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ABSTRACT

In this thesis mainly two alternating indenofluorene-phenanthrene
copolymers were investigated with a variety of spectroscopic
and optoelectronic experiments. The different experimental tech-
niques allowed to retrieve deeper insights into their unique
optical as well as optoelectronic properties. The motivation of
the research presented in this work was to correlate their pho-
tophysical properties with respect to their application in elec-
trically pumped lasing. This thesis begins with the description
of optical properties studied by classical absorption and emis-
sion spectroscopy and successively describes an overall picture
regarding their excited state dynamics occurring after photoex-
citation studied by time-resolved spectroscopy. The different
spectroscopic methods do not only allow to elucidate the differ-
ent optical transitions occurring in this class of materials, but
also contribute to a better understanding of exciton dynamics
and exciton interaction with respect to the molecular structure
as well as aggregation and photooxidation of the polymers. Fur-
thermore, the stimulated emission properties were analyzed by
amplified spontaneous emission (ASE) experiments. Especially
one of the investigated materials, called BLUE-1, showed out-
standing optical properties including a high optical gain, a low
threshold for ASE and low optical losses. Apart from the optical
experiments, the charge carrier mobility was measured with the
time-of-flight technique and a comparably high hole mobility
on the order of 1 - 1072 cm?/(Vs) was determined for BLUE-1
which makes this material promising for organic lasing. The
impact of the high charge carrier mobility in this material class
was further analyzed in different optoelectronic devices such as
organic LEDs (OLEDs) and organic solar cells.
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ZUSAMMENFASSUNG

Im Rahmen der vorliegenden Arbeit wurden mit einer Reihe von
verschiedenen spektroskopischen wie auch optoelektronischen
Experimenten zwei alternierende Indenofluoren-Phenanthren
Copolymere untersucht. Die hier vorgestellten experimentellen
Techniken erlauben einen tiefen Einblick in die einzigartigen
optischen wie auch optoelektronischen Eigenschaften dieser
Materialklasse. Die dabei gewonnen photophysikalischen Erken-
ntnisse werden in Hinblick auf eine Realisierung eines rein
elektrisch betriebenen organischen Lasers diskutiert. Mittels
klassischer Absorptions- und Emissionsspektroskopie wurden
optisch angeregte Zustande untersucht und deren Dynamiken
mit der zeitaufgelosten Spektroskopie bestimmt. Die verschiede-
nen spektroskopischen Experimente dienten dabei nicht nur zur
Beschreibung der optischen Uberginge, sondern auch zum Ver-
standnis von Exzitonendynamiken, Exzitonen-Wechselwirkungen
in Bezug auf die Molekiilstruktur wie auch Zwischenketten-
wechselwirkungen und Photooxidation. Weiterhin wurde diese
Klasse von konjugierten Polymeren hinsichtlich der verstark-
ten spontanen Emission (engl. Amplified Spontaneous Emis-
sion, ASE) untersucht. Vor allem ein Material mit der Bezeich-
nung BLUE-1 stach hervor mit einer fiir ASE hohen optischen
Verstdarkung, einer niedrigen Schwelle und geringen optischen
Verlusten. Neben den spektroskopischen Methoden, wurde die
Ladungstragermobilitdt fiir BLUE-1 mit der Time-of-Flight Meth-
ode zu 1 - 102 cm?/(Vs) bestimmt. Die Auswirkung von ho-
hen Ladungstragermobilitdten in dieser Materialklasse wurde
weiterhin auch in verschiedenen optoelektronischen Bauteilen
wie organischen LEDs (OLEDs) und organischen Solarzellen
analysiert.
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INTRODUCTION

Luminescence of aromatic molecules has been studied inten-
sively over the course of the last century [4, 12]. Their optical
properties, for example the potential for color tunability over
the whole visible electromagnetic spectrum and their facile syn-
thesis offer a variety of different applications [13]. In 1976, Alan
Heeger, Hideki Shirakawa and Alan MacDiarmid first showed
electrical conduction in poly(acetylene), tunable across the full
range from an insulator to a metal by doping [14, 15]. These
tindings were of particular importance, since it was until then
believed that polymers were insulators and therefore unable to
transport charges. Since then, it became possible to combine
mechanical properties of plastic with the optical and electrical
properties of organic molecules with high molecular absorption
cross sections, high quantum yields and charge carrier mobili-
ties. They were awarded the Nobel Prize for Chemistry in the
year 2000 and laid the foundation of organic electronics. Nowa-
days, organic semiconductors have entered our everyday life
and the arena of consumer electronics is currently undergoing
a transition from inorganic and liquid crystal based technol-
ogy to different organic technologies. For example, displays of
smartphones and televisions based on organic semiconducting
molecules are substituting existing technologies and in many
cases offer consumers advantages over their inorganic equiv-
alents, including strong color contrast, larger viewing angles
and lower power consumption. White light emitting panels have
started to replace conventional lighting sources such as light
bulbs. Organic field effect transistors (OFETs) have now achieved
hole mobilities in the order of 1 - 10 cm?/(Vs) [16] and are
competing with polycrystalline silicon in the low-tech area [17].
Organic electronics offer technologies, which are impossible
with inorganic material such as in the field of bio-electronics
[18, 19, 20]. All-organic solar cells currently achieve power con-
version efficiencies of over 10 % [21] and will soon enter the
market to revolutionize todays way of mobile energy generation.
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However, apart from a few products based on organic electron-
ics already available or applications close to market entrance,
there are still technologies far away from realization. An electri-
cally pumped laser is such a device and often named "the holy
grail" of organic optoelectronics [22]. Following the evolution of
inorganic semiconductors, the extension of organic light emit-
ting diode (OLED) technology to the development of an organic
laser diode is the most logical step. Such an application would be
of great importance for photonics [23], communication [24, 25],
sensing [26, 27, 28, 29] and consumer electronics [30] as well as
in completely novel applications. Despite successful demonstra-
tion of organic lasing occurring after photoexcitation by a pump
laser [31] or an LED [32], a purely electrically driven device has
not yet been realized. The difficulties in developing such a tech-
nology thus far are a consequence of the intrinsic constraints in
organic semiconductor materials. The mechanisms inherent to
the function of an electrically pumped laser, that is light emis-
sion from excited states and charge transport, are different in
organic molecules compared to their inorganic equivalents and
due to the intrinsic properties of organic molecules are often
mutually exclusive. Stimulated emission in organic molecules
is achieved from a highly luminescent medium, able to amplify
its own emission. Simultaneously, the onset of stimulated emis-
sion in such a material requires a high charge carrier mobility
to generate a sufficient number of excited states [33]. A high
charge carrier mobility is usually achieved by a close packing
of adjacent molecules, while such a close spatial arrangement
typically quenches the fluorescence, lowering the quantum yield
[33] and often leads to unwanted aggregate emission [34]. Only
one material has so far been reported that combines a high
charge carrier mobility and a high gain, however, still far away
from the requirements for a purely electrically driven device [35].
Moreover, finding the right device architecture with electrodes
separated from the emission zone is as significant as identifying
the right material with high mobilities, high quantum yield and
low optical losses [36, 37, 38, 39]. Blue emitting choromophores
have so far shown the best advances in the field of organic
lasers, achieving low thresholds and high optical gain [40, 41],
while the regions of stimulated emission and polaron/triplet
absorption are spectrally separated and thus their interaction
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with each other is minimized [42, 43, 44].

A deep and fundamental understanding of gain materials for
future lasing applications is a prerequisite for further advances.
This work confronts the issues addressed in the prospect of an
electrically pumped lasing device and suggests material com-
positions in order to achieve high gains and mobilities. A novel
class of conjugated polymers is introduced and polymers com-
bining the two prerequisites for a lasing device are identified,
allowing suggestions to be made regarding the ideal material
composition for lasing applications. To this end various optical
and optoelectronic experiments were carried out to elucidate
the polymers’ unique properties from a photophysical as well as
from an optoelectronic viewpoint. Different dynamic processes
were identified by means of time-resolved spectroscopy and
discussed in the context of organic lasers.

This thesis consists of five chapters. Chapter 1 briefly outlines
the impact of organic optoelectronics and classifies this work in
the field of organic lasers. Chapter 2 deals with the theoretical
concepts on which this thesis is based, starting with the general
description of light-matter interaction, the electronic structure of
conjugated molecules and illustrating absorption and emission
of light in organic systems. Subsequently, the fate of excitons and
polarons in the framework of the Gaussian Disorder Model is ex-
plained. Finally, a short description of charge injection and light
emission in OLEDs is given. Chapter 3 presents the experimental
results on the optical properties of indenofluorene-phenanthrene
copolymers, starting with classical steady-state absorption and
emission spectroscopy and followed by time-resolved photo-
luminescence spectroscopy. Amplified spontaneous emission
(ASE) characteristics are analyzed for this class of materials and
the stimulated emission cross sections determined. Chapter 4
concentrates on the electronic and optoelectronic properties of
the same class of copolymers, determining the charge carrier
mobility and correlating high charge carrier mobilities to device
performance in OLEDs as well as in organic solar cells. Chapter 5
summarizes this thesis and gives an outlook for future material
compositions in order to finally achieve the ultimate goal of a
purely electrically driven lasing device.
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2.1 ABSORPTION AND EMISSION OF LIGHT
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Figure 1: Absorption and emission of light in a two-level system.
Reprinted from Ref. [1] with permission.

The quantum-mechanical description of light was first carried
out by Albert Einstein in his pioneering work "Zur Quantenthe-
orie der Strahlung" [45] in 1916. His work was based on Planck’s
law and the postulation of discrete energy levels. A thermal
radiation field of photons induces in a molecule a transition
(E; — E2) with Ey < E; when the photon energy is equal to the
energetic difference between the transition:

E:hV:Ez—E1 = E,
A

h is the Planck’s constant, c is the speed of light, v the fre-
quency of light and A the wavelength. This process is also known
as induced absorption. Light-matter interaction is generalized into
three different processes. Apart from induced absorption, there
is spontaneous emission and induced emission. The propability P;;
that a molecule undergoes one of these processes per second is
given by:
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Pi2(induced) = Bya - p(Vv)
P71 (induced) = By; - p(Vv)
P,1(spontaneous) = Ay - p(v),

the constants By, By; and A7 are known as the Einstein
coefficients of induced absorption, induced (or stimulated) emission
and spontaneous emission, respectively. Induced emission releases
photons from E; by the stimulation of the transition from the
excited state. Incoming photon and released photon have the
same phase, frequency and direction. Emission of photons from
E; can additionally occur spontaneously without the presence of
an external radiation field [1]. The photons from this process are
not in a relationship to each other and thus released photons are
non-coherent. At thermal equilibrium the ratio of the population
density between N7 and N; and their statistical weights g; and
g are given by the Boltzmann distribution:

E,—E v
&:26_21(1—1226_%
Ny g3 g1
From the three relations of the Einstein coefficients the follow-

ing equations are deduced:

B, = =By
g1
8mthv3
By = 3 Bai.

For g; = g3, the rate of induced emission is equal to that of
induced absorption, which exemplifies that induced emission
cannot occur from a two-level system as both have the same
strength. In order to achieve induced emission the population
density of the upper level has to exceed the lower level with
N >> Nj. Induced emission is then more likely to occur than
absorption. This is also known as population inversion, which
can only be achieved with ancillary levels and not from the
two levels E; and E; alone. When spontaneous emission allows
different transition paths with A; = ) , Ajy, the change of pop-
ulation density of photoluminescence dN at a time interval dt
can be calculated with:
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dN; = A; N; dt
_t
= Nj(t) = Ny e At = Nip e ™,

where Nj, is the population density at t=0 and T; represents
the mean spontaneous emission lifetime, where the popluation
density N; has decreased to 1/e [1].

Considering the two-level system, absorption of light is deter-

mined by the absorption coefficient «(w) and is connected to
the absorption cross section o7, (w) with:

ox(w) = (N7 —(g1/92)Nz)o12(w).

2.2 ELECTRONIC CONFIGURATION OF CARBON ATOMS IN MOLECULES

Figure 2: Molecular structure of (a) benzene, (b) probability distri-
bution of o-orbitals and (c) probability distribution of 7r-
electrons. Reprinted from Ref. [2] with permission.

Carbon belongs to group four of the periodic table with an
electron configuration of 1s>2s%2p?. Four electrons reside in the
outer electronic level. The two s electrons are paired and the
the two p electrons are unpaired [5]. Three possible types of
hybridization occur in carbon namely sp, sp? and sp®. Carbon
atoms are covalently bonded to each other, however depending
on the type of bonding, different orbitals are involved. Single
bonds between carbon atoms are formed by sp?-sp? overlap and
also known as o-bonds and are spatially confined along the in-
ternuclear axis [46]. Double bonds also known as 7t-bonds, result
from the overlap of p,-orbitals and sp?-orbitals. In conjugated
systems, alternation of single and double bonds causes delo-
calization of 7-electrons. With the extension of the m-electron
system such as in conjugated polymers the delocalization along
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the polymer backbone provides a "highway" for charge carriers
[47]. The simplest form of a conjugated polymer is polyacetylene.
Its energy levels are depicted in Figure 3.
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Figure 3: Molecular structure of acetylene derivatives and their corre-
sponding orbital energies.

As the conjugation increases the bandgap E4 decreases and the
density of states increases. These effects are caused by changes
in electron-electron interaction [8].

2.3 OPTICAL PROPERTIES OF ORGANIC MOLECULES
2.3.1  Optical transitions in organic molecules

Electronic transitions in organic molecules from E; — E; are
characterized by the transition dipole moment d»;, which de-
scribes the coupling strength of a transition. For dy; = 0, the
given transition is dipole forbidden [48]. The classical treatment
of the electric dipole moment for two electric charges with op-
posite polarity at a distance T is given by d = e - . A quantum
mechanical definition of the dipole moment operator is defined
as the sum over all dipole moments of a number of i electrons
(d= > ; efi). The transition dipole moment is:

(da1) = (Waldhpy) = Jlb? (Z eﬁ) prdV,

where 1 and 1, denote the wavefunction of the respective
eigenstates.
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Figure 4: Electronic transitions in organic molecules obey the Franck-
Condon principle. The energy surface potentials of ground
and excited state are drawn as a function of their internuclear
distance. Adapted from Ref. [3].

The Born-Oppenheimer approximation allows to separate the
total wavefunction of a molecule into their constituent parts of
electronic \/, vibrational x and rotational 1} components. This
simplification allows to express the overall wavefunction of a
molecule as the product of the individual vibrational, electronic
wavefunctions (P = P/ - xv - Pr). For optical transitions the
rotational part does not play a significant role and is neglected.
Furthermore the electronic wavefunction can be divided into
two noninteracting terms, one depending only on the spatial
coordinates of the electron and the other depending on the spin
coordinates (P = Pes) [5]. The probability to excite a molecule
is then given by:

(dan)l? = [(Waldhbr)

= ’<1pe2’a|q)e1>|z : |<XVZ|XV1>|2 ' |<11’52|11)s1>|2
~—— ———— ~—

Orbital selection rules Franck Condon factor Spin selection rules

The dipole moment operator d only appears at the orbital
term, since rearrangement of nuclei is slow compared to elec-
tronic transitions and the spin is insensitive to the electric field

9
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[5]. Each factor of the above equation has to be non-zero, for
a transition to be allowed. Therefore different selection rules
for each factor apply. Electronic transitions have to obey the
symmmetry selection rules. The Franck-Condon factor describes
the spatial overlap of the wavefunctions between ground and
excited state as illustrated in Figure 4. The spin selection rules
forbid transitions, where the spin of the electron changes. The
ground and excited state of a molecule can be presented by
their energy surface potentials with their corresponding vibra-
tional sublevels. The internuclear distance between both states
determines absorption and emission and the strength of the
transition, which is determined by the oscillator strength and is
directly connected to the dipole moment with:

f= 20 )P
e

Only if the Franck-Condon factor is non-zero, the transition is
allowed to occur. In aromatic systems, the transition of m — 7*
has the highest oscillator strength and n — 7" the lowest. Based
on Kasha’s rule, emission occurs only from the vibronic ground
level (v = 0) of the excited state. Therefore, excitations into the
manifold of higher lying vibronic sublevels relax by radiationless
internal conversion into v = 0 before they further relax to the
electronic ground-state Sy. As illustrated in Figure 4, electronic
transitions only occur vertically. Absorption and fluorescence
spectra of rigid small molecules, such as anthracene are thus
mirror imaged with well resolved vibronic sublevels with a very
small energetic offset between the 0-o transitions, namely Stoke’s
Shift [12]. The reason is that the change of internuclear distance
of the ground and excited state is very small. A Stoke’s Shift
is not only a result of geometric reorganization in the excited
state, but can also be caused by the environment such as solvent
molecules.

2.3.2  Absorption of light in organic molecules

The absorption of light in organic molecules is given by the rela-
tion between the light intensity Iy(A) entering and I(A) leaving
the absorbing medium described by the Beer-Lambert Law, from
which the absorption coefficient «(A) can be calculated [4]:
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I(A) = Tp(A) - e A
1 I
s a) =1 lnTO =1n10-€e(A)-c =2303-¢()) -c,

where €(A) is the molar decadic absorption coefficient (in
L/mol-cm), c the concentration (in mol/L) of the chromophore
and 1 the absorption path length (in cm). The molecular absorp-
tion cross section o(A) (in cm?) characterizes the photon-capture

area of a molecule [4]

In(10) - €(A)

o(A) = N—A,

N is the Avogadro number with 6.0234 - 10*> mol~'. The
"strength" of an optical transition is calculated by integrating
over the molar absorption coefficient €(A) and is also known as
the oscillator strength:

2
me
f=2303- —5— | e(¥) dy,
Naﬂesze(v) Y
where m and e are the mass and charge of an electron, c is
the speed of light, n the refractive index and v the wavenumber

(in cm™).

Absorption and emission of light in molecules causes an
electronic transition between their molecular orbitals. Ground
state absorption causes the promotion of an electron from a
bonding orbital to an anti-bonding orbital [4]. This transition
can occur from a o-orbital, 7r-orbital or a non-bonding n-orbital.
The o-0* transition has the highest energy gap and n-7t* the
lowest:

nont<n—ont<n—oo<o—osn<o—o

When the spin of an electron remains unchanged during the
transition, it has a total spin quantum number of S = ) ;s; =
—%—l—% = —l—%—% = 0 and a multiplicity of M = S+1 = 1.
Therefore this state is also known as the singlet state. Molecules
in the excited state can undergo intersystem crossing (ISC) by
spin flipping resulting in a pair of electrons with parallel spin.
Due to the Pauli exclusion principle both electrons reside in
two different quantum states. The total spin quantum number

11
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is S = 1 and hence the multiciplicity is M = 3. This quantum
state is also called triplet state. Intersystem crossing (ISC) is a
forbidden transition due to the spin selection rule. Still, it occurs
on a finite timescale by spin-orbit coupling. The efficiency of
this coupling varies with the fourth power of the atomic number
and therefore 1SC is most likely occurring in the presence of
heavy atoms. According to Hund’s rule the triplet state is lower
in energy compared to the singlet state.[4].

The excited singlet state S; and excited triplet Ty can recom-
bine to the ground state Sy by emission of light as depicted in
Figure 5. Emission from S; and Ty can be distinguished by their
spectral position and by their intrinsic lifetimes.
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Figure 5: Perrin-Jablonski diagram. Reprinted from Ref. [4] with per-
mission.

The emission from S; is also known as fluorescence, which
typically has a lifetime between 107'° s and 10~ s. In contrast,
emission from T; occurs from a lower energy state and therefore
is red-shifted to the fluorescence. This process is also known
as phosphorescence. The time constant of this process is in the
order of 107 s to 1 s and in some cases can even last up to
several to days. Transitions from S; — Sp or Ty — Sy do not
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necessarily occur by emission of a photon. They can also occur
non-radiatively and the excess energy is dissipated as heat.

2.3.3 Spectral lineshapes in organic molecules

Figure 6: Gaussian lineshape caused by a distribution of different
chromophore sites.

Spontaneous emission has a finite lifetime of the excited state
E,, which consequently limits the linewidth of this transition.
From the uncertainity principle AE ~ h/(27t;), the ultimate
limit for the spectral linewidth Av can be derived:

Av = @ = l
h i)

In organic molecules T; is the fluorescence lifetime. This mech-
anism of line broadening is also referred to as homogeneous line
broadening. Its line shape is described by a Lorentzian function:

Av/2

v —vo)?+ (Av/2)?

where v is the center frequency. Another mechanism that
causes homogeneous line broadening is heat. Furthermore spec-
tral lines are also broadened by inhomogeneous broadening. It is
always present when a distribution of chromophores are probed
and is related to static disorder. Static disorder occurs since
molecules are located in different environments and have differ-
ent positions with respect to each other. The line shape caused

grL(v) = (

13
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by inhomogeneous broadening can be described by a Gauss
function:

)= e (YY)
QGV— ZT(GZep 20_2 :

Hence, the energy of electronic transitions of an ensemble
of molecules or chromophores are statistically distributed as
experimentally evidenced by an envelope of a Gaussian function,
corresponding to a distribution of chromophore sites.

2.3.4 Photoluminescence quantum efficiency

n
<
<

v

Figure 7: Energy level and depopulation paths in organic materials.

The photoluminescence quantum efficiency @ is defined as
the ratio of the number of photons that are emitted N¢n, and the
number of photons Ny that are absorbed by a medium:

_ Nem

N abs ’

where 0 < @ < 1. The reason is that different depopulation
channels are present in a molecule, which are of radiative and
nonradiative nature as illlustrated in Figure 7. The lifetime of
the S; state is given by the inverse sum of all decay rates that
occur from that state [5]:

@

Ts, = (kr + Knr + kISC)_1 7

where k., ki and kjsc are the radiative and nonradiative and
the intersystem crossing rate, respectively. The photolumines-
cence quantum efficiency of the state Sy is hence defined as the
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ratio of the radiative decay rate (k) divided by the sum of all
decay rates of the Sy state:

Ky _ s TF

Ky + knr + Kisc Tr

where ®@* is the generation efficiency of the fluorescent state
Sy.

O = O

4

2.3.5 Intermolecular interactions of molecules

The formation of aggregates is a consequence of the spatial
arrangement of identical molecules, which do not form a chem-
ical bond though. The simplest form of aggregation is also
known as dimer, where only two molecules are involved. When
two molecules are brought close together, the dipoles of the
molecules start interacting with each other and new transition
bands are observed [49]. Based on the type of aggregation they
can affect the emission spectrum and absorption spectrum dif-
terently. Typical characteristics are displacement of emission and
absorption bands with respect to the individual chromophore
emission and the appearance of new transition bands. The
ground-state energy of a dimer is given by:

Eg=E+E2+W,

where E; and E; are the ground state energies of the indi-
vidual molecules and W is the coulombic binding energy. For
W<o, the aggregate state is called dimer and for W>o0 excimer.
Generally, the excitation energy of a dimer is not localized on
one single molecule anymore and oscillates coherently between
the molecules [5].

For two molecules with a dipole moment parallel to each
other, the net dipole moment is zero. The transition to the lower
state E’ is thus dipole forbidden as illustrated in Figure 8. Only
E” has a nonzero transition moment, is therefore allowed and
observed as a hypsochromic shift of the absorption. This type
of aggregate is also known as H-aggregate. They exhibit in most
cases very weak or no fluorescence [6]. When the dipole mo-
ments are oriented head-to-tail, only the lower lying transition
to E” is allowed, causing a bathochromic shift compared to the
monomer transition. This type of aggregation is also known as
J-aggregate. The two type of aggregates are only the two extreme

15
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Figure 8: Transition bands of monomers and dimers with respect to
the orientation of their dipole moments. Dipole-forbidden
transitions are denoted by dotted lines. Adapted from [5].

cases. In reality molecules are oriented to each other with dif-
ferent angles, resulting in more complex spectral changes for
instance in the case of band-splitting [49].
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Figure 9: Relation between orientation of transition dipole moments
and transition energies in dimers. Reprinted from Ref. [6]
with permission.

A special case of intermoleuclar interaction is an excimer. Ex-
cimer aggregates only exist in the excited state and a ground
state of a monomer. Their emission is broad and structure-
less. An excimer state Ej is generated by interaction between a
molecule in an excited singlet state S] and a ground state Sy. The
excited state excimer E] decays radiatively to the ground state.
In principle, every organic crystal can show excimer emission

by applying pressure [5].
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2.4 MOTION OF EXCITONS AND CHARGES DESCRIBED BY THE
GAUSSIAN DISORDER MODEL

In inorganic semiconductors an electron is elevated from the
occupied valence band into the conduction band by the absorp-
tion of a photon. In this process a defect electron is left in the
valence band, which is also known as a hole. At room tempera-
ture electron and hole are quickly decoupled from each other
due to their low binding energy of less than 25 meV. At very low
temperatures however, electrons and holes attract each other
by Coulomb forces and a bound state is created known as an
electron-hole pair. They are also referred to as Mott-Wannier
excitons in inorganic semiconductors.

inorganic semiconductor

0,0
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" extension of
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organic
semiconductor
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Electron Hole Distance (nm)
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Figure 10: Coulomb potential in inorganic and organic semiconduc-
tors. In organic semiconductors the exciton radius tg is
considerably smaller than the Coulomb radius rc. Adapted
from Ref. [7].

In contrast, the absorption of photons in organic semiconduc-
tors creates electron-hole pairs that are created and localized
within one molecule. This class of electron hole pairs is also
known as Frenkel excitons. The reason for this highly localized
state is the weak intermolecular coupling as well as the low
dielectric constant €, ranging between 3 and 4. In comparison,
inorganic materials such as silicon have a dielectric constant of
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er=12. Electron-hole pairs, which are bound by Coulomb attrac-
tion have typically a binding energy of about E,=650 meV at an
average distance of 19p=0.6 nm. A comparison of the extension of
their exciton wavefunctions can be found in Figure 10. Only at a
distance of about 20 nm between electron and hole, the binding
energy is similar to the thermal energy (E=kT) at room tempera-
ture and excitons can be separated. Bound excitons can either be
singlet or triplet excitons depending on their spin-multiplicity.

Poly(phenylene vinylene) chain

Conformational disorder
breaks conjugation

Conjugatlon
break

A conformational
subunit

Electronic coupling
between subunlts
(~100 cm-1
Figure 11: Representative scheme of a polymer chain of PPV.
Reprinted from Ref. [8] with permission.

Conjugation along the polymer chain as illustrated in Figure
11 is disturbed by breaks such as chemical defects, torsional
motions and kinks of the polymer backbone. The conjugation
length is typically between 5 and 15 monomer units [50]. This
leads to a distribution of conjugation lengths and therefore a
distribution of energies. The density of states (DOS) of conjugated
polymers is best described by a Gauss function [51]:

1 E?
PE) = 2mo? P (_F) .

o(E) is the standard deviation of the Gauss distribution and is
also known as disorder parameter. In organic semiconductors o
typically varies between 50 to 100 meV [52]. The Gaussian shape
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Figure 12: Typical representation of the DOS in conjugated polymers.
The relaxation pathway of an exciton is illustrated.

of the DOS has been verified experimentally and theoretically
[53, 54, 55]. A relaxation process of an exciton is schematically
shown in Figure 12. When an excitation is generated in the DOS,
exciton migration takes place between localized, i.e. discrete
energy sites. The exciton moves by a hopping process to states
lower in energy until it reaches its thermal quasi-equilibrium.
Subsequently, the exciton resides in states below the center of
the DOS, around an equilibrium energy of Eo, = —0?/(kT). The
motion of hopping between two sites i and j of different energy
is described by the Miller-Abrahams rate vy;. It outlines that
hopping occurs by phonon-assisted tunneling with a rate of

[56, 571:

exp <—E%El> , E] > Ei
1, Ej < Ei,

Vij = Vo - exp(—2aRy;) -

where v is the phonon vibration frequency, R;; the electronic
wave function overlap factor and « the inverse localization ra-
dius (result of the overlap intergral of the wavefunctions assum-
ing exponential decay with distance [58]). Jumps upwards in
energy E; > E; include a Boltzmann factor. The formula also
implies that electron-phonon coupling is weak enough to ren-
der polaronic effects negligible. There is no other activation
energy except the energy difference in electronic site energies
that has to be overcome in order to hop [51]. Spectroscopically,
the migration of the excitation towards the tail of the DOS in

19
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conjugated polymers is observed as a red-shift of the photolumi-
nescence spectrum with time [59, 60]. Spectral diffusion occurs
on a timescale between ps and ns [61]. At very low tempera-
tures (T — OK) the migration is kinetically frozen and thus the
excitation decays before the equilibrium energy E, is reached
by relaxation [53, 62]. The Gaussian Disorder Model is not only
applicable to exciton motion in disordered systems, but also
to the motion of charge carriers. The charge carrier mobility
in conjugated polymers is influenced by two different types of
disorder. The diagonal disorder is related to the fluctuations of
energies of the highest molecular orbitals (HOMO) and lowest un-
occupied molecular orbital (LUMO) levels of the chain segments.
Off-diagonal disorder describes the fluctuations of the strength of
interaction between adjacent chain segments based on their rela-
tive positions and orientations [63]. The off-diagonal disorder is
also known as positional disorder. The charge carrier mobility
in dependence of both paramters is given by:

) = oo |- (35) | o [ (e (%) 22) ]

where C=2.9 - 107 (cm/V)"/? is an empirical constant. When
the mobility is extrapolated to the zero-field limit, it leads to
following equation [51]:

2 2
w(T) = po - exp [— <2—0) ] = Mo - exp [— (E> ]
3kT T

Tc describes the extent of energetic disorder and is connected
to the disorder with kT, = 20/3. When T, < T, the charges
will not reach their dynamic equilibrium and the description
of the mobility with the given formula is not valid anymore.
The field dependence follows a Poole-Frenkel-type behavior
with log(p) o< BF'/2, where B is a material constant. The exter-

nal electric field lowers the energy barrier for hops upwards in
energy and allows charge carriers to leave the tail of the DOS [63].

Table 1 summarizes the main differences between band-like
tranport and the transport behavior decribed by the Gaussian
Disorder Model (GDM).
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Dependence Band-like transport | GDM
Temperature | negative w(T) ocexp [— (£2)]
Time none yes - stronger at low T
Carrier density | none mobility increases
Electric field none Poole-Frenkel dependence

Table 1: Comaprison between different transport models [11].

2.5 LASING IN ORGANIC SEMICONDUCTORS

Lasing is generated by stimulated emission, leading to coherent
radiation. In general, a laser consists of a gain material incor-
porated into an optical feedback structure. The type of optical
feedback, in combination with the gain material determines the
wavelength, optical linewidth and laser threshold. When light is
emitted in the gain medium, it propagates forward and back-
ward within the resonator. If the amplification exceeds the losses
of the resonator, stimulated emission is dominating spontaneous
emission and lasing begins [64].

(a) (b)
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Figure 13: (a) Schematic drawing of a laser oscillator. Reprinted from
Ref. [9] with permission. (b) Four-level laser scheme of
an organic gain material. Reprinted from Ref. [10] with
permission.

Stimulated emission in organic semiconductors occurs by
population inversion and follows the same mechanism as in
dye lasers, where lasing is achieved by a four-level system as
depicted in Figure 13. Photoexcitation of the electronic ground
state Sy of a molecule to the vibration manifold of the first
excited singlet state Sy, is followed by rapid thermalization to
the vibronic ground state (v = 0) of S;. From there, laser action
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occurs by stimulated emission between S; and Sy with v > 0.
For organic solid state lasers, various types of resonators have
been used for laser emission [10, 65, 66, 67]. The amplification of
light is defined by the gain coefficient g of the emissive medium.
As light travels through this medium the stimulated emission
intensity I(1) increases exponentially with the distance 1 [10]:

(1) = Iy el9~L,

The gain coefficient of a medium is dependent on the stimu-
lated emission cross section osg(A) and the number of excited
states N of the material. The product of both parameters deter-
mines the gain with g(A) = o(A) - N. Therefore a high stimu-
lated emission cross section is essential for efficient laser output.
osg(A) is defined as follows [68]:

AN
oA) = 8mmicyt,”

f(A) is the normalized spectral distribution of the photolumi-
nescence, n the refractive index, ¢y the vacuum speed of light
and T, the radiative lifetime of the involved optical transition.
o(A) can experimentally be accessed by transient absorption
spectroscopy as outlined and discussed in chapter 3.6.

2.6 ORGANIC LIGHT EMITTING DIODES

The operation principle of organic light emitting diodes (OLED)
is divided into five different processes:

1. Injection of charge carriers from the electrodes

2. Charge carrier transport in the organic layer

3. Recombination of charge carriers and exciton formation
4. Exciton diffusion

5. Recombinaton of excitons

A typical layout of an OLED structure can be found in chapter
4.4. The simplest architecture consists of an organic layer sand-
wiched between two electrodes of different work functions. As
a first step at the interface between electrode and organic layer
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charge carriers are injected into the highest occupied molecu-
lar orbital (HOMO) and LUMO levels, respectively. The injection
barriers ¢ are given by the energy levels of the organic semi-
conductor and the Fermi levels of the electrodes that need to
be overcome by tunneling [69]. The thermionic emission is also
known as Richardson-Schottky-injection. The maximum current
density Js that can be injected is limited by the energy barrier ¢
and the externally applied voltage :

A
] =Js exp (k_i) ,with J¢ =A - T2 exp (—%) .

The applied voltage generates at the interface an electric field

12
F and decreceases the barrier heigt by Ap = e (%) , also

known as Schottky-Effect [70]. A is the Richardson constant
with A = 47]‘1# =1.2-10° m?Kz' The energy offset between both
materials determines the current flow inside the bulk mate-
rial. If the injection barrier is vanishingly small, the current is
not injection limited and the contact is ohmic. Therefore elec-
trodes and interlayers are chosen that lower the injection barrier
into the HOMO and LUMO levels. For cathodes, metals with low
workfunctions are required. Typically lithium fluoride (LiF) or
calcium in combination with aluminium is used [71]. An often
used anode is indium tin oxide (ITO). The advantage of this
metal oxide is that it has a high transperancy in the visible. It
shows a high reflectance in the infrared (IR) region and is thus

often used as thermal isolation in windows. Another anode that
is currently attracting a lot of attention is graphene [72, 73]. After
injection, carriers follow the transport mechanisms as described
in chapter 2.4. Recombination of free charge carriers follows
Langevin recombination [74]. The bimolecular recombination
process of electrons and holes results in the formation of exci-
tons. Spin statistics restricts the formation of singlet excitons
to a fraction of 0.25 and triplets to 0.75. The singlet:triplet ratio
has also been verified experimentally [75]. The extension as well
as the position of the recombination zone is dependent on the
injection, transport and recombination properties of the organic
material [76]. Ideally an electron-hole pair is formed that emits
light. Different processes can however quench the exciton such
as chemical defects [77], metal-electrode quenching [78], annihi-
lation processes [79, 80], high electric fields [81, 82], unbalanced
charge transport [83, 84] and exciton-polaron quenching [85].
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Light emission in electroluminescent devices is determined by
two different parameters. The internal quantum efficiency nint
is the ratio of emitted photons relatively to the electrons in-
jected. Not every radiative exciton is detected due to losses by
the metal-electrode, surface plasmons and waveguide modes
confined in the organic layers [86]. Therefore the external quan-
tum efficiency (EQE) is easier to be determined and is also more
significant for display applications. It describes the ratio of elec-
trons injected N, to the photons detected N, and is described

by:

N
_ Yph
TMext N,

= Mint - Nout,

where 1yt is the outcoupling efficiency with 1/ (2n?) and n
being the refractive index. With a refractive index of typically
1.6 for organic materials and a triplet-singlet ratio of 3:1 in
electroluminescent devices, the upper limit for singlet emitters
is therefore at about 5 % and triplet emitters at 25 % [87]. OLEDs
that use emission from triplet states can achieve nint ~ 100%
[88].



OPTICAL SPECTROSCOPY ON
INDENOFLUORENE COPOLYMERS

- STEADY-STATE AND TIME RESOLVED
CHARACTERISTICS

3.1 THE CLASS OF POLY(INDENOFLUORENES)

3.1.1 Introduction

Figure 14: Molecular structures of a) Poly(indenofluorene) and b)
Poly(indenofluorene)-phenanthrene copolymers discussed
in this chapter

The development of blue light emitting materials that combine
a high chromophore density as well as good electroluminescence
properties is still a hot topic of research for OLEDs. Especially
blue emitters deployed in optoelectronic devices often have
a short lifetime and low stability. Ladder-type polymers have
shown versatile properties for various organic optoelectronic
applications. Poly(indenofluorene)s for instance, are well-known
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as stable blue emitters with good thermal and oxidative stability,
are soluble in common organic solvents and have good film
forming properties. Copolymers based on indenofluorene units
with different other monomeric units have proven to be suitable
for various optoelectronic applications such as OLEDs [89], or-
ganic solar cells (OSCs) [9o] and organic field effect transistors
(OFETs) [91, 92].

The molecular structures of the three materials investigated in
this thesis are sketched in Figure 14. Aryl-poly(indenofluorene)
(PIF) served as reference material for comparison with previous
studies. Both copolymers, namely BLUE-1 and BLUE-2, consist
of strictly alternating units of substituted indenofluorene and
phenanthrene, while they differ in the side chains attached to
the indenofluorene unit. All of them are blue-emitters and have
been designed for OLEDs. They have excellent solubility in com-
mon organic solvents such as toluene. Phenanthrene is known
as a polycyclic aromatic compound with absorption and emis-
sion properties outside the visible region centered in the ultra-
violett (UV) range [93]. Steady-state as well as time-resolved
experiments were performed for a deeper understanding of
their optical transitions, their excited state dynamics and their
intermolecular interaction.

3.2 EXPERIMENTAL
3.2.1  Sample preparation

All polymer films for optical spectroscopy were prepared from
toluene solution with a concentration typically of 10 mg/ml.
Films were spincast with a Stiss Micro Tec Delta 8o spincoater on
precleaned fused silica substrates. Prior to spincoating the sub-
strates were cleaned in an ultrasonic bath of an alkaline liquid
(Hellmanex II) and subsequently in ethanol and isopropanol for
10 minutes each. Typical spinning speeds for thin film prepara-
tion were 2000 rpm for 120 s. Film thicknesses were determined
by a Dektak surface profiler and were in the range between 120
nm and 170 nm. Measurements in solution were carried out in
pre-cleaned quartz cuvettes with an optical path length of 1 mm.
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3.2.2  Steady-state spectroscopy

Absorption spectra were recorded with a Perkin-Elmer Lambda 2
UV /VIS spectrometer. For steady-state photoluminescence studies,
a TIDAS 3D fluorescence spectrometer was used.

Photoluminescence quantum efficiency (PLOE) measurements were
carried out on films spincoated on quartz. The samples were
placed inside a polytetrafluorethylen (PTFE) coated integrating
sphere and excited with a LED (Hamamatsu, LC-L2) at a wave-
length of 365 nm (3.40 eV). The PL signal was dispersed by a
spectrograph (Shamrock SR303i) and read out by an intensity
calibrated charge coupled device (CCD) line array camera (Ames
Photonics, Larry-2048). The photoluminescence quantum effi-
ciency (PLOE) values were evaluated as described in [94].

Quasi steady-state photoinduced absorption (PI1A), was measured
on films. The spectra were taken at 77 K with excitation at 365
nm (3.40 €V) provided by a light emitting diode (LED) light
source at a modulation frequency of 317 Hz. The resulting
change in transmission was monitored at each wavelength with
a dispersed tungsten-halogen light source as a probe and by
using Si and Ge detectors with lock-in detection.

Refractive indices were determined by refractometry. Thin films
of BLUE-1 and BLUE-2 were measured with a UV /VIS absorp-
tion spectrometer (Perkin-Elmer, Lambda 900) in absorbance
mode and at perpendicular incidence in reflectrometry mode.
The refractive index in transverse electric (TE) and transverse
magnetic (TM)-polarization was determined by a thin film polar-
izing filter incorporated inside the spectrometer. The refractive
indices were calculated by means of Fresnel’s equation as de-
scribed in Campoy-Quiles et al. [95]

3.2.3 Time-resolved spectroscopy

Time-resolved photoluminescence (TRPL) spectra were measured
with a C4742 Hamamatsu streak camera system. Depending
on the time scale of the dynamics, samples were excited with
two different laser systems. For short processes up to several
nanoseconds, samples were excited with the frequency doubled
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Figure 15: Streakcamera image comprising spectral and temporal in-
formation.

output from a mode-locked titanium-sapphire (Ti:Sa) oscillator
(Mira goo Duo, Coherent) operating at a repetition rate of 8o
MHz with a pulse width of 200 fs. The excitation wavelength
was tunable in the range from 370 nm (3.35 €V) to 430 nm
(2.88 eV). For longer lifetimes up to 1 ms, samples were excited
with the output of an optical parametric amplifier (OPerA Solo,
Coherent), itself pumped by a Ti:Sa (Libra, Coherent) amplifier
system at a repetition rate of 1 kHz and a pulse width of 100
fs. Spincast films were kept in a home-built cryostat under a
dynamic vacuum of typically around 10° mbar. The streak
system allowed to measure and analyze time dependent lu-
minescence spectra. Photons emitted from the sample are at
tirst spectrally dispersed by a spectrometer before they reach a
photo cathode that translates the incoming photons to electrons.
The released electrons are subsequently accelerated in a time-
dependent electrical field. Depending on the time at which these
electrons enter the electric field, they are projected to a phos-
phorous screen at different positions. This allows to conserve
spectral and temporal information as well as intensity in a form
of a three dimensional image. In-plane coordinates comprise
spectral and temporal information and the out-of-plane coordi-
nate includes the corresponding signal intensity. The temporal
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resolution is about 15 ps.

Delayed fluorescence (DF) experiments were carried out at liquid
nitrogen temperature of 77 K. Sample preparation followed the
description of the low temperature time-resolved photolumi-
nescence (TRPL) experiments in chapter 3.4.1. Materials were
excited with the third harmonic (355 nm (3.49 e€V)) of a nanosec-
ond neodymium-doped yttrium aluminium garnet (Nd:YAG)
laser (INDI Ray Spectra Physics) with a pulse width of 8 ns. The
pump fluence was controlled with a series of neutral density
filters. Emission was collected with a telescope, dispersed by
a spectrograph (Shamrock SR-303i) and detected with a gated
intensified CCD detector (Andor IStar DH740 ICCD camera).

AT/TA GSB SE PIA

>

Figure 16: Illustration of a typical transient absorption spectrum. Pos-
itive AT/T signals are caused by the ground state bleach
(GSB) or by stimulated emission (SE). A negative AT/T
signal is assigned to photoinduced absorption (PIA).

Transient absorption TA spectroscopy measurements were per-
formed with a home-built pump-probe setup. The output of a
commercial Ti:Sa amplifier (Coherent LIBRA HE, 3.5 mJ, 1 kHz,
100 fs) operating at 8oo nm (1.55 e€V) was split into two differ-
ent pathways to generate pump and probe beam. The beam
of the amplifier was focused on a c-cut 3 mm thick sapphire
plate, which generated the supercontinuum white light in the
visible region. The excitation pump beam at 380 nm (3.26 €V)
was supplied from an optical parametric amplifier (Coherent
OPerA Solo). The beam was guided on a broadband retrore-
flector mounted on a mechanical delay stage before it hit the
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sample. The delay stage allows varying the optical pathlength
of the pump beam, which enables the beam to hit the sample at
different time delays with respect to the probe beam. The length
of the stage allowed covering a time range up to 4 ns with a
resolution only restricted by the pulse width of the excitation
pulse. The repetition frequency of the pump beam was reduced
from 1 kHz to 500 Hz by a chopper. Both beams were then over-
lapped on the sample. The probe signal was then dispersed and
read out by a linear photodiode array at 1 kHz. The read-out
frequency of the photodiode array allowed to collect a signal
with the pump and probe pulse present on the sample Ty and
only the probe pulse T,. The different states of pump beam "‘on"
(Ty) and pump beam "‘off" (T,) determines AT/T = (T, — Ty)/T>.
Films were kept in a dynamic vacuum at typically 1-10~®mbar
during measurements.

3.2.4 Amplified spontaneous emission and lasing

laser beam optical fiber
400 nm, 8 ns

spectrograph

aperture field lense

ND-filter

2do2s9|9]
93e1s |euone|sueuy

mirror telescope homogenizer razor blade

Figure 17: Schematic drawing of the experimental set-up used for ASE
experiments.

A straightforward and practical method to investigate amplified
spontaneous emission (ASE) is the variable stripe length method.
A laser typically with a pulse width in the ns range is used
and tuned to the absorption of the studied material. A set of
optical components transforms the initial laser beam into a
striped shape with which the ASE threshold, loss and gain pa-
rameter can be determined. In the following, excitation of the
samples during ASE experiments was provided by the tunable
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output (410-700 nm) (3.02-1.77 €V) of an optical parametric os-
cillator (OPO) from GWU Lasertechnik itself pumped by the
third harmonic (355 nm (3.49 €V)) of an Nd:YAG nanosecond
laser (10 Hz INDI Ray Spectra Physics). For accessing the wave-
length range from 260 - 410 nm (4.77-3.02 €V) the output of
the OPO could be frequency-doubled with a second harmonic
generation (SHG) unit. The output beam was transformed with
a beam homogenizer consisting of two crossed cylindrical micro
lens arrays (LIMO Lissotschenko Mikrooptik) to achieve a 8 x 1
mm? flat top beam profile. The edge-emitted ASE emission was
dispersed by a Shamrock SR-303i spectrograph and detected
by a gated intensified charge coupled device (ICCD) detector
(Andor IStar DHy40 ICCD camera). For the bi-layer ASE experi-
ments HIL-2 was spincoated from a toluene solution of 5 mg/ml
with 1000 rpm for 60 s on a precleaned quartz substrate. After
crosslinking the film inside a dry N;-glovebox at 180 °C for one
hour, BLUE-1 was spincoated on top of the injection layer from
a 10 mg/ml toluene solution with a spinning speed of 2000 rpm
for 120s.

In order to achieve true laser action, an optical feedback
for the organic fluorescent medium is needed. Therefore a
1D sinusoidal distributed feedback structure with a period-
icity of 283 nm was fabricated. The grating structures were
etched into pre-cleaned fused silica substrates via interference
lithography. In a two-step process, first a Microposit primer
on hexamethyldisilazane (HDMS) basis and subsequently a Mi-
croposit S1805 photoresist that was diluted in a 1:1 ratio with
Microposit EC solvent were spincast each with 4000 rpm for
60 s. After baking the films for 30 minutes at go °C, they were
exposed to a Helium-Cadmium (HeCd) Laser at 442 nm (2.81
eV) with a power of 1.8 mW. The beam spot size on the sample
position was about 2 cm in diameter. The sample was mounted
on a rotating stage with a mirror positioned perpendicular to
it. The grating structure was made by exposing the laser beam
on to the mirror and the sample. The angle of exposure defines
the spacing of the 1D interference pattern. After developing the
films with a ma-D 330 Microresit Technology developer, they
were baked at 110 °C for 30 minutes. The grating structures
on the photoresist were then transferred onto the underlying
substrate by reactive ion etching. Polymers were spincast on the
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fused silica gratings with 2500 rpm for 120 s from a 7.5 mg/ml
solution of toluene. Samples were kept under high vacuum con-
ditions and excited with the frequency doubled output of an
ultrafast femtosecond amplifier (Coherent Libra HE) at 400 nm
(3.10 €V) and under an angle of 20 ° perpendicular to the film
plane. The laser emission was detected perpendicular to the film
plane with an OceanOptics 2000 CCD spectrometer.

3.3 ABSORPTION AND EMISSION SPECTROSCOPY
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Figure 18: Steady-state absorption and emission spectra of thin films
of BLUE-1 and BLUE-2. The filled curves correspond to the
ASE spectra.

Figure 18 shows the room temperature PL, absorption and
ASE spectra of the two copolymers spincast on quartz. The thick-
ness of the films was typically between 120 nm and 170 nm. As
common for many conjugated polymers, absorption spectra are
broad and nearly featureless, which is a consequence of inhomo-
geneous broadening occurring at room temperature. In contrast,
the fluorescence spectra exhibit clear vibronic progressions. Both
polymers emit in the blue spectral region and have similar vi-
bronic features. Absorption and emission spectra show a Stokes
shift of about 180 meV, which results from a loss of energy dur-
ing the reorganization of the polymer chain in the excited state
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[13]. By optical excitation, electronic transitions from the ground
state to the excited state occur throughout the DOS. In the first
singlet excited state S, vibrational relaxation has to occur be-
fore any transition between electronic levels takes place. The
emission spectra are less broadened and the vibronic structure
is conserved (strong coupling between electrons and vibrational
degrees of freedom) [96]. Ladder-type polymers typically show
a pronounced vibronic structure. The rigid and planar polymer
backbone causes also small Stokes shifts. The filled curves in
Figure 18 correspond to the ASE spectra obtained after pulsed
laser excitation in slab waveguide structures (polymer film on
quartz substrate with the glass and air forming the cladding
layers) well above the ASE thresholds, which will be discussed
in detail in chapter 3.5.

3.3.1  Quasi steady-state excited state absorption
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Figure 19: Quasi steady-state PIA spectrum of BLUE-1 on film. The
sample was excited with 365 nm (2.40 €V).

Quasi steady-state PIA is highly sensitive to long-lived excited
states. The measurement signal obtained by this technique is the
fractional change of transmission AT/T = —Ney¢ - 0 - d, with Nexc
comprising the steady-state density of photoinduced species, o
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the absorption cross section and d the sample thickness. This
experimental technique allows to determine dipole-coupled elec-
tronic transitions in quasi steady-state (modulation frequency at
317 Hz). From the measurements carried out on BLUE-1, two dif-
ferent PIA bands are observed in the visible to near-infrared (NIR)
region. A rather featureless broad band between 480 nm (2.58
eV) and 750 nm (1.65 eV) followed by a distinct absorption band
peaking at 820 nm (1.51 eV). The measurement technique does
not allow to distinguish between different long-lived species.
Transient absorption (TA) spectroscopy shown in chapter 3.6
demonstrates that the broad absorption feature most likely oc-
curs from the singlet exciton. The distinct feature at 750 nm
(1.65 eV) is assigned to triplet excitons and was also observed in
poly(para-phenylene) and PIF [42, 97].

3.4 TIME-RESOLVED FLUORESCENCE SPECTROSCOPY ON BLUE-

1 AND BLUE-2 - THE INFLUENCE OF INTERMOLECULAR
INTERACTION

3.4.1  Fluorescence spectroscopy

The origin of the blue emission and the exciton dynamics were
studied by streak camera measurements. Solutions with differ-
ent concentrations as well as thin films were investigated at
room temperature as well as at liquid nitrogen temperatures of
77 K.

Fluorescence decay transients of both polymers in toluene at
a concentration of 0.1 mg/mL are depicted in Figure 20. When
comparing prompt and delayed spectra at a time delay of 4 ns,
BLUE-1 has a different spectral shape at later times compared to
the prompt fluorescence spectrum. The o0-o transition is reduced,
while the lower vibronic modes experience a slight spectral red
shift. The change of the spectral appearance is observed only at
later times. The transient spectrum at delays of 1.2 ns resembles
the prompt photoluminescence. A decrease in fluorescence in-
tensity of the o0-o transition has been often reported and assigned
to reabsorption, especially if the Stokes-shift is relatively small.
Usually reabsorption occurs in films or concentrated solutions
[08]. Instead BLUE-2 shows no spectral shift at delay times of 4
ns. A featureless emission is superimposed on the fluorescence,
which will be discussed later. Since both materials have simi-
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Figure 20: Time dependent photoluminscence spectra of (a) BLUE-1
and (c) BLUE-2 and their corresponding decay dynamics
(d), (e) respectively in toluene at a concentration of o.1
mg/ml. The polymers were excited with a pump power of
0.04 mW.

lar steady-state absorption and emission spectra, reabsorption
in this particular case can be excluded. Decay constants were
elucidated by fitting the transients with a single-exponential
function. The lifetimes were found to be t1=361 ps and 1,=364
ps for BLUE-1 and BLUE-2 respectively. The spectrum of BLUE-1
changes with time. The decay constant is not affected by this
spectral shift as indicated by a single-exponential decay pattern.

A different decay pattern can be observed for both materials
spincast on fused silica. At a pump power as low as 0.04 mW,
the decay pattern of BLUE-1 deviates from a single-exponential
function. Higher pump intensity does not change significantly
the kinetics of the material. In contrast, BLUE-2 shows a transi-
tion from a single-exponential decay to a bi-exponential behavior
with increasing the pump power as illustrated in Figure 21. The
change of decay pattern can be assigned to energy transfer and
is reflected in the photoluminescence spectra at different time
delays, shown in Figure 22. At low pump power, the prompt
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Figure 21: Fluorescence transients of (a) BLUE-1 and (b) BLUE-2 as
film at different pump fluences.

and delayed spectra of BLUE-2 show no difference. In contrast,
BLUE-1 behaves differently implying the presence of two states.
The prompt spectra of BLUE-1 and its delayed emission spec-
trum after 1.2 ns originate from two different emission sites.
Both emission species have a vibronic spacing of about 180 meV,
which can be ascribed to carbon-carbon double bond stretch-
ing modes of the polymer. At higher pump power, the delayed
emission shifts slightly to the red by about 3 nm (20 meV) with
the vibronic features remaining. The second emissive species
was observed in all of the experiments. The transient lumines-
cence spectrum of BLUE-2 however, when excited with 14 mW
transforms after 1.2 ns into a broad featureless emission, with a
peak centered at around 492 nm (2.89 eV), which has also been
observed in solution. In addition a decrease of the o-o-transition
intensity takes place. Defect emission observed from fluorenone
groups within the polymer backbone of ladder-type polymers
has been extensively studied and will be further discussed in
chapter 3.4.2. However, fluorenone defects are not the origin
of this emission due to a mismatch of the spectral position.
Since defect emission from fluorenone groups can be excluded,
the band at 492 nm (2.52 eV) in BLUE-2 appears to be from
an aggregate, which forms as the sample gets locally heated
by the high pump power. This process is irreversible once the
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sample is excited with high powers and accounts for the dy-
namics as well as the spectral characteristics. Glass transition
temperatures were found to be 270 °C and 71 °C for BLUE-1
and BLUE-2 (see Appendix) respectively and can explain the
stronger tendency of BLUE-2 to undergo local morphological
changes at high pump powers. Even though BLUE-1 shows no
trace of aggregation when spincast from toluene, it is possible
to tune the morphology of the polymer as well. For instance,
if BLUE-1 is embedded into an optical inactive matrix (Zeonex
480R) in a ratio of 100:1, prepared from a toluene solution with
a concentration of 10 mg/ml, an aggregate band appears in
transient luminescence spectroscopy (see appendix). Polarizing
optical microscopy recordings show that birefringent domains
are formed with a size of up to 10 um, which most likely cannot
be referred to crystalline domains, but are a consequence of a
change of local packing (see appendix). Pristine films that were
spincast showed no birefringent behavior and such domains
were not present anymore. Time-resolved measurements show
that these domains behave very similar to BLUE-2 with an ag-
gregate band occurring at the same spectral position position.
Aggregation most likely occurs during the spincoating process
of the blend, where both materials start to solidify at different
times and demixing is thus stronger.

The decay kinetics of BLUE-1 and BLUE-2 are significantly dif-
ferent from each other, in solution as well as in bulk comparing
the dynamics and spectra at delayed times. The evidence of a sec-
ond spectral component appearing in BLUE-1 and its impact on
ASE properties were in focus of this study. TRPL measurements
were conducted at low temperatures. Therefore samples were
kept in a dynamic vacuum. A cold finger thermally connected
from the outside of the cryostat to the internal body of the sam-
ple holder ensured the thermal conduction with liquid nitrogen.
The cold finger was constantly filled with liquid nitrogen for
about 30 min prior to the start of the measurement. Films were
spincoated with the same parameters as for steady-state absorp-
tion and emission spectroscopy and subsequently fixed onto
a home built copper sample holder. A heat transfer paste was
spread between the backside of the quartz substrate and the sam-
ple holder for better thermal conduction. Low temperature solu-
tion measurements were conducted with a home-built cuvette.
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Figure 22: Transient PL spectra of BLUE-1 and BLUE-2 in film, excited
with different pump fluences. (a) BLUE-1 (0.04 mW), (b)
BLUE-2 (0.04 mW), (c) BLUE-1 (14 mW), (d) BLUE-2 (14
mW).

The main body was made out of copper. On the front and back
face of the copper block two quartz windows were embedded
with distance of 4 mm. For low temperature measurements at
77 K, BLUE-1 was dissolved in 2-Methyltetrahydrofuran (MTHF),
which forms a glassy matrix at 77 K.

To study the effect of low temperatures on the fluorescence
lifetimes, BLUE-1 was dissolved in MTHF at a concentration of
0.01 mg/ml. MTHF tends to create a glassy matrix at 77 K and
thus the polymer chains are separated at dilute concentrations.
Figure 23 compares the dynamics and emission spectra at room
temperature and at 77 K. The fluorescence spectra show that the
vibrational modes are narrower at low temperatures and expe-
rience a red shift of 3 nm (24 meV). Low temperatures in con-
jugated systems freeze the molecular motion of the molecules,
which results in a narrower groundstate DOS and thus a lower
disorder. Exciton dynamics resemble at dilute concentrations of
0.01 mg/ml in MTHF similar dynamics compared to the mea-
surements in toluene with a concentration of 0.1 mg/ml. The
single-exponential decline of the PL intensity shows that only
one excited state is involved in this process originating from
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Figure 23: Fluorescence and dynamics of BLUE-1 in a dilute MTHF
solution at a concentration of 0.01 mg/ml. Measurements
were carried out at room temperature and 8o K.

singlet excitons. The prompt spectrum of BLUE-1 is caused by
excitation in the tail of the DOS. Exciton dynamics in disordered
materials are well described in the framework of the Gaussian
Disorder Model. The process of exciton transport occurs by a
hopping mechanism. At low temperatures, hopping occurs as
a downhill energy transfer process towards the tail of the DOS,
which then is observable as a bathochromic (red shift) of the
spectrum with time after excitation.

3.4.2 Defect emission

Green emission bands in blue emitting polyfluorenes have been
extensively studied in the past [99, 100, 101]. These defect sites,
also known as the g-band, are centered at around 535 nm (2.32
eV) and are found in solution and in solid-state. It is accepted
that the g-band arises from on-chain keto-defects attributed to
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Material Conditions A1 | A2 | t1(ps) | t2 (ps)
BLUE-1 | Toluene 0.1 mg/mL (298 K) | 1 361

BLUE-2 | Toluene 0.1 mg/mL (298 K) | 1 364

BLUE-1 | MTHF o0.01 mg/mL (298 K) | 1 352

BLUE-1 | MTHF o.01 mg/mL (77 K) 1 278

BLUE-1 Film (298 K) 0.89 | 0.11 | 268 1185
BLUE-1 Film (77 K) 0.91 | 0.09 | 281 915

Table 2: Summary of dynamics of BLUE-1 and BLUE-2 measured
under different conditions and solvents.

a fluorenone group within the polymer backbone. They can
arise from photo-oxidative degradation, thermal degradation or
during synthesis [102]. In addition to defect emissions, Lupton
et al. observed an emission band at 480 nm (2.58 €V), which
was not the result of the keto defect and thus assigned to aggre-
gation [99, 103]. Green emission features in the singlet fluores-
cence have previously been reported for poly(indenofluorenes)
as well [104, 105]. Keivanidis et al. have described a class of
poly(indenofluorenes) with different side chains. A spectral
component centered at around 517 nm (2.40 €V) was observed
in the delayed luminescence and assigned to interchain interac-
tion of the polymer backbones. Oxidative emission effects were
not observed though, as the chemical synthesis led to defect-free
materials.

Parasitic emission defects originating either from fluorenone
groups or from aggregate sites are undesired in light emitting
diodes as they affect the color purity of the blue emission. In
addition they can act as trap sites in these devices and therefore
change charge transport and charge recombination characteris-
tics as will be discussed later in chapter 4. Both emission sites,
i.e. g-band or aggregation, are detrimental for organic lasers.
In order to achieve stimulated emission, the materials have to
sustain a high photon flux without other competing emission
processes occurring. The relation between keto-defects and their
influence on ASE will be discussed in chapter 3.5.4. Pristine sam-
ples of BLUE-1 and BLUE-2 were also studied after they were
illuminated with UV-light and stored under ambient conditions
for two months. Steady-state as well as time-resolved measure-
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Figure 24: Transient photoluminescence spectra at different delay
times from aged films of (a) BLUE-1 and (b) BLUE-2.

ments, illustrated in Figure 24, show that the blue emission
of both polymers is largely suppressed and a new dominant
emissive species is observed with the spectral characteristics
of a g-band, which was not present in the pristine films. The
prompt spectra in transient experiments show a featureless blue
emission, which shifts within the first 100 ps to the g-band po-
sition without any trace of the intrinsic blue fluorescence. The
g-band has a rather long lifetime and is still present at 4 ns after
excitation.

Steady-state fluorescence measurements reveal that g-band
luminescence is the most dominant, broad and featureless emis-
sion in the visible spectrum. The o-1 transition appears in both
materials as a weak emissive feature. However, it is worth to
mention that only films stressed with UV-light showed g-band
characteristics. Films stored for 18 months under ambient condi-
tions, which were not exposed to any UV-radiation, kept their
initial blue spectral characteristics and their vibronic modal
distributions. Aggregate emission band and g-band emission
characteristics are separated by around 45 nm (240 meV) with
respect to each other and thus can clearly be distinguished. Both
bands show broad and featureless emission spectra and have a
longer lifetime compared to the singlet exciton lifetime.
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Figure 25: Steady-state fluorescence spectra of BLUE-1 and BLUE-2
after UV light stressing and storing them under ambient
conditions for two months.

3.4.3 The origin of non-monoexponential dynamics in BLUE-1

Non-monoexponential fluorescence dynamics in conjugated
polymers can have various reasons. A deviation from a single-
exponential decay can either be caused by interaction with the
environment or by the existence of more than one excited species.
The former can be influenced by the choice of solvent, concentra-
tion and temperature. As intermolecular interaction increases,
from an isolated polymer chain to the solid-state, the influence
of neighboring chromophores has to be taken into account. For
polymers, a distribution of relaxation times can occur that can
be analyzed with a stretched exponential function also known as
the Kohlrausch-Williams-Watts (KWW) function, which is an em-
pirical description, originally used to define dielectric relaxation
in polymers given by [13]:

I(t) = Io - exp(—[t/TP),

where 0<f3 < 1 is related to the distribution of lifetimes. In
the presence of Forster Resonance Energy Transfer (FRET), the
donor molecules obey the stretched exponential law with =1/2.
In contrast, a multi-exponential function is applied when more
than one decay channel is present. Also different chain confor-
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mations that contribute distinctively to the photoluminescence
can be the reason for a bi-exponential decay [106].

Intensity (norm.)

Time (ns)

Figure 26: Fluorescence dynamics of BLUE-1 and BLUE-2 in film at
room temperature.

Figure 26 shows the fluorescence decay transients in the solid-
state. Only BLUE-1 deviates from a single-exponential decay pat-
tern. As it has been discussed in the previous chapter, thin films
show this behavior, concomitantly with a red-shift of the fluores-
cence spectrum at later times after excitation. The bathochromic
shift is not caused by spectral relaxation. The former is a re-
laxation process within the DOS to lower energy sites and is
observed as a red-shift of the entire spectrum in time [107]. Here
however, as depicted in Figure 22, the o0-o transition remains at
its initial spectral position, whereas only the o-1 and o-2 transi-
tions experience a red-shift. Measurements at low temperatures
show that the feature remains at its spectral position, whereas
the prompt fluorescence experiences a slight red-shift of its
vibronic satellites as depicted in Figure 23. Since the second
feature is more prominent and influences the decay transients in
solid-state, it is assigned to an interchain excited species. Inter-
actions of this kind can originate from various kinds of effects.
Bound polaron pairs for instance, can cause a persistent, long-
lived PL, attributed to geminate recombination of bound pairs
[108]. Pairs are formed in packed regions of the chains, where
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the charge only needs to hop a few angstroms onto adjacent
conjugated segments [109]. The non-exponential behavior is as-
sumed to originate from a distribution of energies and hence
a distribution of barriers to reform the singlet exciton [109].
The reformation has been detected on a timescale up to 1 ms
[110]. Furthermore a reduction of the PLOE is observed with
the creation of bound pairs. However, different to the findings
presented in the scope of this theses, geminate pairs reform
singlet excitons and have the same spectral characteristics as
the normal fluorescence. Furthermore, formation of polaron-
pairs is typically accompanied by a second polaron absorption
band with a distinct spectrum that overlaps with the region of
stimulated emission. Thus, they are malicious for materials for
organic lasing [111]. Such a band was not witnessed in transient
absorption (TA) spectroscopy as described in chapter 3.6. Also
the high gain parameter with the low threshold as described
in chapter 3.5, excludes that the second feature originates from
polaron pairs.

Another emission feature that was quite intensively studied
in blue emitting poly(fluorenes) is the so called 3-phase [112].
This state is introduced when the polymer is dissolved in poor
solvents or by slowly heating spincast films from 77 K to room
temperature. Spectroscopically the 3-phase is recognized by
a distinct peak in the absorption spectrum red-shifted to the
m-7t* transition. The fluorescence spectrum shows well-defined
vibronic replicas with nearly no Stokes-shift and has similarities
to ladder-type polymers. It was concluded that the 3-phase
consists of rigid planar segments of the polymer. Even small
fractions of this phase can already dominate the fluorescence
spectrum due to efficient energy transfer or by singlet-exciton
migration [113]. ASE experiments with small 3-phase contents
show higher gains and lower thresholds in comparison to the
amorphous phase. ASE transition of the -phase is exclusively
occurring at the 0-o transition [41]. In poly(fluorenes) this fea-
ture is only observed for alkyl side-chains with a length between
six and nine carbon atoms. It is believed that the side chains
of adjacent polymer chains causes interchain "zipping" and
planarizes the poly(fluorene) backbone [114]. The fluorescence
lifetime of the (3-phase in dilute solutions of methylcyclohexane
is described by a double-exponential function with a lifetime
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Figure 27: (a) Steady-state spectra of BLUE-1 in film spincast from
different DIO/o-xylene volume fractions. (b) Transient pho-
toluminescence spectra as film at different time delays. Note
that the second spectral component disappears completely
when DIO was added to the soution.

of 130 ps and 270 ps which is shorter than the fluorescence
of the amorphous polymer with 340 ps [115]. High -phase
concentrations in spincast films up to 45 % have been obtained
by dissolving poly(9,9-di-n-octylfluorene) (PFO) in o-xylene and
adding a few volume percent of 1,8-diiodooctane (DIO) [116].
DIO is often used in organic solar cell (OSC)s as an additive. The
high boiling point of the solvent at 168 °C causes slower drying
during spincoating, resulting in a better packing [117]. Follow-
ing the procedure described by Peet et al. [116], a solution of
BLUE-1 was prepared in o-xylene with different fractions of
DIO and subsequently spincast on quartz. The absorption and
fluorescence spectra can be found in Figure 27. The additive con-
centrations were varied, starting with a DIO fraction of 0 % and
increasing the concentration up to 16 %. Already small amounts
of 0.25 %, change the absorption and emission. Absorption of
films spincast from a pure o-xylene solution had no vibronic
replica and was rather broad and featureless. With the addition
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of the additive the spectrum reveals a distinct absorption peak
at 408 nm (3.03 eV) and weak vibronic replicas. The vibronic fine
structure of the emission spectra are better resolved with higher
DIO content with an increase of 0-o transition intensity and a
decrease of the o-1 transition. This leads to the conclusion that
higher DIO content supports the conformational order of the
polymer chains, leading to a better planarization. Steady-state
absorption and emission spectra with DIO showed similarities
compared to the spectra measured in a dilute solution of toluene
(see Figure 71). Even though the spectra indicate a better confor-
mational order of the polymer chains, absorption and emission
characteristics do not reveal additional transition bands, which
could be assigned to 3-phase formation. The time-resolved flu-
orescence spectra show that the second spectral component,
which was typically present in toluene as well in films at larger
time delays, vanished completely when DIO is added to the
solution. The time-resolved spectra at different time delays are
plotted in Figure 27 (b). When BLUE-1 was spincast from pure
o-xylene or toluene solutions, the transients of the o-1 transition
always had a non-single-exponential decay with the appearance
of a second chromophoric component. With the additive, this
feature vanished and the decay transients could be fitted with
a single-exponential function as it can be found in Figure 28.
The additive seems on the one hand to support better order of
the polymer chains, on the other hand suppresses interchain
interaction preserving the spectral characteristics of the intrinsic
fluorescence without any appearance of the second feature even
at time delays of 4 ns, at which this feature was dominating the
emission spectrum in solution as well as solid-state. This clearly
shows that the second spectral component in BLUE-1 cannot be
assigned to 3-phase formation.

From the observation, that two different spectral compo-
nents exist in BLUE-1 films prepared without additives, a bi-
exponential function can be applied. The lifetime of the singlet
exciton matches the measurements carried out in dilute solu-
tions in toluene or MTHF as depicted in Figure 23 and Figure 20,
where only the contribution of the singlet exciton is seen. The
lifetime of the second feature was found to be T, = 1.6 ns. It is
noteworthy that the decay characteristics of the 0-o transition
regardless of concentration and temperature always follow a
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Figure 28: Transient characteristics and their fitted decay constants of
BLUE-1 in film with different DIO fractions prior they were
spincast.

single-exponential and exhibit the characteristics of the singlet
exciton. The decay properties of the vibronic progressions such
as the o-1 transition depend on the concentration, i.e. on the
interchain interaction.

3.4.4 Delayed fluorescence of BLUE-1

3.4.4.1 Introduction

There are two types of delayed fluorescence (DF) that can be
distinguished in conjugated materials and occur from the inter-
action of triplet states [4]. Both show the same spectral distribu-
tion as the prompt fluorescence and are caused by triplet states
that are created by ISC from S; — Tq. Thus delayed fluorescence
has larger decay time constants compared to the prompt flu-
orescence. Thermally activated DF is a consequence of a small
energy gap between Sy and Ty in the order of several kT. Hence,
at higher temperatures the efficiency of the DF increases. In
aromatic hydrocarbons such as conjugated polymers the en-
ergy gap between Sy and Tj is typically about 0.7 eV and thus
thermally activated DF cannot be observed with the exception
of fullerenes [118, 119]. DF can also be caused by triplet-triplet
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annihilation (TTA). The rather long lifetime of the triplet states
allows them to annihilate. In this process two triplet states are
involved and therefore the intensity of DF is proportional to the
square of the triplet exciton density ny. TTA-DF has usually half
the lifetime of the intrinsic phosphorescence. Both processes,
thermally activated DF and TTA-DF are believed to enhance the
EQE of electroluminescent singlet emitters above their classic
upper limit of 5 % [120, 84]. In the following DF in BLUE-1 was
studied in solution.

3.4.4.2 Results and discussion
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Figure 29: (a) Delayed fluorescence spectrum and (b) decay of BLUE-
1 at 77 K in MTHF with a concentration of 0.01 mg/ml.
The red lines in Figure (b) are linear fits and describe their
power law behavior.

Fluorescence measurements in dilute frozen solution at a con-
centration of 0.01 mg/ml in MTHF are depicted in Figure 29. The
spectra were recorded at a temperature of 77 K. As mentioned
above, the DF spectrum resembles the prompt fluorescence with
a longer decay time. The DF spectra reveal no change compared
to the prompt fluorescence recorded immediately after pulsed
excitation. No sign of intermolecular interaction at this concen-
tration could be observed. Figure 29 (b) depicts the DF intensity
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decay as a function of the delay time. The DF decay follows
a power law of Ipr o« t™™, where m defines the order of the
process occurring. Two different regimes are identified. Before
triplets reach the thermal equilibrium, the DF intensity decays
with an order of m=-1. After thermal equilibrium has been
reached, the DF decays with m=-2, which has been verified by
Monte-Carlo simulations [121]. Excitons execute a random walk
migrating towards tail states of the DOS. The relaxation of triplet
excitons takes place on a much longer timescale than compared
to singlet excitons that are mainly transferred by (long-range)
FRET. Triplets are transferred by Dexter-type electron exchange
interaction, where both electrons are exchanged simultaneously
[62]. Both triplet states need to be localized on the same chain
so that they can annihilate in dilute solution. In measurements
at a higher polymer concentration of 0.1 mg/ml, the transi-
tion from m=-1 to m=-2 occurs on a similar timescale. Higher
concentrations generate again interchain excitons (see Figure 74).
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Figure 30: Prompt (a) and delayed (b) PL spectra of BLUE-1. The mea-
surements were recorded at a concentration of 0.1 mg/ml
in MTHEF at 77 K.

The emission of the interchain excitons, depicted in Figure 30
was recorded 10 ns after pulsed excitation and with a gate width
of 2 ns. The emission decays before DF becomes more dominant.
The spectral fingerprint of the prompt fluorescence and thus
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the interchain exciton does not contribute to DF by TTA. At gate
delays of 10 ps and a gate width of 10 ms of the intensified CCD
system, phosphorescence could be observed. Photoluminescence
was recorded from BLUE-1 dissolved in MTHF at concentration
of 0.1 mg/ml. The phosphorescence spectrum can be found in
Figure 31. The optical transition T1 — Sy occurs at 558 nm (2.22
eV) with a singlet-triplet gap of Ast =0.74 €V, which is similar
to previous findings for conjugated polymers [122]. In addition
to the phosphorescence spectrum, delayed fluorescence appears
simultaneously.
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Figure 31: Delayed fluorescence and phosphorescence spectrum of
BLUE-1 dissolved in MTHF at a concentration of 0.1 mg/ml.
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3.5 AMPLIFIED SPONTANEOUS EMISSION AND LASING
3.5.1 Introduction

A particularly challenging application of conjugated polymers
is as active materials in organic laser devices. Although optically
pumped organic lasing from various feedback structures has al-
ready been demonstrated more than a decade ago [123, 124, 125],
the successful realization of an electrically pumped laser us-
ing a conjugated polymer remains an open issue, despite their
favorable photophysical properties such as high fluorescence
quantum yields, high chromophore densities in the solid state
combined with large stimulated emission cross-sections and
long excited state lifetimes. A prerequisite for lasing is the oc-
currence of ASE. However, only a fraction of the vast number
of conjugated polymers show ASE at reasonably low pump en-
ergy density thresholds. This is often a consequence of a low
gain caused by an overlap of the region of stimulated emission
(gain region) with the ground state absorption or the photoin-
duced absorption of excited states [126]. Furthermore, scattering
processes at film imperfections or waveguide leaking into the
cladding layers can cause detrimental waveguide losses. The
latter plays an important role in devices, since quenching of
excited states in the vicinity of metal electrodes severely dimin-
ishes the concentration of excited states. Recently, Wallikewitz
et al. reported that this issue can be overcome by adding thick
hole and electron transport layers to separate the gain material
from the metal electrodes. In combination with a cross-linkable
active material, which was patterned with a corrugated feedback
structure, an electrically addressable device was demonstrated,
that still exhibited lasing, though only upon optical excitation
[127]. However, a major issue preventing the successful real-
ization of lasing from conjugated polymers in typical device
structures is the high number of excited states that has to be gen-
erated within the organic layer for amplification of light to occur.
This can be easily achieved by optical excitation, but similarly
high excitation densities upon electrical excitation require high
charge carrier mobilities to allow for fast transport of injected
charges to the recombination zone and to avoid build-up of
space charges at the interfaces, which would otherwise suppress
further charge injection. Thus, the conjugated polymer has to
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tulfill many requirements, which are interconnected and can ex-
clude each other. A promising approach is to search for suitable
polymers among highly efficient OLED materials. Yap et al. [35]
have recently shown that careful tuning of the composition of
polyfluorene copolymers cannot only enhance the PL and ASE
properties, but also the charge carrier mobility. Following the
approach of tuning the optical properties by variation of the
polymer structure, a series of step-ladder-type polymers have
been previously reported, which have originally been developed
for blue OLEDs [126]. Within the series of step-ladder polymers
a fully-arylated poly(indenofluorene) homopolymer exhibited
the lowest threshold value for ASE, however, only moderate gain
coefficients were obtained. Stimulated by these results inves-
tigation towards novel copolymers were extended to further
optimize the optical and electrical properties for organic lasing.
In this respect stimulated emission of copolymers BLUE-1 and
BLUE-2 was further analyzed and their performance was com-
pared to the homopolymer PIF.

ASE from organic semiconductors occurs after excitation by
pulsed light sources. The ASE peak for both materials occurs at
the Syp_j-position at around 450 nm (2.76 eV). When the pump
fluence is increased, a typical blue shift of the ASE peak emis-
sion is observed as a consequence of depopulation of the excited
states before they can relax into the tail states of the DOS. ASE
in organic materials occurs at the optical o-1 transition from the
tirst singlet excited state Sy. In order to observe ASE, population
inversion is required that induces stimulated emission within
a waveguide. Therefore ancillary levels are necessary to finally
reach the threshold of ASE. This can be understood in terms of a
four-level energy scheme.

A continous-wave (CW) operation has not been demonstrated
yet. The reason is that only the first excited singlet state Sy con-
tributes to stimulated emission. Upon photoexcitation, a certain
fraction of singlet excitons undergo ISC to the triplet state T;. Ty
however does not participate in the induced emission process.
Since the transitions are spinforbidden, triplets have relatively
long lifetimes of ps to s. Triplet states have distinct absorp-
tion features that can overlap with the fluorescence and thus
suppress stimulated emission. Continuous photopumping will
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Figure 32: Spectral narrowing of BLUE-1 under different pump flu-
ences. The spectrum collapses at the o-1 position as pump
fluence is increased in a waveguide structure.

accumulate triplet excitons which hampers stimulated radiation.
However, CW operation in dye lasers can be achieved. The liquid
dye solution needs to be continuously pumped through the res-
onator cell. Molecules in Ty are thereby removed from the cavity.
Another approach is to add a triplet scavenger to the dye solu-
tion. The latter scavenges the triplet state of the dye molecules
by energy transfer to lower triplet states. A molecule that is
typically used for this purpose is 1,3,5,7-cyclooctatetraene (COT)
[128]. The build-up of T; in solid state organic semiconductors
allows amplification of light only up to several tens of ns. Zhang
and Forrest have recently reported a quasi CW operation by
deploying a triplet scavenger in a guest-host system. By this
approach, they were able to reach laser durations of up to 100

us [129].

3.5.2 Results and discussion on PIF, BLUE-1 and BLUE-2

The ASE threshold, net gain and loss coefficients were deter-
mined for PIF, BLUE-1 and BLUE-2. The full width at half max-
imum (FWHM) of the ASE peak at the o-1 vibronic progression
was monitored as a function of the pump pulse energy density
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Figure 33: ASE Threshold of a) PIF, b) BLUE-1 and c¢) BLUE-2 and d)
gain measurements of BLUE-1 in comparison to PIF.

upon excitation into the absorption maximum. ASE thresholds
were determined at the pump fluence at which the PL spec-
trum collapsed into one single peak identically to a previously
described method [130]. A sigmoidal function according to

A1—Ag
14 (x/x0)P

was used to fit the dependence of the FWHM of the ASE peak
on the pulse energy density, where A; and A, denote the upper
and lower level of the FWHM, x( defines the inflection point
and p represents the steepness of the function. Additionally, the
transition from a linear to a superlinear dependence of the ASE
peak intensity on the pump fluence was used as an indication of
the ASE threshold values. Both methods were applied to compare
and confirm the obtained ASE thresholds. Threshold values
of 17.5 + 1.0 uf/cm? and 4.5 + 1.1 uJ/cm? were determined
for BLUE-2 and BLUE-1, respectively. Gain parameters were
determined by the variable stripe length method as previously
reported by Laquai et al. [131]. A minimum of three different
pump energy densities were used to determine the gain values.
Typical gain curves representing the maximum achievable gain
for PIF and BLUE-1 are shown in Figure 33. The gain parameter

I(x) =Ay+
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g was determined by fitting the stripe length dependence 1 of
the ASE peak intensity according to:
1

I4(1) o 5(e*g'l— 1)

A maximum gain value of 154 + 7 cm™' was determined for
BLUE-1, which is the highest gain coefficient determined with
the variable stripe length method for a conjugated polymer at
the time this thesis was written. For comparison, gain coeffi-
cients previously reported for PFO and a PFO copolymer were
found to be between 74 cm ™' and 87 cm™!, respectively [40, 35].
For implementation in light amplifiers and organic lasers low
waveguide loss coefficients and high PLOE are also a prerequi-
site. The loss coefficients were evaluated by fitting the ASE peak
intensity as a function of the non-pumped region between the
sample edge and the excitation stripe according to:

1

IO((X) = IO : e*(XX’

where Ij is the amplitude of the function, « the loss coefficient
and x describes the distance to the sample edge. All polymers
showed very low loss coefficients of about 1 cm~'. The mea-
surements of the loss coefficients for BLUE-1 and PIF can be
found in Figure 34. Waveguide losses are usually a result of
intrinsic absorption and scattering at interfaces caused by the
surface roughness and particles or grain boundaries potentially
present in the polymer films [132]. The small loss coefficients
show that both copolymers have excellent film forming and
waveguide properties. Additionally, much higher PLQE values of
(55 +4)% were observed for BLUE-1 and (66 4 2)% for BLUE-2
than for Aryl-PIF (35 + 2)%, which makes the copolymers more
attractive than the homopolymer for light amplification. The
PLQE of Aryl-PIF is slightly lower than previously reported [131],
probably due to an entirely different experimental setup used
for the present study. Furthermore, the loss coefficient obtained
for the new batch of Aryl-PIF is lower than obtained previously
[131], which is believed to be due to better film formation of
the new polymer batch. However, the ASE threshold and gain
coefficients are in excellent agreement with previously observed
values and verify comparability [131].
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Figure 34: Determination of ASE loss coefficients.

In OLEDs, waveguiding is recognized as a loss channel since it
hinders the outcoupling of light and thus reduces the external
quantum efficiency. One approach to overcome this problem
is to deploy high refractive index lenses that support a better
outcoupling of substrate modes trapped inside the organic layer
[133]. A waveguide is generally a dielectric structure that due
to its refractive index distribution allows lightguiding. The sim-
plest waveguide is onedimensional, consistent of three different
layers with three different refractive indices. The lightguiding
layer has to have a higher refractive index than its surrounding
cladding layers. BLUE-1 and BLUE-2 both can be considered as
the core of a waveguide when spincoated on quartz, in which
quartz and air act as cladding layers with refractive indices
of Nsig,@450nm = 1.47 and ny, = 1.00 respectively. Different to
OLEDs, waveguiding is essential for ASE to occur. If the amount
of spontaneously emitted photons propagating along the film
direction of the polymer is higher than the optical losses, am-
plification occurs while light travels through the medium. As
a consequence, the emission spectrum narrows at the position
where the net gain is highest, which is typically at the o-1 tran-
sition in organic materials [134]. The refractive index of the
TE-polarization, the mode parallel to the film plane as well as
their cladding layers, determine the percentage of light traveling
along a waveguide. The intensity profile I(x) of the TEy mode
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and the resulting confinement factor I' determined by the mode
confined in film direction x with a thickness d are connected as
follows:

L JOEGIPax [T 1(x)ax
JETEM)Rdx — [o° I(x)dx

Confinement factors I' were found to be 44% and 43% for
BLUE-1 and BLUE-2 respectively. The thickness of the polymer
films were set to 120 nm which is close to the film thickness
used for ASE measurements. The calculations were done with a
semi-analytical freeware program [135]. The resemblance of the
optical constants for both materials indicate that they support
waveguiding and a sufficient amount of light is guided along
the film plane to support ASE. Previously reported confinement
factors for blue emitting polymers with ASE characteristics and
a thickness of 100 nm are within the same range. A series of flu-
orene based homopolymers and copolymers showed I's ranging
between 37% and 61% [136].

I'(x) =100

Furthermore, both material possess intrinsic optical anisotropy
(An = [np —ne| = InTg —ntml) showing that there is a preferen-
tial alignment of the polymers within the substrate plane [95].
Optical anisotropy in conjugated polymers results from differ-
ent oscillator strengths in different directions due to particular
molecular ordering of transition dipoles. Anisotropy can even
arise from different processing procedures, molecular weights
and film thicknesses. Typical variations of An for conjugated
polymers are in the range between o (isotropic) and 0.4 [137].
The degree of alignment in this particular case is very high,
peaking at the 7-7* transitions of the polymers. It is proven
that highly aligned conjugated polymers can enhance the gain
and reduce the ASE threshold. Martini et al. found that by in-
corporating poly[2-methoxy-5-(2-ethylhexyloxy)-p-phenylene
vinylene] (MEH-PPV) into aligned mesoporous silica templates,
they were able to order the polymer chains parallel to the sub-
strate plane. By orienting the polymer chains, they were able to
lower the ASE threshold more than a factor of 20 with respect
to spincast polymer films and increase the gain [138]. They fi-
nally concluded that chain alignment and the minimization of
interchain electronic coupling improves the gain and reduces
the loss. On the contrary, the chromophore density scales expo-
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Figure 35: (a) Wavelength dependence of the refractive index of BLUE-
1 and BLUE-2 in TE and TM mode determined and their (b)
optical anisotropy. (c),(d) Intensity profile of the TEp-mode
in the slab waveguide structure for BLUE-1 and BLUE-2.

nentially with the gain [139]. However, if conjugated polymers
are more densely packed so that interchain coupling occurs as
it is the case for BLUE-1, one has to cope with further photo-
physical processes that will occur. It is claimed that a closer
spatial arrangement of the molecules will lead to formation of
aggregates that facilitate singlet-singlet annihilation (SSA) and
thus diminish line narrowing [34].

As discussed in the previous chapter 3.4.1, BLUE-1 shows
two spectral components. The TRPL measurements in Figure 37
show an intramolecular species appearing in solid-state. The
intramolecular species is red-shifted compared to the initial flu-
orescence and the transients were fitted with a bi-exponential
function. The high optical anisotropy as well as the dense pack-
ing can explain the higher chromophore density and thus the
higher gain of the material. Nevertheless, the malicious byprod-
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Figure 36: Fluorescence fluence dependence in film of (a) BLUE-1 and
(b) BLUE-2.

uct of enhanced chain packing, where the existence of aggregates
or polaron pairs is more likely to occur, usually suppresses the
gain and polaron pairs seems not to occur. Figure 36 depicts
the fluorescence intensity as a function of the pump fluence.
The data were extracted from the ASE threshold experiments
illustrated in Figure 33. Instead of tracing the o-1 transition,
with which the ASE threshold parameter can be extracted, the
0-o transition was traced to retrieve more information on the
fluorescence. Both graphs were plotted in a double logarithmic
fashion. A clear kink can be observed and each region was
linearly fitted. SSA is at higher fluences indicated by the square-
root dependence on pump fluence. For BLUE-2 this regime is
reached even before the ASE threshold. In the previous chapter,
it was shown that aggregation can be induced by photopumping
BLUE-2. BLUE-1 seems to sustain high pump fluences and the
onset of SSA starts occurring at higher exciton concentrations.
Even though BLUE-1 is densely packed and has a higher chro-
mophore density, the chromophoric backbones are still very
well isolated so SSA occurs at higher exciatition densities. As
discussed in chapter 3.4.1 the glass transition temperature of
both materials affects the stability. For BLUE-2 there is evidence
that aggregation can be induced by the pump pulse and affects
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the ASE characteristics.
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Figure 37: Decay transients of BLUE-1 and BLUE-2 recorded at (a)

1.6 uJ/cm? and at (b) 5.1 uJ/cm?. Graph (c) illustrates
transient photoluminescence spectra of BLUE-1 at different
delay times. The prompt spectrum shows at higher pump
fluences ASE. The spectral characteristics at a delay time of
4 ns are not affected by the pump fluence and the occurence
of ASE.

The second spectral component that was discussed in chapter
3.4.3 with a lifetime of 1,=1.6 ns is not influenced by ASE. At
higher pump fluences above the ASE threshold at 13 puJ/cm?,
where ASE depletes the majority of the excited states within
the resolution of the streakcamera experiment as illustrated in
Figure 37 (b). The second component feature with its spectral
characteristics occurs regardless of the pump fluence.

3.5.3 Lasing characteristics

While for ASE, a slab waveguide is sufficient and amplification
of light occurs after spontaneous emission, true lasing needs
incorporation of the material into an optical feedback structure,
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for instance in a cavity. Within such a cavity, light gets amplified
by multiple forward and backward reflections, thus stimulating
emission of photons. If at a certain excited state density optical
losses are overcome, the output emission gets amplified by up
to several orders of magnitude, a situation where stimulated
emission overcomes spontaneous emission, expressed by a clear
lasing threshold. Besides, true laser emission shows a substan-
tially narrower linewidth than ASE, since a lower number of
modes are involved in this process. To demonstrate lasing from
the copolymers, a 2nd order distributed feedback (DFB) structure
was chosen. The lasing mechanism of a DFB laser relies on Bragg
scattering within the waveguide. Instead of using conventional
cavity mirrors, laser operation is supported by an 1D interfer-
ence grating causing a periodic perturbation of the refractive
index of the medium [140]. Mode selectivity occurs at the Bragg
wavelength Ag;qg44, where the confined light experiences a back
and forward scattering. The laser wavelength can be tuned ei-
ther by changing the effective refractive index n.¢¢, the order of
refraction m or the grating constant A according to following
relation:

2 Tepp - A =1+ Aragg m=1,2,..

For practical use a grating structure of 2nd order was chosen.
Advantage of the 2nd order is that the periodicity of the grating
can be easily fabricated by interference lithography and the laser
emission is detected perpendicular to the substrate plane. In 1st
order gratings light cannot escape the substrate and lasing can
only be detected from the sample edge.

Figure 39 compares the typical laser emission obtained from a
thin film of BLUE-1 and BLUE-2 to the ASE spectrum observed
from the same film, but excited outside the grating region. The
lasing linewidth is limited by the spectral resolution ( 2 nm) of
the fiber-coupled CCD spectrometer.

Similar to the ASE experiments, the pump fluence of the ex-
citation laser was varied with a set of reflective neutral density
filters and the evolving lasing peak was recorded. A clear kink
can be seen when stimulated emission overcomes the optical
waveguide losses. ASE and lasing spectra were obtained from
a thin film spincoated onto a quartz glass grating structure.
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Figure 38: Topography of the grating structure etched on a quartz
substrate. The image was determined by atomic force mi-
Croscopy.
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Figure 39: Lasing characteristics for BLUE-1 (a), (b) and BLUE-2 (c),
(d)
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The ASE spectrum was obtained from the region of the polymer
film outside the grating area, whereas the lasing spectrum was
observed on the grating. The thresholds are comparable to the
ones obtained by ASE experiments in both cases, however the
higher power law dependence as well as the linewidth clearly
demonstrate the difference to ASE. Both lasing peaks do not co-
incide with the ASE peak which is caused by the Bragg condition
of the DFB laser.

3.5.4 ASE from a PIF-triphenylamine copolymer

3.5.4.1 Spectroscopic properties and ASE

A further study was carried out with different PIF-based copoly-
mers. The aim of this investigation was to analyze two different
PIF-copolymers with the purpose to deploy them as hole injec-
tion layers in OLED structures. Therefore typical hole transport-
ing units were incorporated into the backbone of the polymer.
The molecular structure of both materials is depicted in Figure
40. Both contain hole transporting units based on triarylamine,
whereas HIL-2 features also crosslinkable parts. The crosslink-
ing process starts upon thermal heating of the sample above 180
°C and is finished within an hour. HIL-1 and HIL-2 have optical
steady-state characteristics more similar to the PIF homopolymer
than to BLUE-1 or BLUE-2. During optical characterization it has
been found that HIL-2 exhibits ASE characteristics, which will be
discussed in the following. The backbone is rather isolated from
other neighboring units due to the bulkiness of the molecule
and thus exciton-exciton interaction is expected to be reduced.

The optical properties of HIL-1 and HIL-2 in steady-state are
very similar. They possess similar optical features in absorption
and emission. In contrast to the novel polymers investigated in
the previous section, their fluorescence spectra are red-shifted
and have very similar vibronic progressions compared to the PIF
homopolymer. Hence, the comparison of both material systems
suggest that PL for both originates mainly from the indenofluo-
rene chromophore. Concerning the steady-state absorption and
emission, it is noteworthy that upon heating them above 180
°C for over one hour under ambient conditions, the emission
characteristics are dramatically changed and an additional spec-
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Figure 40: Molecular structure of HIL-1 and HIL-2.

tral feature appears. The absorption spectra are not affected by
thermal heating. The additional emission that appears in both
materials has the same characteristics as discussed in chapter
3.4.2 and is also depicted in Figure 41.

HIL-1 served as a reference for the crosslinkable HIL-2. Both
exhibit a defect band, however the bands appear at slightly dif-
ferent positions. Defect emission of HIL-1 appears at around 550
nm (2.58 eV) and lies far apart from the singlet fluorescence. In
contrast, the emission band that additionally occurs for HIL-2
is superimposed with the emission at about 530 nm (2.68 eV)
and thus the emission bands of the o-1 and o-2 transition ap-
pear more dominant compared to the initial spectrum. Defect
fluorescence was only observed when the samples were heated
to over 180 °C under ambient conditions, while heating in in-
ert conditions such as in a dry N;-glovebox did not affect the
fluorescence characteristics and thus defect emission could not
be observed. The keto-defect emission was not only activated
by heating the samples under atmospheric conditions. Samples
stored in a dynamic vacuum and exposed to high pump fluences
of a mode-locked laser shared similar changes of the emission
spectra. The spectral dynamics changed similarly to the one dis-
cussed in chapter 3.4.2. At a fluence as low as 0.2 mW, there was
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Figure 41: Absorption and emission spectra of HIL-1 and HIL-2. Both

materials under the influence of heat at 180 °C in ambient
condtions show defect emission.

no time dependent change of the spectrum occurring. Constant
irradiation at high fluences of 16 mW transforms the spectrum
with time. The prompt spectrum does not differ from the singlet
fluorescence excited with 0.2 mW. With increased delay times
the spectrum transforms until at delays of 4 ns, a broad and
structureless feature appears at the keto-defect position. Similar
to the blue emitting polymers, the creation of structural defects
within the bulk material changes the transients irreversibly, once
illuminated with high excitation powers.

The instability of the hole injection layers does not allow them
to be used as emitters in electroluminescent devices. Addition-
ally to the purpose to use them as injection layers in OLED
structures, they also show ASE when spincast on quartz. The
materials were processed similarly as in the previous ASE exper-
iments. Samples were prepared from solution of a concentration
of 10 mg/ml in toluene and spincoated on pre-cleaned quartz
substrates with a spinning speed of 2000 rpm for 120 s. The
thicknesses were found to be around 70 nm. Two samples of
HIL-2 were prepared under the same conditions and one of
them was crosslinked and the ASE performances compared to
the other. Figure 43 depicts the ASE characteristics after the
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Figure 42: Time-resolved photoluminescence (a) spectrum and (b) tran-
sients excited with 0.2 mW. Graph (c) and (d) show the
spectrum and transients respectively when excited with a
pump power of 14 mW. Higher fluences induce defects.

crosslinking process. A slight change of the ASE parameters was
observed. An increase of the threshold value from 1.5 uJ/cm?
to 3.4 uJ/cm? and of the gain value from 9 cm™' to 15 cm™!

was determined from a pristine film to a crosslinked film. The
slight difference could be caused by the crosslinking process
that most likely changes the morphology of the film and thus
the chromophore distribution. The latter induces the difference
in ASE performance, which is quite small, but still larger than
the error of the experiment. In both cases at higher pump flu-
ences above the ASE threshold a kink from a superlinear increase
to a sublinear behavior as a function of the excitation power
can be recognized. Differently to what was discussed in the
previous chapter, where for BLUE-1 and BLUE-2 the superlinear
dependence decreased to a linear one at around an order of
magnitude above the threshold power, HIL-2 shows a power law
dependence of m=0.6. As pump fluences are increased in the
waveguide, further processes in addition to ASE are occurring in
such disordered materials. SSA for instance, can take place as a
secondary process competing with ASE when exciton densities
are high enough. A deviation to a sublinear slope dependence
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Figure 43: ASE characteristics of HIL-2. (a) Spectral narrowing under
different pump fluences, (b) threshold measurements, (c)
gain measurements and (d) photo-degradation.

However, the sublinear dependence in the hole injection lay-
ers suggests that a different process prior to ASE and SSA are
present. Figure 43 (d) illustrates the PL spectra of HIL-2 af-
ter being crosslinked. The spectra were collected from ASE ex-
periments and show singlet fluorescence taken below the ASE
and another spectrum excited above the ASE threshold with 6.5
uJ/cm?. After about go minutes of constant photoexcitation of
the slab waveguide structure, ASE was not observed anymore at
a pump fluence of 6.5 (1] /cm?, where previously ASE occurred.
Furthermore, the spectral shape changed to the one of the keto
defect state. There is a high tendency for keto defect emissions
to occur in these polymers as their molecular structure allows
thermal- and photodegradation. The results suggest that keto
defect emission is detrimental to organic lasers and leads to
a suppression of ASE in a waveguide. Even though threshold
values of HIL-2 are lower than for the polymers studied in the
previous chapter, the gain parameters are far below the ones
found for the phenanthrene-indenofluorene copolymers. Studies
on MEH-PPV processed from different solvents report that chro-
mophores isolated by bulky side chains have reduced interchain
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interaction, which eventually is advantageous to gain build-
up [141]. This suggests that the triarylamine groups together
with the hole crosslinking units isolate the chromophores, so
interchain interaction of different chromophoric backbones is re-
duced and this is beneficial to ASE characteristics. Still, the lower
gain parameter of HIL-2 is a direct cause of the instability of the
material. The interplay of SSA and finally the photodegradation
leads only to moderate gain values while the threshold value
is as low as 1.5 pJ/cm?. The molecular structure also suggests
that fully-alkylated indenofluorene-copoylmers have a higher
tendency of photodegradation that suppresses in turn ASE in
ambient conditions. Alkylated-arylated and fully-arylated in-
denofluorenes that were studied in the previous chapter, have
neither shown a suppression of ASE nor was a keto-defect band
present, even after photoexcitation for several hours.

3.5.4.2 Towards an optoelectronic device - Investigation of ASE on a
bilayer of HIL-1 and BLUE-1

One prerequisite for a purely electronically driven injection
laser is that the absorption band of the injected charges should
not overlap with stimulated emission of the active medium.
Otherwise the injected polarons will interact and quench the
stimulated emission.

To determine the polaron absorption band, quasi steady-state
PIA measurements were performed on both materials. The poly-
mers were blended with [6,6]-phenyl-C61-butyric acid methyl
ester (PCBM) in a ratio of 50:50 and successively spincast on
quartz from a toluene solution, while the polymer concentration
in both cases was 10 mg/ml. The blend was excited with a
UV-LED peaking at 365 nm (3.40 eV). Photoexcitation creates
highly localized Frenkel-type excitons within the polymer. If
a polymer/PCBM interface resides within the exciton diffusion
length, the offset of the LUMO levels between both materials
allows to create a charge-transfer state, which can split into free
charges. Quasi steady-state PIA allows to probe long-lived states
such as polarons, which will give rise to an additional absorp-
tion feature indicated by a negative signal when the change of
transmission AT/T is plotted versus the wavelength as shown in
Figure 44. An absorption band is visible at around 700 nm (1.77
eV) that arises from the states present in the film. Singlet states
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Figure 44: Photoinduced absorption spectrum of both hole injection
layers mixed in a ratio 50:50 with PCBM.

and polarons absorb far apart from each other, which is one of
the prerequisites for ASE in organic semiconductors. PIA studies
show that interaction and thus reduction of gain is not expected
by polarons. Since the polaron absorption of HIL-2 is separated
to the singlet fluorescence of BLUE-1, it is unlikely that both
species will interact. For any organic light emitting device, e.g.
an OLED or an organic electrical injection laser, the spectral over-
lap has to be as small as possible [125]. For the device layout
it is essential that excitons created by injected charges are sep-
arated from the electrodes before they recombine in the active
medium. Excitons created close to an electrode can be quenched
by the metal and finally will not contribute to light emission.
Interlayers between the electrodes have proven to be beneficial
to increase the quantum efficiency in such devices. Not only
do they separate exciton creation from the electrode, but also
they support hole or electron transport that increases the rate
of exciton formation. Similarly to OLED devices, interlayers are
essential to achieve an organic injection laser to finally support
high excitonic densities, which then can lead to lasing if ampli-
fication overcomes the optical losses. Schols et al. for example
realized an OLED with field-effect to transport electrons, sepa-
rating the cathode from the light-emission zone by a distance
of 1 um. They were able to achieve current densities of up to

69



70

OPTICAL SPECTROSCOPY

10 A/cm? with an EQE similar to conventional structures [142].
Wallikewitz et al. on the other hand realized ASE and lasing in
an OLED structure when optically excited [127]. Crosslinking
HIL-2 allows to spincoat BLUE-1 on top and investigate if ASE
is supported in device like architectures similarly to Wallike-
witz approach. Figure 45 illustrates the absorption and emission
spectra in steady-state as well as the emission spectra recorded

with different experimental setups.
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Figure 45: (a) Steady-state absorption and emission spectra of a bilayer
of BLUE-1 and HIL-2. The filled curve corresponds to the
ASE spectrum. (b) Comparison of ASE spectra between
single layer structures of BLUE-1 and HIL-2 and as a bilayer.

Figure 45 (a) shows PL and ASE spectrum of the bilayer struc-
ture. The steady-state spectrum, recorded with a 3D TIDAS fiber
spectrometer resembles the PL spectra of the top-layer when
excited with 350 nm (3.54 eV). The low excitation power and the
high absorption coefficient of BLUE-1 presumably do not allow
the excitation light to penetrate into the deeper lying layer and
therefore the PL might only be the emission spectrum of BLUE-1.
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From the ASE experiments on the bilayer, illustrated in Figure
45, a complete collapse of the spectrum, which occurred in all
the former experiments was not observed in the present case,
even with the maximum pump energy that the SHG laser unit
supplied. The ASE peak remained at the position of BLUE-1.
However, different to the observation on BLUE-1 at low pump
fluences, where optical losses are still suppressing ASE, the lumi-
nescence spectrum is simply one relatively broad peak different
to the steady-state spectrum. As soon as the fluence is increased,
a double peak structure can be seen with positions 8 nm apart
from each other. The initial peak is further suppressed at higher
pump energies, until ASE occurs at the o-1 transition of BLUE-1.
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Figure 46: Determination of the ASE threshold at 455 nm (2.77 €V).
The evolution of the ASE peak as well as the peak occurring
at 447 nm was monitored.

Following the evolution of both peaks as a function of the
pump energy density, only the peak appearing at 455 nm (3.1 eV)
shows a superlinear increase with a power law dependence of
m3 = 1.3 as illustrated in Figure 46. Both peaks show an almost
linear increase of the luminescence signal until a transition is
visible at several uJ/cm?. The linear dependence drops and a
power law dependence of m = 0.6 is obtained. Only the ASE
peak follows a non-linear increase with a visible kink, from
which the ASE threshold was evaluated, by determining the in-
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tersection of both straight lines giving E, = (17.2 £5.6)uJ/ cm?.
The transition to a sublinear increase points to the onset of SSA at
2 uJ/cm? indicated by the sublinear power-law behavior at low
pump fluences and before the ASE threshold exciton densities
are reached. Even in the presence of SsA, the bilayer can still
exhibit ASE.

36 TRANSIENT ABSORPTION SPECTROSCOPY ON BLUE-1
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Figure 47: Transient absorption spectra of BLUE-1 as film and in
toluene at different pump fluences.

The amplification of light is dependent on the stimulated
emission cross section osg of the material. Via pump-probe
spectroscopy osg can be accessed. Transient absorption (TA)-
spectroscopy allows to trace excited state dynamics after pho-
toexcitation. This is achieved by a pump pulse, which will
change the level occupation if resonantly coupled to an elec-
tronic transition. The quantity of the measurement that will be
determined by pump-probe spectroscopy is the change of the
transmission of the probe, assuming an electronically dipole
coupled transition from level i — j with 1 > j [111]:

AT
T = —Z O'ij(w) AN] - d.
ij
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Figure 48: Stimulated emission cross sections of (a) BLUE-1 and (b)
BLUE-2 determined by pump-probe spectroscopy.

oij(w) is the cross section (in cm?) of the transition and con-
tains the information of the dipole moment of the transition and
the line shape. AN; describes the change of level occupation and
d is the sample thickness. As already mentioned in chapter 3.5,
BLUE-1 achieved the highest gain value that so far has been
reported as determined by the variable stripe length method
with g=154 cm™. Figure 49 depicts the transient absorption
spectrum of BLUE-1 in thin film at different delay times as well
as in toluene, recorded at different pump fluences. For the de-
termination of osg, BLUE-1 was excited with a pump fluence
of Ep = 1.8uJ/cm? to avoid ASE. A positive AT/T signal corre-
sponds here to stimulated emission (SE), which resembles the
steady-state PL spectrum. The negative AT/T signal is caused by
PIA. Both regions are separated by an isosbestic point at around
510 nm (2.43 €V), whose position remains constant in time. This
is typical for the presence of one major species in the excited
polymer film [126]. The SE cross section can be determined from
the following equation:

_AT/T
B Nexc -d’

with Ny being the volume density of the excited singlet
states. osg is found to be 1.2 - 107> cm?. Typically, cross sections

OsE
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of blue emitting polymers with ASE characteristics have been
reported to be in the range of 1-1071°cm? [143, 126, 144]. The
optical gain can be calculated from the cross section according
to g=0sE - Nexc. The gain value obtained from transient absorp-
tion spectroscopy is found to be g = 197cm~'. Compared to
the gain value determined by ASE measurements, this value is
slightly higher. Apart from a high oscillator strength, a high
chromophore density and luminescence efficiency, the absence
of spectral overlap between SE and PIA is essential in order to
achieve a high gain value [68]. An overlap between SE and PIA
can be very detrimental for organic lasers and can completely
suppress SE.
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Figure 49: Dynamics of BLUE-1 in toluene obtained by TA-
measurements and monitored at different wavelengths.

The PIA spectrum of BLUE-1 is broad and structureless, which
is very typical for conjugated polymers. The excited state dynam-
ics of BLUE-1 in film are illustrated in Figure 50. The dynamics
of the PIA band in toluene are similar to the SE dynamics and
have nearly the same time constants compared to the fluores-
cence lifetime measurements. Since the decay constants in the
whole PIA spectrum do not differ from the SE kinetics, they
are assigned to singlet S; excitons. In solid-state, the SE dy-
namics compared to the PIA band have again similar dynamics,
but differ from the measured singlet Sy exciton lifetime from
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streak camera experiments. The fluorescence lifetimes are longer
compared to the ones extracted from TA spectroscopy. It has
been reported that SSA is dependent on the repetition rate of
the excitation source and the laser pulse fluence [145]. Mode-
locked laser systems with kHz repetition rates achieve higher
photon densities, where even at photon densities of 3.5 - 10'?
photons/cm? (1.8 pJ/cm?) SSA is not completely absent. Even at
low pump fluence as 1.8 pJ/cm?, ASE can occur and influence
the decay kinetics. As the pump fluence is increased to 14.6
wJ/cm?, the transients have multi-component dynamics, that
cannot be fitted in a single-exponential fashion. ASE is domi-
nantly present and depopulates most of the excited states in
the first few ps. In the measurements recorded with 14.6u]/ cm?,
the presence of ASE can be seen by a large drop of AT/T in the
tirst few ps.
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Figure 50: Kinetics probed at different wavelength regions in film and
excited at different pump fluences.

Lanzani et al. have concluded that a close inter-chain packing
can be disadvantageous to organic lasers since polaron pairs can
be introduced as an additional species especially in the bulk.
Yan et al. confirmed this by measurements of MEH-PPV dispersed
in polystyrene, where the SE signal increased in blends and the
PIA band assigned to polaron pairs vanished [146]. Typically,
polaron pairs in conjugated polymers are reported to have a
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distinct PIA band in the mid-visible region with a larger lifetime
compared to the exciton lifetime. They stated that the key role
in achieving a high gain is the control of morphology in or-
ganic semiconductors. As discussed in chapter 3.4.1, interchain
packing plays a dominant role in the dynamics of BLUE-1 and
BLUE-2. Polaron pairs are rather formed in solid state or poor
solvents where aggregation allows interaction between conju-
gation segments packed adjacent to another [111]. There is no
evidence that polaron pairs are generated in BLUE-1 as it was
discussed in chapter 3.4.3. In addition, the kinetics of the TA
spectroscopy do not reveal such a state and the dynamics can be
only assigned to the singlet exciton. Figure 49 shows the kinetics
of BLUE-1 in toluene at a concentration of 0.2 mg/ml. As the
kinetics are probed further in the red, a deviation at later times
from the single-exponential decay becomes more pronounced
which is caused by triplet states that have their absorption peak
at 820 nm (1.51 eV) as confirmed by PIA measurements and
depicted in Figure 19 .

3.7 SUMMARY AND CONCLUSIONS OF CHAPTER 3

This chapter comprises the optical properties of polymers con-
sisting of strictly alternating units of substituted indenofluo-
rene and phenanthrene, namely BLUE-1 and BLUE-2, which
only differ in the side chains attached to the backbone. TRPL
spectroscopy showed that both polymers in solution behave
similarly and their photoluminescence can be assigned to the
singlet exciton emission. Transient spectra showed that the emis-
sion characteristics of BLUE-1 change at time delays of 4 ns
and exhibit another emissive species. Measurements in solid-
state were used to identify the second species and found to
be rather a consequence of aggregation than the formation of
geminate pairs or -phase formation. The spectral dynamics
of BLUE-2 in solid-state behave different, high pump powers
transformed the spectrum and dynamics which can be assigned
to the change of local packing by the low Tg. Furthermore phos-
phorescence and DF was detected, caused by radiative decay of
triplet excitons or TTA, respectively. Next to the time-resolved
spectroscopical investigations, ASE experiments on the polymers
were performed with the variable stripe length medod. Thereby,

BLUE-1 shows an outperforming gain parameter of g=154 cm™".
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Using TA spectroscopy, the stimulated emission cross section
was determined. It is commonly agreed that high gain in conju-
gated polymers can only be achieved by a high chromophore
density with minimized intermolecular interaction. The second
spectral component of BLUE-1 can be suppressed in solid-state
by the addition of a high boiling point additive, which seems to
prevent aggregation. This might lead to even higher gain values
when spincast from solution with high boiling point additives.
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DETERMINATION OF THE CHARGE CARRIER
MOBILITY AND THE INFLUENCE OF HIGH
MOBILITIES IN OPTOELECTRONIC DEVICES

4.1 INTRODUCTION

High charge carrier mobilities are desired for different optoelec-
tronic applications. In organic field effect transistor (OFET)s high
mobilities enable efficient current modulation and switching
speeds [147]. Power conversion efficiencies in OSCs are also af-
fected by the mobility. Low mobilities increase the dwell time in
the device and therefore lower the extraction rate [148]. For the
development of an organic laser diode, a high mobility in the
emissive layer is essential for an effective transport of carriers to
the recombination zone and for reaching singlet exciton densi-
ties that allow stimulated emission [149]. Engineering the charge
transport properties of conjugated polymers is achieved by dif-
ferent approaches. It has been proven that short side chains
attached to the polymer backbone can increase the mobility
[150]. Also molecular weight dependence studies have shown,
that high molecular weights lead to higher mobilities. By this
approach hole mobilities in OFETs of 3.3 cm?/(Vs) were achieved
by Tsao et al. [151]. They concluded that high molecular weights
in donor-acceptor polymers have a higher tendency to crystalize
and therefore elevate the intermolecular mobility, as well as
the intramolecular transport along the polymer chain due to
planarization of the backbone. Essentially, high charge carrier
mobilities in disordered materials are achieved by increasing the
transition rate of a carrier between two adjacent hopping sites as
described by the Miller-Abraham equation. The overlap integral
determines the transition rate. For organic semiconductors this
is achieved by a closer spatial arrangement of the 7r-orbitals of
adjacent chains. However, even amorphous polymers are able to
achieve high mobilities of up to 0.01 cm?/(Vs), as determined by
time-of-flight (TOF) [152, 35]. This chapter especially focuses on
the charge carrier properties of BLUE-1 and its influence in opto-
electronic applications. The devices were mainly prepared at the
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Seoul National University with the assistance of Hyunkoo Lee
and Donggu Lee from the department of electrical engineering
under the guidance of Prof. Changhee Lee.

4.2 EXPERIMENTAL

4.2.1  Time-of-flight technique

Tt

Figure 51: Device layout of time-of-flight experiment.

Films for TOF measurements were prepared by dropcasting
the polymer from toluene solution (30 mg/ml) onto pre-cleaned
ITO substrates. To better define the film thickness several layers
of adhesive tape were put on each side of the ITO substrate. The
polymer film was successively dried in a dry nitrogen glove
box. The film thickness was determined to be (17.5 + 0.5)um
by a Dektak profilometer. As counter electrode a 100 nm layer
of aluminium was evaporated on top. Optical excitation was
performed with the third harmonic of a nanosecond Nd:YAG
(INDI Ray, Spectra Physics) laser system. The electrical signal
was monitored with a TDS 524A Tektronix Oscilloscope.

4.2.2  OLED preparation

OLEDs were prepared on pre-patterned ITO substrates with
a pixel area of 0.0196 cm?. The substrates were cleaned by
ultrasonification in different organic solvents for 10 minutes
each in the following order: Isopropanol/deionized water/ace-
tone/deionized water/methanol. Subsequently the substrates
were treated with UV ozone for five minutes before the conduc-
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tive polymer poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate)
(PEDOT:PSS) (Clevios P P VP Al 4083) was spincoated on top with
a spinning speed of 4000 rpm for 30 s and annealed in a vac-
uum oven at a pressure of 1073 mbar at 120 °C for 30 minutes.
After annealing, active layers were spincast on top of PEDOT:PSS.
Therefore the polymers were dissolved in toluene with a con-
centration of 10 mg/ml and deposited with a spinning speed of
2500 rpm for 120 s. The substrates were then transferred into a
high vacuum evaporator, which allowed to deposit organic mate-
rials as well as metals by thermal evaporation without breaking
the vacuum. Two different device layouts, with and without
interlayer were chosen and their performance were compared.
Device architectures of the OLEDs are sketched in Figure 52.

4.2.3 OLED characterization

(a) (b)
LiF/Al (0.5 nm/100 nm)
LiF/Al (0.5 nm/100 nm) ETL (40 nm)
Active Layer (100 nm) Active Layer (100 nm)
PEDOT:PSS (40 nm) ] PEDOT:PSS (40 nm) ]
ITO (150 nm) J ITO (150 nm) J
Glas Glas

Figure 52: OLED device layouts.

Electroluminescence was characterized in a crystostate under
a vacuum of 10~° mbar. A calibrated photodiode with an active
area of 1 cm? was attached to the cryostat and recorded the
electroluminescence (EL). The current-voltage (IV) characteristics
and light emission were simultaneously recorded. Devices were
connected to a source-measure-unit (SMU), which monitored the
current and the luminance as a function of the applied voltage.
Electroluminescence spectra were taken with an electrospectrom-
eter. OLED parameters were evaluated as described in chapter
2.6.
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4.2.4 Organic solar cell preparation and characterization

Pre-patterned ITO substrates with a sheet resistance of 10 /sq
were cleaned in the same way as for OLED preparation. After UV
ozone treatment for five minutes, PEDOT:PSS was spincast with a
spinning speed of 4000 rpm for 30 s and annealed in a vacuum
oven at 120 °C for 30 min. The substrates were taken out of the
oven and were transferred into a N, glovebox where a blend
solution of BLUE-1:PCBM from chlorobenzene was spincast on
top with a spinning speed of 2000 rpm for 120 s. Thickness
and mixing ratio were varied in order to find the optimal pa-
rameters. Substrates were then transferred into a high vacuum
evaporator and lithium fluoride and aluminum were deposited
with a thickness of 0.5 nm and 100 nm, respectively. The de-
vices were transferred into a cryostat and IV characteristics were
measured by a SMU, while illuminating the devices under a
solar-simulator at AM 1.5 G. EQE spectra were measured by a
home-built setup. The light of a halogen lamp was dispersed
with a monochromator and the short circuit current Jsc was mea-
sured in dependence of the wavelength in order to determine
the EQE spectrum.

4.3 DETERMINATION OF THE CHARGE CARRIER MOBILITY
BY THE TIME-OF-FLIGHT TECHNIQUE

An important prerequisite for the application of conjugated
polymers as active materials in organic lasers is a sufficiently
high charge carrier mobility to allow fast injection of carriers
into the organic material and successive transport of carriers
to the recombination zone. Up to now only a few examples
of materials that meet both, i.e. optical and electrical criteria,
have been reported. Yap et al. have demonstrated excellent op-
tical properties in combination with high charge mobilities in
copolymers based on polyfluorene [35]. They demonstrated that
tuning of the polymer composition and side chains attached
to the backbone can lead to increased charge carrier mobilities,
while preserving or even enhancing the gain properties. Inde-
nofluorene copolymers can achieve similarly high charge carrier
mobilities. The hole mobility of BLUE-1 was determined by
the TOF technique frequently used to study charge transport in
conjugated organic materials. For TOF experiments the material
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is sandwiched between two electrodes, of which one electrode
has to be semitransparent in order to photoexcite the material.
A laser pulse of a few nanoseconds excites the active material
in this device like structure (see Figure 51). Due to the applied
bias excitons split into charges at the semitransparent-polymer
interface and holes travel to the counter electrode. The mobility
p can be determined from the transit time t,, the applied elec-
tric field F and the thickness d of the polymer film.

T

Sgnal (a.u.)

Time ()

Figure 53: Time-of-flight transients of copolymer BLUE-1 at different
temperatures and constant electric field. Note the gradually
increasing transit time with lower temperature.

Figure 53 depicts TOF transients of a very thick film (d ~ 17um)
of BLUE-1 under constant electric field and constant excitation
conditions but different sample temperature. The transients ex-
hibit a plateau region followed by a current tail. The transit time
of the fastest carriers was determined at the intersection of the
tangents fitted to the plateau and the tail of the current transient
in a double-logarithmic plot. For the highest temperature (273
K) shown in Figure 53 the transit time is close to 1 ps. Unfortu-
nately, it was not possible to get meaningful transients at higher
temperatures including room temperature (298 K), since the tran-
sit time approached the intrinsic RC time constant of the setup

83



84

THE INFLUENCE OF HIGH MOBILITIES IN OPTOELECTRONIC DEVICES

and a clear plateau could not be resolved anymore. However,
the hole mobility could be determined to 1072 cm?V~'s~! at 273
K. Furthermore, the transit time gradually increases with lower
temperature indicating a temperature-dependent hole mobility,
while the field-dependence of the hole mobility was found to be
very weak in the entire temperature range between 173 and 273
K. By plotting the extrapolated zero-field mobility versus 1/T?
in a semilogarithmic plot the energetic disorder o corresponding
to the width of the density of states can be evaluated within the
framework of the Gaussian Disorder Model [153].

(N

273K
253K
233K
213K
193K
173K

=
(=)

>oAdoOo

Mobility (cm?/Vis)

300 350 4 450

0
F2 1 (Viem)?

2,5x10°

2x10° F

15x10° F

10°F

Mobility (cm’/Vs)

5x10° L L L L L L
12 14 16 18 20 22 24 26

VT x10° (K9

Figure 54: (a) Hole mobility versus F'/? parametric in temperature
showing a virtually field-independent hole mobility exceed-
ing 1072 cm?/(Vs) at temperatures above 233 K. b) Mobility
values plotted as a function of 1/T? as typically done in the
framework of the Gaussian disorder model. The energetic
disorder o can be obtained from a linear fit to the data.

For o a comparably small value of only 42 meV was found,
which indicates a rather narrow density of states and is in stark
contrast to other blue-emitting conjugated polymers, where o is
typically around 100 meV as reported for poly(spirobifluorene),
for instance [154]. The latter also exhibit the typical pronounced
Poole-Frenkel type field-dependence of the hole mobility in
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contrast to the indenofluorene-phenanthrene copolymers inves-
tigated this thesis. In fact, the hole mobility of 10 2cm?V~Ts™!

is among the highest values observed by the time-of-flight tech-
nique for an amorphous blue-emitting conjugated polymer. Such
high hole mobilities are typically obtained upon insertion of
hole transporting comonomers such as triarylamine derivatives
into the polymer backbone, since these facilitate hole transport
by providing fast percolation pathways for charge carriers [155].
Furthermore, high mobilities and the absence of a pronounced
tield dependence have been observed in well-ordered materials,
which allow for close interchain interaction with enhanced inter-
chain charge transfer such as ladder-type conjugated polymers
[156]. The high hole mobility of BLUE-1 and the absence of
a field-dependence of the hole mobility indicate a rather effi-
cient interchain charge carrier hopping, since no further hole
transport units are present in the polymer that could promote
charge transport. This, in combination with the rather narrow
density of states for charge carriers and the absence of deep
traps appear to be the main origin of the high hole mobility
of BLUE-1. Yap et al. reported in their study on polyfluorene
copolymers that careful tuning of the side chains and copolymer
composition led to the formation of efficient transport paths,
preferentially where polymer chains could come close enough
together for efficient intercharge hopping [35]. Similar reasons
may also account here as well for the high mobility. The inde-
nofluorene comonomer can be considered a step-ladder-type
oligophenylene, in which the phenylene units are forced into
a planar structure due to the bridge-head carbon atoms. One
may speculate that the planarized structure leads to enhance
interchain interaction. This was demonstrated in previous time-
resolved photoluminescence studies on poly(indenofluorene)s,
which showed an aggregation-induced green emission, that was
of different origin than the keto-defect emission often observed
for blue-emitting polyfluorene materials [105] and is also clearly
shown in chapter 3.4.2.
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4.4 OLED CHARACTERIZATION OF DIFFERENT PIF-BASED COPOLY-
MERS

4.4.1 Introduction

The working principle of an OLED can be found in chapter 2.6.
It generally relies on the thermionic emission and tunneling of
charge carriers into the emissive layer and a subsequent bimolec-
ular recombination of electrons and holes as described in the
framework of Langevin recombination. Ideally, recombination
creates a radiating exciton, which contributes to the light output.
For this part three different active layers were studied in terms
of electroluminescence and their corresponding efficiencies. The
spectroscopic properties of BLUE-1 and BLUE-2 have been pre-
sented in chapter 3. Additionally another PIF based copolymer
was characterized. Different to BLUE-1 and BLUE-2, the third
polymer is a blend based on BLUE-2 with two different PIF
based copolymers.
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Figure 55: Energy level diagram of the materials used for OLED prepa-
ration.

The energy levels of the materials presented in this section
are depicted in Figure 55. 1,3,5-tris(1-phenyl-1H-benzimidazol-
2-yl)benzene (TPBI) with its HOMO and LUMO level at -6.20 eV
and -2.70 eV respectively, was deployed due to its hole block-
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ing and electron transport properties. In order to achieve high
efficiencies, it was necessary to deploy an electron transport
layer (ETL). With no interlayer incorporated, excitons created at
the interface between cathode and polymer are quenched by
the electrode and therefore they do not contribute to light emis-
sion. As cathode, a 0.5 nm thick layer of LiF and subsequently a
layer of aluminum with a thickness of 100 nm was deposited by
thermal evaporation.

4.4.2 OLED characteristics of BLUE-1

In the following the electroluminescent characteristics of BLUE-1
were studied. Figure 56 depicts some of the parameters that were
evaluated. Three different layouts were chosen and fabricated.
The device schemes are sketched in Figure 52. As reference, an
OLED without an ETL was fabricated and compared to the diodes
with ETLs. Aluminium-tris(8-hydroxychinolin) (Alq3) and TPBI
served as electron injecting interlayers with a thickness of 40
nm. Without an ETL, there is no sufficient current flow observed
and thus the reference device only achieved moderate device
performance.

Algz with HOMO and LUMO levels of -5.9 €V and -3.2 eV was
used in this study as an ETL. Apart from the purpose as transport
layer it can also be deployed as emissive layers in electrolumi-
nescent devices. The electroluminescence spectrum in Figure 56
shows a peak at 530 nm (2.34 €V), characteristic for the emis-
sion of Algs. Devices prepared with TPBI showed a higher EQE
with 1.4 % compared to the Alq3 devices with 0.4 % at a current
density of 1 mA/ cm?. Maximum EQE for Algs interlayers were
achieved at high current densities, before the efficiency abruptly
declined. The decrease of efficiency and brightness with increas-
ing current densities is known as roll-off behavior. Roll-off is
associated to two processes, to a charge imbalance within the
emissive layer and an increase of nonradiative exciton quench-
ing processes [79]. In singlet emitters SSA, singlet-polaron and
tield induced quenching increase with high current densities
and are responsible for the roll-off. A more detailed analysis
of the roll-off will be discussed later on. The mobility of TPBI
and Algs are 10> cm?/(Vs) and 10°° ecm?/(Vs), respectively
[83, 157]. The discrepancy of electron mobility compared to the
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Figure 56: a) Current density, (b) EQE, (c) Luminance and (d) current
efficiency of the fabricated devices. Comparison between
different interlayers to a one without. The devices were
fabricated with BLUE-1 as active layer.

hole mobility of BLUE-1 with 102 cm?/(Vs) causes that at high
current densities space charges accumulate at the recombination
zone, which at a certain threshold density quenches the light
output. The rapid decrease of the EQE can also be recognized in
the current-voltage characteristics, which appears as a deviation
from the typical Iv-curve. With Alg3 as interlayer, BLUE-1 is
able to achieve higher current densities and has a lower turn-on
voltage compared to the devices with TPBL

The electroluminescence spectrum with different interlayers
can be found in Figure 56 (c). The difference in the spectral
appearance to the reference OLED can have manifold reasons.
In the case of the TPBI interlayer, it is most likely effected by
waveguiding. The additional layer can act similarly to a cavity,
so that generated light experiences total reflections at the inter-
faces of the electrodes and organic layers. Also the mismatch in
refractive index can enhance this effect. For Alq3 the low offset
of the energy barriers allows to create excitons not only in the
emissive layer, but also in the ETL. Therefore, the EL spectrum
can be explained by a superposition of both materials. Apart
from the spectral characteristics of BLUE-1, a broad and struc-
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Figure 57: Color perception of BLUE-1 present on the CIE 1931 color
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tureless emission centered at about 530 nm (2.34 €V) can be
seen. The HOMO offset of about 0.1 €V between BLUE-1 and Alqg3
allows excitons also to recombine in the Alqs layer. Figure 57
depicts the color perception of the human eye illustrated on the
commission internationale de 1’éclairage (CIE) 1931 color space
and illustrates the color appearance of the different devices pre-
pared from BLUE-1.

Apart from OLEDs of the above shown device architectures,
inverted structures were also built and characterized. The bias
was applied with reversed polarity, so that electrons were in-
jected from the ITO electrode and holes from the aluminum
side. Therefore different interlayers needed to be incorporated
to overcome the injection barriers. On top of the ITO, a layer
of zinc oxide (ZnO) nanoparticles was spincoated at a spinning
speed of 2000 rpm for 60 s from a stabilized colloidal solution
of n-butanol with two different concentrations of 5 mg/ml and
20 mg/ml. The thicknesses were found to be 25 nm and 45 nm
for the concentrations of 5 mg/ml and 20 mg/ml respectively.
Subsequently, the spincast layer was dried in a nitrogen filled
oven at a temperature of go °C for one hour. The nanoparti-
cles were prepared as described by Pacholski et al. [158] by
Insun Park from the Department of Chemistry of Seoul National
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Figure 58: (a) Current density, (b) EQE, (c) Luminance and (d) current
efficiency of the fabricated devices. As active layer polymer
BLUE-1 was deployed with an inverted device architecture.

University. After spincasting BLUE-1, a layer of MoO;3 with a
thickness of 10 nm and 100 nm aluminium were deposited by
thermal evaporation. Transparency, low work function and the
possibility to solution-process ZnO which has electron mobilities
of over 1 cm?/(Vs) [159], makes it very suitable for optoelec-
ctronic devices. The energy level diagram, device layout and
performance of the inverted OLED can be found in Figure 58.
The ZnO layer with a thickness of 25 nm showed a better overall
performance. The turn-on voltage was in comparison to the
devices with TPBI as in interlayer, for both ZnO layer thicknesses
at about 1 V, which is one order of magnitude lower to the
TPBI interlayers and allowed to achieve high current densities
of up to 4000 mA/ cm?. The maximum EQE was found to be at
0.12 % at a current density of 1381 mA/cm?. A comparison of
all characterized devices can be found in table 3. The emission
spectrum did not differ to the devices prepared with TPBI as
verified from the CIE color map in Figure 57. The high electron
mobility and the low injection barriers, allow to drive the OLED
with high current densities. The EQE increases with higher cur-
rents and behaves differently to the devices fabricated with TPBI
interlayers, where the maximum EQE was already achieved at
low currents and showed roll-off at higher current densities. The
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gradual increase of the EQE with higher current densities and
the better IV characteristics can be ascribed to a better charge
carrier balance at higher currents. Furthermore, with higher
currents, the recombination zone supposedly moved into the
emission layer and away from 7ZnO, which leads to less quench-
ing. However the lower EQE compared to the TPBI interlayer is
a consequence of exciton-electrode quenching at the interface
between zZnO and the organic layer. Further device engineering
moving the recombination zone away from the electrode is a
promising approach for higher quantum efficiencies at high
current densities.

4.4.3 OLED characteristics of BLUE-2

Similarly, BLUE-2 devices were prepared from toluene and char-
acterized as described above. As observed for BLUE-1, the OLED
characteristics with an interlayer of TPBI are improved. BLUE-2
has a turn-on voltage at about 4.5 V and achieves a maximum
EQE of about 1 %, which is in comparison to BLUE-1 about 0.4
% lower.
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BLUE-2 was deployed.
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The EL spectrum can be found in Figure 59 (c) which com-
pares the spectral characteristics at different currents for OLEDs
with and without TPBI interlayers. The spectrum of the reference
diode has the same vibronic 0-o and o-1 progressions. Apart
from the emission of the singlet exciton, BLUE-2 shows an ad-
ditional broad emission band 530 nm (2.34 €V). The origin of
the second emission component has already been discussed in
the optical spectroscopy section in chapter 3 and is referred
to oxidative defects within the polymer backbone. The spec-
trum suggests, that without thermal and optical stress of the
materials, BLUE-2 already has structural defects. The spectro-
scopic studies do not show these defect sites without stressing,
even though they might already be present in pristine films.
When samples are electrically excited, the emission of light re-
lies on the bimolecular recombination of electrons and holes.
Emission of singlet excitons occurs from recombination of free
charges, whereas green emission originates from recombination
of a trapped polaron at the fluorenone position. Charge carrier
transport in disordered materials is described by a hopping
process within the framework of the Gaussian Disorder Model.
If a charge carrier occupies a fluorenone site and if the energy
offset of this site is too high, the trapped polaron cannot evade
from this position and will radiatively decay by recombination
with an electron. Studies on keto-defects in polyfluorenes have
shown that defect sites act as traps for electrons as well as for
holes [160]. From their studies, they were able to determine
the trap concentration and concluded that even small amounts
of trapping sites will influence the intrinsic blue emission in
electroluminescent devices, even though the defect emission
does not show up in the PL spectrum. Kuik et al. observed,
that with higher current densities the green emission decreased
relative to the blue emission. They explained their findings by
assuming that the green emission feature is occurring from a
tixed concentration of trap sites. Generally, higher current den-
sities will increase the light emission since more excitons will
radiatively recombine. Since the amount of traps is fixed, the
amount of recombination sites is limited. The keto emission
in their experiments at polyfluorenes had therefore a smaller
contribution to the overall light output when higher currents
were applied. Since BLUE-2 behaves differently, the amount of
trap sites seems to have increased when going to higher current
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regimes. Keto-defects do not only affect the optical properties
in OLEDs, but also change the charge transport characteristics
in conjugated polymers. In the same work mentioned before,
they found that hole and electron transport in fluorenone is
trap limited with an exponential trap distribution, whereas in
pristine materials it is space-charge limited.

4.4.4 Multilayer OLEDs- the impact of hole injection layers

ETLs in OLEDs are essential in order to achieve high effiencies
as discussed in the previous chapters and to prevent exciton
quenching at the electrodes. OLED performance in general bene-
tits from interlayers. Hole-injection layers for instance facilitate
hole-transport into the emissive layer and lower the injection
barrier at the anode. It has been shown that hole injection layers
(HIL) not only support better charge carrier transport, but also
increase the lifetime of an OLED [77]. Polymer based OLEDs have
on the one hand the advantage of solution-processing, on the
other hand they are impractical for multilayer devices. One pos-
sibility to overcome this obstacle is to process different layers
from orthogonal solvents, presuming the materials are soluble
in the given solvent. Thin film deposition from a dispersion of
polymer nanoparticles and H;O is another promising concept
for multilayer processing [161]. However, this concept still lacks
surface energy control at the interface as well as good film form-
ing properties. Another method is to introduce groups such as
oxetane into the polymer backbone that allow photochemical
crosslinking and create insoluble polymer networks, which en-
ables mulitlayer processing [162].

In this work, a crosslinkable hole injection layer (HIL) was
used which can be crosslinked by heating to 180 °C for one
hour in an inert atmosphere. The optical properties of HIL-2 are
described in chapter 3.5.4. Films were prepared from toluene
with a concentration of 5 mg/ml and spincoated with a spin-
ning speed of 2000 rpm for 60 s. The thickness of HIL-2 was
found to be at around 55 nm. Three different emissive layers
were prepared and characterized regarding their optoelectronic
properties. The device performance of a bi-layer comprising the
emissive layer and an ETL of TPBI were compared to a tri-layer,
where the emissive layer was sandwiched in between HIL-2
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Figure 60: (a) Current density, (b) EQE, (c) Luminance and (d) current
efficiency of the fabricated devices. Comparing BLUE-1,
BLUE-2 and BLUE-3, respectively with and without HIL.
Figure (e) is comparing the electroluminescence spectra.
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after crosslinking and TPBI. The measurements and the device
layout are summarized in Figure 60. The bi-layer devices of
BLUE-1 and BLUE-2 when compared to the previous measured
bi-layer devices resemble one another in respect to their opto-
electronic performance and reproducibility of the experiments.
The tri-layer diodes show that the device performance can be
even enhanced compared to the previously characterized diodes.
Turn-on voltages for all devices were found to be about 3.0 V.
The EQE of the tri-layers increased or in the case of BLUE-1 are
at least unchanged compared to the bi-layer devices. For all de-
vices roll-off occurs at higher current densities, which indicates
that HIL-2 regulates the balance of electron and hole in OLEDs.
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Figure 61: Photophysical properties of BLUE-3. (a) Streak camera im-
age of BLUE-3 in toluene and on (b) film. (c) Absorption
and fluorescence spectrum and (d) decay transients of 0-o
and o-1 transition.

Apart from testing BLUE-1 and BLUE-2, a polymer blend,
namely BLUE-3 was characterized. BLUE-3 consists of BLUE-2
and two different other PIF-copolymers, which were mixed in a
defined ratio before processing. The concept behind the mate-
rial’s composition is to utilize FRET for color tuning and different
hole transport units for better charge transport. Figure 61 illus-
trates the photophysical properties of BLUE-3 in toluene as well
as in solid-state. Solid-state fluorescence shows, that the spec-
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trum is strongly red-shifted in comparison to the measurements
in solution. The streak camera images reveal that FRET is occur-
ring when going from solution to solid-state. The lifetime of the
donor polymer, which is dominantly emitting when measured
in a dilute solution, is strongly quenched towards another emis-
sive species. The acceptor polymer, which was invisible in the
fluorescence spectrum in solution, experiences in return an in-
crease of its lifetime in film. Intermolecular interaction enhances
FRET to the acceptor polymer in the solid-state. Here, FRET is
useful to create efficient electroluminescent devices. Figure 60
shows not only the performance of the previously described
polymers, but also the optoelectronic properties of the blend. It
has similar EQEs to BLUE-1, when both are prepared as bi-layers
consisting of the emissive polymer and TPBI. When HIL-2 is
additionally incorporated, the EQE is even increased up to 2 %.
The emission spectrum for BLUE-1 and BLUE-2 is influenced
by HIL-2 and vibronic progressions are blurred, whereas BLUE-
3 is not affected by the HIL. The spectrum shows that the o-o
transition is almost suppressed and energy transfer occurs very
effectively also when electrically driven, which exemplifies an ef-
fective concept to enhance efficiencies in fluorescent OLEDs and
to tune the color appearance. Surprisingly, the PLOE of BLUE-3
was found to be 17 % and is compared to BLUE-1 with 55 %
and BLUE-2 with 66 % by far the lowest value, which does not
correlate with the electroluminescent properties. In summary,
BLUE-3 outperforms both copolymers in their quantum and
current efficiencies in OLEDs. It illustrates that HILs can enhance
device properties and shift the roll-off to higher current densities
by balancing charge recombination.
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4.5 CONSEQUENCES OF RESULTS ON BLUE-1 FOR FUTURE LAS-
ING DIODES

For future organic lasing diodes, high charge carrier moblities
are required, since stimulated emission can only be achieved at
high exciton densities. Numerical studies on different organic
semiconductors have shown that the minimum current densities
are at least in the order of 200 A/cm? to accomplish exciton den-
sities that would trigger ASE in a diode. However, at higher exci-
ton densities, also bimolecular processes are further enhanced
that can quench the light emission. At high currents, exciton
quenching assigned to SSA, singlet-triplet annihilation (STA) and
singlet-polaron annihilation (SPA) can occur. SPA is believed to
be the major deactivation in fluorescent OLEDs at high current
densities [85]. It is commonly agreed that SPA is caused at the
interface of two different organic layers, where space charges
accumulate at higher current densities due to the energy offset
between both materials. The photophysical as well the optoelec-
tronic experiments that were carried out, allow to make some
estimations about BLUE-1 regarding its application in an electri-
cally driven laser. The exciton density nasg that is required to
reach the ASE threshold density E,, when optically excited was
calculated with the following equation:
}\P
nase = B
where A, is the wavelength of the pump laser. In this calcula-
tion Apsg=400 nm is used. The areal exciton density was found
to be nasg=9.05- 10'% cm 2. The same areal density in an electri-
cally driven device, with taking into account that only a fraction
of 25 % of all generated excitons are singlet states, translates
into a current density in the order of J=39.3 - 10> A/cm?. The
exciton density for an electrically driven device was determined
by [163, 10]:
1
MNexciton = 4 e MpL - TPL,
for the PLQE np=0.55 and for the PL lifetime Tp; =268 ps was
used. The given calculation however sets only the lower limit for
an electrically pumped device, since input parameters were ex-
tracted from a single slab waveguide and no bimolecular losses
were additionally taken into account. When calculations are
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carried out for a bi-layer of HIL-2 and BLUE-1, where the ASE
threshold was found to be Ey,=17.2 uJ/cm?, the areal threshold
exciton density corresponds to nasg=3.46 - 10'® cm~2 and the
current density was found to be 150 - 10> A/cm?. Such high cur-
rent densities if at all can only be supplied by a pulsed source to
prevent heating at the electrodes and a breakdown of the device.
The regime of high densities will further introduce different exci-
ton quenching processes as mentioned in the beginning with SPA
as the major deactivation process. Therefore to prevent a high
quenching rate by this type of interaction, high mobilities are
a prerequisite which will additionally reduce the accumulation
of space charges within the organic layer. SSA is another pro-
cess that is expected to quench singlet emission. In the optical
experiments that were carried out, the onset of SSA was found
to be at about 10 1J/cm? which occurs above the ASE threshold
and therefore is expected to be of minor relevance. Additional
loss processes that are expected to take place when going to an
electrically driven device is exciton-electrode quenching. On the
one hand they will enhance waveguide losses and suppress the
ability of spectral collapse. On the other hand, the waveguide
mode will shift closer to the electrode and with that ASE is less
likely to occur. Therefore the incorporation of HIL-2 could be a
promising approach for achieving ASE by introducing a distance
to the electrode.

Figure 62 depicts the exciton density nase that is required
to achieve ASE when optically excited and the calculated cur-
rent density in order to reach the same exciton densities in an
electrically driven device. Apart from the given assumptions,
the exciton densities of the previously characterized devices of
BLUE-1 were determined and plotted in the same graph. From
the calculations, one can see that there is still a gap between the
exciton densities in OLEDs and the densities that can be achieved
by optical excitation. Typically, with cavities such as distributed
feedback gratings, the stimulated emission threshold can be
lowered. Still, the corrugation of the active layer will lead to
an inhomogeneous electric field distribution and with higher
tields, a breakdown of the device will occur. Previous exper-
iments have shown that OLEDs can achieve an EQE of about
2 % at current densities of 100 A/cm? with a pulsed source
[164]. For the prospect of an electrically pumped laser, further
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Figure 62: Estimation of exciton densities that are required to reach
the ASE treshold in an electrically driven device. The red
line presents the exciton density obtained from ASE ex-
periments. The black line shows the theoretical limit of
an electrical device, that an electroluminescent device pre-
pared from BLUE-1 can achieve. The exciton densities of
the prepared devices from BLUE-1 are illustrated as dots.

approaches regarding material design for lowering the treshold
and increasing the gain as well device engineering need to be
carried out.

46 EXCITON DISSOCIATION IN A WIDE BANDGAP POLYMER
- IMPLICATIONS FOR ORGANIC SOLAR CELL PERFORMANCE

4.6.1 Introduction

For high power conversion efficiencies in OSCs, excitons created
by photoexcitation, need to be efficiently dissociated at a donor-
acceptor interface before charges can be extracted at the elec-
trodes. As already mentioned in chapter 4.1, one loss mechanism
in OSCs is non-geminate recombination at the donor-acceptor
interface [148]. In order to overcome this obstacle high mobil-
ities are required, which allow to increase the rate of charge
extraction and by that remove the charges from the recombi-
nation zone. Conjugated polymers with absorption in the blue
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region have due to their wide band gap only little overlap with
the solar spectrum and therefore are not promising for OSCs.
However, the high mobility of BLUE-1 makes it ideal to study
the impact of mobility on exciton dissociation and on the effi-
ciency of an polymer:fullerene blend organic solar cells. Optical
spectroscopic studies were undertaken and OSCs from BLUE-1
were built and characterized. As acceptor material PCBM was
chosen. The high electron affinity as well as its isotropic charge
transport properties caused by the geometry of the molecule
makes PCBM ideal for OSCs.

4.6.2  Optical properties of BLUE-1 blended with PCBM
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Figure 63: (a) Absorption spectra and photoinduced absorption spec-
tra of a BLUE-1:PCBM blend.

The steady-state absorption as well as the quasi steady-state PIA
spectrum of a BLUE-1:PCBM blend, mixed at a weight ratio of
50:50 at a polymer concentration of 10 mg/ml are shown in
Figure 63. The film thickness was found to be about 250 nm. The
absorption spectrum shows a superposition of both components.
The absorption is mainly originating from the polymer with a
broad and featureless absorption band at 400 nm (3.1 €V). PCBM
absorbs in the UV region with a peak at around 264 nm (4.70 eV),
which also can be seen in the UV /VIS spectrum. Furthermore
the small tail beyond 450 nm (2.76 €V) arises from PCBM as well.
The quasi steady-state PIA spectrum of the blend shows a broad
absorption band peaked at 720 nm (1.72 eV), which did not
appear in the PIA spectrum of the pristine polymer depicted in
Figure 19. As quasi steady-state PIA allows to probe long-lived
species, the absorption feature is most probably from dissoci-
ated excitons, i.e. polarons. The energy offset between the LUMO
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levels is about 0.8 eV. Exciton binding energies in organic semi-
conductors are typically in the order of 0.5 eV. Consequently,
when the energy offset at the heterojunction is greater than
the binding energy, charge separation can be achieved [165]. If
the band-edge offset is smaller, charge-transfer (CT)-states are
stabilized at the interface. Apart from the broad emission band
assigned to the polaron absorption, another feature seems to
be present in the film that already was detected in the pure
material and was assigned to long-lived triplet excitons.
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Figure 64: Transient absorption spectrum of BLUE-1 at different pump
fluences.

TA spectroscopy allows to get deeper insights into exciton and
charge dynamics. The transient spectra as well as the dynamics
of the blend are depicted in Figure 64. The evolution of the spec-
tra and the kinetics reveal that two different processes are taking
place regardless of the spectral position probed. One occurring
on an ultrafast timescale and the other one that can be traced up
to several nanoseconds. Stimulated emission occurs in the first
picoseconds at 450 nm (2.76 eV), depicted by a positive AT/T
signal that disappears and rapidly transforms into a PIA. Stimu-
lated emission in this spectral region is caused by the radiative
decay of singlet excitons, most likely from polymer domains in



4.6 EXCITON DISSOCIATION IN A WIDE BANDGAP POLYMER 103
GO0t T T 00T T -
10r . 21 10r 7.3 pJ cm?+
o/ \146puIcm VAN
~ 08 08} 4
£ o ———440-460 i oo T 440-460 nm
8 0,6 o2 ——540-560 nnmj 0,61 00010 ——540-560 nm]
~ e 640-660 NMY e 640-660 NM
l'; 04f A 04} IR
< 02 02
0,0 - : ; - 0,0 . . . .
0,1 1 10 100 1000 0,1 1 10 100 1000
® 525-575nm
10 ® 625-675nm
— 08}
£
S 06}
RS
.y 04t
5
0,2
X L L L L 0‘0 1 1 .
01 1 10 100 1000 0,1 1 10 100 1000
Time (ps) Time (ps)

Figure 65: Transient absorption kinetics of BLUE-1 recorded at differ-
ent pump fluences.

which singlet excitons have to diffuse before they can undergo
separation. Following the transients at 450 nm (2.76 €V) and 550
nm (2.25 eV) very similar kinetics are observed, and both can be
assigned to the kinetics of the singlet excitons. When probing
the spectral region at 650 nm (1.91 eV), the transients behave
differently to the singlet exciton. All transients were fitted with
a bi-exponential function for different pump fluences. The decay
constants and their corresponding amplitudes of the fits can
be found in table 4. The short lifetime components were found
to be 11=1.6 ps and T,=0.6 ps for the spectral regions of 550
nm (2.25 eV) and 650 nm (2.25 €V) respectively. T is not pump
fluence dependent, whereas T, increases with lower excitation
intensities.

Extension of the spectral range of the supercontinuum probe
beam, allowed to further analyze the spectral characteristics of
the blend. Two different bands are present after photoexcitation.
The band below 600 nm (2.07 eV) is getting more pronounced
with higher fluences, whereas the second feature at 760 nm
(1.63 €V) is independent on the pump fluence. The spectrum
transforms from one with two absorption bands into a spectrum
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Figure 66: Transient absorption spectrum of BLUE-1:PCBM blend in
dependence of the pump fluence.

with one broad absorption feature centered at 700 nm (1.77
eV), which remains at this position throughout the entire time
range of the experiment. The long-lived species occurring at
700 nm (1.77 €V) coincides with the absorption band recorded
with quasi steady-state PIA in Figure 63 and allows to assign
the transformation of the long-lived component to polarons.
The fractional change in transmission AT/T was measured in
dependence of the pump fluence and allowed to determine the

A1 | 11 (ps) | Az | T2 (ps)

Ep (WJ/ sz) Aprobe (nm)
14.6 525-575
14.6 625-675
7-3 525-575
7-3 625-675
3.7 525-575
3.7 625-675
1.8 525-575
1.8 625-675

0.70 1.6 0.30 | 915.9
0.84 0.6 0.16 | 2319.8
0.70 1.5 0.30 | 1195.3
0.84 0.6 0.16 | 3189.7
0.65 1.4 0.35 | 1616.8
0.83 0.5 0.17 | 5707.9
0.69 1.3 0.31 | 2025.7

0.80 0.5 - -

Table 4: Summary of the kinetics of BLUE-1:PCBM blend.
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absorption cross section of the long-lived species as can be found
in Figure 67.

1E17

1618 =146 uJ cm? ]
—7.3 pJem? ]
—3.7 p¥em? |
—1.8 pJcem? |

1E19 . ' . ' . ' .
500 600 700 800 900
Wavelength (nm)

Figure 67: Cross section of the polaron absorption band. The spectra
were recorded at a time delay of 2.2 ns.

The calculations were carried out for spectra taken at a time
delay 2.2 ns. The cross section is found to be two order of
magnitudes lower than the stimulated emission cross section
osg and interference and quenching by injection of charges
upon interaction should be low for an electroluminescent device,
especially when high current densities are applied, where the
rate of interaction is expected to increase.

4.6.3  Solar cell performance of BLUE-1:PCBM blends

The working principle of an organic cell relies on efficient charge
generation and charge extraction at the electrodes. In order to
achieve efficient solar cell performance, photogenerated excitons
need to be successively separated at the hetero-interface. The
previously shown spectroscopic experiments on blends of BLUE-
1:PCBM showed efficient exciton dissociation. Furthermore high
charge carrier mobility is another prerequisite. However the
energy bandgap of BLUE-1 does not allow to get high power
conversion efficiencies due to the insufficient absorption of sun-
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light by the polymer.
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Figure 68: IV and EQE characteristics of organic solar cells using
BLUE-1:PCBM blends.

BLUE-1 and PCBM were dissolved in chlorobenzene with dif-
ferent concentrations and different ratios of donor and acceptor
material. The polymer concentration was kept constant at 5
mg/ml and 7.5 mg/ml. The IV-curves of both device batches
as well their EQE are depicted in Figure 68. The low power
conversion efficiency and the low EQE are assigned to differ-
ent processes occurring in the material. TA spectroscopy on the
blend has shown that excitons undergo charge transfer at the
interface. Short circuit current Jsc, open circuit voltage Vo, fill-
factor (FF) and power conversion efficiency (PCE) are depicted

in table 5.
¢ (mg/ml) | ratio | Jsc (mA/cm?) | Voc (V) | FF (%) | PCE (%)
7.5 50:50 0.0244 0.032 23 0.0002
7.5 40:60 0.0352 0.045 25 0.0004
7.5 30:70 0.0435 0.199 26 0.0022
50:50 0.0305 0.671 22 0.0046
30:70 0.0117 0.087 25 0.0003

Table 5: Solar cell performance of BLUE-1:PCBM.




4.7 SUMMARY AND CONCLUSIONS OF CHAPTER 4

Low FF and PCE, show that photogenerated charges are not
efficiently extracted. High mobility on the one hand is a prerequi-
site for charge extraction, however non-geminate recombination,
which represents another loss channel, is directly affected by
the mobility and the rate increases with higher mobilities and
charge densities. Furthermore high polaron densities decrease
the internal field of the bulk material and with that increases the
rate of bimolecular recombination [148]. The difference of charge
carrier mobility between the active layer and PCBM exhibits an-
other loss mechanism. Recently it was shown, that the right
choice of electrodes is of importance, since open circuit voltage
is decreased by injection barriers or by a very high mobility
itself, which lowers the built-in field and a higher difusitivity
increases difussion losses [166].

4.7 SUMMARY AND CONCLUSIONS OF CHAPTER 4

This chapter deals with the optoelectronic properties of BLUE-1
and BLUE-2. The charge carrier mobility of BLUE-1 was deter-
mined to be in the order of p = 1.0- 10~2cm?/(Vs). The impact
of high mobility was successively analyzed in optoelectronic
devices. High mobility is one prerequisite in order to achieve
lasing in the prospect of an electrically pumped laser. However,
optoelectronic applications generally suffer from the imbalance
of hole mobility and electron mobility such as in OLEDs and
0SCs. In order to increase the efficiency of the photoemissive
layer in OLEDs by deploying a material with a high charge carrier
mobility, high efficiencies are only achieved by the incorporation
of interlayers preventing quenching losses from the electrodes.
It is further suggested that the interlayers need to have similar
mobilities along with a low injection barrier. This will prevent
the built-up of charges at the interface and the accumulation of
space charges.

The spectroscopic experiments when blending BLUE-1 with
PCBM showed that excitons are efficiently separated at the het-
erophase. However, the lack of efficient charge extraction is
most likely caused by the imbalance of charge carriers between
the donor and acceptor material. In addition, the choice of
electrodes with low injection barriers is as important. A high
injection barrier will cause an insufficient charge extraction and
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thereby increase the polaron density upon charge separation.
High polaron densities however, increase the rate of bimolecular
recombination.



CONCLUSIONS AND OUTLOOK

This work aims to establish the relation between structure and
function of conjugated polymers in the prospect of organic las-
ing. The task of this thesis was to identify and study materials
that combine advanced optical properties such as high PLOE with
excellent electrical properties, for instance. Two indenofluorene-
phenanthrene copolymers, namely BLUE-1 and BLUE-2 were
investigated. BLUE-1 showed promising optical as well as opto-
electronic characteristics with a low ASE threshold of 4.5 uJ/cm?,
a high optical gain of 154 cm™' and a high charge carrier mo-
bility in the order of 1 - 1072 cm?/(Vs). Until a few years ago,
it was commonly agreed that such properties combined in one
material are mutually excluded. Thus, a scientific challenge of
this thesis was to understand how high gain and high mobility
in conjugated polymers can be achieved. In addition to the de-
termination of ASE characteristics and charge carrier mobility,
excited states dynamics were investigated and the influence of
charge carrier mobility on different optoelectronic applications
was analyzed.

Throughout this work it was shown, that BLUE-1 and BLUE-2
differ in their photophysical as well as optoelectronic properties,
although steady-state absorption and PL did not show signifi-
cant differences between the two materials. Differential scanning
calorimetry (DSC) measurements revealed glass transition tem-
peratures Ty for BLUE-2 at 71 °C and a T for BLUE-1 at 287 °C,
showing that the side chains influence the T significantly. The
low T4 of BLUE-2 leads to morphological changes at high pump
fluences causing parasitic emission from aggregates. BLUE-1 ex-
hibited a second spectral component appearing and dominating
the emission spectrum at time delays of 4 ns after excitation.
This spectral component emerged slightly red-shifted to the o-1
transition and with a different decay constant compared to the
singlet exciton lifetime, unlike for BLUE-2 where such an emis-
sion was not observed. Upon the addition of a high boiling point
additive to the solution used for spincoating, the feature could
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be completely suppressed. The TRPL transients changed from
a double-exponential to a single-exponential transient. The ad-
ditive also influenced the steady-state absorption and emission
spectra indicating a higher morphological order. The thorough
characterization of both materials in the scope of this thesis,
led to the conclusion that the second component is caused by
aggregates in bulk. Time-resolved ASE experiments showed that
the aggregates were not detrimental to the intensity dependent
line-narrowing process. The results suggest that the additive sup-
presses aggregation, which is not only preferred towards higher
ASE gain parameters, but also for the achievement of higher
mobilities, since a higher degree of planarization typically leads
to a faster transport along the polymer chain. In addition to
the unprecedented gain values that BLUE-1 achieved, it has a
high charge carrier mobility despite the absence of high order
or crystallinity. Furthermore, the analyzation of the mobility in
OLEDs and OSCs suggests, that organic optoelectronic devices
can benefit from high mobilities. However, in OLEDs, high mo-
bilities in the active layer can only improve the efficiency when
electron and hole mobilities are balanced. This will prevent a
built-up of charge carriers at the interface and lead to efficient
light generation. First approaches with ZnO as ETL showed that
high current densities can be achieved with the right choice of
interlayers. High charge carrier mobilities of the photo-active
layer in OSCs on the one hand lead to efficient charge separation
and enhance charge extraction, on the other hand high charge
carrier densities increase bimolecular recombination in a device.
High mobilities can only increase solar cell performance, when
charge extraction at the electrodes is efficient. Therefore, the
right choice of electrodes with a low injection barrier is even
more important when mobilities are very high.

A comparison to other state-of-the-art high gain ASE material,
reveal that the materials in the scope of this thesis show un-
precented gain values along with a low ASE threshold and low
optical losses. However, the inability to demonstrate electrically
pumped lasing in an organic driven device is generally a conse-
quence of the low mobility in organic semiconductors. In this
context, increasing the mobility without altering the PLQE is the
ultimate challenge. A higher mobility allows higher current den-
sities to be reached and reduces the built-up of space charges.



CONCLUSIONS AND OUTLOOK

In conjugated polymers this can be achieved by increasing the
molecular weight or varying the side chains attached to the
polymer backbone, whereas smaller side chains typically show
higher mobilities [150]. Alkyl side-chains on the indenofluorene
backbone have shown higher tendencies of structural defects
which harms the photostability. Therefore, it is suggested to
substitute the alkyl side chains with chains of a higher steric
demand. Para aryl-tert-butyl substitution for instance has shown
a high degree of optical and thermal stabilities as in the case
of BLUE-1. Electrical operation of an organic gain medium has
to work not only at the limit of their luminescence and cur-
rent density properties, but requires a high degree of thermal
and optical stability. Therefore any form of secondary emis-
sion feature or quenching process occuring from aggregation
or structural defects is malicious. In this context, BLUE-1 has
already shown preferential optical properties, offering a high
gain. For further improvements, it is suggested to substitute the
linear alkyl chains at the indenofluorene backbone with side
chains offering a higher stability against oxidation.

A further step towards an electrically driven device is the thor-
ough understanding of the gain medium. The organic molecules
have to withstand high current densities. Lowering the treshold
of stimulated emission is achieved by low optical losses with
the support of an efficient optical feedback. Optical gain is a
consequence of chromophore density and thus related to the
morphology. Theoretical studies should address the limit of the
cross section of absorption and stimulated emission that can be
reached along with the prefrential alignment of the molecules.
Additionally the limits of charge transport should be studied
that organic materials can supply. Future design of gain materi-
als could benefit from the aforementioned studies.

For the realization of an organic laser that is purely electrically
driven, further improvements are needed. The material BLUE-
1 sets the direction towards high gain and high mobilities in
conjugated polymers.
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Figure 69
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Figure 71: Comparison of absorption and emission spectra of BLUE-1
in toluene at a concentration of 0.1 mg/ml and in thin film.
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Figure 72: Figure (a) depicts the fluorescence spectrum of the different
indenofluorene polymers stored under ambient conditions
for 18 months. In Figure (b) decay transients of BLUE-1 and
BLUE-2 are depicted that were stressed with UV light and
stored under ambient conditions for 2 months prior to the

measurements.
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Figure 73: Transient photoluminescence spectra of BLUE-1 in toluene
and in film at room temperature and 77 K.
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Figure 74: Delayed fluorescence measurements of BLUE-1 in MTHF
with a concentration of 0.1 mg/ml.
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Figure 75: (a) Transient photoluminesence spectra of BLUE-1 dis-
persed in an inert matrix of Zeonex spincast on quartz.
Figure (b) depicts a polarizing optical microscopy image
of the same sample under crossed polarizers. The samples
were prepared from toluene with a ratio of 100:1, with a
Zeonex concentration of 10 mg/ml.
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HOMO

Figure 76: Calculated electronic structure of HOMO and LUMO for
BLUE-1.
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HOMO

Figure 77: Calculated electronic structure of HOMO and LUMO for
BLUE-2.
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Figure 78: AFM measurements of BLUE-1 containing different volume
fractions of DIO prior to spincoating. The samples were
prepared from o-xylene with a concentration of 10 mg/ml.
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Figure 79: SEM recordings of BLUE-1 dropcasted from toluene with a
concentration of 7.5 mg/ml.
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Figure 8o: X-ray diffraction experiment on a spincast film of BLUE-1.
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