be obtained by taking the
values for vacuum-deposited PBD determined by photoemission and optical
absorption measurements by Kido et al. [43]. PBD has its HOMO and LUMO at 5.9
and 2.4 eV. The HOMO-LUMO gap of pPBD determined by the onset of absorption
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(see figure 6.8) was approximately 3.4 eV, which is close to the HOMO-LUMO gap
value found by Kido for PBD.

Absorbance
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Figure 6.8 Chemical structure and absorption spectrum (film) of pPBD.

Double-layer devices were prepared with copolymer 111 as emissive layer. The total
layer thickness of the devices was ~110 nm. It was impossible to determine the
thickness of the individual layers in an accurate way, due to the good solubility of the
two polymers, which will make the pPBD solution wash a fraction of the initial
copolymer 11l away. Spincoating of the pPBD polymer on glass with the same
rotation speed used for the preparation of the heterojunction gave a layer thickness of
40 nm. The maximum external efficiency measured in the double-layer devices was
approximately 0.12 % ph/el, with a maximum brightness of approximately 250 cd/m?.
However, the reproducibility between different diodes and samples was poor.

In addition, blends of copolymer 111 and pPBD were made. Single-layer devices
consisting of blends with 38 w% and 63 w% pPBD were prepared. Based on the
HOMO and LUMO-levels of both compounds, copolymer 111 should act as a trap for
both electrons and holes. Furthermore, it is expected that the loss current of the
majority carriers will decrease and that exciton diffusion to quenching sites is further
diminished due to dilution. Indeed the efficiency increased to 0.04 and 0.08 % (at low
drive-current) for the blend with 38 w% and 63 w% pPBD, respectively, but the I-V-
curves shifted to higher fields with increasing content of pPBD (see figure 6.9). This
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is the result of the higher barrier for injection in pPBD, which limits the injection of
both holes and electrons. The maximum luminance reached is highest for the blend
with 38 w% pPBD, because the blend with 63 w % pPBD sustains lower current
before device breakdown occurred. The PL and EL spectra were blue-shifted (yellow
emission) compared to that of pure copolymer 111 due to dilution in pPBD, indicating
that copolymer 111 is molecularly dispersed in pPBD. So blending increased the
efficiency to 0.08 %, but has as drawback that higher operating voltages have to be
applied.
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Figure 6.9 I-V characteristics of single-layer LEDs containing blends of copolymer l1lI
with pPBD (38 and 63 w%). Inset: luminance as a function of drive current.

The most efficient polymer LEDs up to date are based on double-layer devices made
from PPV and cyano-substituted PPV derivatives. Internal efficiencies up to 4% are
reported for such heterojunction polymer LEDs [7,44]. The cyano-substituted PPV
derivatives are highly fluorescent and the strong electron-accepting cyano groups on
the vinylene linkages lower the LUMO-level (and HOMO-level to a lesser extent) of
the polymer, which makes them useful as both electron transport and emissive layer.
The offset in HOMO and LUMO level at the polymer/polymer interface will block
both holes and electrons, resulting in balanced transport, which is schematically
depicted in figure 6.10.
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Figure 6.10 Schematic energy level diagram for a two-layer LED under forward bias
(from reference [7]).

By confining the charges in the interface region, a large field is built up, which
promotes tunnelling through the heterojunction. Emission is established when a hole
tunnels through the barrier and recombines in the CN-PPV layer or when an electron
tunnels through the barrier and forms an exciton in the PPV layer, which then migrates
into the lower-energy CN-PPV polymer and radiatively decays. Thus, emission is
almost solely produced in the CN-PPV layer.

We applied this concept to obtain enhanced device efficiencies for the cyano-
substituted copolymer 11l. Double-layer devices were prepared by spin-casting
copolymer Il from a chloroform solution onto ITO substrates. After drying of the
layer under vacuum, copolymer 11 was spin-cast on top of the copolymer 11 layer and
Al-electrodes were deposited as electron-injecting contacts. The highest measured
external efficiency obtained from a 190 nm thick double-layer device was 7x10%%
ph/el, which is twice as high in comparison with the single layer copolymer IlI
devices. The EL-emission spectrum corresponded with the PL spectrum of copolymer
11, as expected. The diode-to-diode (on the same device) and device-to-device
reproducibility of the double-layer devices was poor. This is mainly caused by the
good solubility of both copolymers in the solvents used for processing, as mentioned
in the preceding section. A large part of the copolymer Il layer was washed away
upon casting of copolymer 111 and substantial mixing of the two copolymers resulted
in an ill-defined interface. We were unable to determine the individual layer thickness
of the two copolymers in the devices in an accurate way. The efficiency enhancement
was rather poor in comparison with that reported in literature. The most plausible
reasons for the poor enhancement are the ill-defined interface region and the fact that
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the offset between the HOMO-levels of the two polymers, ~ 0.1 eV, was most
probably too small to achieve significant hole blocking.

A second set of devices was made with a hole-transport layer of PPV prepared
via the so-called sulphonium precursor route [45]. This polymer has a molecular
weight of M,, ~ 1x10° g.mol™ as determined by GPC. The precursor was spincast from
methanol solution onto the ITO substrates and thermally converted to PPV at 220 °C
for 6 hours. The thickness of the PPV layer was approximately 50 nm as determined
with a profilometer. The major advantage of this polymer is that it is fully insoluble
after conversion, which assures the formation of a well-defined heterojunction. A 70
nm thick layer of copolymer Ill was spin-coated on top. In this case external
efficiencies up to 0.4 %ph/el and brightness’s up to approximately 600 cd/m? were
achieved, which is substantially higher than in the previous case. These values
correspond to an internal efficiency of ~2 %, approaching the maximum achievable
efficiency of 10 % based on theoretical considerations. The exact ionization potential
(IP) and electron affinity (EA) values of PPV are unknown. Values for IP and EA of
5.05 and 2.32 eV, based on quantum chemical calculations by Brédas [46], would
imply to barriers of roughly 0.3 — 0.4 eV for both holes and electrons at the
heterojunction.

6.3.2 Oligo(p-phenylene vinylene)s

A series of three different five-ring oligo(p-phenylene vinylene)s (OPVs) has been
studied as active layer in Light-Emitting Diodes. The chemical structures of the OPVs
employed for this study are depicted in figure 6.11. The synthesis and characterization
of the model compounds can be found in reference [47] and the optical properties in
chapter 2 of this thesis.

In first instance, non-optimized single-layer LEDs were prepared by vacuum
sublimation following the procedure described in the experimental section. All thin
layers of the different OPVs showed similar morphologies in the optical microscope
after deposition onto the ITO substrates. The electrical properties and efficiencies for
the series of ITO/OPV/AlI and Ca (for Ooct-OPV5) single-layer devices are
summarized in table 6.4. From all OPVs working LEDs could be prepared. It should
be stated that the minimum thickness of the active layer must be of the order of 150
nm and thicker to obtain reproducible diode characteristics. Thinner devices all
suffered from shorts and non-uniform light emission over the active area of the diodes.
In figure 6.12 the current-voltage characteristics are shown for all OPVs in a single-
layer configuration with electron-injecting Al contacts. The arrows indicate the
electric field strength at which light emission was detectable. All ITO/OPV/AI diodes
showed rectifying behaviour and we were not able to observe electroluminescence in
reverse bias for any of the OPV-based devices.
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OPV5 Ooct-OPV5

Ooct-OPV5-CN2

Figure 6.11 Chemical structure of the oligo(p-phenylene vinylene)s.

Table 6.4 Electrical properties and efficiencies of the single-layer and double-layer
oligomer LEDs with ITO hole-injecting contacts in forward bias operation.

Oligomer® Cathode  Layer Vo Ewrn-on Ext. eff.
thickness (V) (108 V/m) (102 %)
(nm)
OPV5 As Al 380 18.1 0.5 1.1
Ooct-OPV5 As Al 193 24.4 1.3 0.1
An 20.4 1.1 1.2
As Ca 183 11.8 0.6 10.0
Ooct-OPV5-CN2  As Al 150 20 1.3 15
Ooct-OPV5/ As Al 150/45 8.7 0.5 31

Ooct-OPV5-CN2

a) As: as-deposited, An: annealed. b) turn-on is defined here as the point at which the
emission is detectable.
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Figure 6.12 Electrical characteristics (current density versus electric field) of the
ITO/OPV/AI devices. The arrows indicate the onset of light emission.

Electrical measurements on devices with different layer thickness showed that the
diode current depends on the applied field rather than the drive voltage. The same
behavior as was observed with the alternating PPV copolymers. This indicates that
field-driven injection determines the electrical characteristics. From figure 6.12 it is

evident that OPV5 has the lowest onset for both current and emission. By means of
I-V characteristics and optical absorption

Fowler-Nordheim analysis of the

measurements we estimated the injection barrier for holes and the HOMO-LUMO
bandgap, respectively. The results of this analysis are given in table 6.5. The
difference between the onset of current and light, for OPV5 and Ooct-OPVS5, is
significant and contradicts to the band offsets derived from table 6.5:

(@  The onset for light emission for OPV5 appears at half the electric field strength
of Ooct-OPVS5, while the barrier for electron-injection is approximately 0.3 eV

higher.
(b)  The IV-characteristics are determined by the majority carriers in these devices
which are holes. On the basis of the similar hole-injection barrier for both

OPVs, one would expect approximately the same electrical characteristics



114 Chapter Six

A possible explanation for this discrepancy could be that the charge-carrier mobilities
(holes and electrons) in the case of OPV5 are much higher, resulting in a higher
injection rate of charge carriers [33]. If we now compare the electrical characteristics
of Ooct-OPV5 and Ooct-OPV5-CN2 it is obvious that the onset of current appears at
higher drive field in the case of Ooct-OPV5-CN2. This is consistent with the value
found for the hole-injection barrier, which is 0.2 eV higher. However, the onset of
emission appears at the same field as for Ooct-OPV5, which reflects the lowering of
the LUMO-level due to the presence of cyano groups (approximately 0.5 eV lower
than that of Ooct-OPV5). The external EL efficiencies of the single-layer OPV devices
were typically in the range of 0.01-0.02 %ph/el. Only the EL efficiency of the Ooct-
OPVS5 devices was an order of magnitude lower. On the basis of the PL efficiencies,
which were all in the same range (40-50 %), one would expect similar values for
Ooct-OPV5.

Table 6.5 Estimated HOMO-LUMO gaps and hole-injection barriers.

Oligomer HOMO-LUMO gap (eV)® Orotes (EV)°®
OPV5 2.7 0.2
Ooct-OPV5 2.4 0.2
Ooct-OPV5-CN2 2.1 0.4

a) Optical absorption measurements b) Fowler-Nordheim analysis

To optimize the performance of single-layer Ooct-OPV5 devices, Ca instead of Al was
used as cathode, which lowers the injection barrier for electrons with approximately
1.3 eV. The change of cathode resulted in a more than twofold reduction of the drive
field at turn-on (6x10" V/m) and two orders of magnitude enhancement in EL
efficiency (0.1 %), due to improved electron-injection.

The electroluminescence spectra of the single-layer devices are depicted in
figure 6.13. All EL spectra coincided with the solid-state photoluminescence spectra,
indicating that the same excited states are involved in both PL and EL. The broad
luminescence spectrum for Ooct-OPV5-CN2 is attributed to excimer emission (see
chapter 2).
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Figure 6.13 Electroluminescence spectra of the ITO/OPV/AIl devices

The influence of morphology on the device performance

The influence of the thin-film morphology on the device performance was investigated
for Ooct-OPV5 by means of annealing (as described in chapter 2 and 5). For Ooct-OPV5
annealing leads to an increase of the single-crystal domain size and an enhanced
molecular orientation (see chapter 2). The external efficiency of the annealed Ooct-
OPV5 films was more than one order of magnitude higher than that of the as-deposited
film (inset figure 6.14). The photoluminescence quantum yield as measured under laser
illumination in an integrating sphere was approximately 20 % larger for the annealed
film. If we assume that photoexcitation and charge injection give rise to the same excited
state (the singlet exciton), the 20 % rise in PL efficiency alone, cannot account for the
10-15 fold increase in EL efficiency. As can be seen from figure 6.14 there is no
significant difference in cell current upon annealing. The majority charge carriers in
these devices are holes, so we may infer that the hole current is the same for both
morphologies. Fowler-Nordheim analysis of the IV-characteristics revealed that the
barrier for hole-injection is the same for both morphologies, and from the similar
absorbance spectra of both morphologies we can conclude that the bandgap doesn’t

change upon annealing.
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Figure 6.14 J-E characteristics for a single-layer ITO/Ooct-OPV5/AIl devices with an
as-deposited and an annealed active layer, respectively. Inset: Luminance as a
function of cell current for both thin-film morphologies.

The electron current in such devices is much smaller and is fully masked by the current
of the majority carriers. For this reason Al/Ooct-OPV5/Ca devices were prepared, which
can be considered as “electron-only” devices. In the annealed “electron-only” devices
the current was approximately one order of magnitude higher. Hence, it seems that the
increase in efficiency upon annealing can be attributed to an increase of electron
mobility. The improvement of molecular orientation and the reduction of the density of
grain boundaries upon annealing may be considered as possible explanations for the
improved electron mobility. For Ooct-OPV-CN2 and OPV5 it was not possible to
prepare working devices with annealed layers. Annealing resulted in the formation of
small holes in the evaporated films causing short-circuited devices.

Double-layer devices

Double-layer devices were prepared, consisting of an Ooct-OPV5 hole-transport layer
and an Ooct-OPV5-CN2 electron-transport/emissive layer to balance charge transport
and injection. The device characteristics are summarized in table 6.4 and depicted in
figure 6.15. The voltage at which EL was detectable was also significantly reduced to
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8.7 Volts (4.5x10" V/m). External efficiencies up to 0.31 % were reached in an
ITO/Ooct-OPV5(150 nm)/Ooct-OPV5-CN2(45 nm)/Al device, which corresponds to
an internal efficiency of ~1.5 %. A more than one order of magnitude enhancement of
the efficiency in comparison to single-layer Ooct-OPV5-CN2 devices. Despite the
high EL efficiency, only low current levels were reached before critical device failure,
which resulted in a maximum brightness of only ~30 cd/m?. Orange/red emission was
observed above turn-on in the double-layer device indicating that Ooct-OPV5-CN2 is
the emissive species in the device. However, the electroluminescence spectrum (inset
figure 6.15) revealed that there is a small contribution of EL emission originating from
Ooct-OPV5 (see arrow in the inset).
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Figure 6.15 Semilog plot of current density (closed circles) and luminance (open
circles) of an ITO/Ooct-OPV5(150 nm)/Ooct-OPV5-CN2(45 nm)/Al double-layer
device as a function of bias voltage. Inset: double-layer electroluminescence
spectrum.

6.4 Conclusions

Electroluminescence was achieved in the blue, green and orange wavelength region
with single-layer devices consisting of transparent indium-tin-oxide anodes and air-
stable Al cathodes. The efficiencies of the single-layer copolymer/oligomer LEDs are
comparable to those reported for fully conjugated PPVs. Fowler-Nordheim tunnelling
theory was used to analyse the current-voltage characteristics in order to determine the
barriers for hole injection in the single-layer devices. In combination with cyclic
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voltammetry and optical absorption measurements it was possible to estimate energy
diagrams for all copolymers and oligomers, which could be used to describe the
results obtained in a qualitative way. Furthermore, the influence of the thin-film
morphology on LED performance has been investigated for the octyloxy-substituted
oligo(p-phenylene vinylene). The EL efficiency is drastically increased for Ooct-
OPV5 films with improved molecular orientation and larger crystalline domains sizes,
which is attributed to enhanced electron transport.

Device optimization by means of additional charge-transport layers to enhance
the electroluminescence efficiency has been applied successfully. Balanced hole and
electron currents, and e-h recombination distant from the metal cathode are probably
achieved in such devices, resulting in improved device performance. A novel polymer
with oxadiazole-based side-chains has been used successfully as an electron-
transport/hole-blocking layer. In combination with a cyano-substituted PPV
copolymer as the emissive layer, external EL efficiencies up to 0.1 % were obtained.
The best-performing double-layer LEDs were based on the electronegative cyano-
substituted copolymers and oligomers as the electron-transport/emissive layer. In this
case, external electroluminescence efficiencies up to 0.3-0.4 % are reached.
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Summary

n-conjugated polymers attract much interest nowadays for use as active component in
electronic, optical and optoelectronic applications, like light-emitting diodes, light-
emitting electrochemical cells, photodiodes, photovoltaic cells, field-effect transistors,
optocouplers and optically pumped lasers. m-conjugated polymers combine the
properties of classical macromolecules, such as low weight, good mechanical
behaviour (strength and flexibility) and processability with semiconductor properties,
arising from their particular electronic structure. Conjugated polymers like poly(p-
phenylene vinylene) and poly(p-phenylene) have a backbone consisting of alternating
single and double carbon-carbon bonds. The overlap of = orbitals forms a continuous
system of electron density along the backbone. The extent of this overlap (the
conjugation length) together with the bond alternation determines the HOMO-LUMO
bandgap. These materials are often strongly fluorescent and emit in the range from
near infrared to the ultraviolet (1-4 eV). Especially PPV and soluble derivatives
thereof, are of great interest, due to the combination of emission in the visible
wavelength region and high luminescence quantum yields.

The wavelength of emission depends on the extent of conjugation, and can be
controlled by modification of the chemical structure. This can be achieved by the
attachment of functional groups, which alter the electronic structure of the polymer or
by making copolymers with non-r-conjugated sequences, which interrupt the w-orbital
overlap. So, light emission is possible over the entire visible range of the visible
spectrum, by “chemical” tuning of the HOMO-LUMO energy gap of the polymer.
Their tuneable emissive properties are particularly attractive for lighting and display
applications, especially in combination with (relatively) low material cost and the
possibility of large-area device fabrication by means of simple casting techniques.

The primary interest of this study has been the solid-state photophysical
characterization of a series of novel well-defined alternating PPV copolymers and
crystalline 5-ring oligo(p-phenylene vinylene)s, and their application as emissive
medium in light-emitting diodes and photopumped lasers. The chemical structure of
the compounds used in this study, are shown in figure 1 on the next page. In the
copolymers I to 111 the PPV blocks are linked through an aromatic phenyl ring within
a fully rigid-rod chain. The desired control of the conjugation length is achieved
through steric interactions between the side chains and the rings within the
terphenylene parts of the copolymer. The middle ring in the terphenylene unit is
twisted out of coplanarity, effectively interrupting the m-orbital overlap along the
backbone. In copolymer 1V, abbreviated as SiPPV, PPV oligomers (distyrylbenzene)
are linked through dimethylsilylene units. The dimethylsilylene units provide
flexibility to the polymer backbone. The choice of this interrupting block is based on
previous studies carried out in our group on poly[(silanylene)thiophene]s. In this study
it has been shown that the presence of only one silicon atom in the backbone
effectively interrupts the conjugation.
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In both types of copolymers the chromophores are distyrylbenzene units. By
the introduction of electron-accepting cyano-substituents on the vinylene linkage and
by changing the side-chains from alkyl to alkoxy (an electron-donating moiety), the
emission could be tuned from the blue to the red part of the spectrum.

Rl Rl
OO0y 1y
R1 Rl X n
| Ry=-CgHy7, X=-H Vi

“ R1: -OC8H17, X=-H

Il Ry=-OCgH;7, X=-CN

Ooct-OPV5-CN2

Figure 1 chemical structure of the alternating PPV-based copolymers (I to IV) and
oligo(p-phenylene vinylene)s.

In chapter 2, the optical properties in solution and solid state for the series of well-
defined alternating PPV copolymers and all-trans 5-ring oligo(p-phenylene vinylene)s
are described. The optical properties of the copolymers in dilute solution were
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compared to those of substituted distyrylbenzene model oligomers representing the
chromophores in the polymer backbone. The optical characteristics of the copolymers
were similar to that of the models, indicating that the conjugation is effectively
interrupted in the copolymers. For the blue-light-emitting alternating copolymers the
photoluminescence (PL) efficiency and lifetime did not significantly change going
from solution to the solid-state, indicating that the contribution from additional non-
radiative decay channels due to interchain interactions in the condensed state is
negligible, resulting in efficient solid-state PL (1p.~0.4).

For both the cyano-substituted copolymer and Ooct-OPV5-CN1, a fast double-
exponential PL decay was measured in dilute solution, which is the result of a fast
non-radiative relaxation pathway associated with the cyano substituents on the
vinylene linkages. Restricting the molecular motion (twisting/bending) by dispersing
the oligomer in a solid polysulfone matrix resulted in an effective inhibition of the
non-radiative decay channel and a much longer single-exponential PL decay with a
time constant of 1.7 ns. Remarkably, for Ooct-OPV5-CN2 in solution this effect was
not so strong. A reasonably long PL-decay with a PL lifetime of 1.4 ns was measured,
which indicates that the position of the cyano moieties on the vinylene bonds is an
important parameter, governing this fast non-radiative decay pathway.

For the Ooct-OPV5-CN2 single crystals, the PL spectrum was broad and
featureless and a long PL lifetime of 8 ns was measured. The long-lived luminescence
is attributed to excimer emission. This is positively confirmed by X-ray diffraction
data of the single crystal. On the basis of the packing of the molecules in the crystal
lattice, significant n-r interactions between adjacent (face-to-face) molecules are to be
expected. Also in the case of the cyano-substituted copolymer there is evidence that
the luminescence originates from eximers, but though the characteristic features are
less pronounced as observed for Ooct-OPV5-CN2 and that reported for cyano-PPV
homopolymers.

In chapter 3, we have demonstrated efficient laser action of a novel blue-light-
emitting PPV copolymer in solution, photoexcited by ns pulses from the frequency-
tripled output of a Nd:YAG laser. The energy conversion efficiency and wavelength
tuning range of TOP-PPV in n-hexane exceeded that of both reference coumarin dyes.
This study clearly demonstrates the potential of conjugated PPV polymers for dye
laser applications. The prospects for PPV polymers as active lasing medium in
optically pumped solid state dye lasers and amplifiers based on dilute blends seem
good, based on the above mentioned observations in solution. The superior
mechanical properties and thermal stability of conjugated polymers over conventional
laser dyes in combination with efficient emission will likely result in an overall
improvement of the performance of such solid-state dye lasers.

In chapter 4, mirrorless lasing in optically pumped, neat films of the
copolymer SiPPV and the homopolymer Ooct-PPV. This mirrorless laser emission is
the result of amplification of spontaneous emission (ASE) due to optically-induced net
gain. Propagation of the emitted photons by waveguiding, inside the polymer film, is
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important, because it provides the necessary length of interaction of the emitted light
to build up sufficient net gain. A threshold for spectral narrowing was observed above
which coherent light emission appeared with a narrow spectral bandwidth of 6-7 nm
(FWHM). The observed narrow emission band was located near the maximum of the
low intensity fluorescence spectrum for both polymers. Furthermore, we demonstrated
‘true’ lasing from an Ooct-PPV film with external optical feedback provided by a
planar cavity consisting of two dielectric mirrors and a compressible transparent
spacer layer. This cavity construction enabled us to tune the wavelength of the laser
emission. A wavelength tuning range of approximately 20 nm was observed for the
laser emission from Ooct-PPV, centred at the gain maximum located at 631 nm.

The observation of lasing in optically pumped polymer films with and without
external feedback system gives hope for the possible development of an electrically
pumped laser diode. The major limiting factor at this moment is the drive current
necessary for electrically pumped lasing to be realized. This was one of the reasons
why we started to study the emission properties of PPV oligomers under pulsed laser
excitation. Oligomers have the ability to form well-ordered structures and due to this
fact usually exhibit better charge transport properties.

In chapter 5, stimulated emission from both single crystals and vacuum-
deposited polycrystalline thin films of a substituted 5-ring PPV oligomer has been
demonstrated. In the case of the polycrystalline vacuum-deposited films, ASE occurs
within the individual crystalline domains and was only observed if the domain size
was increased, above a critical minimum size, by annealing or recrystallization from
the melt. The amplification length is restricted by the size of the crystalline domains
due to high optical losses (scattering) from the crystallite boundaries. The threshold
for mirrorless lasing for an individual crystalline domain is comparable to that for
conjugated polymer films if the domain size is sufficiently large, as demonstrated in
the recrystallized Ooct-OPVS5 films (~ 500 pd.cm?).

Chapter 6 describes the performance of single and double layer light-emitting
diodes based on the alternating PPV copolymers and oligo(p-phenylene vinylene)s.
Electroluminescence was achieved in the blue, green and orange wavelength region
with single—layer devices consisting of transparent indium-tin-oxide anodes and air-
stable Al cathodes. The efficiencies of the single-layer copolymer/oligomer LEDs are
comparable to those reported for fully conjugated PPVs. Fowler-Nordheim tunnelling
theory was used to analyse the current-voltage characteristics in order to determine the
barriers for hole-injection in the single-layer devices. In combination with cyclic
voltammetry and optical absorption measurements it was possible to estimate energy
diagrams for all copolymers and oligomers, which could be used to describe the
obtained results in a qualitative way. Furthermore, the influence of the thin-film
morphology on LED performance has been investigated for the octyloxy-substituted
oligo(p-phenylene vinylene). For Ooct-OPV5 a more than ten-fold increase in
efficiency was observed for devices consisting of an annealed active layer, which has
been assigned to enhanced electron transport upon annealing.
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Device optimization by means of additional charge-transport layers to enhance
the electroluminescence efficiency has been applied successfully. Balanced hole and
electron currents, and electron-hole recombination distant from the metal cathode are
probably achieved in such devices, resulting in improved device performance. A novel
polymer with oxadiazole-based side-chains has been used successfully as an electron-
transport/hole-blocking layer. In combination with a cyano-substituted PPV
copolymer as the emissive layer, external EL efficiencies up to 0.1 % were obtained.
The best performing double-layer LEDs were based on the electronegative cyano-
substituted copolymer as the electron-transport/emissive layer and a PPV hole-
transport layer. In this case, external electroluminescence efficiencies up to 0.3-0.4 %
are reached. Similar results were obtained with Ooct-OPV5/Ooct-OPV5-CN2 double-
layer LEDs.






Samenvatting

n-geconjugeerde polymeren staan heden ten dage sterk in de belangstelling
voor de potentiéle toepassing als actieve componenten in electronische, optische en
opto-electronische devices zoals lichtemitterende diodes, licht emitterende
electrochemische cellen, veld-effect transistoren, fotodiodes, fotovoltaische cellen en
optisch  gepompte  lasers.  m-geconjugeerde  polymeren combineren
halfgeleidereigenschappen met die van conventionele polymeren, zoals laag soortelijk
gewicht, goede mechanische eigenschappen en de goede verwerkbaarheid. Vooral
poly(para-fenyleenvinyleen) (PPV) en derivaten zijn erg interessant voor verlichting
en display doeleinden, omdat deze polymeren licht uitzenden in het zichtbare gedeelte
van het spectrum en vaak een hoge fotoluminescentie-efficiéntie hebben. De
emissiegolflengte van deze polymeren word bepaald door de mate van conjugatie (n-
orbitaal overlap) en de electronendichtheid van de geconjugeerde segmenten in het
polymeer skelet. Deze kan beinvloed worden door de chemische structuur van het
polymeer te modificeren. Dit kan op twee manieren bewerkstelligd worden: (a) door
substitutie van functionele groepen aan het polymeerskelet die de electronische
structuur beinvloeden (zoals bijvoorbeeld alkoxyzijstaarten die electronenstuwende
zuurstofatomen bevatten) of (b) door het gecontroleerd onderbreken van de conjugatie
door het inbouwen van (i) niet-r-geconjugeerde spacergroepen of (ii) stereochemisch
geinduceerde conjugatie-onderbrekingen. Op deze manier kan de Kkleur van
uitgezonden licht gevarieerd worden van blauw naar rood.

Dit proefschrift beschrijft voornamelijk de fotofysische karakterisering van
een serie goed gedefinieerde alternerende PPV-copolymeren en all-trans vijfring PPV-
oligomeren (OPV’s) en hun toepassing als lichtgevende component in lichtemitterende
diodes en optisch gepompte lasers. De chemische structuur van de copolymeren en
oligomeren is weergegeven in figuur 1 op de volgende bladzijde. Voor de
copolymeren | t/m Il wordt de golflengte van het uitgezonden licht bepaald door
stereochemische conjugatie-onderbrekingen (de middelste ring in de terfenyl groepen
uit het vlak gedraaid) in combinatie met de electronische invloed van de aanwezige
substituenten (alkyl/alkoxyzijstaarten en cyanogroepen op de vinyleen bindingen). De
kleur van het uitgezonden licht varieert van blauw voor copolymeer | tot oranje/rood
voor copolymeer I11. In het blauw licht emitterende copolymeer IV (SiPPV) zijn niet-
n-geconjugeerde dimethylsilyleengroepen gebruikt om de conjugatie te onderbreken.
Voor alle copolymeren geldt dat de effectieve luminescerende segmenten
gesubstitueerde distyrylbenzeen-eenheden zijn. Het grote verschil tussen de
copolymeren | t/m Il en copolymeer IV is de ketenstijfheid. In het geval van
copolymeer IV zijn de ketensegmenten redelijk flexibel door toedoen van de
silyleengroepen wat resulteert in een meer amorfe structuur. De copolymeren | t/m Il
daarentegen zijn redelijk star (rigid rod) door toedoen van het volledig aromatische
skelet. In figuur 1 zijn ook de chemische structuren van drie 5-ring OPV’s
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weergegeven. Alle OPV’s hebben alkoxyzijstaarten (Cg) aan de centrale fenylring, om
de oplosbaarheid te verhogen. Twee daarvan (Ooct-OPV5-CN1 en CNZ2) hebben
cyanosubstituenten op verschillende posities aan de vinyleenbindingen rondom de
centrale fenylring.

I R1: -C8H17, X=-H IV
Il Ry=-OCgHqy7, X=-H

[l Ry=-OCgH17, X=-CN

Ooct-OPV5-CN2

Figuur 1 Chemische structuur van de alternerende copolymeren (I t/m 1V)
and vijf-ring oligomeren.
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Het voordeel van oligomeren is dat ze een precies gedefineerde chemische structuur
hebben en een hoge fotoluminescentie-efficiéntie. Vanwege het lage molecuulgewicht
en de precieze chemische structuur kunnen eenkristallen verkregen worden, wat bij
polymeren niet mogelijk is. De zo verkregen structuurinformatie kan zo in relatie
gebracht worden met optische eigenschappen in de vaste fase. Oligomeren worden
daarom ook vaak als modelverbindingen gebruikt voor de overeenkomstige polymeren
of polymeersegmenten. Tevens kunnen dunne oligomeerfilms worden gefabriceerd via
depositie in de dampfase die als actieve luminescerende laag gebruikt kunnen worden
in LED’s.

In hoofdstuk 2 worden de optische eigenschappen in oplossing en vaste stof
beschreven van een serie goed gedefinieerde alternerende PPV-copolymeren en
vijfring oligo(para-fenyleenvinyleen)en (OPV’s). De optische eigenschappen van de
copolymeren in oplossing zijn vergeleken met die van gesubstitueerde distyrylbenzeen
modeloligomeren, die de lichtgevende OPV-segmenten van het copolymeer
vertegenwoordigen. De optische eigenschappen van de copolymeren komen overeen
met dat van de modelverbindingen, wat aangeeft dat de conjugatie effectief
onderbroken wordt in de copolymeren. De fotoluminescentie-efficiéntie en levensduur
veranderden niet significant gaande van oplossing naar de vaste stof voor de blauw
licht emitterende copolymeren (I en 1V), wat aangeeft dat de bijdrage van niet-
radiatief verval door intermoleculaire interacties verwaarloosbaar is, wat resulteert in
efficiénte vaste stof fotoluminescentie (np.~0.4).

Voor zowel het cyano-gesubstitueerde copolymer als Ooct-OPV5-CN1 in
oplossing, werd een snel, dubbelexponentieel fotoluminescentieverval gemeten. Dit
snelle niet-radiatieve vervalmechanisme is waarschijnlijk gerelateerd aan de
cyanosubstituenten op de vinyleenbindingen. Door de oligomeren te dispergeren in
een transparante polysulfonmatrix, kan de moleculaire bewegingsvrijheid
(twisting/bending) sterk worden beperkt. Dit resulteerde in een effectieve remming
van het niet-radiatieve vervalkanaal. In dit geval werd een PL levensduur van 1.7 ns
gemeten, i.p.v. 70 ps. Opmerkelijk is het feit dat voor Ooct-OPV5-CN2 in oplossing
dit effect veel minder sterk was. Voor dit oligomeer werd in oplossing een redelijk
lange fotoluminescentielevensduur van 1.4 ns gemeten, wat impliceert dat de positie
van de cyanogroepen op het OPV-segment een belangrijke parameter is met
betrekking tot het snelle niet-radiatieve vervalmechanisme.

Ook zijn de optische eigenschappen van de oligomeer-éénkristallen
bestudeerd. Voor de Ooct-OPV5-CN2 éénkristallen, werd een sterk roodverschoven,
breed PL-spectrum waargenomen, zonder vibrationele fijnstructuur. Tevens werd een
redelijk lange PL-levensduur gemeten van 8 ns. Dit komt overeen met een natuurlijke
radiatieve levensduur van 16 ns. Dit wordt toegeschreven aan excimeeremissie. Dat er
in dit geval sprake is van excimeeremissie wordt verder ondersteund door de réntgen
structuurdata van het betreffende éénkristal. Dit cyanogesubstitueerde oligomeer heeft
een dichte intermoleculaire kristalpakking waarbij het -systeem van de individuele
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moleculen een vlakke geometrie heeft. Deze dichte pakking wordt toegeschreven aan
een effectieve Coulombinteractie tussen naburige moleculen, door de aanwezigheid
van cyanosubstituenten. De afstand tussen de aangrenzende oligomeren in het rooster
is ongeveer 3.5 A en er is een redelijke mate van overlap tussen de vlakke aromatische
systemen. Op basis hiervan kan men concluderen dat er sterke n-nt interacties kunnen
plaatsvinden. Ook voor het cyanogesubstitueerde copolymeer (IlI) zijn er
aanwijzingen dat de emissie afkomstig is van excimeren, alleen zijn de karakteristieke
kenmerken minder sterk als in het geval van Ooct-OPV5-CN2 en dat gerapporteerd
voor cyano-PPV homopolymeren.

In hoofdstuk 3 wordt aangetoond dat het mogelijk is om laserlicht te genereren
uit oplossingen van een blauw licht emitterend PPV-copolymeer, door fotoexcitatie
met ns pulsen van de derde harmonische van een Nd:YAG-laser. De laserperformance
van het copolymeer is vergeleken met die van twee commercieel verkrijgbare
coumarin Kkleurstoffen (dyes) die in hetzelfde golflengtegebied licht uitzenden. Voor
het copolymeer in hexaan was de energie-omzettingsefficiéntie (ratio tussen de uittree-
energie van de dye-laser en de Nd:YAG pompenergie) meer dan twee keer zo hoog als
voor de coumarine laser kleurstoffen. Tevens kon voor het copolymeer laserlicht
opgewekt worden in een veel groter golflengtegebied. Deze studie laat duidelijk zien
dat polymeren potentieel interessant kunnen zijn voor toepassing in een dye-laser. Het
nadeel van dye-lasers is dat er meestal vluchtige oplosmiddelen worden gebruikt, die
schadelijk voor de gezondheid zijn. Er wordt daarom ook veel onderzoek verricht op
het gebied van vaste stof dye-lasers. Dit zijn meestal gebaseerd op blends waarin de
laserkleurstof gedispergeerd is (lage concentratie) in een transparant matrixpolymeer,
bijvoorbeeld PMMA. De vooruitzichten voor PPV-polymeren als actief lasermedium
voor (optisch gepompte) vaste stof dye-lasers en versterkers gebaseerd op blends
lijken goed. De superieure mechanische eigenschappen en thermische stabiliteit van
geconjugeerde polymeren in vergelijking met conventionele laag-moleculaire
laserkleurstoffen, in combinatie met een hoge energieconversie -efficiéntie zal
mogelijk resulteren in een langere levensduur van de vaste stof dye-laser en een
verbetering van de dye laser performance.

In hoofdstuk 4 wordt aangetoond dat het mogelijk is om laserlicht op te
wekken in dunne (pure) polymeerfilms via foto-excitatie, zonder gebruik te maken van
een extern optisch feedbacksysteem (spiegelloos). Twee polymeren zijn hiervoor
gebruikt, namelijk het copolymeer SiPPV (I1V) en het homopolymeer Ooct-PPV. Deze
spiegelloze laseremissie is het gevolg van versterking van spontane emissie
(Amplified Spontaneous Emission, ASE). ASE werd waargenomen als de
excitatieenergie hoger was dan een specifieke drempelwaarde Deze drempelwaarde is
afhankelijk van het type polymeer, de optische kwaliteit van de film en de diameter
van de excitatiebundel. Boven deze drempelwaarde werd een scherpe ASE-piek
waargenomen, met een bandbreedte van 6-7 nm (breedte op halve hoogte). De
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golflengte van het uitgezonden laserlicht kwam overeen met het maximum in het
fluorescentiespectrum voor beide polymeren. De propagatie van de uitgezonden
fotonen via golfgeleiding (waveguiding) in de polymeerfilm is een belangrijk aspect,
omdat hierdoor de noodzakelijke interactielengte van de uitgezonden fotonen met de
populatie aan aangeslagen toestanden wordt bereikt en er zodoende netto versterking
(gain) bewerkstelligd kan worden. Verder wordt in dit hoofdstuk aangetoond dat het
ook mogelijk is om ‘echt’ laserlicht op te wekken met behulp van een optisch
feedbacksysteem. Hiervoor werd een vlakke resonator gebruikt bestaande uit twee
diélectrische spiegels, waartussen een Ooct-PPV-film was aangebracht samen met een
samendrukbare transparante spacerlaag. Met dit type resonator was het mogelijk om
de golflengte van het uitgezonden licht te regelen, door de afstand tussen de twee
spiegels te veranderen. Het bleek dat de golflengte van het laserlicht te variéren was in
een spectraal gebied van ongeveer 20 nm, gecentreerd rond het golflengtemaximum
van het fluorescentiespectrum.

De in hoofdstuk 4 beschreven resultaten bieden perspectieven voor de
mogelijke toekomstige ontwikkeling van een electrisch gestuurde polymeer-
diodelaser, daar hiervoor eenzelfde constructie gebruikt kan worden als in een
polymeer LED. De beperkende factor op dit moment is de extreem hoge stuurstroom
die noodzakelijk is om een populatieinversie te creéren in de polymeerlaag. Op basis
van de energiedrempelwaarde voor ASE, verkregen door de foto-excitatie-
experimenten, kan men een ruwe schatting maken van de dichtheid aan aangeslagen
toestanden die vereist is om ASE te genereren. Op basis hiervan kan men de
ladingsdichtheid afschatten die nodig is om eenzelfde dichtheid aan aangeslagen
toestanden te creéren via injectie van ladingsdragers. De minimale stroomdichtheid
noodzakelijk voor ASE is meer dan drie ordes van grootte hoger dan de maximale
stroomdichtheid die tot nu toe gerapporteerd is voor conventionele polymeer-LED’s.
Dit was voor ons een van de redenen om oligomeren te gaan gebruiken als alternatief.
Oligomeren hebben een hoge fotoluminescentie-efficiéntie, hebben een precies
gedefinieerde chemische structuur en kunnen verkregen worden als macroscopische
éénkristallen. Het is bekend dat de mobiliteiten van ladingsdragers (gaten en
electronen) over het algemeen veel hoger zijn in goed gedefinieerde microscopische
structuren (kristallen) dan in wanordelijke materialen. Uitzonderingen daargelaten.
Vanwege door de betere transporteigenschappen, zou men verwachten dat in zulke
materialen een hogere ladingsdichtheid gecreéerd kan worden van zowel gaten als
electronen.

Deze studie wordt beschreven in hoofdstuk 5 van dit proefschrift. Hier wordt
aangetoond dat het ook mogelijk is om ASE te genereren in éénkristallen en dunne
films van Ooct-OPVS5. In het geval van de polykristallijne films die verkregen zijn
door depositie uit de dampfase, is alleen ASE waargenomen na herkristallisatie van de
films d.m.v. verwarmen (annealen) bij een temperatuur net onder de -eerste
overgangstemperatuur (kristal-mesofase overgang) van het oligomeer, of na afkoelen
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van de film uit de isotrope smelt. Deze herkristallisatie leidt tot een betere moleculaire
oriéntatie en grotere kristallijne domeinen. De domeingrootte van de kristallieten is
een belangrijke parameter met betrekking tot ASE. De interactie lengte van de
uitgezonden fotonen met de populatie aan aangeslagen toestanden wordt beperkt door
de grootte van de kristallijne domeinen, doordat het licht verstrooid wordt aan de
grensvlakken, wat leidt tot hoge optische verliezen. De reden dat geen ASE is
waargenomen in de niet-geannealde films is derhalve dat de domeingrootte te klein is
en hier geen netto versterking (gain) optreedt. De drempelwaarde in excitatie-energie
waarboven ASE plaatsvindt voor Ooct-OPVS5, is vergelijkbaar met die gerapporteerd
voor polymeerfilms, mits de kristallijne domeinen voldoende groot zijn zoals in het
geval van de Ooct-OPV5-films na herkristallisatie uit de isotrope smelt.

In hoofdstuk 6 worden de optische en electrische eigenschappen beschreven
van enkel- en dubbellaags LED’s gebaseerd op PPV-copolymeren en vijfring OPV’s.
Electroluminescentie in het blauwe tot oranje/rode golflengtegebied kon worden
gegenereerd met enkellaags copolymeer/oligomeer-LED’s met transparante indium-
tinoxide anodes (gateninjectie) en aluminium cathodes (electroneninjectie). De
electroluminescentie-efficiénties van de enkellaags copolymeer/oligomeer-LED’s zijn
vergelijkbaar met die gerapporteerd voor enkellaags PPV LED’s met aluminium
cathodes. Fowler-Nordheim tunnellingtheorie is gebruikt om de electrische
karakteristieken (voltage-stroom curves) te analyseren en zo de barriérehoogtes voor
gateninjectie te bepalen. Hiermee kan men een schatting maken van de
ionisatiepotentiaal (xHOMO niveau) van de betreffende materialen. De zo verkregen
ionisatiepotentialen (IP) komen redelijk overeen met de IP’s verkregen met cyclische
voltammetrie. In combinatie met de HOMO-LUMO gaps bepaald via
absorptiemetingen was het mogelijk voor alle verbindingen een energiediagram
(bandenplaatje) te schetsen, wat gebruikt kon worden om de diodekarakteristieken op
een kwalitatieve wijze te beschreven. Tevens is de invloed van de dunne laag
morfologie op de electroluminescentie-efficiéntie van een enkellaags oligomeer-LED
onderzocht. Voor een Ooct-OPV5-LED werd een tienvoudige verhoging van de
efficientie  waargenomen na annealen van de Ooct-OPV-laag. Deze
efficiéntieverhoging is toegeschreven aan een verhoging van de electronenstroom in
een geannealde Ooct-OPV5-laag, waardoor er een meer gebalanceerd ladingstransport
plaatsvindt. Optimalisatie van de electroluminescentie-efficiéntie van de LED’s is
bewerkstelligd door het gebruik van transportlagen. De transportlagen zorgen voor een
meer gebalanceerde injectie en transport van de ladingdragers en bewerkstelligen dat
electron-gat recombinatie niet plaatsvindt in de buurt van de metaalelectrodes, wat
resulteert in een hogere electroluminescentie-efficiéntie. Een nieuw polymeer met
oxadiazoolzijketens gesynthetiseerd via een ‘levende’ (TEMPO) radicaalpolymerisatie
is met succes toegepast als electronentransport/gatenblokkeer laag. In combinatie met
het cyanogesubstitueerd copolymeer (I1I) als de luminescerende laag werden
efficiénties tot 0.1% behaald. De hoogste efficiénties zijn verkregen met dubbellaags-
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LED’s bestaande wuit een cyanogesubstitueerd copolymeer-laag als de
electronentransport/lichtemitterende laag en een PPV gatentransportlaag. In dit geval
werden electroluminescentie-efficiénties behaald van 0.3 — 0.4 %. Eenzelfde resultaat
werd verkregen met een dubbellaags-LED gebaseerd op overeenkomstige oligomeren
(Ooct-OPV5-CN2/Ooct-OPV5-LED’s).
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