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AEE — aggregation-enhanced emission

CT — charge transfer exciton

F8BT — poly-fluorene-co-benzotiadiazole

FSG — fluorene spiroconjugated group

ICT — internal charge transfer exciton

LED - light emitting diodes

OFET - organic field-effect transistors

OLED - organic light emiting diodes

OLEFET - organic light emitting field effect transistors
OSC - organic solar cells

PCBM - [6,6]-phenyl-Cg;-butyric acid methyl ester
PDHS — poly-di-n-heksilsilane

PL — photoluminescence

PSF-BT — poly-spiro-bifluorene-co-benzothiadiazole
SH — second harmonic

TOF — time of flight

TREFISH - time-resolved electric field-induced second harmonic generation



Introduction

Organic electronics is currently one of the most rapidly developing
research areas. Conjugated polymers and small molecule semiconductors
attract considerable attention as active materials for optoelectronic
applications. In many areas organic semiconductors can compete with
inorganic semiconductors, even having some advantages in comparison with
inorganic semiconductors, in application areas such as plastic (“soft”)
electronics, light emitting diodes [1] and photovoltaics [2]. In order to make
organic semiconductors more competitive, their physical properties have to be
explored in more detail. One of the most interesting physical properties of
organic semiconductors is exciton and charge carrier dynamics, especially
ultrafast dynamics that was not explored in detail yet. The importance of
semiconducting properties of organic molecules shows the Noble Prize in
Chemistry in 2000 to Alan J. Heeger, Alan G. MacDiarmid and Hideki
Shirakawa for the discovery of conductivity of polymer polyacetylene [3].
During the following years, a lot of systematic research was done on the
exciton and charge generation and transport properties of organic conjugated
molecules [4].

At the moment, organic semiconductors have many applications that are
being improved continuously. They are applied in organic light emiting diodes
(OLED:s), field-effect transistors (OFETS) [5, 6], lasers [7] and solar cells [8]
(OSCs). Despite high perspectives of organic semiconductors they are still
upstaged by their inorganic counterparts. Series of scientific and technological
studies were done recently in order to increase the competitiveness of organic
semiconductors.

While at a moment it is quite a challenge for organic semiconductors to
compete with their inorganic counterparts, the processing techniques for
organic semiconductors are much simpler and cheaper. The main techniques

are vacuum deposition and solution processing [9]. Epitaxial growth



commonly used for processing of inorganic semiconductors is much more
complicated [10].

The efficiency of OLEDs is still chasing the one of inorganic LEDs, but
OLEDs have some additional properties that LEDs do not possess. OLEDs
could be made much smaller that LEDs enabling the use of OLEDs in monitors
that can compete with common LCD technology and probably overrun it in
future. At the moment, OLED’s are already common in mobile phone displays
[11]. In order to increase the efficiency of OLEDs, the charge injection,
charges/excitons recombination efficiency, mobility of charge carriers should
be optimized.

High-mobility OFETs are the basic units for a variety of high-
performance electronic applications. Their development paves the way towards
plastic electronics that is expected to complement silicon-based electronics.
Further interest in organic optoelectronics has been generated by the realization
of organic light emitting field effect transistors (OLEFETS) [12, 13]. OLEFETSs
are multifunctional devices that combine the current modulating function of a
transistor with light emission. OLEFETS are based on organic semiconductors
where it is possible to achieve the supramolecular organization leading to both,
charge carrier transport and electroluminescence. They are attractive for both,
fundamental studies and technological applications [6].

Since the first demonstration of laser oscillation, applications using
lasers have spread to many areas, e.g. research, medicine, technology, and
telecommunications. The variety of available laser sources is large and covers
a wide span in terms of attainable wavelengths, output power, and pulse
durations. Despite that, organic lasers could find their unique applications
because of their potentially much lower physical dimensions. Organic lasers
may be used for chemical sensing, lab-on-a-chip sensors for biophotonics,
microspectroscopy labs [14].

Organic solar cells (OSCs) is one of the main fields where organic
conjugated molecules are used [15]. OSCs do not achieve the efficiencies of

their inorganic counterparts but their production techniques are much simpler



and cheaper. The main task of researches at the moment is to improve the
efficiency and lifetime of organic photovoltaics. Their efficiency is not high
enough to compete with inorganic counterparts, yet several processes should
be optimized in order to increase power conversion efficiency of OSC. Main
processes that determine the organic solar cell efficiency are light absorption,
exciton diffusion, charge separation and charge collection. Charge carrier
mobility is one of the crucial parameters that determine applicability of organic
semiconductors for OSC. The main energy loses came from exciton and charge
transfer exciton recombination, geminate and nongeminate recombination of
charge carriers. Optical and electronic methods are employed for the
Investigation of these processes.

The main goal of this thesis is a detailed investigation of ultrafast
exciton and charge carrier processes in pure organic semiconductors, their
nanostructured composites and in their blends with fullerene derivatives. The
point of interest of this thesis are the processes that happen in active layers of
organic optoelectronic devices: light absorption, exciton diffusion,
annihilation, formation of charge transfer excitons, exciton and charge transfer
exciton recombination, charge pair and free charge carrier generation,
geminate and nongeminate charge carrier recombination, charge carrier
extraction from organic semiconductor. The influence of preparation
techniques, concentration of fullerene derivatives, structure of nanocomposites
to the mentioned processes was explored.

While 7 conjugation in carbon atoms is thoroughly explored, o
conjugation in bonds of silicon or germanium is still interesting. For better
understanding of interaction of polysilanes with various nanostructures,
thermochromic PDHS polymer incorporated in various nanocomposites was
investigated.

All investigations can be grouped by explored materials, each of them
has a separate chapter in this thesis. The research of each matter had a bit
different purpose. The materials analyzed were molecules chains of poly-di-n-

hexylsilane (PDHS) incorporated in various nanostructures; solutions and neat
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films of poly-fluorene-co-benzotiadiazole (F8BT), poly-spiro-bifluorene-co-
benzothiadiazol (PSF-BT) polymers, and PSF-BT blends with [6,6]-phenyl-
Ce1-butyric acid methyl ester (PCBM); solutions, neat films, and blends with

fullerene derivatives of merocyanine MD376 small molecules.

The aims of investigation of PDHS molecules chains incorporated in

various nanostructures.

e Influence of various nanostructures on PDHS polymer conformations
and fluorescence properties.

e Comparison of nanocomposite and neat film fluorescence properties.

The points of exploration of F8BT, PSF-BT solvents, neat films, and PSF-
BT blends with PCBM.

e Comparison of exciton diffusion and annihilation processes in F8BT
and PSF-BT polymers.
e The influence of PCBM additives on exciton and charge carrier

dynamics in PSF-BT films.

The goals of analysis of merocyanine MD376 solutions, neat films, and

blends with fullerene derivatives.

e Detailed investigation of exciton and charger transfer exciton dynamics
in MD376 neat films and their blends with fullerene derivatives.

e Exploration of generation of charge carriers, recombination and
extraction processes in MD376 blends with fullerene derivatives, and
evaluation of influence of fullerene concentration and film preparation

techniques on the abovementioned processes.
Novelty and importance

Influence of morphology and orientation of the inorganic matrix on the
conformational structure of incorporated polymer chains and emission

properties of nanocomposites was explored. It was estimated that
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nanocomposite films are promising technologically and a convenient approach
for preparation of polymer films with improved fluorescence properties.

Internal charge transfer state formation in PSF-BT films was explored in
detail, as well as the role of PCBM additives on the charge carrier generation
and drift in PSF-BT polymer. Charge transfer scheme of the formation of long-
lived charge pair state in PSF-BT/PCBM blend has been discovered.
Copolymers incorporating electron donating and accepting groups are currently
the “state of the art” materials for various organic optoelectronic devices,
which requires deeper knowledge of the electronic processes in these complex
materials.

Ultrafast exciton and charge carrier dynamics in merocyanine materials
has been experimentally explored in detail for the first time. These findings
provide knowledge about the formation and dissociation of charge transfer
excitons and charge pairs and generation of free charge carriers. Influence of
sample fabrication techniques on the exciton and charge carrier dynamics was
also studied. These materials are particularly promising for the organic solar
cell fabrication, and the investigated properties are closely related to their

operation efficiency.
Layout of the thesis

Chapter 1 overviews m and o- conjugated polymers and small
molecules. It also overviews the practical application of conjugated molecules,
especially m — conjugated polymers and small molecules for organic solar cells.
Properties of investigated polymers (F8BT, PSF-BT and PDHS) and small
molecules (MD376) are discussed. OSC other organic electronic devices
structure and operation principles are briefly reviewed. Energy loses in OSC
that lead to lower efficiency are also mentioned.

Chapter 2. The investigation techniques are introduced. Steady-state
absorption, steady-state and dynamic fluorescence, transient absorption,

photocurrent measurements, especially the TREFISH method are discussed.
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Chapter 3 is dedicated to the investigation of PDHS in various
nanocomposites. Dependence of fluorescence spectra on temperatures and
nanocomposites is explored.

In Chapter 4, exciton diffusion, annihilation and their role in the charge
carrier generation in fluorene based copolymers F8BT and PSF-BT are
discussed. The investigations have been performed by means of femtosecond
transient absorption combined with photoluminescence and photoconductivity
measurements. Optical generation of charge carriers and their transport in
blends of the spirobifluorene-co-benzothiadiazole copolymer (PSF-BT) and the
electron acceptor phenyl-C61-butyric acid methyl ester (PCBM) have been
investigated by means of time-resolved fluorescence, transient absorption as
well as by integral mode time-of-flight method and its ultrafast all-optical
analogue based on electric field-induced second harmonic generation.

In Chapter 5 the results of merocyanine MD376 investigations are
presented. The investigations are directed towards better understanding of
ultrafast electronic  processes in organic solar cells based on
merocianine/fullerene blends. The performed optical and optoelectrical
investigations cover wide range of dynamic processes giving information on
the charge carrier dynamics starting from their generation till extraction from

the sample.
The author contribution
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Main statements

1. Incorporation of PDHS polymer in nanostructured inorganic films causes

exciton localization and suppression of their nonradiative exciton decay.

2. Ultrafast intramolecular charge transfer in PSF-BT polymer causes
formation of weakly mobile excitons and suppresses nonlinear exciton-exciton

annihilation.

3. PCBM additives play unusual role in photoconductivity of PSF-BT polymer.
Contrarily to common they decrease the initial photoconductivity. Which is
related to two processes: exciton quenching and trapping of generated

electrons. Both of them reduce the number of mobile charge carriers.

4. The charge pairs in merocyanine solar cells are generated by two processes:
a) field-independent generation because of nonrelaxed exciton disociation and
b) dissociation of CT states during their entire lifetime. High electron mobility
and diffusion coefficient in fullerene domains is mainly responsible for the

efficient charge pair generation in merocyanine/fullerene blends.
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1 Organic materials for optoelectrical applications and
devices

1.1  and o conjugation

Organic molecules are large class of molecules containing carbon atoms
except of few molecules, which have carbon, but are called inorganic. & bonds
are responsible for delocalization of electron density in m conjugated
molecules. The carbon atoms in these bonds are sp? hybridized, which leaves
one orbital (p,) unhybridized, perpendicular to the chemical bond direction.
Electrons in these alternately overlapping orbitals form a m-electron cloud,
delocalized over the conjugation length of the molecule (Fig. 1.1). Because of

conductivity properties these materials they are called organic semiconductors.

C~~ N

Fig. 1.1. Schematic representation of p, orbitals overlap in a conjugated segment of a

polymer.

Organic semiconductors can be made from conjugated molecules, with
filled bonding m-orbital and nonocupied antibonding = -orbital, also-called
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO), respectively. HOMO and LUMO are separated by a bandgap,
typically of the order of one to three electronvolts, making such an organic
compound a semiconductor. 1 — 7w * transition between these two levels can

be excited by UV, visible or near IR light. Semiconducting and light absorbing
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properties make conjugated organic compounds very perspective choice for
various applications like photovoltaics, transistors and others.

Organic semiconductors can have a structure of polymer or small
molecules. A polymer is a molecule which structure is composed of multiple
repeating units from which originates high relative molecular mass and
attendant properties. While small molecules are composed of one or few
repeating units (oligomers) with relatively low molecular mass.

Conjugated polymers are promising candidates for their applications in
many kinds of organic optoelectronic devices. Not only the mechanical
properties, but also the electronic properties of polymers, can be tailored by
sophisticated synthetic methods.

Despite well known and properly explored m conjugation of carbon
atoms, 6 conjugation in polymers formed by silicon or germanium atoms also
exists. o — o* bond excitation is typical for sp® hybridized carbon, silicon and
germanium based molecules. Excitation of C — C bonds of organic molecules
requires much high energy photons (A < 150 nm). Excitation of silicon and
germanium based polymers need much lower energy photons than for carbon
based polymers (290-410 nm). That is interesting, because absorbed energy by
silicon and germanium should be quite similar to sp? hybridized carbon based
polymers. This difference is explained by 6 conjugation in bonds of silicon and
germanium atoms. Orbitals of these bonds overlap forming ¢ conjugation (Fig.

1.2).
In most cases c : : : :
’ Si Si Si i
conjugation consists of 10 — 20
silicon or germanium atoms. In
. . Fig. 1.2. o conjugation of Si atoms
contrast to m conjugation, ©
conjugation is not explored in so much detail. 1 — ¢ conjugation is other
Interesting type of conjugation. Currently many experiments are done in order

to investigated interaction between © and ¢ conjugations[16] but this kind of

research is not done in these thesis.
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Absorptions regions of m and o conjugated molecules are different.
Absorption of © conjugated molecules range from ultraviolet to near infrared.
While the bandgap of o conjugation between HOMO and LUMO in most cases
is higher than in 7 conjugated compounds, typically from three to four electron
volts (290 <A < 410 nm). Nevertheless, fluorescence quantum yield of ¢
conjugated molecules in most cases is higher than that of m conjugated
molecules. This shows prospects for LED fabrication.

Investigation of the properties of these polymers attracts attention of
scientists because of their possible use as photodiodes, photoresistors, and
materials for nonlinear optics [17-19]. ¢ conjugation molecules (polysilanes)
have also a serious disadvantage over m conjugation molecules: photooxidation
under UV light exposure (Fig. 1.3). This problem has been tried to solve by
incorporating polysilanes into various nanopores like SBA-15 (Santa Barba
amorphous ( hexagonal mesoporous silicon type with diameter of 4.6-30 nm)),
MCM-41 (Mobil Crystalline Materials ( hexagonal mesoporous silicon type
with diameter of 1.8-10 nm)) and other SiO, and TiO, nanopores (See 1.3.1
chapter below). Nanopores protect polysilanes from degradation by stabilizing

their chains.

R R R R R R R
I | | I | I |
— - — Si— gi—gj® + 0Si— Si— Si— Si—
[ | |
R R R R R R R’

Fig. 1.3. Degradation of polysilanes in ultraviolet light.

Below (1.3 chapter ) we shortly discuss the main classes of molecules

investigated in this work.
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1.2 Devices of organic materials

Organic semiconductors can be used in many applications like organic
light emitting devices (OLED), organic displays based on OLED, organic
field-effect transistors (OFET), photocopying, optically and electrically
pumped organic lasers, and organic solar cells. The main points of interest of
this thesis are ultrafast processes taking place in active layers of these devices
under their optical excitation. All applications will be discussed later in more
detail.

1.2.1 Organic light emitting devices

Efficient lectroliuminescence of conjugated organic polymers was
discovered in 1990 [20]. The research and development in the use of organic
molecules as active semiconductors in light emitting devices have advanced
very rapidly. Recently, organic polymer or small molecule based organic light
emitting devices reached features required for widespread application in
electronic devices. OLEDs are seen very promising due to efficient light
generation, mechanical flexibility, and easy, low-cost manufacture using
solution processing.

It is well setablished that there are three main proceses governing
OLED performance: charge injection, charge transport, charge/exciton
recombination. Charges are injected from electrodes into the polymer layer
under forward bias voltage. Holes and electrons are transported towards each
other in the applied field. Then electrons face holes and excitons are formed
because of Coulomb attraction. Light is emitted upon exciton recombination.
Langevin theory is commonly used for explanation of exciton recombination in
OLEDs. The photophysics of neutral excited state in organic molecules is

important for the device performance and their further improvement.
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1.2.2 Organic field-effect transistors

In 1987, H. Koezuka and co-workers reported the first organic field-
effect transistor based on a polymer of thiophene molecules. High-mobility
OFETs are the basic units for a variety of high-performance electronic
applications. Their development paves the way towards plastic electronics, that
is expected to complement silicon electronics. Further interest in organic
optoelectronics has been generated by the realization of organic light emitting
field effect transistors (OLEFETS) [12, 13]. OLEFETSs are based on organic
semiconductors where it is possible to achieve the supramolecular organization
leading to both, charge carrier transport and electroluminescence. OLEFETSs
are multifunctional devices that combine the current modulation function of a
transistor with light emission.

An OFET is a three electrode device. The organic active layer is in
contact with source (S) and drain (D) electrodes whereas it is isolated from the
gate (G) electrode by the gate dielectric. The region of organic active layer
delimited by the S and D electrodes defines the transistor channel whose
geometry is characterized by the interelectrode distance (L) and the electrode
width (W). On application of an appropriate gate electrode bias, holes and
electrons are injected from the S and D electrodes into the transistor channel,
where they move under the action of a drain-source bias. The magnitude of the
current flowing between the S and D electrodes is modulated by the gate bias,
which is also used to turn the device from the off to the on state. If the organic
semiconductor is electroluminescent, holes and electrons form excitons that
recombine radiatively to generate light in the transistor channel. It is supposed
that OLEFETS light emission efficiency may overrun OLEDs [5, 6].
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1.2.3 Optically and electrically pumped organic lasers

Since the first demonstration of a laser, laser applications have been
spread to many areas, such as scientific research, medicine,
telecommunications, and technology. The variety of available laser sources is
large in terms of wavelengths, output powers and pulse durations. Although
they can be implemented in many different ways, lasers are always composed
of tree essential building elements: a gain medium, a pump source, and a
resonator. The gain medium in which amplification of light occurs by
stimulated emission of radiation can be in a gaseous, a liquid, or a solid form.
Despite various kinds of laser materials, m-conjugated small molecules or
polymers may be of interest for fabrication of the family of organic lasers.
Electrically pumped organic lasers remains a field that inspires scientific
community. Much scientific research has been contributed to better
understanding of the bottlenecks caused by the supplementary losses brought
by electrical excitation. Till now, no electrically pumped organic laser was
created, nevertheless organic lasers can be pumped optically and may be used
in practice [21-26].

Organic lasers are broadly tunable coherent sources, potentially
compact, convenient and manufactured at low cost. The simplicity of their
fabrication process makes organic sources attractive for integration into
miniature spectroscopic systems. In a similar way, organic lasers are
potentially useful for chemical sensing, lab-on-a-chip sensors for biophotonics,
coupled to microfluidic devices; organic lasers may also find a place in data

communications.

1.2.4 Organic solar cells

Solar cells are clean and renewable energy source. The availability of

solar energy by far exceeds any potential future energy demands. In fact, the
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amount of sun energy that reaches earth per hour (1.4x10% J) is larger that of
the energy needed by mankind per year [2, 27].

In 1839, Alexander Edmond Becquerel observed the emerge of a
photocurrent when platinum electrodes covered with silver halide were
illuminated in aqueous solution for the first time; this observation has ever
since been known as the photovoltaic effect [28]. At this moment there are
many kinds of solar cells: crystalline and thin-films silicon solar cells,
cadmium telluride solar cell, Gallium arsenide multijunction solar cells,
organic solar cells, dye-sensitized solar cells and hybrid technologies [29]. The
most common at the moment are silicon solar cells. The efficiency of silicon
solar cells depends on technology of fabrication and ranges from 13 to 25 %.
The most efficient are gallium arsenide multijunction solar cells with the
efficiency of reaching about 44% [30, 31]. The highest efficiency of organic
solar cells is 12 % which recently was recorded by Heliatek [32, 33]. Despite
large difference in efficiency, organic solar cells would become useful and
competitive for certain applications if their efficiency could consistently
exceed 10%. The efficiency is not the only important parameter: low
fabrication cost, light-weight, flexibility, simple fabrication, and ability to
create complex structures makes organic solar cells very interesting and useful
for future energy sources. Theoretically, the efficiency of organic solar cells
can reach over 15 % [2], that would make their efficiency compatible to silicon
solar cells, but more recent, more fundamental descriptions suggest limits of
20-24% to be reachable [34].

In the race for efficient OSCs, two processing techniques were
established: 1) dry processing (thermal evaporation) for planar-heterojunction
and bulk-heterojunction solar cells and 2) solution processing (spin-coating,
inkjet printing, dip-coating, spraying techniques) for bulk-heterojunction solar
cells [9].

The efficiency difference between organic and inorganic solar cells
appears from different physical properties of their excitons (electron-hole

pairs). When the active layer in inorganic solar cells is excited, free charge
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pairs (weakly bond type Wannier-Mott excitons) appear. While in organic
solar cells, excitons have to be dissociated into charge pairs (see below). The
difference between organic semiconductors and inorganic semiconductors is
the presence of tightly bonded excitons resulting from their low dielectric
constant (g,~2-4). The excitons in organic semiconductors are called Frenkel or
molecular excitons, their binding energy is in the range of 0.3-1 eV [34]. Such
large binding energy prevents exciton dissociation by an electric field and
temperature. Therefore, the organic solar cells with one type of molecules have
very low power-conversion efficiency (PCEs) far below 1% for solar spectrum.
The introduction of second organic layer was a big leap in terms of PCEs.
Tang [35] introduced the donor-acceptor bilayer planar heterojungtion for the
OSCs in 1979, and achieved PCEs of around 1%. The energy difference
between the LUMO of the donor and HOMO of the acceptor provides the
driving force for the dissociation of Frenkel excitons [2]. The difference
between the electron energy on the donor and the corresponding acceptor level
has to be larger than the exciton binding energy in order to initiate charge
transfer from donor to acceptor material [36]. If the exciton reaches
heterointeface by diffusion, it is energetically favorable for the electron to be
transferred to the acceptor molecule. This charge transfer is reported to take
less than 100 fs [34].

One of the major breakthroughs in OSC technology was the adoption
Ceo fullerene and its derivatives (such as [6,6]-phenyl-Cg;-butyric acid methyl
ester, PCBM) to replace the electron acceptor type molecules in OSC devices.
Due to their strong electronegativity and high electron mobility, Cgy and Cog
derivatives have become standard electron acceptor molecules in OSC devices.
Basic structure principle of organic solar cells is shown in fig. 1.4. In an
organic donor-acceptor solar cell, light is usually absorbed mostly in the donor

material: conjugated small molecule or polymer.
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Fig. 1.4.Typical OSC devices based on donor-acceptor heterojunction architectures
[27]. a) Planar heterojunction configuration. b) Bulk heterojunction configuration. c)

Fundamental steps occurring in donor-acceptor heterojunction solar cells.

Fundamental steps occurring in donor-acceptor heterojunction solar cells fig.

1.4c:

1) Photoexitation of the donor to generate an exciton (electron—hole pair bound

by Coulomb interactions).

2) Exciton diffusion to the D-A interface. Excitons that do not reach the

interface recombine and do not contribute to the photocurrent (longer diffusion

length, LD).

3) Dissociation of bound excitons at the D—A interface to form a geminate

electron—hole pair (increased interfacial charge separation requires optimal

energy offset between HOMO-LUMO of the donor and HOMO-LUMO of the

acceptor material).

4) Free charge carrier transport and collection at the external electrodes [27].
Organic semiconductors exhibit very high absorption coefficients above

10" m™. Consequently, very low thickness between 100-300 nm are sufficient

for a good absorption yield in organic photovoltaic devices. In contrast, for

crystalline silicon solar cells more than 100 microns of active layer is needed.

Thus, lower amounts of materials are needed for organic solar cells.
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Basic structure of planar junction concept shown in fig. 1.4a. Planar
heterojunction solar cell basically consist of two electrodes cathode and anode
and two planar layers of molecules which have electron donating and accepting
properties [27].

The mentioned planar junction concept has certain limitations, including

small surface area between the donor-acceptor interface and the requirement of
long exciton lifetime to ensure that the excitons reach heterojunction. This
problem can be addressed by introducing a bulk heterojunction, which involves
mixing donor-acceptor materials in the bulk body of the OSC device. The first
efficient bulk heterojuntion OSC were independently realized in 1995 by
groups of Heeger and Friend in polymer-fullerene and polymer-polymer blends
[37]. Recently, researchers discovered that morphology (the donor-acceptor
phase separation) also plays a critical role in achieving high efficiency solar
cells [2].
Essential parameters determining the cell performance are open-circuit voltage
(Voc), short-circuit current density (Js.), fill factor (FF). In order to increase the
OSC efficiency all of these parameters have to be increased. V. represents the
maximum photovoltage measured in a solar cell, which is found to depend
mainly on the organic material and the energetic level of their frontier orbitals,
that is the energy difference of the HOMO level of donor and LUMO level of
the acceptor. However, V. can also be influenced by charge recombination
processes, which cannot be completely avoided, resulting in a lower maximum
V.

Jsc represents the maximum photocurrent that could be obtained in a
solar cell. This photocurrent depends on the number of absorbed photons that
can be exploited by the solar cell as long as no saturation effects occur. J;. also
depends on the surface area of photoactive layer, the device thickness, and
optimization of the absorption spectra to harvest more photons over solar
spectrum. Charge transport properties of organic semiconductors also play an

important role to obtain a high J.
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The FF describes the quality of the solar cell and is determined by the
photogenerated charge carriers and the fraction of charge carriers that reaches
the electrodes. FF depends on the competition between charge -carrier
recombination and transport processes. It is quite a complicated task to
increase all these parameters at once.

Power conversion efficiency (1)) is determined by the ratio of power that

device produces (P,.) and the power of the incident light (P;,).

P, V.J.FF
— ou — 0C ™ SC 11
n="3 5 (1.1)

in in

The external quantum efficiency (EQE) is defined by the number of
photogenerated charge carriers over the number of incident monochromatic
photons as a function of wavelength (A), ultimately being the product of four
efficiences (1): light absorption (A), exciton diffusion (ED), charge separation
(CS) and charge collection (CC), giving EQE =17,(4) x1gp (A) X 175 (A) X 7 (A) .
Fig. 1.5.
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Fig. 1.5. The operating mechanism of organic solar cells. The processes that
influences EQE of OSC [2].

OSCs are divided into two different categories according to whether
small molecular mass molecules or polymers are employed as active layers.

These two classes of materials are rather different in terms of their synthesis,
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purification, and device fabrication processes. Polymer solar cells are
processed from solution in organic solvents, whereas small-molecule solar
cells are processed mainly using thermal evaporation deposition in a high-

vacuum environment [9].

1.2.2 Challenges of improving organic solar cells efficiency

Shockley and Queisser (SQ) made the first calculation of the limiting
power conversion efficiency of a photovoltaic device in the case when all the
avoidable losses could be switched off. According to this model, the efficiency
peaks at a value of around 33% at E; = 1.3-1.4 eV [34]. Organic solar cells
operate at higher energies, therefore the efficiency peak is lower. While SQ
limit shows the highest possible efficiency of organic solar cells, there are a lot
processes that decrease it even more.

Energy conversion in organic solar cells relies on several steps: light
absorption, exciton transport, exciton dissociation, polaron pair dissociation,
charge transport and recombination, charge extraction. Regrettably, not all of
these processes have a high efficiency (fig. 1.5) [2, 38]. The increasing
efficiency of these processes is a huge scientific challenge at the moment.

All the processes in organic solar cells will be discussed more detail below.

Absorption. First, singlet excitons are generated by incident photons
and, if excitons are not directly situated next to a donor-acceptor interface,
exciton diffusion within the donor toward the acceptor material occurs.

Exciton transport. As excitons have only limited lifetime of typically
less than 1 ns, they can move only over a diffusion length of 3-30 nm for small
molecules and 3-15 nm for polymers before they recombine [34]. Organic
single crystals can have exciton diffusion lengths in excess of 100 nm, which
have the potential as electron donor of efficient bilayer solar cells, but have not
been exploited yet. In a well-optimized organic solar cell, most excitons are

dissociated by charge transfer to the acceptor, which is a very efficient process
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and occurs on the femtosecond time scale. The absorption length is around 100
nm, while commonly diffusion length are on the order of few nanometers. The
distance from any point within the donor phase to the donor-acceptor interface
including the charge transfer should ideally never exceed the excitation
diffusion length. At the moment, not much research has been done in order to
increase the diffusion length. Much more investigation is directed towards
creating effective solar cells with diffusion lengths that readily exist [4, 34].
The diffusion length (L) depends on the lifetime of singlet excitons (t) and
exciton diffusivity (D) L=~/Dr .

Forster resonance energy transfer (FRET) theory plays crucial role in
exciton transfer. Exciton diffusion is often modeled using FRET. Since energy
must be conserved, the acceptor molecule must have energy states available
such that gain in energy of the acceptor is equal to the loss in energy of the
donor molecule. The available energy states can be determined experimentally
by measuring the absorption spectrum and fluorescence spectrum of the
acceptor and donor species.

Exciton recombination. The exciton recombination loss mechanism in
OSCs will be discussed. Singlet excitons that are not generated sufficiently
close to the donor-acceptor interface to either dissociate directly or, after
diffusion, can undergo recombination to the ground state or via intersystem
crossing into the triplet state. Such recombination events are monomolecular,
as it describes the decay of a single excitation. Therefore, the intrinsic exciton
lifetimes do not depend on the concentration of the species, and thus, are
independend of the light intensity. Within this definition, monomolecular
recombination is always a first-order decay.

Intersystem crossing of a singlet to a triplet exciton is a process
typically on the nanosecond to microsecond timescale. Despite actually being
parity forbidden, it occurs in many organic semiconductors due to heavier
atoms within the molecules. This process competes, for instance, with decay by
photoluminescence or in a blend, charge transfer. After triplet formation

energy is lost, unless materials with direct triplet photogeneration are
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considered but most donor-acceptor systems are not designed to favor the
dissociation of triplet excitons.

Another recombination mechanism, especially at high fluences found in
most pulsed laser experiments, is exciton-charge annihilation, also called
exciton-polaron  quenching. Also, singlet-singlet and singlet-triplet
recombination, both nongeminate processes showing a second-order decay can
occur at high light intensities, but seem not to be relevant for the working
regime of OSCs.

Recombination of charge transfer excitons. Another loss mechanism
on OSCs is recombination of charge transfer (CT) excitons. Recombination of
CT complexes to the ground state is a geminate process and thus, shows a first-
order decay with lifetimes observed for radiative losses on the order of
nanoseconds. Consequently, the recombination is independent of the
concentration of species and thus of the light intensity.

The CT states are populated by dissociation of the photogenerated
singlet exciton and is therefore also a singlet state. However, a change to a
triplet state can also occur. Usually, triplet excitons cannot be harvested; they
decay in part by slow phosphorescence, and, thus, are lost in terms of
photocurrent generation.

Marcus theory predicts that low bandgap polymers would be inherently
more prone to geminate (and bimolecular) charge recombination. Moderate
band gap polymers have been more successful than low band gap polymers due
to reduced charge recombination in these devices.

Charge carrier recombination. The photogenerated free charge carriers
finally need to be transported from their site of generation to their respective
electrodes. Hopping transport model is used to explain charge transfer in
disordered organic semiconductors. This is in contrast to organic crystals, in
which band transport also occurs.

Geminate recombination of a freshly generated charge pair (polaron
pair) at the heterointerface is monomolecular because two constituents

originate from the same precursor state (first order process). In contrast, if two

34



mobile and independent charges are involved, the bimolecular recombination
rate describes this nongeminate electron-hole recombination. It is a second
order process.

Nongeminate recombination is a loss mechanism dominates during the
drift of free charge carrier to the electrodes. In contrast with geminate
recombination, it depends on the light intensity. The recombination partners
could either be injected into the organic semiconductor or originate from
different successfully dissociated polaron pairs. The classical model to describe
bimolecular charge carrier recombination in low-mobility solids is the
Langevin recombination. It states that the recombination rate R is determined
not by the microscopic recombination mechanism but by slower finding of two
oppositely charged carriers, thus mutually attracting one another given they are
close enough that the Coulomb energy exceeds the thermal energy [34].

In bulk heterojunction solar cells, recombination of free charges always
occurs with the polaron pair as an intermediate state. Thus, free charges do not
recombine directly upon meeting one another, but build a bound polaron pair
first, which has a finite chance of dissociating again [39].

For free charges in low mobility materials, a nongeminate
recombination of the second order (bimolecular) — following Langevin’s

theory — is usually expected. The Langevin recombination rate is given as
R=y(p-n?). (1.2)

Here, n is electron concentration, p — hole concentration, n; — the intrinsic
carrier concentration, y — Langevin recombination prefactor. The

recombination process is shown in fig. 1.6.
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Fig. 1.6. The bimolecular Langevin recombination of electrons and holes [34].
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It is assumed that the rate limiting factor for recombination is the
finding of the respective recombination partners (1), and not the actual
recombination rate (2). Neglecting process (2) as it is faster than (1), the
finding of electron and hole depends on the sum of their diffusivities or,

considering the Einstein relation, their mobilities [34].

Dty +18)
€réo (1.3)
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Where q is the elementary charge, ¢,&,the effective dielectric constant

of the ambipolar semiconductor, . and py the electron and hole mobilities.
In bilayer solar cells, which do not contain a mixed donor-acceptor layer, the
occurrence of nongeminate, particularly bimolecular recombination is
fortunately unexpected. Once the bound electron-hole pairs have been
separated, escaping the chance to recombine geminately, they usually do not
meet again due to the device configuration of two separate layers, one electron,
one hole conducting, with a planar heterointerface in between. Despite that,
bulk heterointerface shows more advantages than planar heterointerface.
Charge carrier exctraction. Free photogenerated charges that do not
recombine can finally be extracted from the device in order to yield a

photocurrent. The charge extraction process depends strongly on the device

36



architecture, which determines the steady state carrier concentrations. Another
important aspect is surface recombination at the metal-organic interface, which
influences the carrier concentration at the interface, and thus the charge
extraction.
Several mechanisms are counter-productive towards extracting
photocurrent at the electrode interface, they are
e extraction of charges at the opposite polarity electrode (reverse diffusive
recombination)
e recombination of charges through defects or impurity states
e formation of an energy barrier due to energy level mismatch of
HOMO/LUMO and anode/cathode
e formation of energy barrier due to electrode corrosion or other
degradation effects

e exciton quenching

Metal often have poor charge selectivity, allowing both holes and
electrons to be extracted at the same electrode, which evidently lowers
photocurrent. Interface layers can be added to improve charge selectively and
decrease this effect. In fact, all undesired processes at the organic/metal

interface may be overcome by using appropriate interface materials.

1.3 Materials used for measurements

1.3.1 Polydihexylsilanes

Polysilanes belong to silicon—-organic polymers, which consist of o-
conjugated Si backbone and of organic side groups. The c—bonding electrons
of sp orbitals are considered to be delocalized along the chain axis.
Polysilanes show remarkable photoluminescence (PL) in the UV region. Apart
from high PL quantum efficiency, high mobility of holes is also noteworthy;

thus, these polymers are promising in construction of emitting or transport
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layers for electroluminescence devices. In this thesis poly(di-n-hexylsilane)
PDHS (Fig. 1.7) was investigated in more detail. Photophysical properties of
polysilanes are quite sensitive to the polymer conformation because the

electronic  states are

CeHis
strongly dominated by the |
c-conjugated  electrons El‘,i -
overlapping along the Si — C.H,,

Si main chain. Absorption

and fluorescence spectra  Fig. 1.7. Chemical structure of Poli(di-n-hexylsilane).

of PDHS show thermochromism due to the order — disorder transition of the
polymer backbone conformation. The conformation transition is illustrated
schematically in Fig. 1.8. An all-trans (planar zigzag) conformation has been
proposed as an ordered structure of PDHS in the solid state and all-gauche as
disordered conformation, where hydrogen atoms are not displayed to highlight

the conformation of Si-Si and C-C.

Fig. 1.8. Molecular models of (a) all-trans conformation and (b) random coil (all-

gauche) conformation [40].

All-trans conformation has more conjugated bonds than all-gauche
conformation. That affects fluorescence and absorption spectra of these
conformations. The conformation of PDHS is sensitive to the environment.

Incorporation of PDHS into nanoporous silica material as a host matrix
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influences the fluorescence spectra. Recently, a possibility of the manipulation
of properties of nano-sized polysilanes by incorporating them in mesoporous
silica matrices such as MCM-41 and SBA-15 has been demonstrated [41, 42].
It should be mentioned that this approach also leads to an essential increase in
the durability of a polymer in optoelectronic devices . It was shown that we can
control the number of polymer chains entering a nanopore, their conformation
and orientation, and their optical properties by changing the diameter of
nanopores. The pore size and the chemical structure of the pore surface
remarkably influence the fluorescence properties. It has been demonstrated that
fluorescence properties of such composite materials are significantly different
from the PDHS in solutions due to both polymer-polymer and polymer surface
interactions in the nanopores. The polysilane chains near the pore boundaries
and in the pore center evidently should have different properties, where the
polymer — surface interaction leads to the gauche conformation. Polysilane are
suitable probes to investigate the guest polymer — host matrix interaction
because the photophysical properties of the polysilane remarkably depend on

the conformation of the o-conjugated Si — Si chain [41, 42].

1.1.2 Polyfluorenes

Polyfluorenes are conjugated polymeric materials. Fluorene, a principal
segment of polymer structure in polyfluorene derivatives, was isolated from
coal tar and discovered by Marcellin Berthelot prior to 1883 [43]. Fluorene, or
9H-fluorene, is a polycyclic aromatic hydrocarbon. Physical properties of the
fluorene molecule were recognizably desirable for polymers; as early as in the
1970s researchers began incorporating this moiety into polymers. For instance,
because of fluorene’s rigid, planar shape a polymer containing fluorene was
shown to exhibit enhanced thermo-mechanical stability [44]. However, more
promising was to integrate the optoelectronic properties of fluorene into a

polymer. This is the only family of conjugated polymers that emit colors
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spanning the entire visible range with high efficiency. Other unusual optical
and electrical properties, such as thermochromism, are made possible with
polyfluorene derivatives [44].

Over the past decade, studies on photophysics of polymers have mainly
been focused on homo-polymers such as polyfluorene. Current state-of-the art
materials, however, are often co-polymers with four or more chemically
different subunits [44]. To increase the thermal and electrical stabilities of
polyflourenes, introduction of a spiro linked fluorine has been proven to be
successful. The conjugated spiro unit has a large influence on excited state
dynamics of polyfluorenes.

In this thesis bibolar poly(spirobifluorene-co-benzothiazole) (PSF-BT)
and well known poly(fluorine-co-benzothiadiazole) F8BT fig. 1.9 were
explored. The electron rich benzothiadiazole unit gives rise to modified excited

state properties with respect to homo-polymers.

Fig 1.9. Poly(fluorine-co-benzothiadiazole) F8BT and poly(spirobifluorene-co-
benzothiazole) PSF-BT.
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1.1.3 Merocyanines

In 1860, C. G. Williams named the dye with a brilliant blue shade that
he obtained by the reaction of quinoline with amyl iodide and subsequent base
treatment as cyanine (cyanos = blue) [45]. However, it was only decades later
that the structures of these dyes, including that of Williams cyanine, could be
reliably clarified. It was then realized that all of these dyes have one feature in
common. They consists of two heterocyclic units, which are connected by an
odd number of methane groups
(CH), (fig. 1.10) The predominantly
aromatic heterocyclic donor (D) and —
acceptor (A) groups are connected = .
by polymethine chains of various
lengths. Cyanines can be cationic, Fig 1.10. Basic structure of cyanines.
anionic or neutral also called
merocyanines [46]. They have zviterionic character. The high oscillator
strength makes them interesting as light absorbers. Recent investigation
showed that they can be suitable as electron donors in bulk heterojunction solar
cells. Many types of merocyanines are synthesized at the moment [9, 46-48].
One of them is MD376. MD376 was explored in this thesis because it is stable
and easy to synthesize [9]. It was investigated pure or in blends with fullerene

and its derivative PCBM (fig. 1.11).

1.1.4 Fullerenes

Molecular excitons effectively dissociate into charge pairs in
heterojunctions between electron donating and electron accepting compounds
(see below). While lots of polymers, oligomers and small molecules can be

used as light absorbers and electron donors, in most cases only fullerene or its
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derivatives are used as electron acceptors. Owing to their strong
electronegativity and high electron mobility, Cg, derivatives have become
standart n-type molecules in OSC devices. Many types of fullerene derivatives
are currently synthesized like [6,6]-phenyl-Cg-butyric acid methyl ester
(PCBM), 1',1",4'4"-tetrahydro di [1,4] methanonaphthaleno [1,2 : 2" .3/,
56,60:2",3"] fullerene-Cgo (ICBM) and others [49]. Fullerene Cgq or C;4 can be
used in blends. C;qabsorbs light more efficiently but Cg has better morphology
with most electron donors. Fullerene and its derivatives are almost

irreplaceable as electron acceptor so far [2].

Fig 1.11. Merocyanine MD376 , fullerene and PCBM are shown in this figure.
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2 Experimental methods and equipment

2.1 Steady state absorption and fluorescence

Steady-state  absorption  measurements  were  done  using
Spectrophotometer Jasco V-670. Fluorescence spectra of the samples were
measured using Edinburgh Instruments Fluorescence spectrometer F900.
Lasers EPL-375 and ELP-470 emitting 50 ps pulses at 375 nm and 470 nm and
LED EPLED 280 emitting 750 ps pulses at 280 nm with a repetition rate of 20

MHz were used for excitation.

2.2 Time resolved fluorescence

Fluorescence decay kinetics were meassured using multi-dimentional
time-correlated single photon counting (TCSPC) method with Edinburgh
Instruments Fluorescence spectrometer F900. Initial part of the fluorescence
decay dynamics was investigated employing picosecond fluorescence
spectrometer based on Hamamatsu streak camera C5680. For the excitation, a
femtosecond Yb:KGW oscillator (Pharos, Light Conversion Ltd.) was
employed. The oscillator produced 80 fs 1030 nm light pulses at 76 MHz
repetition rate, which were frequency tripled to 343 nm (HIRO harmonics
generator, Light Conversion Ltd.), attenuated, and focused into ~ 100 pum spot
on the sample resulting in about 1 mW/mm? average excitation power. The
maximum time resolution of the whole system was about 3 ps.

A liquid helium cold finger cryostat (Janis CCS-100/204) has been used for
steady state and time resolved fluorescence measurements at various

temperatures.
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2.3 Transient absorption

Transient absorption investigations were performed by means of
conventional broadband femtosecond absorption pump-probe spectroscopy. It
is likely the most widely used method of ultrafast spectroscopy. Two light
pulses are used for this technique. An intensive pump pulses are used for the
excitation of explored sample molecules while probe pulses verify the
influence of the pump pulses on the samples absorption. The delay time
between pump and probe pulses can be varied mechanically, that gives the
ability to record differential absorption of samples at various delay times
between pump and probe pulses. In other words, to measure transient
absorption decay kinetics.

The used spectrometer was based on an amplified femtosecond
Ti:sapphire laser (Quantronix Integra-C) generating pulses at 805 nm of
approx. 130 fs duration at 1 kHz repetition rate. Pulses of optical parametric
generator TOPAS C at 500 nm wavelength and second harmonic of laser
fundamental wavelength 402,5 nm were used for the excitation of the sample
as pump pulse. White light continuum for probing was generated in a 2 mm
thick sapphire or CaF, plate and used as a probe pulse. The excitation beam
was focused into a spot of about 500 um in diameter, while the diameter of the
probe spot was about 300 um. During the actual transient spectrum
measurement, the spectrometer recorded white light supercontinuum spectra
with pump light blocked and unblocked. The differential absorption (AA) is
defined as the negative logarithm of the ratio of transmitted light with and

without optical excitation (pump), respectively.

unpumpe A)— ark ,unpumpe A
AOD(?\)=lg1 pumped () —ldark unpumped (4) 2.1)

Ipumped (A)_Idark ,pumped (/1)

Since the measured signals are usually of the order of 0.001, the signals

in the software are multiplied by a factor of 1000, i.e. expressed in mOD.
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Positive signals correspond to induced (excited state) absorption and negative

signal are due to absorption bleaching and/or stimulated emission.

2.4 Integral mode photocurrent

In oder to measure photogenerated charge carriers dynamics the
capacitor like sample was used. The device used in our investigation is a
parallel plate capacitor that is charged by the applied ~100 ps duration voltage
and excited by about 130 fs duration light pulses. Charged capacitor is
discharged by charge carriers generated by photoexcitation with ultrashort
pulses. Voltage dynamics in capacitor corresponds to the photocurrient
dynamics.

Integral mode photocurrent measurements were performed by two
methods: optical time-resolved electric field-induced second harmonic
generation (TREFISH) method [50] on a 1ps-3ns time domains and
electrically, by oscilloscope using time of flight (TOF) method on a 10 ns-
100 us time domain. These methods will be discussed more detaily.

Time of flight (TOF). TOF is the transient electrical measurement
technique that is used to record the charge carrier motion between two
electrodes in the sandwich-type device. One of the electrodes is transparent to
light. Under applied electric field, a short light pulse illuminating the device is
followed by drift of charge carriers towards another electrode. The dynamics of
photo-generated charge carriers (photocurrent) can be electrically observed by

an oscilloscope.

2.5 TREFISH

The initial part of the integral mode photocurrent was investigated by
means of TREFISH method. This method enables measurement of the electric

field kinetics with subpicosecond time resolution (Fig. 2.1).
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Delay line

810 nm I

Fig. 2.1. Experimental setup for TREFISH and integral mode TOF measurements
[51].

Details on TREFISH method can be found in [50-52]. Briefly,
TREFISH method relies on generation of the second optical harmonic (SH) in
a sample due to built-in or applied electric field, which breaks the
centrosymmetry of the film material and enables generation of SH in
amorphous films. Essentially, TREFISH is equivalent to the integral mode
photocurrent measurement, which measures the integrated photocurrent not by
measuring voltage kinetics on a sample, but by measuring dynamics of the
electrical field inside the sample, which is related to the voltage on sample as
V=Ed, where d is the thickness of the film. Fundamental laser radiation at
810 nm was used to probe electric field according to the intensity of second
harmonic at 405 nm. Monitoring the second harmonics intensity in a pump-
probe scheme reveals dynamics of the electric field related to the charge
density redistribution and motion of the charge carriers.

Upon optical excitation the photocurrent partly discharges the capacitor,
reducing the electric field responsible for SH. The time-resolved SH intensity
(Isy) caused by optical excitation at different applied voltages. SH is observed
with p-polarized probe light only since unlike s-polarized light, it has a
nonzero component of the electric field. It is known that Isy is proportional to

the square of the electric field and is independed of electric-field polarity in
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agreement with expectations. Small electric-field variations AE can be

estimated from

AE =[('%): ~1E,
sk (2.2)
where E, is the applied field (corrected for the built-in potential caused by
differences in work function of the two electrodes), Isy and 1%, are the SH
intensities with and without excitation, respectively.
Two components are responsible for the change of the electric field
upon optical excitation: excitons 4E,. and charge carriers 4Ecc. The electric
field change may be expressed by the conductivity current related to charge

carriers and displacement current related to excitons as [52]:

AE(t) = AE, (t) + AEqc (1) = Ny ()(AQ)E, [ 265, —n (t)e(I(t)) g5, (2.3)

exc

where Aa is the difference between the material polarizabilities in the ground

and in the excited states, e is the elementary charge, n..(t) and n_(t) are the
exciton and charge carrier concentrations and (I(t)) is the average drift length

of generated charge carriers along the electric field. From the electric field
dynamics we obtain the charge extracted from the sample g, which is related to
the electric field decrease 4E and voltage decrease AV, as: AV= 4Ed, q= 4V
Csam-

More detailed descriptions of the experiment of photo current
measurement will be discussed below. The device used in our investigation is a
parallel plate capacitor that is charged by the applied 300 us duration voltage.
Sandwich-type sample consisting of the investigated film between two
electrodes was equivalent to capacitor with capacitance Cg,, ~ 3 nF that was
slowly charged through load resistor by external voltage source and discharged
due to photocurrent created by the excitation pulse. During these
investigations, which were performed simultaneously, the samples were

excited by about 130 fs duration pulses at 500 nm generated at 1 kHz repetition
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rate by means of amplified femtosecond Ti:sapphire laser Quantronix Integra-
C equipped with optical parametric generator TOPAS C. For electrical
measurements electrical pulse generator Tektronix AFG3101 and oscilloscope
Agilent DSO5054A were used. The sample was connected in serial with a 10
kQ load resistance and connected to a generator with 50 Q output resistance.
The oscilloscope connected in parallel with the 10 kQ load resistance measured
voltage variations on the sample which were influenced by photocurrent
created in sample by its excitation and sample capacitance. The sample
capacitor Csmp Of about 3 nF and the load resistance determined the current
integration time, which was of about 30 ps. The measured integrated

photocurrents were corrected for the limited integration time.
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3 Spectroscopy of Nano-Sized Polysilanes Confined
by Different Structures of Silica

o-conjugated luminescing polymers are promising materials for various
photonic applications, such as active layers of light-emitting diodes [20, 53,
54], luminescent sensors and bioprobes [55-57]. Photoluminescence (PL)
guantum vyield, which desirably should be close to 100%, is one of the major
parameters determining their usage perspectives. Polymers usually have to be
used in a solid state as thin films where macromolecules tend to form
aggregates. It is known that aggregation of the organic polymers often leads to
partial or even complete quenching of their PL. Simultaneously a decrease in
duration of the PL lifetime is observed. This effect has limited the scope of
technological applications of the polymers. Therefore substantial challenge is
to discover and explore the mechanisms that form new functional properties of
polymers when aggregation plays a constructive, rather than destructive role.
Several conceptions have been proposed to produce polymers with
aggregation-enhanced emission (AEE): conformational planarization, J-
aggregate formation, twisted intramolecular charge transfer and restriction of
the intramolecular rotation of the individual parts of the macromolecules [58—
61]. Theoretical and experimental research of a number of authors [61, 62]
showed that restriction of the intramolecular motion of macromolecules
blocking the nonradiative path and activating the radiative decay is the most
important mechanism of the AEE effect. As a result, polymers with AEE were
synthesized by attaching propeller-like molecular structures of active
hexaphenylsilanes or tetraphenylethenes to the polymer backbones [63, 64].

Temperature dependences of optical properties of four novel
nanocomposite films based on poly(di-n-hexylsilane) (PDHS) incorporated
into an inorganic matrix having different structure and neat PDHS film were

explored in this chapter.
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3.1 Experimental

Porous SiO, and TiO, films were obtained by sol-gel template synthesis
[65]. Precursors of tetraethoxy silane (TEQOS) or tetraisopropoxy titane (TIPT)
were subjected to pre-hydrolysis in water - ethanol - 1M HCI solution at pH =
2. Solution of template agent triblock copolymer poly(ethylene oxide)—
poly(propylene oxide) — poly(ethylene oxide) — EO,,PO70EQO,, (Pluronic P123,
Adrich) or cetyltrimethylammonium bromide (CTAB) in ethanol was added,
and reaction mixture was stirred vigorously during 3 hours. Porous films were
prepared from the precursor by "dip-coating” technique on glass or quartz
substrates with the constant rate of 9 cm/min. Dry films were heat- treated in a
muffle furnace with a programmable heating regime (at a rate of 1.5 °C/min up
to 350 °C and 3 hours kept at 350 °C). The surface area of the films was
calculated from the adsorption-desorption isotherms of hexane vapors and are
658 and 816 m%g for the films of SiO, and TiO, respectively. The average
pore diameter was calculated from the spectra of small-angle X-ray scattering
being of about 10 nm. According to the electron-microscopic measurements,

the films had a hexagonal pore structure (Fig. 3.1).

Fig. 3.1. Electron microscope image of the SiO; (a) and TiO, (b) sol-gel films after
heat treatment at 623 K. The average pore diameter is of 10 nm.
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To obtain PDHS/SiO, or PDHS/TiO, nanocomposites, porous SiO, or

TiO, films previously annealed at 350 C were placed in toluene solutions (M,

= 53 600) with different PDHS concentrations (10, 10° 1072, 4.3x10 2 mol/I)

and were kept until reaching the adsorption equilibrium after which the
absorption spectrum did not change. Then the samples were washed by toluene
to remove the residual polymer from the surface and dried to remove the
solvent. It should be noted, that the absorption bands of nanocomposites
remained quite intense, even after washing of films in toluene up to 150
minutes [66]. It indicates that the bonding strength of the polymer chains with
the matrix is strong enough to prevent desorption and allows us to suggest that
polymer chains are dominantly located in the pores. A simple dispersion
interaction may be sufficient to keep the polymer adsorption on the surface of
the pores. This is also evidenced by the fact that the polymer film, which is
located on the outer surface of the porous films, is washed with toluene within
15 minutes. However we cannot also exclude that fractions of long polymer
chains remain outside of the pores. Availability of the polymer in the pores and
the degree of the pore filling was determined from the absorption spectra of
nanocomposites [66]. It should be noted, that the porous films of silicon and
titanium dioxides are transparent in the region of absorption of the polymer
film.

To get another kind of the samples, we will call them as
PDHS/nanosized SiO, nanocomposites, the SiO, matrix consisting of disperse
nanosized particles of about 2 nm in diameter was placed in the 10 mol/l
polymer solution in toluene and slowly stirred in dark for several hours. Then
this solution was deposited on the glass substrate by spin coating.

Pure polymer films were also prepared for comparison by applying
PDHS solution in toluene with concentration of 4.3x10 mol/l on the surface
of porous films or on the glass substrates and drying without further washing.
Photoluminescence (PL) spectra of the samples were measured using

Edinburgh Instruments Fluorescence spectrometer F900. The sample excitation
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was performed by 280 nm from light emitted diode (LED). Multi-dimentional
time-correlated single photon counting (TCSPC) method was used for lifetime
measurements. Pulse duration was 750 ps. Repetition rate of LED pulses was
of 20 kHz. A liquid helium cold finger cryostat (Janis CCS-100/204) has been
used for temperature dependent measurements in 15-300 K range in a slow
cooling regime. Fluorescence relaxation lifetimes measured by TCSPC were
found by approximation of emission Kinetics with exponential functions
together with the deconvolution of the apparatus function. Deconvolution
procedure allowed us to determine shorter relaxation times than the excitation

pulse duration and PMT response.

3.2 Absorption and fluorescence excitation spectra

The absorption spectrum of PDHS film on quartz that was prepared
using a toluene solution (4.3x1072 M) consists at room temperature of two
bands with maxima at 313 and 365 nm (Fig. 3.2, curve 1). The band at 365 is
much stronger than that at 313. The absorption spectrum of PDHS film formed
on the surface of Si0O, films (regardless of the film porosity) has practically the
same spectrum as that on quartz. The absorption spectrum of PDHS in toluene
(c =107 M) consists of one band with a maximum at 317 nm (Fig. 3.2, curve
2). The starting mesoporous SiO,—CTAB and SiO,—Pluronic films without
PDHS have an absorption band edge in the short-wavelength region (<200 nm)
and do not contribute to absorption in the studied range [67].

Optical spectra of the nanocomposite films were studied over a broad
range of polymer concentrations in toluene solution (4.3x107%, 107, 107, and
10 M) and sample temperatures (15-310 K). The optimal adsorption time
after which the absorption spectrum did not change was found for each
concentration. Absorption spectra of the nanocomposites differed considerably
from those of the polymer films. The long-wavelength band became stronger

as the solution concentration of the polymer increased. The absorption
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spectrum of the PDHS/SiO, Pluronic nanocomposite (¢ = 10~* M) exhibited
two strong bands with maxima at 317 and 367 nm (Fig. 3.2, curve 3). It can be
seen that these bands had frequencies similar to those in spectra of PDHS
CTAB nanocomposites (curve 4). However, the absorption spectra of the
nanocomposites differed in that the short-wavelength band was stronger than
the long-wavelength one. Treatment of this composite with toluene caused the
spectrum to weaken, which was consistent with partial dissolution and removal

of the excess of polymer from the surface.

Absorption, a.u.

2

3 M
4

200 250 300 350 400 450
A, NM

Fig. 3.2. Absorption spectra at room temperature: PDHS polymer film (1), toluene
solution of PDHS polymer (10" M) (2); nanocomposite PDHS/SiO, Pluronic (3) and
PDHS/Si0, CTAB (4) films.

The PL spectrum of this nanocomposite at room temperature contained
a strong band with A, = 380 nm and a weak band with A, = 342 nm (Fig.

3.3, curve 1).
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Fig. 3.3. Photoluminescence spectrum of PDHS/SiO, Pluronic nanocomposite at 15 K

(10* M) (1) and photoluminescence excitation spectrum for Aee = 353 (2) and

369 nm (3).

The short-wavelength band appeared only if the solution concentration
of the polymer was decreased. Fig. 3.3 also shows the excitation spectrum of
this nanocomposite at room temperature. It can be seen that recording the
excitation spectrum using the PL band at 345 nm gives a band with A,,x = 320
nm. Recording the spectrum using the PL band at 380 nm gave an additional
long-wavelength band with A, = 360 nm. The absorption spectrum of the
PDHS/SiO, CTAB nanocomposite (¢ = 10~ M) exhibits a broad strong band
with A, = 317 nm and a weaker band at 367 nm (Fig. 3.2, curve 4). The long-
wavelength band becomes dominant with respect to intensity as the
concentration increases. Fig. 3.4 shows the temperature dependence of the
PDHS/Si0, CTAB composite absorption spectrum in the range 293-315 K. It

can be seen that the long-wavelength band becomes
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Fig. 3.4. Change of absorption spectrum of PDHS/Si0, CTAB composite with

temperature increasing from 293 to 315 K.

weaker as the temperature increases whereas the short-wavelength band
strengthens. Only the short-wavelength band remains at 315 K. The PL and PL
excitation spectra of these nanocomposites are similar to the corresponding
spectra of the PDHS/S10, Pluronic nanocomposites (Fig. 3.4).

PDHS is known to be a thermochromic polymer. Its electronic transition
depends considerably on the conformation of the polymer chain. The
polymeric chains of this polymer at room temperature are found mainly in the
aggregates, to which the strong absorption band with a maximum at 365 nm
corresponds. At low temperature a small fraction of the polymeric chain
segments are found in the gauche-conformation (more disordered
conformation) (Fig. 3.2, curve 1). The weak broad band with a maximum at
313 nm corresponds to electronic transitions in the polymeric chain segments
with the gauche-conformation. The polymer in toluene solution has chains in
the gauche-conformation. This conformation corresponds to the band at 317
nm (Fig. 3.2, curve 2). The porous films are transparent in the region where the
polymer films absorb. Fig. 3.2 shows that the ratio of intensities of the
absorption spectral bands of PDHS/Si0, nanocomposites depends on the

polymer concentration and differs from their ratio in the spectrum of the films.
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These bands remain rather strong even if the films are stored in toluene for a
long time. This indicates that the polymeric chains are located in the pores. The
polymer film that is located on the outer surface of the porous SiO, film is
rinsed away by toluene in 15 min. The temperature dependence of the
nanocomposite PL confirms that the polymeric chains are located in the pores.
Spectra of nanocomposite films were analyzed by comparing them with those
of solutions, polymer films, and previously prepared composites of
PDHS/SBA-15 (pore diameter 10 nm) as powders. The conformation of PDHS
polymer chains in the limited pore volume of mesoporous SBA-15 silica is
known to differ substantially from that of polymer films and solutions. It was
proved that three spatially independent polymer centers that correspond to
isolated polymeric chains in the gauche- and trans-conformations and their
aggregates are present in this instance [42]. Bands at 320, 345, and 357 nm and
at 337, 355, and 369 nm at T = 5 K in the PL excitation and PL spectra,
respectively, correspond to these centers. Only two bands with A;,.x = 345 and
375 nm that are characteristic of polymeric chains in the gauche-conformation
and the aggregates are observed in the PL spectrum at room temperature as a
result of a thermochromic transition. The present studies showed that the same
bands and, therefore, the same conformations of the polymeric chains,
appeared in the optical spectra of PDHS/S10, nanocomposite films. However,
the appearance of these conformations and their percent contribution changed
(Fig. 3.3). Apparently the difference was due to the fact that, as shown earlier
[65, 67], mesoporous SBA-15 silica (synthesized using the same template,
Pluronic P123, but without depositing it onto a substrate) has a much higher
degree of ordering. In other words, the porous structure of the thin films
deposited onto the substrate was less ordered than the pure material because of
the strong influence of the substrate that destroys the ordered structure during
drying and heat-treatment of the films [65]. The fact that on one hand the pores
of the silica film are closed by the substrate may create additional steric
hindrance to penetration into the pore of the long PDHS polymer chain

(polymer chain length ~50 nm, which is comparable with the pore depth). In
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this instance the ends of the polymeric chains that are outside the pores can
form aggregates. The interaction of separate polymeric chain segments can
lead to their self-organization and orientation. Therefore, it can be assumed
that the oriented segments forming aggregates have the trans-conformation and
only a small fraction of the polymeric chain segments have the gauche-
conformation. If our assumption is correct, then a thermochromic transition
should be observed for the long-wavelength absorption band in the spectrum of
PDHS/Si0, CTAB. This was confirmed experimentally as the sample
temperature was increased from 293 to 315 K. In fact, the absorption band with
a maximum at 365 nm became weaker whereas that at 317 became stronger as
the temperature rose. Only the short-wavelength band was observed in the
spectrum at 315 K (Fig. 3.4).

The fact that the pores of the film are closed on the one side by the
substrate can create additional steric hindrance to penetrate of the long polymer
chain into the pore (the length of the polymer chain of about 50 nm, which is
comparable with the pores depth). In this case, the ends of the polymer chains
leaving from the neighboring pores can form aggregates due to van der Waals

interactions between them.

3.3 Fluorescence spectra

Temperature dependence of fluorescence spectra of nanocomposites. FL
spectra (T=15 K, k=280 nm) of the investigated nanocomposites on the base
of PDHS incorporated in inorganic matrices with different nanoscale
morphologies are presented in Fig. 3.5. The inset shows the PDHS structural
formula and the FL spectrum of PDHS/SBA-15 composite (pore diameter of
10 nm). The FL spectrum of PDHS/SBA-15 composite at 10 K achieved by the
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Fig. 3.5. Fluorescence spectra at 15 K of PDHS incorporated in: SiO, porous film (1),
TiO2 porous film (2), photonic crystal (3), and silica gel (4). The inset shows the
structural formula of PDHS and the FL spectrum of PDHS/CBA-15 composite at
10 K [42].

slow cooling consists of two bands at 355 and 369 nm attributed to the polymer
chains in the trans-conformation and their aggregates, respectively [42]. A
shoulder below 350 nm is related to the gauche-conformation. We also observe
three bands in the FL spectra of novel composites which can be also attributed,
by comparison with PDHS/SBA-15 spectra, to the trans- or gauche-
conformation and aggregate states. The relative intensities of the FL bands of
new composites and their maxima positions are significantly redistributed. The
four new samples have approximately the same polymer concentration, but
their FL intensities are clearly different due to different influences of different
inorganic matrices on PDHS conformations. The trans-conformation band has
the highest relative intensity in the PDHS/Phot.Cryst spectrum. Despite the fact
that the pore dimensions in the photonic crystal are relatively large (of about
70 nm), the polymer chains localized in these pores have basically the trans-

conformation. This is evidently related to the strong orientation of the polymer
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chains along the pore walls formed by the photonic crystal. PDHS/SIiO, and
PDHS/TiO, films reveal the highest relative intensity of the aggregate band. It
is also worth noting that the FL spectrum of a PDHS/SIO, film is much more
intense than that of a PDHS/TiO, film. According to our estimation, the length
of the pores in SiO, and TiO, films are of about 100 nm. It can be assumed
that, in this case, the polymer chain tags, which remain out of the pores, could
form aggregates. The FL spectrum of the PDHS/Phot.Cryst is more intense
than that of other nanocomposites. The different structures of photonic crystal
and other porous films evidently have a strong influence on the formation of
different polymer chain conformations. The fact that the FL spectrum of PDHS
incorporated in SiO, gel is similar to that of a PDHS/ SiO, porous film allows
us to conclude that polymer chains are located between long chains formed by
the association of nano-sized SiO, particles [68]. The PDHS polymer chains in
a neat film have, in general, the trans-conformation at low temperatures and the
gauche-conformation at room temperature [69]. It is known that the FL
spectrum of PDHS/SBA-15 composite at 290K contains two bands at 343 nm
and 380 nm attributed to polymer chains in the gauche-conformation and
aggregates, respectively [42].

Fig. 3.6 shows the temperature dependence of the fluorescence spectra
of the PDHS nanocomposites in the temperature range (15-330) K. The most
dramatic modifications of spectra are observed in the interval 200290 K. As
the temperature increases, the trans-conformation bands are replaced by the
gauche-conformation ones, while the temperature dependences of the
intensities of aggregate bands are very different for different samples. The
trans-conformation and aggregate FL bands shift clearly to the long-wave side,
as the temperature increases. The temperature-induced spectral modifications
below 290K are reversible. The samples can be cooled down and heated up
several times, and the spectra remain almost the same at any given
temperature. The thermochromic trans-gauche transition for a confined isolated
polymer chain takes place at 265 K. It is essentially higher (by 42 K) than the

transition temperature of the PDHS polymer in solutions [70]. The FL spectra
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of composites were analyzed by approximating them by several Gaussian
bands. Three parameters were obtained for each band: the wave number, width,
and amplitude. Fig. 3.7 shows the temperature dependence of the integral
intensities of different FL bands. As it was already mentioned, the intensity of
the

30 15K
a 100K
25
200K 250K
20
291K
15 4
2 10
"
c
3 5
£
8 0 4£ p
qc) 340 360 380 340 360 380
& 300 12
)
S 250 10 d
2 15K
70K
200 - 8- 170K
230
150 6
100 250K 44
50 24
296K 260K
o - o 296K
340 360 380 340 360 380

Wavelength. nm

Fig. 3.6. Temperature dependence of fluorescence spectra of PDHS incorporated in:

porous TiO, (a) and SiO; (b) films, photonic crystal (c), and SiO, gel (d).

trans-conformation FL band in all samples monotonically decreases with
increase in the temperature. The gauche-conformation band intensities in a
photonic crystal and SiO, gel slightly decrease, as the temperature increases
from 15 to 250 K, and then strongly increases, when the trans-gauche
transformation takes place. The gauche-conformation bands in porous SiO, and
TiO, films appear only above the trans-gauche transformation temperature.

The presence of the gauche fluorescence band in the photonic crystal and SiO,
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gel at low temperatures is the indication that polymer chains in these matrices
have a less freedom of conformational motions and cannot form the more
ordered trans-conformation. This is in contrast to polymers in porous films,
where the gauche FL band is completely absent at low temperatures. The
aggregate FL intensities in the photonic crystal and silica gel gradually
decrease with increase in the temperature, whereas the temperature
dependences are more complex in porous films: the FL intensity gradually
decreases with increase in the temperature below the trans-gauche transition,
while, at higher temperatures, it increases up to 310 K, when the aggregates are
thermally destroyed. The increase in FL is evidently caused by the formation
of trans-conformation chains which are more ordered and tend to form
aggregate states. This is not the case in the photonic crystal and SiO, gel,
where the formation of trans-conformation chains does not lead to an increase
in the aggregate FL. This observation is in line with the conclusion that
polymer chains in these matrices have a less freedom of conformational
motions: trans-conformation polymer chains cannot rearrange and form
aggregate states. The analysis of the FL spectra of composites shows that the
intensity and the width of the FL bands of these composites have a weak
temperature dependence in the range 15-200 K, which is opposite to a strong
broadening, shift, and drastic decrease of the intensity of the FL band observed
for the PDHS film [71].

Relative intensities of the PDHS/SIO, and PDHS/TiO, composite
fluorescence deserve additional discussion. Although we cannot accurately
compare them because of possibly slightly different polymer concentrations,
however three times difference allows us to conclude that fluorescence of

PDHS/TiO, sample is most probably lower, but not very significantly. TiO, is
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Fig. 3.7. Integrated intensities of the trans-conformation (open circles), gauche-
conformation (open stars), and aggregates (solid circles) fluorescence bands of PDHS
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a electron acceptor, and is expected to strongly quench polymer fluorescence
by electron transfer from photo-excited polymer macromolecules to the
electron-acceptor centers, namely coordinative unsaturated titanium ions and
oxygen vacancies [72, 73]. Therefore relatively weak fluorescence quenching
remains not completely clear. One of the possible explanations is that the
polymer chains touch walls of the pores only by their long hexyl substitutients,
keeping relatively large distances between polymer backbone and TiO,, and
thus preventing fast electron transfer. Another possibility is that the ends of the
polymer chains sticking out of the pores are responsible for the PDHS/TiO,
composite fluorescence. The later explanation is less likely, because
fluorescence spectra of PDHS/TiO, and PDHS/SiO, composites are very

similar. While polymer chains inside and outside pores are expected to have
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different spectra. Therefore composite spectra are also expected to be different
if only polymers chain segments located outside pores are responsible for the
PDHS/TiO, film fluorescence, while fluorescence of PDHS/SIO, film
originates both from segments inside and outside pores.

The temperature dependences for the PDHS/SIO, and PDHS/TiO, films
are significantly different from those for the PDHS/nanosized SiO, composite
and for the pure polymer film: intensity of the aggregate band of the
PDHS/SIO, and PDHS/TiIO, films increases with temperature, while PL
intensity drops down twice at room temperature in the case of PDHS/nanosized
SiO, composite and pure PDHS film.

Similar temperature independent fluorescence relaxation has been
determined for PDHS/SBA-15 composite powder [41] and attributed to the
weak exciton diffusion. The same conclusion is evidently also valid for the
composite films. Polymer chains located in different film pores are separated
from each other, preventing exciton transfer between them. Even if the
composite film fluorescence partly originates from the polymer chains sticking
out of the pores, the density of such chains is apparently too low to create
sufficiently dense network for efficient exciton migration. In contrast, polymer
chains in pure PDHS film and in PDHS/nanosized SiO, composite are closely
packed, enabling efficient and temperature dependent exciton migration and
consequently quenching by some impurities, defects or other quenching centers
present in the polymer.

The photoluminescence decay kinetics of the investigated PDHS
samples are in good agreement with the above described temperature
dependences of the fluorescence intensity. Fig. 3.8 shows an example of the
fluorescence relaxation traces measured for the PDHS/SIO, film at 30 K and at

room temperature.
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Both these dependences are significantly weaker for the nanocomposite
films than for the neat PDHS film. It supports the conclusion that the exciton
diffusion is much less efficient in the nanocomposite films. Excitons localize
on the low energy sites in the neat film causing the relatively strong
bathochromic fluorescence band shift and the band broadening with
temperature. It should be also noted, that the fluorescence lifetimes of
nanocomposite films are about 1,5-2 times shorter than in SBA-15 matrix. It
suggests that the polymer chains in nanocomposite films are less stabilized and

isolated from quenching centers.

3.4 Fluorescence relaxation

The FL relaxation kinetics of all composites were measured in the
temperature range 30-296 K. The FL Kinetics was approximated by a
biexponential relaxation function with the deconvolution of an apparatus
function. The deconvolution procedure allowed us to determine shorter
relaxation times than the excitation pulse duration. In addition to the main
relaxation component with a subnanosecond lifetime, the kinetics contains a
weak component with the lifetime of several nanoseconds. This component is
probably caused by some impurities present in nanocomposites. Therefore, we
did not analyze it in detail. Table 3.1 presents the lifetimes and amplitudes of
the subnanosecond relaxation component. The FL lifetimes only weakly
depend on the sample. Thus, we conclude that different FL intensities of
different FL bands are caused by different concentrations of different species
present in different samples rather than by their excited state relaxation. The
aggregate fluorescence has the longest lifetime. Moreover, the lifetime depends

more significantly on the sample and the temperature.
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Table 3.1. Fluorescence lifetimes (s) and amplitudes (A) of the subnanosecond decay

component.
Conformation
Gauche Trans Aggregate
PDHS composites T, K T, pS A T, pS A T, pS A
PDHS in SiO, gel 30 - - 170 94 380 98
296 200 80 - - 280 98
PDHS in Ph. Cryst. 30 - - 160 98 300 93
296 120 97 - - 420 95
PDHS in SiO, nanopores 30 - - 150 98 470 100
291 120 94 - - 550 100
PDHS in TiO, nanopores 30 - - 120 98 330 100
291 120 97 - - 390 100

The FL lifetimes were analyzed in more details for PDHS in the
photonic crystal. Fig. 3.10 shows the temperature dependence of the FL
lifetimes of all FL bands. The trans-conformation lifetime is independent of the
temperature, the gauche-conformation lifetime decreases above the trans-
gauche transition, while the aggregate lifetime increases surprisingly above the
transition temperature. This is in contrast with about a twofold decrease of the
aggregate FL lifetime, as observed in the neat polymer film and the
solution[71]. We stress that the FL lifetimes of the aggregate states of PDHS
confined in nanopores were found basically to be independent on the
temperature within the experimental accuracy in the range 30-300K (Table
3.1). This implies the constant FL quantum yield and consequently, the

temperature-independent nonradiative
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Fig. 3.10. Fluorescence lifetimes of PDHS/Phot.cryst measured for the trans-
conformation and aggregates; trans-conformation (open circles), gauche-

conformation (open stars), and aggregates (solid circles).

decay. This finding indicates the strong suppression of nonradiative decay
channels and the absence of the thermally activated FL quenching of
polysilanes embedded in nanopores, which contradicts the results obtained for
polysilane films and solutions [71]. The effect is evidently caused by the
reduced exciton migration and, thus, by the suppressed nonradiative relaxation
due to the strong exciton localization in low-dimensional structures. The same
conclusion is evidently valid for other PDHS nanostructures. The weak
temperature-enhanced nonradiative relaxation is favorable for nano-sized

polysilane-based optoelectronic devices such as OLED:s.

3.5 Concluding remarks
Confomational states of PDHS polymer chains in composite materials

strongly depend on the host material. The trans-conformation band is more

intense in the spectrum of PDHS in the photonic crystal, while the aggregate
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band is more intense in the spectrum of PDHS in porous films. The excited
state lifetimes of aggregates for these composites weakly depend on the
inorganic matrix and the temperature. This fact indicates the strong
suppression of nonradiative decay channels and the absence of the thermally
activated FL quenching in nano-sized PDHS. This effect is most probably
caused by the reduced exciton migration and, thus, by the suppressed
nonradiative relaxation due to the strong exciton localization in a low-
dimensional structure. Weak temperature dependences of the PDHS
fluorescence intensities, lifetimes, band positions, and bandwidths of
nanocomposite films in comparison with those of the neat PDHS film indicate
that the exciton diffusion is much less efficient in composite films than in the
neat film, and consequently fluorescence quenching by some quenching
centers present in polymer is less efficient.
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4 Exciton diffusion, annihilation and their role in the
charge carrier generation in fluorene based
copolymers

Applications of conjugated polymers in some optoelectronic devices,
such as in optical amplifiers and lasers [7], or in all-optical switching [74]
require high intensity laser illumination necessary to create high exciton
density, or significantly modulate optical parameters of the materials. High
excitation intensity often causes appearance of nonlinear processes. Exciton-
exciton annihilation is probably the most common of them. The annihilation
causes a fast nonradiative exciton decay, local material heating, and in some
cases generation of charge carriers. All these processes may significantly
influence operation of the devices. On the other hand, exciton-exction
annihilation may provide useful information about some other processes and
properties of the investigated materials like exciton diffusion coefficient which
Is important parameter in organic solar cells. Carrier photogeneration is one of
such processes, very important for application of organic materials in
photovoltaic devices and still badly understood. Efficient carrier
photogeneration in many conjugated polymers takes place from high excited
states [75-77]. At high excitation intensity high excited states may be
populated by sequential excitation or by exciton-exciton annihilation. This
plays a role even with excitation of low photon energy light and, thus, these
processes increase the carrier photogeneration efficiency [76, 78, 79]. The
annihilation rate and its kinetics depend on many material parameters and
experimental conditions: absorption and fluorescence spectra, material
morphology, disorder, temperature, etc.

Here we investigate and compare exciton-exciton annihilation and its
role in the charge carrier generation in two fluorene based conjugated polymers
F8BT and PSF-BT. Fluorene based conjugated polymers have recently
attracted much attention as promising organic materials for photoelectronic

applications.
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PSF-BT blends (bulk heterojunction) with PCBM were also explored.
Bulk heterojunction (BHJ) architecture has remained a state of the art concept
for organic solar cells for two decades already [80]. This concept was pushed
forward by introducing conjugated polymers as absorbers in organic solar cells
[37, 81]. A BHJ is obtained by mixing organic dye or polymer functioning as
an electron donor with electron acceptor having significantly lower LUMO
level. Due to strong electron accepting properties and solubility in organic
solvents, fullerene derivative PCBM is the most common acceptor material.
Excitons created by absorption of light in a polymer effectively dissociate into
charge pairs at the polymer/PCBM junction. Favorable alignment of LUMO
levels drives electron transfer from polymer to PCBM, thus creating electron-
hole pairs. Final separation of the charge pairs beyond mutual Coulomb
attraction enables high yield of free charge carrier generation necessary for
efficient solar cells. Charge generation in blends is by orders of magnitude
more efficient [82-84] in comparison with neat materials [85, 86] leading to
record efficiencies of solar cells up to about 10% [33, 86-90]. Further
improvement of solar cell performance requires optimization of all processes
limiting light harvesting, generation and extraction of charge carriers. Until
recently, research on optical charge generation has mainly been focused on
simple homopolymer donors, polythiophene being the dominant example. The
need for materials with more effective charge separation and simultaneously
lower band gap to harvest more sunlight stimulates research directed towards
more complex materials. Organic compounds composed of molecular
fragments with electron donating and accepting properties, where partial
intramolecular charge separation takes place in excited state may be
advantageous. This intramolecular donor-acceptor (DA) approach [91] has
yielded some remarkable device efficiencies [33, 86-90]. By the way, this
concept has been applied successfully long time ago in small molecular dyes
[92]. Recently, photoconductivity investigations in DA-polymers have become
central in a number of studies [93-95]. From these studies it is apparent that

there is no consensus about the mechanisms of charge generation,
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recombination and transport in DA polymer blends with acceptors such as
PCBM. It has led to a revival of “old” questions concerning the details of
charge generation in organic materials.

In this work we investigate formation and recombination of charge
carriers in donor-acceptor type copolymer spirobifluorene-co-benzothiadiazole
(PSF-BT) doped with PCBM.

4.1 Experimental

PSF-BT was obtained from Merck KGaA Darmstadt. It was synthesized
as described in ref. [96]. The PC¢BM was obtained from Nano-C. F8BT has
been obtained from American Dye Source ADS, Canada. For fluorescence
measurements, polymer solutions in tetrahydrofurane (THF) were prepared
with an optical density of about 0.1 at 375 nm in a 1 cm cuvette. Solutions with
an optical density of about 0.3 in a 1 mm cuvette were prepared for the
transient absorption investigations. Polymer films were deposited on the
indium-tin oxide (ITO) covered glass by spin coating from toluene solution,
followed by the deposition of an aluminium top electrode. The polymer film
thickness was about 100 nm. Devices were encapsulated under argon
atmosphere by sealing a glass lid with epoxy resin.

The samples were prepared by spin-coating polymer/PCBM solutions in
chlorobenzene (20 g/L) on ITO coated glass plates. Active layer thickness was
106, 108, 120 nm for blend films with 1%, 10% and 30 % PCBM,
respectively and 112 nm for neat film. Aluminum electrodes were evaporated
on top at a base pressure of 10°® mbar.

The fluorescence spectra and fluorescence decay Kkinetics were
measured with an Edinburgh Instruments fluorescence spectrometer F900. A
diode laser EPL-375 emitting 50 ps pulses at 375 nm with a repetition rate of
20 MHz was used for excitation. The average excitation power was about 1

uW/cm?. Initial part of the fluorescence decay dynamics was investigated
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employing picosecond fluorescence spectrometer based on Hamamatsu streak
camera C5680 and femtosecond laser delivering pulses at a rate of 80MHz and
at a wavelength of 350 nm.

Femtosecond transient absorption measurements were carried out on a
femtosecond spectrometer based on femtosecond Ti:sapphire laser Quantronix
Integra-C, generating 130 fs duration pulses at 810 nm at a 1 kHz repetition
rate. In these experiments samples were optically excited at the 400 nm (for
pure F8BT anf PSF-BT investigations) and 500 nm (for PSF-BT blends with
PCBM) wavelength and density of about 10 uJ/cm? employing output from
traveling wave parametric amplifier TOPAS C.

Integral mode photocurrent measurements were performed using
electrical pulse generator Tektronix AFG3101 and oscilloscope Agilent
DSO5054A. The oscilloscope input load of IMQ was connected in serial with
OMQ load resistance in order to increase time constant of the setup and extend
time range of the observations of the integrated photocurrent to milliseconds.
We used second harmonic (532 nm) of Nd:YAG picosecond laser (SL300,
Expla Itd.) delivering pulses of 150 ps duration at a rate of 4Hz for sample
excitation. The flux was similar as in pump-probe experiments of about 10
nl/cm? but in this case excitation wavelength was at the far red tail of the PSF-

BT absorption band.

4.2 Spectroscopy of polymers in solution
Firstly, we discuss exciton diffusion and annihilation processes in

solutions of both polymers, F8BT and PSF-BT, in THF. Fig. 4.1 shows

transient absorption spectra of F8BT in solution.
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Fig. 4.1. Transient absorption spectra of F8BT polymer in THF solution measured at

25 ps delay time at parallel and perpendicular excitation and probe polarizations.

The spectra are qualitatively similar to those of F8BT films reported in
ref. [97] revealing a stimulated emission band in the 500-650 nm region and an
excited state absorption at longer wavelengths. Transient absorption Kkinetics
measured at various probe wavelengths (not presented) are identical except of
the fast initial decay, which appears only at the long wavelength slope of the
fluorescence band. We attribute the fast component to the shift of the
stimulated emission band to the long wavelength side taking place during the
excited state stabilization. Fig. 4.2 shows the transient absorption Kkinetics at

650 nm measured at various excitation intensities.
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Fig. 4.2. Induced absorption kinetics at 650 nm measured in F8BT solution in THF at

varous excitation intensities.

At low excitation intensities the kinetics reveals a relaxation with a time
constant of about 3.5 ns in addition to the fast relaxation component. Since this
relaxation component is independent of probe wavelength, we attribute it to the
excited state relaxation. It is slightly slower compared with the fluorescence
decay featuring a time constant of 2.5 ns. The slower induced absorption decay
may be an indication of formation of some long-living excited states. However,
the experimentally limited time interval of transient absorption investigations
does not allow examination of the kinetics in more detail. A weak, of hundreds
of ps relaxation component appears at high excitation intensities, which we
attribute to the exciton-exciton annihilation. From comparison of the transient
absorption intensity with steady state absorption we infer that up to 10 % of
conjugated segments are excited at the highest excitation intensity
(160 pJ/em®). 1t is plausible that under such conditions excitations on
conjugated segments appear close to each other facilitating exciton annihilation
by Foerster energy transfer. Similar exciton-exciton annihilation, however on
tens of ps time scale has been observed in MeLPPP solution at high excitation
intensity [98].
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Additional information about exciton diffusion is provided by the
transient absorption anisotropy kinetics. The inset in Fig. 4.3 shows the

anisotropy decay calculated from the transient absorption kinetics measured at

parallel AA, and perpendicular AA, excitation and probe polarizations as:

P=(AA, —AA))/(AA, +2AA)). The initial anisotropy of slightly more than 0.2
Is about two times lower than the maximal value for disordered systems. The
anisotropy decay is non-exponential, it may be approximately described by the
500 ps and 1 ns time constants. The fluorescence anisotropy decay Kinetics is

also presented in the insert in Fig. 4.3.
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Fig. 4.3. Transient absorption kinetics at 550 nm measured at parallel and
perpendicular excitation and probe light polarizations in F8BT solution in THF. The
insert shows the absorption anisotropy decay calculated from the transient absorption
kinetics (solid line) and the fluorescence anisotropy decay (dashed line).

Lower time-resolution of the fluorescence measurements does not
allow us to confirm the data from transient absorption at early times,
nevertheless, the initial fluorescence anisotropy is only slightly higher than that
of the transient absorption. The low initial transient absorption anisotropy

value is evidently not caused by exciton reorientation. A more likely reason is
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a slightly different orientations of the ground state and excited state absorption
transition dipole moments. At longer times both, the anisotropy decay kinetics
and the fluorescence anisotropy kinetics are identical within the experimental
accuracy, which supports the conclusion that the induced absorption is related
to the excited state absorption of fluorescent states. The anisotropy decay
reflects the exciton diffusion rate [98-100], however, more information about
the polymer chain configuration is necessary in order to characterize the
exciton diffusion process in more details.

The transient absorption spectra of the PSF-BT solution in THF show

(see Fig. 4.4) only an induced absorption (no stimulated emission).
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Fig. 4.4. Transient absorption spectra of the PFS-BT solution in THF at 0.5 ps and

2500 ps delay times measured for parallel and perpendicular excitation and probe
polarizations.
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They are similar to the transient absorption spectra in films of PSF-BT
[78]. The transient absorption, its kinetics and the absence of the stimulated
emission in films was explained as a consequence of the rapid formation of
weakly emissive internal CT states, by electron transfer from the alkoxy-
substituted fluorene side group to the benzothiadiazole subunit of the main
chain. Fluorescence of of PSF-BT solutions in THF decays nonexponentialy
with the time constants of 491 ps (21 %) and 2.34 ns (79 %) and exhibits a
very low fluorescence yield of about 0.02 [101]. A relatively long fluorescence
lifetime and the low yield indicate that weakly fluorescent excited states are
formed in a polymer solution, as well as in neat films [101]. It is conceivable
that the polar solvent THF stabilizes the ICT in PSF-BT.

The transient absorption kinetics presented in Fig. 5 reveals a fast
process during initial 10 ps. It is interpreted as formation of the weakly
fluorescent CT state. The initial neutral exciton state, strongly absorbing at
800 nm, transforms into the ICT state, strongly absorbing at 650 nm within a
few ps. There is no dependence of the transient absorption decays in PSF-BT
solution in THF on the excitation intensity observed (not presented) and, thus,
no signatures of exciton-exciton annihilation. It indicates that exciton-exciton
annihilation in PSF-BT is even less efficient than in F8BT.

The anisotropy relaxation in PSF-BT solution is more complex.
Transient absorption spectra measured at different excitation and probe
polarizations (Fig. 4.4) show more than two times stronger induced absorption
at parallel excitation and probe polarizations, which is close to the maximal
anisotropy value of 0.3. At 2.5 ns, the anisotropy in the red spectral (650 nm)
region remains high (AA ~ 0.01), while it decays almost to zero in the long
wavelengths region (800 nm). The decay is slightly faster than the fluorescence
anisotropy kinetics (not presented), which decays with a time constant of about
4 ns. This supports the assignment of the near IR transient absorption to
absorption of the radiative excited state. The anisotropy of the induced

absorption at 650 nm (see Fig. 4.5) reduces only slightly during 2.5 ns.
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Fig. 4.5. Transient absorption kinetics of the PFS-BT solution in THF at 650 nm and

800 nm for parallel and perpendicular excitation and probe polarizations.

It indicates that the created ICT states are immobile. This is a natural
conclusion, because the ICT states can not move by Forster energy transfer and
they are also expected to be strongly self trapped because of large dipole

moments.

4.3 Spectroscopy of neat polymer films

The transient absorption kinetics of the F8BT film at 550 nm and
680 nm measured under different excitation intensities are shown in Fig. 4.6.
According to the assignment performed by Stevens et al. [97], the 680 nm
wavelength corresponds to the induced absorption band peaking at about 820
nm and is assigned to excitons. A fast decay, which is weak at low excitation

fluence, gains intensity at higher pump fluences. We ascribe this fast relaxation
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Fig. 4.6. Transient absorption kinetics of the F8BT film at 550 nm and 680 nm

measured at various excitation intensities.

component to exciton-exciton annihilation. The exciton decay on a hundreds of
ps time scale is evidently also affected by annihilation. Additional support for
this statement is the nonexponetial and faster decay of transient absorption than
that of fluorescence, which was measured at very low excitation intensity. The
decay time of fluorescence is about 900 ps [102]. We calculated the density of
excitons based on the excitation fluence, accounting for sample thickness and
absorbance. The density is about 1.6x10"° cm™ and 3x10"" cm™ for the highest
and lowest excitation intensities, respectively. These values correspond to an
average distance between excitons of about 3.7 nm and 14 nm. An independent
measure of the distance between excitons can be obtained by comparison of the
induced absorption with the ground state absorption. We estimate two times
higher exciton densities and, thus, slightly shorter average distances between

excitons. About half of the excitons annihilate within 5 ps at the highest

79



excitation intensity (Fig. 4.6). The annihilation onset starts already at the
minimal used excitation intensity. It indicates an average exciton diffusion
length on the order of 10-15nm, which is a typical value for conjugated
polymers and about two times the length of a conjugated segment. The initial
value of the transient absorption signal is proportional to the excitation
intensity indicating that no significant exciton-exciton annihilation takes place
during the excitation pulse action.

In a F8BT film stimulated emission by excitons is observed at 550 nm,
however, polarons also absorb at this wavelength. Thus, competition between
these two processes occurs and determines the transient absorption dynamics,
which strongly depends on the excitation fluence. The stimulated emission
decays during several hundreds of ps at the lowest excitation intensity in
agreement with the fluorescence decay kinetics. By increasing the excitation
intensity the decay rate increases and the stimulated emission band turns into
induced absorption on a tens of ps time scale, or even within several ps at the
highest excitation intensities. Long-lived polaron pairs are created which
strongly absorb at 550 nm.

Enhanced generation of polaron pairs at high excitation intensities has
been observed in various organic materials and attributed to easy dissociative
high energy excited states populated by exciton-exciton annihilation or by
sequential excitation [97]. Based on the modelled polaron absorption intensity
dependences on the excitation fluence Stevens et al. argue exciton-exciton
annihilation is responsible for the polaron generation in F8BT. Our estimations
are also in favour of exciton-exciton annihilaition being responsible for polaron
formation. Sequential excitation generally needs higher excitation intensities,
because a single polymer segment needs to be excited two times. While in the
case of exciton annihilation it is sufficient to create two excitations within the
annihilation or diffusion radius, which is on the order of 10 nm in conjugated
polymers. According to our estimation, about 2 % of conjugated segments are

2

excited at 53 puJ/em® excitation intensity. Assuming, the excited state

absorption cross section at the excitation wavelength is equal to that of the
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ground state absorption, we obtain a probability of sequential excitation of a
particular conjugated segment equals to about 0.04 %, only. In contrast in Fig.
6a we observe a high polaron absorption, which is only less than 5 times lower
than the initial negative signal due to the stimulated emission.

Fig. 4.7 shows the transient absorption kinetics of a PSF-BT film at

550 nm and 680 nm measured with increasing excitation intensity.
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Fig. 4.7. Transient absorption kinetics of the PSF-BT film at 550 nm and 680 nm

measured at various excitation intensities.

In contrast to F8BT and as in PSF-BT solution no stimulated emission is
observed. An induced absorption is observed at both probe wavelengths,
however, its kinetics is very different. The induced absorption in PSF-BT at
680 nm has been assigned to be dominated by excitons, as well as for the F8BT
films, while absorption at 550 nm has been assigned to the ICT states with

electron localised on benzothiadiazole and the hole localized on the
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spiroconjugated fluorene side group [96-104]. At low excitation intensity the
transient absorption at 680 nm shows only minor relaxation on a
subnanosecond time scale. A fast relaxation component related to exciton-

2 when the exciton

exciton annihilation starts to appear only at 53 puJ/cm
concentration reaches about 4x10™ cm™, thus the annihilation efficiency is
evidently significantly lower than in case of F8BT.

PSF-BT films show no stimulated emission at 550 nm even at the
lowest excitation intensity. As was demonstrated in ref. [102] the competition
between the stimulated emission and the induced absorption depends on the
excitation wavelength. The stimulated emission at short delay times has been
observed only with the sample excitation to the long wavelength edge of the
absorption band, when little excess energy is provided to excite polymer
segments, which facilitates formation of ICT states. In the present investigation
with excitation at 400 nm, an induced absorption appears very rapidly during
the excitation pulse action, and additionally grows on a tens of ps time scale.
Both, the very rapid and gradually growing induced absorption parts depend
approximately linearly on the excitation intensity. These observations lead to
conclusion that the induced absorption increases approximately twice on a tens
of ps time scale independently of the excitation intensity, and only the growths
dynamics depends on the excitation intensity. Thus, extra energy provided to
the excited polymer segments during exciton-exciton annihilation speeds up
formation of the ICT state, however, does not change the total ICT state yield
at long times.

Transient absorption dynamics on a subnanosecond time scale becomes
identical at both probe wavelengths. It evidently reflects recombination of the
ICT state. Almost no recombination takes place during 500 ps at low excitation
intensity. The recombination rate increases at high excitation intensities. It
indicates that annihilation of ICT excitons or, interchangeably, nongeminate
recombination of electron-hole pairs becomes important at high their densities.
In accord with the model of exciton-exciton annihilation it does not create free

charge carriers but tightly bound electron-hole pairs, ICT excitons in PSF-BT
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film. In order to determine the annihilation role in free charge carrier
generation we have measured the open circuit photovoltage and time-
integrated photoluminescence intensity as functions of the excitation intensity.

The investigation results are presented in Fig. 4.8.
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Fig. 4.8. Photoluminescence intensity and photovoltage dependences on the
excitation fluence in F8BT and PSF-BT films.

The fluorescence intensity of the F8BT film starts to deviate from the

2 excitation fluence.

linear excitation intensity dependence at about 1 pJ/cm
Thus, in agreement with the presence of the fast relaxation component in the
transient absorption kinetics (Fig. 4.6b), exciton-exciton annihilation in F8BT
can not be disregarded even at the lowest excitation intensities used in the
transient absorption investigations. The nonlinear growth of the photocurrent
starts approximately at the same excitation fluence supporting our conclusion
relating the carrier generation with exciton-exciton annihilation.

Saturation of the PSF-BT fluorescence is much less significant (Fig.
4.8). The saturation starts at approximately 10 times higher intensity than in
F8BT films. Thus exciton-exciton annihilation in PSF-BT films is much less

efficient. This is a logical conclusion. Exciton-exciton annihilation is
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determined by Forster energy transfer between excited molecules. The transfer
rate is determined by dipole moments of the excited state absorption transition
and the stimulated emission transition. The stimulated emission dipole moment
of PSF-BT rapidly decreases when it relaxes to the ICT state, thus causing
slow energy transfer. In PSF-BT film, the generated photovoltage increases
linearly with the excitation intensity up to 10 pJ/cm®. We do not see any
indications of the enhanced charge carrier generation efficiency by exciton-
exciton annihilation. This confirms the conclusion that exciton-exciton
annihilation just speeds up formation of ICT states, but does not facilitate

formation of free charge carriers.

4.4 Spectroscopy of polymer blends

4.4.1 Fluorescence

Fluorescence of neat PSF-BT films we analyzed in detail in ref. [102] .
We found that the fluorescence decays non-exponentially due to the formation
of localized intramolecular CT excitons with hole located on the
spiroconjugated FSG. Formation of the CT exciton is accompanied by the
conformational relaxation and a continuous decrease of the transition dipole
moment to the ground state. Exciton migration manifests itself as a dynamic
bathochromic shift of the fluorescence band, which indicates gradual
occupation of lower energy sites within the density of states. Here, we also
present fluorescence spectrum and decay kinetics of the neat polymer film in
Fig.s 4.9 and 4.10 for their comparison with fluorescence properties of doped
films.

Intensity, spectral shape and decay dynamics of PSF-BT fluorescence
substantially change upon addition of PCBM (Fig. 4.9, 4.10). The fluorescence
band shifts hypsochromically by increasing the PCBM fraction (by about 30
nm at 30 % of PCBM) and a new fluorescence band appears in the long
wavelength region. Intensity of the intrinsic PSF-BT fluorescence at 565 nm

decreases by a factor of two in blend with 1% PCBM compared with neat
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films. Thus, still large fraction of excitons decay by the same mechanism as in
neat films. Upon adding more PCBM (10 and 30 %) intensity of the PS-FBT
fluorescence band further decreases, yielding only about 1% and 0,4% of the
neat film fluorescence, respectively.

The new band peaks at about 725 nm and we assign it to the
fluorescence of PCBM. The peak at about 725 nm coincides with the PCBM
fluorescence peak reported in ref. [105, 106] and, in addition, the measured
lifetime of 1.3 ns of the fluorescence decay at 725 nm (see Fig. 4.10 insert)
coincides with the fluorescence lifetime of neat PCBM films [106, 107]. Thus,
it is plausible to assign the band at 725 nm to fluorescence of PCBM, which is
excited directly or by excitation energy transfer from photoexcited polymer.
On the other hand, the new band extends to almost 600 nm and this is far too
short wavelength for the PCBM fluorescence. Fluorescence of PCBM spans
from about 700 nm to infrared region [105-107]. Thus, the blue part of the
fluorescence is probably a combination with CT fluorescence.

Decay dynamics of the PSF-BT fluorescence at 560 nm reveals gradual
increase of the fluorescence decay rate with increase of the PCBM
concentration (Fig.4.10). Fluorescence of blend with 1% PCBM decays faster
compared to neat film, but the slow relaxation component typical for PSF-BT
[102] is still observed after several nanoseconds. Fluorescence quenching by
PCBM is substantially stronger and faster in 10% and 30% blends. The initial
fluorescence decay becomes limited by the time resolution of the setup of
about 3 ps in case of 30% blend. For numerical characterization, we have fitted
the fluorescence decay by bi-exponential function. Results are summarized in
Table 4.1. The quenching rates are similar to those obtained for other
polymer/electron-acceptor blends [108-110].

The fluorescence quenching dynamics explains the hypsochromic band
shift discussed above. As was shown in ref. [102], fluorescence band of PSF-
BT experiences a strong dynamic band shift to the long wavelength region.
The fluorescence maximum shifts from about 530 nm (0 ns) to 560 nm (30 ns)

(ref [102]). Quenching of the excited states appears therefore as fluorescence
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time-gating; fluorescence is quenched before excited states reach the “red-
shifted” low energy state. Indeed, fluorescence spectrum at 30% PCBM
concentration is very similar to the initial fluorescence spectrum reported in
ref. [102].

Attribution of the long wavelength fluorescence band to PCBM also
implies that the quenching of the PSF-BT fluorescence may be caused by
energy transfer to PCBM. On the other hand, photoconductivity of the blends,
which will be discussed below, indicates that electron transfer between PSF-
BT and PCBM also takes place and apparently causes additional PSF-BT
fluorescence quenching. With the similar donor F8BT, without a
spiroconjugated FSG, it was found that energy transfer to PCBM dominates
over electron transfer. It was argued that similar energies of the HOMO levels
of F8BT and PCBM prevent electron transfer [107]. HOMO level of the PSF-
BT polymer backbone (HOMO-4) has similar energy to that of F8BT, however
PSF-BT has an additional HOMO level at higher energy related to the
spiroconjugated FSG [101]. The presence of this level apparently enables
electron transfer to PCBM. Therefore both PSF-BT fluorescence quenching

mechanisms are likely to be active to some extent.
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= 1% PCBM
* 10% PCBM
30% PCBM
| 1 | 1 | 1 | 1 |

Fluorescence intensity, a.u.

450 500 550 600 650 700 750
Wavelength, nm

Fig. 4.9. Fluorescence spectra of neat PSFBT film and blends containing 1%, 10%
and 30% of PCBM.
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Fig. 4.10. Fluorescence decay kinetics at 560 nm of neat PSFBT film and blends
containing 1%, 10% and 30% of PCBM as indicated. Initial part (before the break)
obtained employing streak camera. Data on nanosecond scale were measured with
lower temporal resolution (Edinburgh Instruments spectrometer F900). Insert displays
the fluorescence decay kinetic in 30% blend at the peak position of new band at 725

nm and monoexponential fit with time constant of 1.3 ns.

Table 4.1. Biexponential fit parameters of fluorescence kinetics obtained by streak

camera at 565 nm wavelength.

PCBM | A, % | 1y, pS | Ay, % | 1, PS
conc., %

0 45 16 55 135
1 46 7 94 75

10 73 5 27 34

30 91 32 |9 26
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4.4.2 Transient absorption

Transient absorption investigations have been performed to get deeper
insight into the early time Kinetics of excitation and electron transfer. Fig. 4.11
shows the transient absorption spectra of the neat PSF-BT film and blends with
1% and 30% PCBM obtained under excitation at 500 nm. The insert in Fig.
4.11 shows transient absorption kinetics at 450 nm corresponding to the ground
state bleaching of PSF-BT. Apparent is the reduction of the transient
absorption amplitude in PS-FBT/PCBM blends and fastening of its decay rate
in comparison with the neat PSF-BT film. Peculiarities of the transient
absorption spectra of neat PS-FBT films were discussed in detail in ref. [102].
Shortly, absorption bleaching is observed at around 450 nm and a broad
induced absorption band appears in the visible and near infrared regions
assigned to the absorption of intramolecular PSF-BT CT excitons formed when
hole localizes on FSG and electron remains on the polymer backbone.
Stimulated emission between 500 nm and 550 nm is present in neat PS-FBT
films at early times before formation of the intramolecular CT excitons.

Transient absorption spectra of PSF-BT/PCBM blends (Fig. 4.11) have
slightly different shapes in comparison with the neat polymer - the induced
absorption below 400 nm and stimulated emission (550 nm) decrease stronger
than the long wavelength induced absorption (above 580 nm). It should be
noted that the spectra were normalized taking into account slightly different
sample absorbance at excitation wavelength. Therefore the reduced transient
absorption at zero time in blends should be related to the ultrafast exciton
decay, faster than the time resolution of our setup (< 150 fs). Since this decay
component is faster than the fluorescence quenching kinetics by several orders
of magnitude, these two decay components can not be attributed to the same
process. It is unlikely that energy transfer can be so fast to be responsible for
the ultrafast decay. This is because PCBM absorption in the PSF-BT
fluorescence region is very weak, consequently spectral overlap between

PCBM absorption and PSF-BT emission is very weak, which, according to the
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Fig. 4.11. Transient absorption spectra at 0 ps of PSFBT films with various PCBM

concentrations. Insert shows transient absorption kinetics of the films at 450nm.

Forster theory, should result in slow energy transfer. Therefore ultrafast
relaxation should be more likely attributed to the charge transfer, which in
blends of other polymers with PCBM also occurs on a fs time scale [93, 111
113]. Unfortunately, the differential absorption spectrum of the excited PCBM
[114] is surprisingly similar to that of PSF-BT, hence giving no possibility to
clearly identify the energy or charge transfer processes. To disentangle these
processes we have to rely on photoconductivity measurements as detailed

below.

4.4.3 Initial carrier drift dynamics

Temporal evolutions on a ps time scale of the relative electric field
strength within the bulk of neat PSF-BT films and in blends with 1% and 30%
of PCBM obtained by TREFISH are shown in Fig. 4.12. Initial drop of the
field strength evolving during the first picosecond after photoexcitation has the

largest value in the neat film and becomes smaller with higher PCBM
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concentration. This initial drop is attributed to the displacement current caused
by the polarization of the photogenerated excitons by electric field [115]. This
contribution is proportional to the sample absorbance and electric field
strength, therefore AE/E is approximately independent of the applied field. In
the neat film the field gradually continues to decay because of the charge
carrier generation and drift, and the decay rate increases with applied voltage.
At later times, the field kinetics strongly depends on the applied voltage and on
the PCBM concentration.

The electric field kinetics is drastically different in blends. The initial
field drop attributed to the displacement current slightly decreases with the
increase in PCBM concentration, and the field decay on a tens of ps time scale
becomes weaker. The most drastic difference becomes apparent on a few ns
time scale: the electric field in the neat film continues to decay, while in the
blends we observe recovery of the electric field, which is most pronounced at
low applied voltage in the film with 30 % PCBM concentration. Thus, PCBM
inhibits the photocurrent on a ps time scale, and what is more surprisingly,
even causes the field recovery.

Fig. 4.13 shows temporal evolutions of the carrier drift distances
averaged over electrons and holes calculated from the electric field kinetics by
using eq. 2.3, evaluating the charge carrier density from the integrated
extracted charge at long times (see Fig. 4.14), as discussed below. It should be

noted,
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Fig. 4.12. Relative decrease of electric field after photoexcitation in neat PSF-BT film
(black curve), 1% blend with PCBM (red curve) and 30% blend with PCBM (green
curve) at different voltages of applied bias. Insert shows second harmonic intensity
versus applied bias for the neat film (points — experimental data; line — square law
fit).

that the initial charge displacement related to the excitons is probably
overestimated because of higher density of excitons in comparison with charge
carriers. As we can see, the drift distance of charge carriers in neat film during
initial 3 ns is shorter than 0.1 nm at 1 V of applied bias, while at 12 V we
observe drift by about 6 nm on a subnanosecond time scale and additional drift
by about 2 nm at 3 ns. Charge drift in blends is evident until 5-10 ps, while at
longer times we observe even negative drift showing that the charge densities

partly move back against electric field towards their original positions.
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Fig. 4.13. Time dependences of the charge carrier drift distances averaged over
electrons and holes in neat film (black curve), blend with 1% PCBM (red curve) and
blend with 30% PCBM (green curve) at different applied bias voltages.

4.4.4 Photoconductivity

The charge carrier drift dynamics on a longer time scale ranging from
nanoseconds to milliseconds has been investigated by the integral-mode
photocurrent measurements. In this experiment voltage dynamics on high
resistance external load was recorded giving information about decay of
electric field inside the investigated film due to the drift of photogenerated
charge carriers, thus the voltage drop on the sample is proportional to the
integral photocurrent. Results obtained for the neat film and blends with 1 %
and 30 % PCBM at bias voltages of 1V and 8 V are displayed in Fig. 4.14.
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Excitation conditions of all samples were identical. Obviously, photocurrent
dynamics is substantially affected by PCBM and there are several remarkable
features in these results elucidating the transport phenomenon in the
investigated samples. Firstly, consider the case of the bias voltage of 1 V. In
the time range from 10 ns to approximately 1 ps, the voltage dynamics on the
1 % blend resembles that on the neat film, only the total voltage decrease and
consequently the integral photocurrent in the 1% blend is about two times
smaller. Finally, the integral photocurrent in the 1 % blend exceeds that in the
neat film at about 100 ps. The integral photocurrent in the neat film and in the
1% blend saturates at about 2 ms indicating complete extraction of mobile
carriers. Contrary, the voltage decrease on the film of the blend with 30 %
PCBM is substantially weaker. The voltage kinetics on the 30 % blend film
slows down and a complete plateau is not reached even at 10 ms. There is no
strong difference between the total integral photocurrent in the three samples.
Thus, surprisingly PCBM only weakly influences efficiency of the charge
carrier generation.

The bias voltage strongly impacts the photocurrent dynamics. In
contrast to the case of 1 V of bias voltage the photocurrent kinetics at 8 V is
very similar for both blends. The initial voltage decrease revealed by TREFISH
but not resolved by electrical measurements is several times higher for the neat
film than for the blends, however the total integral photocurrent in the neat film
is about two times smaller. The final plateau is reached within 10 us, i.e. more
than 100 times faster than at 1 V bias. Insert in Fig. 6 shows the amount of the
total integral photocurrent as a function of applied bias. It indicates that the
electric field assistance is necessary for free charge carrier generation and
transport. Evidently only a small fraction of excitations form free charge

carriers without electric field.
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Fig. 4.14. Dynamics of the voltage decrease on films with different PCBM
concentrations corresponding to the amount of extracted charge at bias voltages of
1V and 8V. Insert shows amount of extracted charge from different films as a

function of bias voltage.

4.4.5 Discussion

The current dynamics in neat PSF-BT film at 1 V (Fig. 4.14) reveals
two time domains of the carrier motion. The fast carrier drift terminates during
about 1 to 10 us. About half of charge carriers are extracted during this time.
The slower drift period lasts up to 1 ms. We attribute the two drift periods to
electron and hole transport. As was mentioned, PSFBT is a predominantly
electron transporting material because holes are localized on FSG [101]. The
electron mobility is of the order of 10°cm?Vs as measured in 3.6 um thick
samples, while the hole mobility is by three orders of magnitude lower [50].
Electron and hole extraction times of several ps and several hundreds of us
respectively revealed by the current kinetics presented in Fig. 4.14 are in good
agreement with those mobility values.

The carrier kinetics in films doped with 1% PCBM show similar
behavior, but the fraction of the rapidly (during about 1 us) extracted charge is

only 10% or less. We take it as indication that only a small fraction of electrons
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(~20%) drift with the same high mobility as in neat film, while mobility of the
majority of electrons significantly drops down, their mobility becoming
comparable to that of holes. The straightforward interpretation is that this
fraction of electrons is trapped by PCBM molecules. The rapidly moving
electrons disappear completely in the film with 30% PCBM. This is
surprising, since PBCM at this concentration forms clusters enabling
percolation and electrons are expected to have relatively high mobility of about
0.1 to 10 cm?Vs*. Therefore, the slow electron extraction form the 30%
blend leads to the conclusion that the mobility is not the main limiting factor of
carrier extraction. Slow carrier extraction in blends is apparently determined by
slow generation of mobile charge carriers. Our TREFISH investigations
support this assumption, clearly showing that no, or only very few mobile
charge carriers are generated in blends on a ps time scale at low applied
voltages. It suggests that the charge carriers remain bound in long-lived charge
pair states, which dissociate to mobile charge carriers on a us time scale.

Fig. 4.15 explains the mechanism of the long-lived charge pair state
formation. The HOMO orbital of PSF-BT is located on FSG, while LUMO
orbital is delocalized within polymer backbone [101]. HOMO-LUMO optical
transition has negligible oscillator strength because of very weak HOMO and
LUMO overlap. Therefore HOMO-4, which is also delocalized on a polymer
backbone, is responsible for the PSFBT absorption. Thus, optical excitation
creates excitons, which are delocalized over the polymer backbone. According
to the energy scheme presented in Fig. 4.15, electron transfer from excited
polymer backbone to PCBM and hole transfer to FSG are energetically
favorable processes and create the charge pair state with electron located at
PCBM and hole on FSG. Electron transfer to PCBM most likely occurs at
locations where polymer backbone and PCBM are in close contact. Such
geometry suggests that FSG attached to the backbone should be facing to the
opposite direction, thus more remote from PCBM. Therefore, the created
charge pair state is expected to have large separation distance and consequently

long lifetime reaching microseconds. Interestingly, such a double charge
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transfer recreates the ground state of the polymer backbone. Consequently, it
recreates the polymer absorption, which was observed as reduced absorption
bleaching of blends (see Fig. 4.11).

The key question remains why electrons and holes in PSF-BT/PCBM
blend remain in a bound charge pair states, while in blends of other polymers
with PCBM the charge pairs effectively dissociate into free charge carriers.
Hole localization on FSG is apparently the main distinctive feature of the PSF-
BT polymer. Although, charge pair state dissociation in polymer blends is still
not completely understood process, however high hole mobility and their
delocalization enabling to overcome the Coulomb attraction is evidently one of
the major factors determining efficient dissociation of charge pair states [116].
Thus, hole localization in PSF-BT disabling this mechanism is evidently
responsible for the inefficient charge pair state dissociation.

Even a low concentration of PCBM additives significantly changes the
carrier generation and motion. This is in stark contrast with e.g. common for
photovoltaic applications polymer P3HT where 1% of PCBM additives did not
change the carrier mobility on a ps-ns time scale (results not presented), while
their influence on fluorescence decay was quite similar to that described above
for PSF-BT. This is evidently because holes are more mobile in P3HT and
dominate in the ultrafast photocurrent phase, therefore electron trapping by
PCBM is of minor importance. It should be also noted that the influence of
PCBM additives on carrier generation and motion in PSF-BT polymer is
related to two processes: exciton quenching, and trapping of generated
electrons. Both of them reduce the number of mobile charge carriers, therefore
influence of low PCBM fraction on carrier generation and motion is stronger
than on polymer fluorescence or transient absorption affected only by exciton
guenching.

As follows from eq. 1 (see experimental section) the electric field
dynamics on a ps-ns time scale is determined by the interplay of two processes:
exciton generation and decay, and drift of free charge carriers. Exciton

generation causes instantaneous drop of the electric field and its recovery when
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excitons decay [115], while carrier drift causes monotonic field decrease.
Electron drift dominates over exciton decay in neat PSF-BT films. While slow
drift of both electrons and holes is insufficient to compensate electric field
recovery related to exciton decay in doped films at low applied voltages

causing unusual electric field Kinetics.
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Fig. 4.15. Charge transfer scheme of the formation of long-lived charge pair state in
PSF-BT/PCBM blend. Electron transfer from excited polymer creates CT state with
hole (red) on polymer backbone and electron (blue) on PCBM (on the left side),
subsequent hole transfer to FSG creates CT state with hole localized on FSG and
recreates ground state of the polymer backbone (on the right side). Alignment of

energy levels of PSF-BT and PCBM is shown below.

4.5 Concluding remarks

Exciton-exciton annihilation takes place in neat films of both
investigated polymers, however, it starts at about 10 times higher intensity and
is less efficient in PSF-BT films compared with F8BT films. Exciton-exciton
annihilation facilitates charge carrier generation in F8BT films, but no
influence on the carrier generation was observed in PSF-BT films. Exciton

annihilation in PSF-BT films only speeds up formation of the ICT state.
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Investigations revealed unexpected influence of PCBM on the carrier
generation and motion. PCBM additives quench the polymer fluorescence
mainly by relatively slow energy transfer. On the other hand, PCBM additives
slightly increase the carrier generation efficiency, however electron extraction
time slows down by two orders of magnitude in comparison with neat polymer.
We attribute this behavior to the ultrafast electron trapping by PCBM and
creation of tightly bound electron-hole pairs, which dissociate on microsecond
time scale under the assistance of applied electric field.

Investigation results demonstrate complexity of the charge carrier
generation and motion processes in blends of polar molecules or donor-

acceptor copolymers with fullerene derivatives.
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5 Charge Transfer States in Merocyanine Neat Films
and Its Blends with PCBM

The growing need for energy stimulates scientific research aiming to
develop efficient, low-cost energy sources, one of them may be photovoltaic
devices. Organic semiconductors have emerged as a new class of materials,
which hold promise for the development of low-cost and large-area solar cells.
The bulk heterojunction (blend) concept [80] has turned out to be the most
promising approach to highly efficient organic solar cells since it features an
extended interface between the phases of the electron donor and the electron
acceptor compounds and leads to enhanced generation of free charge carriers
[37, 81]. A broad variety of organic conjugated polymers [2] and small
molecules can be used as electron donors, [27] while fullerene derivatives are
the most common electron acceptors. Small molecules may be deposited under
high vacuum conditions by thermal evaporation. On the other hand, soluble
materials like polymers can be spin-coated from solution. Many
semiconducting polymers have been successfully applied in solution processed
solar cells [86, 87].

Polymer blends have been widely investigated and charge generation
and transport are comparatively well understood [93, 117]. Understanding of
photophysical properties and charge generation in blends of small molecules is
less thorough [118, 119]. It is conceivable that solar cells of small organic
molecules have a higher potential to meet challenges of commercialization due
to the ease of synthesis, purification and processing as demonstrated by 12 %
in tandem solar cells [33]. Besides this tremendous improvement over the last
ten years, little is known about relevant photophysical processes in small
molecule materials and their blends compared with polymers, thus more
detailed research is necessary to unravel unused potential of these materials. It
is very likely that some technological improvement of vacuum deposition or
solution processing may increase the efficiency of small-molecule based solar

cells dramatically.
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Recently, a number of low-molecular-weight dyes have been introduced
as new absorbers and electron-donating compounds in blend solar cells, among
them squaraines, [47, 120] thiophenes, [119] donor-acceptor thiadiazoles [93]
and merocyanines [9, 48] leading to efficient devices. It is promising in terms
of application that merocyanine molecules can be either thermally evaporated
in vacuum or processed from solution.

Different fabrication technologies give more freedom for optimization
of the film morphology, which is crucial for the efficiency of the cells. Phase
segregation, formation of domain structure and domain sizes were found to be
very important film morphology parameters, which strongly influence the free
charge carrier generation and recombination. Investigation of polymer based
solar cells revealed that high content of fullerene derivatives (of 50% or more)
1s essential to achieve high efficiency [106, 121, 122]. It was explained by
either higher dielectric permittivity of PCBM (g = 441) [123—-125], which at
high concentration increases relative permittivity of the blend and reduces
electron-hole binding energies [107], or by longer separation distances of
generated charge pairs in larger domains formed at higher PCBM
concentration [106].

Understanding of the role of morphology in the solar cell performance
i1s impossible without clear understanding of the carrier generation and
recombination processes. A large number of papers are devoted to this
problem, however still no consensus is achieved on the mechanism of how
charge carriers overcome mutual Coulomb attraction during splitting of
interfacial charge transfer states into free charge carriers.

The main goal of investigations in this chapter is to understand the
generation and dynamics of excitons, charge transfer excitons, and charge

carriers in merocyanine neat films and blends with fullerene derivatives.
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5.1 Sample preparation and experimental survey

The syntheses of merocianine MD376 has been described in ref. [126].
For investigations of MD376 properties in solutions, it was desolved in
toluene, chlorobenzene (CB) or dichloromethane (DCM) at concentrations
between 107 and 10°® mol/L.

The deposition of merocyanine layers from solutions on glass substrates
was performed by spin coating from MD376 solution in chlorbenzene. It was
solved with a concentration of 15 mg/ml and spin coated to obtain film
thicknesses of ca. 55 nm. For blend films a MD376 solution was mixed with
PCBM solution in various ratios using the same solvent and identical
concentrations.

Streak camera Hamamatsu C5680 with synchroscan unit M5676 was
used for the measurement of fluorescence dynamics with ps time resolution.
For the excitation, a femtosecond Yb:KGW oscillator (Pharos, Light
Conversion Ltd.) was employed. The oscillator produced 80 fs 1030 nm light
pulses at 76 MHz repetition rate, which were frequency tripled to 343 nm
(HIRO harmonics generator, Light Conversion Ltd.), attenuated, and focused
into ~ 100 pm spot on the sample resulting in about 1 mW/mm? average
excitation power. The maximum time resolution of the whole system was
about 3 ps.

For temperature dependent photoluminescence spectra the samples were
kept in a customized Cryostat (CryoVac) under Nitrogen atmosphere and were
excited at 566 nm using the beam of an InnoLas Spitlight300 Nd:YAG Laser
with ca. 4 ns pulse width and 20 Hz repetition rate to operate an OPO (GWU
versaScan). PL spectra were recorded with a PI-MAX2 CCD camera from
Roper Scientific after passing an Acton 2300i spectrograph with appropriate
gratings.

Transient absorption investigations have been performed by means of
conventional broadband femtosecond absorption pump-probe spectroscopy.

The spectrometer was based on an amplified femtosecond Ti:sapphire laser
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(Quantronix Integra-C) generating pulses at 805 nm of approx. 130 fs duration
at 1 kHz repetition rate. Pulses of optic parametric generator TOPAS C at 500
nm wavelength were used for the excitation of the sample. White light
continuum for probing was generated in a 2 mm thick sapphire plate. The
excitation beam was focused into a spot of about 500 um diameter, while the
diameter of the probe spot was about 300 um. The differential absorption (AA)
is defined as the negative logarithm of the ratio of transmitted light with and
without optical excitation (pump), respectively. Thus, positive signals
correspond to induced (excited state) absorption and negative signal are due to
absorption bleaching and/or stimulated emission.

Optical density of the blend films at the excitation wavelength was
below 0.25, therefore excitation intensity was almost homogeneous over the
sample thickness. The photon flux was of about 5 pJ/cm?® (~10" ph/cm?) per
pulse.

The syntheses of merocyanine MD376 has been described in ref. [126].

The samples had solar cell architecture (fig. 5.1).

Ag
% BPhen Ca/Al

.}{* 2o g —
Ni 3 MD376andfuIIerene MD376 and PCBM 1)
MoO \e @/
TO ITO/PEDOT
Glass Glass

Fig. 5.1. Organics solar cells based on merocyanine MD376/fullerene

derivatives structure. Vacuum and solution processes OCS are shown in this figure.

Vacuum deposited sample structure is shown in fig. 5.1a. The OSC
active layer of MD376/fullerene blend (~50 nm) is between two electrodes
transparent ITO (anode) and Ag (cathode). MoO; layer of 20 nm thickness
increases the efficiency of holes extraction. BPhen organic molecules layer of
6 nm thickness with high band gap are used in order to prevent exciton

quenching by Ag electrode.
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Solution processed sample structure is shown in fig. 5.1b. The OSC
active layer of MD376/PCBM blend (~50 nm) is between two electrodes
transparent ITO/PEDOT (anode) and Al/Ca (cathode). There PEDOT increases
the efficiency of holes extraction.

We will use definitions vacl:1, vac9:1, soll:1 and sol9:1 for vacuum
and solution processes films with 1:1 and 9:1 MD376:fullerene weight ratios
respectively.

The fluorescence spectra and fluorescence decay Kkinetics were
measured with an Edinburgh Instruments fluorescence spectrometer F900. A
diode lasers (EPL-375 and EPL-470) emitting 50 ps pulses at 375 and 470 nm
with a repetition rate of 20 MHz were used for excitation. The average
excitation power was about 150 pW/mm? The fluorescence spectra were
corrected for the instrument sensitivity. The time resolution of the setup was
about 100 ps if deconvolution with the instrument response function was
applied. The electric field-induced fluorescence quenching was investigated by
using the same equipment and applying a DC voltage to the sample during the
measurements. Fluorescence kinetics was measured at the maximum of

noncorrected for device sensitivity fluorescence band at 750 nm.

5.1 Excited states dynamics in solutions

Absorption  spectra of merocyanine MD376 in  solutions
(c=4 - 10° mol/L, e=66400 M'cm™" (at 576 nm) are presented in Fig. 5.2. The
absorption spectra of solutions in weakly polar solvent toluene (#=0.3D ETs,
~ 33.9 kJ/mol) show two clearly expressed absorption bands. The main
absorption band (575 nm) corresponding to the Sy—S; transition is
accompanied by a vibronic satellite roughly 142 meV higher in energy, typical
of a C-N stretching mode. On the short wavelength side an additional
absorption band (~ 475 nm) is observed. It is shifted by about 0.5 eV relative
to the main transition, therefore it can not be related to a vibrational satellite.

We attribute this transition to an electronic state above S;. The energetic
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Fig. 5.2. Absorption (thick lines) and fluorescence (thin lines) spectra of MD376 in
toluene (red) and DCM (black).

position of the absorption transition does not change if the more polar solvent
dichloromethane (DCM, #=1.1D ET;,~40.7 kJ/mol) is used. This seems a
little surprising because MD376 molecules have large ground state dipole
moment of 6.2 D. [127] However, the absorption band shows only some
increased inhomogeneous broadening instead. All together it is conceivable
that we observe absorption of monomeric MD376 in solution, otherwise the
absorption would split into two transitions as observed for more polar
merocyanines with changing solvent polarity. [92, 128]

Fig. 5.2 also shows fluorescence spectra of MD376 in toluene and DCM
solutions at a concentration of 10 mol/L. In toluene the fluorescence band is
red-shifted to the long wavelength side by about 100 meV relative to the
absorption, which is a typical Stokes-shift for large organic molecules
indicating that fluorescence originates from the same electronic transition as
the lowest energy absorption band. It should be noted that fluorescence spectra
of solutions are much more sensitive to solvent polarity: the fluorescence band
shifts much more (160 meV) to the long wavelength side, becomes much
broader and the intensity decreases in more polar solvent DCM. Altogether,

this hints to an emitting state having more CT character. The MD376
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fluorescence decays exponentially with about 300 ps time constant in toluene
solution and with 600 ps time constant in DCM (not shown).
Transient absorption spectra of MD376 solution in DCM measured at

various delay times are presented in Fig. 5.3.
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Fig. 5.3. Transient absorption spectra of MD376 in DCM at various delay times. The
steady state absorption (black line) and PL spectrum (grey line) are shown for

comparison.

The spectra show a negative band around 580 nm (0.2 ps), which
closely resembles the sum of the absorption and fluorescence bands, thus it is
caused by absorption bleaching and stimulated emission. The negative signal
in the short wavelength absorption band region (ca. 500 nm, 0.2 ps) is weak,
and even weak induced absorption appears at about 475 nm at longer delays
(50 ps). Thus, excited state absorption apparently compensates absorption
bleaching in this spectral region (450-520 nm). The transient absorption decays
exponentially with about 600 ps time constant (not presented), coinciding with
the fluorescence decay time and shows no evident spectral evolution.
Consequently, it reveals no dynamics other than excited state decay, which
indicates that no major changes of electronic or conformational structure of
molecules take place in the excited state within picosecond to nanosecond
timescales. On the other hand, relatively low contribution of stimulated

emission hints at some conformational changes reducing transition dipole
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moment, which take place faster than the time resolution of our setup

(~130 fs).

5.2 Exciton dynamics in neat films

Absorption and fluorescence spectra. Freshly prepared neat MD376
films, have a main absorption band split into two bands (Al and A2 in Fig. 5.4)

of almost the same strength separated by about 160 meV.
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Fig. 5.4. Absorption spectrum and fluorescence spectra measured at indicated

temperatures of neat MD376 film processed from chlorobenzene (CB) solution.

The first absorption band is located at 610 nm compared with 574 nm
in solutions, i.e. red-shifted by 140 meV. The positions and relative intensities
of both bands slightly depend on sample preparation. First of all, it should be
noted, that the ratio between integrated intensities of the higher energy and the
lower energy bands remains approximately the same in solutions and in films.
It indicates that no new absorption bands appear in films, just a long
wavelength band is split into two bands. The simplest interpretation of the
absorption band splitting would be an assumption that the absorption band
shifts to the long wavelength side by about 140 meV in comparison with

solutions and the vibronic satellite gains intensity. Although, we cannot
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completely rule out such a possibility, it is not very likely because position of
the long wavelength absorption band is insensitive to the solvent polarity,
therefore environment influence can hardly be so strong in solid state.
Moreover the band splitting slightly varies in different samples, which is
inconsistent with the vibrational origin. The two bands may be also attributed
to different molecular species present in the films, for example, to aggregate or
microcrystalline structures surrounded by amorphous material as it has been
suggested for some conjugated polymers [129]. This is also unlikely because
the two bands have very similar relative intensities in differently prepared
samples, which would be surprising that relative concentrations of amorphous
and aggregate structures would not be sensitive to sample preparation. We
suggest that the absorption band splitting is caused by excitonic coupling as a
result of formation of interacting dimers, aggregates, or microcrystallites.
According to the excitonic theory [130], the absorption transition splits into
two transitions if the aggregate structure is composed of two inequivalent
molecules in the unit cell, i.e. molecules with different orientations of their
transition dipole moments. The relative intensities of both bands depend on the
mutual orientation of nonequivalent molecules, while the amount of splitting
depends on the interaction energy. Therefore, relative band intensities and their
positions may slightly vary depending on the molecular arrangement in
aggregates. The arrangement of MD376 molecules in single crystals supports
our assignment [92, 127]. Below we show that this attribution is also consistent
with the transient absorption results.

On the other hand, the films are not completely ordered or crystalline, at
least fraction of the material is expected to be amorphous. The absorption of
amorphous material is apparently hidden under the high intensity bands of the
aggregates. It should be noted that neat MD376 films are prone to
crystallization; clearly visible polycrystalline structure appears in the films
during a period of several weeks. It depends largely on solvent used: solvents
of lower vapor pressure produce stable films, whereas solvents of higher vapor

pressure tend to form films prone to crystallization. Aged crystallized films
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have flattened spectra and slightly different peak positions. Band flattening is a
natural consequence of formation of large crystallites nontransparent to light of
any wavelength within absorption band region [131].

Fluorescence spectra of the MD376 films (Fig. 5.4) are composed of
two main bands peaking at approximately 720 and 650 nm (1.72 and 1.9 eV),
however their intensities, positions and widths vary significantly depending on
the film preparation conditions, aging and particularly on temperature. The
high energy fluorescence band (F1) at about 650 nm gains intensity upon aging
of the sample, but disappears at low temperatures. Judging by typical Stokes
shift, this band originates from the dominating aggregated species responsible
for the lowest energy absorption band at 600-620 nm. The long wavelength
fluorescence band (F2) at about 720 nm has very large Stokes shift, therefore it
should be attributed to some minor structural species with low energy
electronic states or to formation of new electronic states in the excited state
inactive in absorption.

Zviterionic character of MD376 molecules suggests formation of low
energy intermolecular charge transfer states upon some optimal arrangement of
different fragments of neighboring molecules. Thus, these states are most
likely responsible for the low energy fluorescence band. Hereafter, we label
them as CTy.v. Other explanations of the low energy fluorescence band such
as molecular isomerization or intersystem crossing to triplet states can be ruled
out because both fluorescence and transient absorption show no any signs of
their formation in solutions. Moreover, triplet states are not consistent with the
fast formation of the long wavelength band, as we will discuss below, and also
with the fact that intensity of this band is not sensitive to the film exposure to
oxygen.

The temperature dependence of relative intensities of the two bands
approximately follows the occupation probability of the two states determined
by a Boltzmann distribution. It indicates that excitations relax to the low
energy excited states at low temperatures, while thermal activation repopulates

the high energy excited states.
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Fluorescence decay dynamics. Fluorescence dynamics of the neat films
was measured in two time domains by means of a streak camera (ps domain)
and by a TCSPC spectrometer (ns domain). Fig. 5.5 shows fluorescence

kinetics of the neat film measured at the maxima of the two fluorescence

bands.
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Fig. 5.5. Fluorescence decay kinetics of neat MD376 films at 650 and 725 nm
measured by means of streak-camera (a) and TCSPC spectrometer (b). The insert
shows the initial part of the kinetics on a linear scale normalized to equal amplitudes

of the slow relaxation component.

Fluorescence intensity on a ns time scale investigated by a TCSPC
spectrometer decays with about 550 ps time constant at both wavelengths at
room temperature, and with about 3800 ps time constant at 725 nm at 80K (not
presented). The fluorescence decay measured with a streak camera reveals an
additional nonexponential fast decay. Fitting of the early time fluorescence
decay with biexponential function gives additional relaxation components with
decay time constants of 7 ps and 60 ps at 650 nm, and of 20 ps and 200 ps at
725 nm.
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The fast decay component at 725 nm has lower relative contribution
than at 650 nm and should be attributed to the tail of the short wavelength
fluorescence band still present at 725 nm. The fluorescence intensity of F/
band at 650 nm decays approximately 100 times during this fast relaxation
phase, which lasts for about 200-300 ps until fluorescence reaches the slow,
independent of detection wavelength decay phase. It indicates that population
of the S, state decreases about 100 times, when excitations relax to CTyium
states. Assuming that only the high energy states are initially optically excited
and total density of excitations decays much slower than excitations relax to
the low energy states, we obtain that about 1% of excitations remain on the
high energy states after the thermalization process, while remaining 99% relax
to the low energy CTy.y states. On the other hand, after thermalization,

relative populations of high (n;) and low (n;) energy states should be
determined by a Boltzmann distribution: N/N, =(o1/0,)eXp(=AE/KT) | where

P11 P, determines relative densities of high and low energy states and AEis the
energy difference between the two states of about 0.2 eV. This energy
difference gives that occupation probabilities of the two states must differ by
about 3000 times (€XP(-AE/KT)=1/3000). Taking into account that the

fluorescence intensity drops down about 100 times, we obtain relative densities

of states £1/P, =30 Thus, this estimation gives that the density of the low
energy CTy.v states is about 3% of the total density of molecules. This
estimation is in a reasonable agreement with the tens of ps exciton trapping
time. As we will show below, 10% of PCBM causes several times faster
fluorescence quenching. However, apparently the density of the CTy, states
strongly depends on the sample preparation conditions and aging causing
significant variation of the fluorescence spectra, thus this estimation shall be
considered only as a rough estimate.

Fig. 5.6 shows the energy scheme for neat MD376 films based on the

above presented experimental data.
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Fig. 5.6. Energy level scheme of neat MD376 films. S; shows two excitonically
splited excited singlet states responsible for A1 and A2 absorption bands and CTy.m
shows the intermolecular charge transfer state. Singlet excitons relax to the CTym ,

however subsequently the lower energy singlet state is thermally repopulated.

Transient absorption of neat MD376 films. Several samples of neat
MD376 films prepared from MD376 solutions in different solvents have been
investigated. Despite strong variation of absorption and particularly
fluorescence spectra of different films, the transient absorption spectra were
quite similar. Fig. 5.7 shows the transient absorption spectra at various delay
times for the film processed from chlorbenzene solution obtained under
excitation intensity of 60 wJ/cm® per pulse.

At zero delay time, the transient absorption spectrum reveals bleaching
of the absorption spectrum (500 - 650 nm) partly compensated by the excited
state absorption. The negative signal at A > 650 nm is attributable to the
stimulated emission since steady state absorption and consequently absorption

bleaching are almost absent in this spectral region.
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Fig. 5.7. Transient absorption spectra of a neat MD376 film at various delay times.
The solid purple line shows inverted absorption spectrum of the film. The spectrum

on top shows the absorbance changes induced by the sample heating by 50 K.

Evolution of the transient absorption of films is more complex in
comparison with solutions. The intensity of the long wavelength part (>
630 nm) of the negative band significantly decays within 50 ps, while the short
wavelength part (~ 570 nm) of the absorption bleaching band decays much
slower remaining almost constant up to 5 ps. Fig. 5.8 shows the transient
absorption kinetics at various wavelength probing the different energies, i.e.
550 nm, 580 nm, 640 nm and 700 nm measured at low excitation intensity of
24 wJ/em® when nonlinear relaxation processes play no essential role (see
below).

The kinetics at 640 nm is much faster than at other wavelengths during
initial 50 ps supporting its attribution to the stimulated emission related to the
F1 fluorescence band, which shows identical relaxation kinetics. Transient
absorption relaxation becomes identical at all wavelengths when excitation

trapping to CTy.y states terminates at about 50 ps.
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Fig. 5.8. Transient absorption kinetics at various probe wavelengths for the neat

MD376 film, measure at 24 1 J/cm” per pulse excitation intensity.

The transient absorption decay also reveals a subpicocecond relaxation
process, which was not observed in fluorescence experiments due to the
limited time resolution of about 3 ps of the streak-camera. Once the stimulated
emission decays, the transient absorption spectrum is almost identical to the
inverted absorption spectrum (Fig. 5.6 thick line). It shows that the majority of
the molecules remain in the excited state, while only loosing the stimulated
emission property, in agreement with relaxation to the weakly fluorescent low
energy state as discussed above. Surprisingly, absorption bleaching
experiences no changes during this process. It unambiguously shows that the
low energy sites, dominantly occupied after the relaxation process, have an
absorption spectrum identical or very similar to that of major molecular
species, which were initially excited. The only difference is that the low energy
species show no stimulated emission and their fluorescence spectrum is shifted
to the long wavelength side (Fig. 5.4). These properties are consistent with the
charge transfer (CT) character of the low energy states where electron transfer
between differently charged fragments of neighboring molecules takes place in
the excited state. Such CT states are very common in molecular solids

composed of polar molecules. CT states usually have small oscillator strength,
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thus the absence of the stimulated emission is a natural consequence of the CT
state formation. The CTy.y; states are most probably formed between MD376
molecule pairs having some particular mutual arrangement, supported by the
single crystal structure [127]. These molecular pairs may be excited directly,
however, more likely they are dominantly excited during exciton migration
determining tens of picoseconds relaxation component of the F'/ fluorescence
band. Even a small difference in the CTy.y state energy caused by some
variations of arrangement of molecular pairs may cause significant differences
in relative populations of Frenkel and CT,., exciton states. Morphology
differences may also cause differences in CTy.y state oscillator strength. Thus,
these factors evidently cause strong sensitivity of the fluorescence spectra to
the sample morphology.

The shape of the transient absorption spectrum changes dramatically at
2500 ps delay time: a new induced absorption band appears at the long
wavelength absorption band slope (630 - 670 nm). We assign this spectrum to
the absorbance changes induced by the local heating of the film following
optical excitation. In order to support this assignment we have measured the
changes of the steady state absorption spectrum upon sample heating. The
sample was heated to 80° C and cooled down to room temperature several
times. The spectrum experienced almost reversible changes, which in the 500-
700 nm region were very similar to the transient absorption spectrum measured
at 2500 ps (see Fig. 5.7). The values of the thermally and optically induced
absorbance changes were also in a good agreement with the local heating
values estimated assuming typical heat capacity of organic solids of 0.5 cal-g
'K". Tt should be noted that the local heating contribution does not disappear
by reducing the excitation intensity; its intensity decreases approximately
proportionally to the transient absorption intensity at zero delay time. This is
due to the fact that almost all absorbed excitation energy is converted to the
thermal energy within about 1 ns after excitation, while thermal energy transfer

to the glass substrate is much slower.
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The transient absorption relaxation at all probe wavelengths becomes
progressively faster with increasing excitation intensity. Fig. 5.9 shows kinetics

at 630 nm where the fast relaxation component is almost absent at low

intensity.
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Fig. 5.9. Transient absorption kinetics at 630 nm for the neat MD376 film measured
at various excitation intensities. Oscillations observed on a long time scale at high

excitation intensities are due to the generation of acoustic waves.

It indicates that exciton-exciton annihilation, common in molecular
solids, shortens the excited state lifetime at high excitation intensities. It is
interesting to note that, oscillating features become clearly observable at high
excitation intensities for times > 100 ps. The oscillations are particularly strong
at the long wavelength slope of the absorption band, and may be
unambiguously attributed to acoustic oscillations induced by local heating,
which were observed in thin films of other organic materials [132]. Strong
oscillations in MD376 films indicate that the long wavelength absorption band
is very sensitive to the density of the material. In agreement with the excitonic
splitting, the long wavelength absorption band shifts towards the long
wavelength side when intermolecular interactions increase due to decreasing

intermolecular distances.
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We have also investigated dependence of the transient absorption on
excitation wavelength (not shown). No clear difference of spectra and their
evolution was observed under excitation of the films at 500, 550, and 610 nm,
corresponding to different absorption peaks. It supports the assumption that all

three absorption bands belong to the same molecular species.

5.3 Ultrafast processes in blends

5.3.1 Exciton dynamics

Absorption spectra of blends correspond to the sum of MD376 and
PCBM absorption spectra (see Fig. 5.10).
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Fig. 5.10. Absorption spectra of MD376:PCBM blend films with different

concentrations of PCBM.

Absorbance of the films at long wavelength, where PCBM absorption is
weak, is approximately proportional to the concentration of MD376, while
PCBM absorption dominates in the short wavelength region. We do not
observe any new bands, which could be related to formation of MD376/PCBM
complexes.

Addition of PCBM causes strong quenching of the MD376 fluorescence

and appearance of a new low energy fluorescence band F3 with maximum at
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about 740 nm (see Fig. 5.11), which is only slightly red-shifted and broader
than F2 band (see Fig. 5.4).
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Fig. 5.11. Fluorescence spectra of MD376:PCBM blend films with different PCBM

concentrations.

Even 1% of PCBM quenches the F/ fluorescence band by about 30%.
MD376 fluorescence intensity drastically drops down at higher PCBM
concentrations, and interestingly, intensity of the F3 fluorescence band drops
down as well.

Fluorescence decay kinetics at 650 and 725 nm for blend films are
presented in Fig. 5.12. Fluorescence of MD376 at 650 nm in the blend with
10% PCBM dominantly decays within about 20 ps. At 50 % PCBM
concentration, the decay at 650 nm is limited by the resolution time of the
streak-camera (~ 3 ps). Kinetics on a ns time scale shows that the '/ band was
not completely quenched on a ps time scale but has also a slowly relaxing
component, which was not observed with streak camera because of lower

sensitivity. Decay kinetics at 725 nm has an identical fast decay component,
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Fig. 5.12. Fluorescence decay kinetics in MD376:PCBM blend films with different

PCBM concentrations measured at 650 and 725 nm by means of streak-camera (a)

and TCSPC spectrometer (b).

which, should be also attributed to the MD376 fluorescence band tail.
Fluorescence at 725 nm has also a slow relaxation component, which is
stronger than at 650 nm and therefore was also observed with streak camera.

Fluorescence at both detection wavelengths decays almost identically on a ns
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time scale, weakly depends on PCBM concentration and may be characterized
by about 1 ns (46%) and 3 ns (54%) decay time constants. These decay times
are much longer than fluorescence decay time in neat film of about 550 ps,
thus confirm attribution of the slowly relaxing fluorescence component to a
new £3 band formed in blends.

Conventionally, quenching of the inherent material (i.e. MD376)
fluorescence by acceptors such as PCBM is due to three main processes: a)
energy transfer from donor to the acceptor, b) electron transfer from the donor
to the acceptor, and c) to formation of complexes between donor and acceptor
and energy transfer to these complexes. Consequently, the new fluorescence
band F3 may be attributed to fluorescence of new states, probably of CT
origin, formed between MD376 and PCBM. This has been observed many
times for conjugated polymer/PCBM blends [106, 107, 133]. Fluorescence of
PCBM can be ruled out, since PCBM fluorescence peaks at about 1.7 eV with
a rather narrow half width and decays with time constants of about 0.7 ns
(58%) and 1.4 ns (42%) [134]. The F3 band of MD376/PCBM blend peaks at
slightly lower energy, is much broader, and decays about two times slower.
Moreover our recent investigations revealed that F3 band is very efficiently
quenched by electric field and the quenching efficiency closely correlates with
photocurrent [135]. Therefore we attribute F3 to CTy.r states formed between
MD376 and PCBM. A ten-fold decrease of the F'/ fluorescence band intensity
in the film with 10% PCBM concentration shows that quenching of MD376
fluorescence in the film takes place with about 90% efficiency. Thus, only a
minor increase of the CT,.r state formation is expected at higher
concentrations. At high PCBM concentrations other factors are likely to reduce
CTwr fluorescence intensity. One of them is free charge carrier generation,
competing with formation of fluorescing CTy,.r states or causing their
quenching [106, 133, 136]. The carrier generation/collection efficiency is
higher at high PCBM concentration when PCBM clusters are formed as was
demonstrated for polymer:PCBM blends [106, 114, 136—138]. On the other

hand, an identical slow relaxation component observed at 650 nm and 725 nm
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detection wavelength is most likely due to thermal repopulation of S, states of
MD376 in analogy with repopulation of these states from CTy, states in neat
MD376 films. It causes not complete quenching of the F/ fluorescence band
and shows that a small energy difference between §; and CTy.r states is not
sufficient to completely prevent electron back transfer from PCBM to MD376.
Fig. 5.13 shows transient absorption spectra of solution processed

blends with 10 % and 50% PCBM concentrations.
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Fig. 5.13. Transient absorption spectra of MD376/PCBM blend films with 10:1 and
1:1 concentration ratios at various delay times. Inserts show transient absorption
kinetics at 560 nm and 725 nm corresponding to absorption bleaching of MD376 dyes

and absorption of CTy.r states respectively.

The initial spectrum of the 10% PCBM film is identical to that obtained
in neat films. This similarity is quite predictable, because PCBM weakly
absorbs at the excitation wavelength, thus most of MD376 molecules are
excited directly. Subsequent evolution of the transient absorption spectrum is
also qualitatively similar to that of neat films, however the stimulated emission

decays significantly faster, in agreement with the fluorescence decay, and a
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new induced absorption band appears in the 650-750 nm region (compare Fig.
5.7). This band should be attributed to the CTy.r states observed in
fluorescence spectra. Similar near IR absorption has been observed in
P3HT/PCBM blends and attributed to the Coulombically bound charge transfer
states or to free charge carriers [114, 139]. Decay of the stimulated emission
gives an estimate of the CTy state formation rate of several ps.

Transient absorption spectra of the film with 50% PCBM (see Fig. 5.13)
show no stimulated emission even at zero delay time: the maximum of the
absorption bleaching band coincides with the long wavelength steady state
absorption band and the negative signal in the fluorescence band region is
absent. It indicates that quenching of the MD376 excited states and formation
of CTyr states or free charge carriers is very fast at high PCBM concentration,
faster than the resolution time of our setup of about 130 fs. Similar ultrafast
energy transfer and charge carrier generation has been observed in conjugated-
polymer/PCBM films [114, 139]. The long wavelength induced absorption
(650-750 nm) attributed to the CTy.r states is initially about two times stronger
in film with 50% PCBM than in film with 10% PCBM, however, it partly
decays during tens of ps (see insert in Fig. 5.13). On the other hand, the
absorption bleaching decays very similarly in both films. We conclude that in
films with 50% PCBM a fraction of molecular species absorbing in the 700 nm
region are converted to nonabsorbing species during tens of ps. Combining this
property with the quenching of the CTy.r fluorescence at high PCBM
concentration we attribute the induced absorption to the CTyy states, which are
partly quenched by the free charge carrier generation in the films with high
PCBM concentration. This attribution is based on the assumption that free
charge carriers do not absorb in the visible spectral region. Indeed, PCBM
anion radicals do not absorb in the visible spectral region [140]. MD376
radical cations prepared by chemical oxidation have a wide absorption band in
the near IR region (see Fig. 5.14), however, the intensity of this band is about

30 times lower than intensity of the visible absorption band of neutral
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molecules, therefore its intensity in the transient absorption spectra should be

very low.
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Fig. 5.14. Absorption spectra of MD376 cations in DCM obtained by chemical
oxidation using indicated volumes of saturated FeCls solution. The concentration of

the MD376 solution is ~4 - 10 mol/L in a 0.1 cm cuvette.

Based on the investigation results we propose the energy state model
presented in Fig. 5.15 for MD376:PCBM blends.
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Fig. 5.15. Excited state relaxation scheme in neat MD376 film blend with PCBM.
Optically created S; excitations form intermolecular CTy.v or interphase CTy. States
during several ps, however thermal reactivation causes a weak population of S; state
during entire lifetime of CTy.r state. Generation of separated charge carriers from
unrelaxed CTy.r state at high PCBM concentrations causes reduction of CTy.r and

S state population.
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The main finding is the formation of a charge transfer state CTy.r below
the CTy.m, already present in pure MD376 films. Because of similar energies
and, thus, similar fluorescence spectra we cannot clearly distinguish between
CTy.m and CTyr states in blends. However, there are some indications, that
formation of CTy.r states dominate, at least in blends with high PCBM
concentration: much faster quenching of the F/ fluorescence band and of the
related stimulated emission in blends show that formation of CTy.r states is
much faster than formation of CTy.y states in pure MD379, several times
longer fluorescence relaxation time in blends indicates that it is determined by
CTw.r states absent in pure material. The prevalent role of CTyyr states for the
photophysics of blends is evidently mainly caused by a higher density of CTy, ¢
states rather than by their lower energy. Thus, most likely CTyy.y states do not
play important role in charge carrier generation in MD376:PCBM blends and

consequently in solar cells fabricated from these blends.

5.3.2 Fluorescence quenching

Time-integrated fluorescence spectra of MD376 blends with 50% and
10% fullerene prepared by vacuum deposition and by spin casting from
solutions are presented in Fig. 5.16.

The fluorescence band at about 650 nm is attributed to MD376, while
the strong band at long wavelengths is attributed to the CT excitons formed at
MD376/fullerene interface. Similar CT exciton emission has been reported for
a number of polymer:fullerene blends [39, 106, 107, 141, 142]. The shape and
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Fig. 5.16. Fluorescence spectra of various samples at 0 V (black) and 2V (gray) of

applied voltages excited at 470 nm. The spectra are corrected for the spectrometer

sensitivity and sample absorbance at excitation wavelength.

position of the CT fluorescence band vary slightly depending on the fullerene

concentration and on the film fabrication method. The fullerene additives

quench the intrinsic merocyanine fluorescence band at 650 nm. The quenching

is stronger for vacuum deposited films and its efficiency increases with
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fullerene concentration. The quenching efficiency apparently depends on mean
dimensions of pure MD376 domains, which are smaller in the samples with
higher PCBM content, and probably are also smaller in vacuum deposited
films because of more homogeneous fullerene distribution. Interestingly,
intensity of the CT fluorescence band also decreases by increasing fullerene
concentration from 10% to 50%. We attributed this decrease to formation of
additional CT exciton decay channel related to their dissociation into separated
charge carriers at high fullerene concentration [143]. Similar CT fluorescence
decrease at high PCBM concentration was also observed for the
polymer:PCBM blend and was also attributed to the formation of separated
charge carriers which eventually recombine nonradiatively [106].

The CT fluorescence of sol9:1 and sol1:1 films decays nonexponentialy and
almost identically (see inserts in Fig. 5.17). However, the decay of the vac9:1
film fluorescence is slightly faster, and is particularly fast for vacl:1 film.
Identical decay kinetics for sol9:1 and soll:1 films lead to conclusion that
radiative and nonradiative relaxation rates of CT excitons are independent of
the PCBM concentration; it is very unlikely that variation of the radiative
relaxation rates could be perfectly compensated by opposite variation of the
nonradiative relaxation. Therefore different initial intensities should be
attributed to different CT exciton concentrations. On the other hand, identical
initial fluoresce intensities of the sol9:1 and vac9:1 films suggest that initial
CT exciton concentrations and radiative relaxation rates in these films are also
identical. Therefore, the weaker by about 20% integrated fluorescence of the
vac9:1 film and its faster decay should be attributed to faster nonradiative
relaxation. Consequently, very low initial intensity of CT fluorescence and its
fast decay in vacl:1 film are apparently caused by low initial CT exciton
concentration and by its fast nonradiative decay. These considerations lead to
the conclusion that the radiative decay rates of the CT excitons are identical in
all the samples and thus, CT fluorescence intensity faithfully represents the

concentration of CT excitons.
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Fig. 5.17. Fluorescence decay kinetics of different blend films at 750 nm measured

without electric field (black) and at 2V of applied voltage (grey).

Electric field strongly quenches the CT fluorescence, while quenching
of the intrinsic MD376 fluorescence band at 650 nm is absent or much weaker
(Fig. 1). This is consistent with the different origin of the two fluorescence
bands. The field-induced fluorescence quenching of organic materials usually
comes from dissociation of excitons into charge pairs [144], therefore
guenching of Frenkel excitons having large binding energies of about (0.4-1)
eV is significant only at field strengths of about 10° V/cm or higher [50, 145].

Moreover, Frenkel excitons, as discussed above, have short lifetime in blends,



therefore their field-induced quenching must be extremely fast to compete with
the exciton splitting at MD376/fullerene interfaces. Binding energies of the
CT excitons are several times as low, of about 0.2-03 eV [146], therefore they
are easier to separate by electric field.

As it is clearly seen in Fig. 5.17, applied field has different influence on
the fluorescence decay dynamics for different samples. It should be also noted
that, the initial fluorescence intensity only weakly depends on the applied
electric field. Deconvolution of the apparatus functions (not presented)
supports the assumption that even for vacl:1 film this field influence comes
mainly from the reduced fluorescence lifetime rather than from reduced initial
amplitude. It indicates that efficiency of the CT exciton formation is
independent or only weakly dependant on the electric field. We can formally
describe the CT exciton concentration (Nc1) dynamics under applied field as:

ANy
dt

=_NCTk (t)_NCTq(V’t), 51

where k(t) and q(V,t) are the intrinsic decay and fluorescence quenching rates
respectively. Assuming that CT fluorescence intensity is proportional to Ncr,
we can estimate the field-induced CT exciton quenching rates from the
fluorescence decay kinetics as [101]:
1 dF, 1 dF
tV)=—"-2-—- -V

WVI="at F, at - 5.2
where Fo(®and F/(t) are time dependent fluorescence intensities without and
with the electric field, respectively. The evaluated CT exciton quenching rates

are presented in Fig. 5.18.
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Fig. 5.18. Electric field-induced time-dependent CT exciton quenching rates in

various samples at 2 V of applied voltage.

The highest initial quenching rate was obtained for the vacl:1 film.
However, it rapidly decreases, simultaneously with the decay of the
fluorescence intensity approaching that of the vac9:1 film at longer (>3ns)
times. This behaviour tells us about the inhomogeneity of the CT excitons;
rapidly relaxing CT excitons are easily quenched, while quenching of the long-
living CT excitons is much less efficient. The long-lived and inefficiently
quenched CT excitons are most probably those created at small fullerene
domains, which dominate in vac9:1 film and are also present in vacl:1 film.
These excitons start to dominate in vacl:1 film at long times when rapidly
relaxing excitons already decay, and cause similar low quenching rates both for
vacl:1 and for vac9:1 films. Fluorescence quenching in solution processed
films shows qualitatively similar dependence on the PCBM concentration, but
no clear time dependence. Thus, comparison of the CT fluorescence intensities,
their relaxation and quenching rates in different samples allows us to conclude
that CT excitons in blends decay in two phases: ultrafast phase, much faster
than the time resolution of our measurements, causing decrease of the initial

fluorescence intensity and their decay on a ns time scale. Electric field causes
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shortening of the ns lifetimes, while its influence on the ultrafast decay phase is

absent or weak.

5.3.3 Charge carrier transport

We combine ultrafast TREFISH and conventional time-resolved
photocurrent measurements to get information on carrier motion from their
generation until extraction from the samples. Fig. 5.19a. shows the electric
field kinetics in the investigated blends calculated from the time-resolved
EFISH data (initial 3 ns) as described in the experimental section, and from the

voltage kinetics measured by the oscilloscope at longer times.
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Fig. 5.19. a) Electric field kinetics at 2 V applied voltage in the investigated blends
calculated from the time resolved EFISH data and from voltage kinetics measured by
oscilloscope. b) Carrier displacement Kkinetics at 2 V applied voltage (note log scale
after break).
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The kinetics obtained for the vacl:1 film shows the fast electric field decrease
on the time domain of initial 3 ns. Approximately half of the total field
decrease takes place during this time, while the remaining field decay is much
slower, taking place on tens and hundreds of ns time scale. The electric field
kinetics in vac9:1 film is significantly different. It shows only a minor field
decrease measured with TREFISH method, while the dominating field
decrease takes place on tens and hundreds of ns time scale reaching saturation
at about 10 us. The total field decrease is by about 30% smaller in vac9:1 film
than in vacl:1 film. The field kinetics in sol1:1 film is qualitatively similar to
that obtained for the vacl:1 film, but the field decrease during initial 3 ns is
several times smaller, the second decrease phase lasts much longer, and the
total field decrease is smaller by about 40%. The filed kinetics in sol9:1 film is
almost identical to that in vac9:1 film during initial 3 ns, while the total field
decrease is slightly smaller.

Different electric field kinetics obtained in different samples should be
related to different electron and hole motion and extraction dynamics. Electron
mobilities are expected to be very different in samples with different fullerene
content. The electron mobility is expected be low in samples with 10%
fullerene concentration, which is below or close to the percolation threshold,
being, e.g. at about 18%. for spherical particles. Electron mobility in
microcrystalline PCBM powder or films was reported to be up to 0.1 cm* V* s
! [147, 148]. Since we observe fast electric field decrease in samples with high
fullerene concentration and much slower in samples with low concentration,
we attribute the fast decrease phase to the electron motion in percolating
fullerene domains. Field decrease by about 50% of the total decrease value
during the initial 3 ns in vacl:1 and its clear saturation suggest that all
electrons are extracted from this sample during 3 ns, while hole extraction is
consequently much slower, lasting for hundreds of ns. Electron motion in other
samples is much slower, and only fraction of them are extracted during 3 ns.
Slow electron extraction from samples with 10% fullerene is a natural

consequence of low electron mobility due to weak percolation of PCBM
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domains. Slower electron motion in the solution processed film soll1:1 is most
probably related to lower carrier mobility in PCBM in comparison with
fullerene [149]. This is plausible because attached side groups in PCBM
molecules disrupt the optimal packing of fullerene buckyballs and slow down
electron transport. Different morphology of solution processed and vacuum
deposited films may be another reason for different carrier mobility. Slow
carrier generation, as will be discussed below, is an additional factor limiting
carrier extraction from some of the samples during initial several ns.

The hole mobility is expected to be less sensitive to the fullerene
content because merocyanine concentration is sufficiently high in all the
samples to reach its percolation threshold. Thus, the hole motion is expected to
be similar in all samples. Indeed, on a 10-150 ns time domain, electric field
dynamics is similar for all the samples (see fig. 5.19a). Thus, the field kinetics
on the tens of ns time scale we attribute to the hole extraction. This phase
terminates carrier extraction from vacl:1 film. Carrier extraction from soll:1
film has about ten times slower component in addition. Most probably this
extraction phase is caused by the trapped carriers. Apparently, solution
processing produces deep carrier traps. However it is difficult to discriminate,
which, electrons or holes are trapped.

The final carrier extraction phase is particularly slow for the sol9:1 film.
We do not see any reasons why hole extraction from sol9:1 film may be much
slower than form other samples, therefore we attribute the slow phase to the
slow electron extraction via nonpercolating fullerene domains. Fig. 5.20 shows
the voltage kinetics measured with oscilloscope at different applied voltages

for sol9:1 film.
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Fig. 5.20. Excitation induced voltage kinetics in sol9:1 film at various applied

voltages.

The initial extraction phase is faster at higher applied voltages because
of faster carrier motion, while the shape of the slow extraction component, is
surprisingly insensitive to the applied voltage. Such behaviour is incompatible
with carrier motion governed by their mobility. Evidently the mobility concept
Is not applicable to this extraction phase. More likely it is governed by the
carrier de-traping. In samples where percolative passage for electrons is absent,
electrons must be transferred from fullerene to MD376 in order to be extracted,
I.e. electrons must be thermally activated from fullerene LUMO orbital to
LUMO of MD376, which is by about 250 meV higher in energy [48]. This
large energy difference makes the process very slow and electric field
influence on its rate appears to be insignificant. It causes the observed their
slow extraction from sol9:1 film. Surprisingly the electron extraction from the
vac9:1 film is much faster than from sol9:1 film. The difference is most
probably related to the different morphology of the two films due to their
different deposition methods. As it was also concluded from the fluorescence
properties, vacuum deposited film probably contains smaller fullerene
domains, but with smaller distances between them enabling electron tunnelling

between the domains.
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Fig. 5.21 summarizes the carrier extraction results showing the total
electric field drop at long times, and also the electric field drop at 3 ns obtained

from TREFISH measurements.
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Fig. 5.21. Dependences of the total electric field drop (a) and of the electric field drop

at 3 ns in different samples as functions of applied voltage.

The positive voltage drop values obtained at negative voltages are due
to the work function difference between Al and ITO electrodes of about 0.8 V
creating electric field even without any applied voltage. The total field drop
clearly saturates at about 1V of applied voltage in vacl:1 film. It may be
interpreted as an indication that all created charge carriers are extracted from
the sample at voltages higher than 1V. The saturation is less expressed for the
soll:1 and vac9:1 films, while for the sol9:1 film we observe voltage drop
strongly increasing at high voltages. Total carrier extraction from these
samples is evidently not yet achieved at 4V. The voltage drop at 3 ns attributed

to the electron extraction also shows tendency of saturation for vacl:1 film;
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majority of electrons are extracted from this sample during 3 ns. In contrast,
only small fractions of electrons are extracted during 3 ns from other samples.
It should be noted that the total extracted charge from all the samples
increased linearly with excitation intensity up to intensities exceeding those
used in the presented investigations several times. It indicates that the
excitation intensities in our investigations were below the threshold values of
the second order recombination processes, i.e. nongeminate carrier
recombination was insignificant. Therefore the variation of the taotal extracted
charge values shall be mainly attributed to the limited efficiency of the charge

carrier generation and their geminate recombination.
5.3.4 Charge carrier mobility

Fig. 5.19b shows Kinetics of the charge carrier displacement distance
(lgis) calculated from the voltage Kinetics, i.e separation distance along the
electric field direction between electron and hole of geminate pair. This
distance was obtained by normalizing kinetics of the extracted charge to the
total extracted charge and taking into account that average total drift distance
of charge carrier equals to the half of the film thickness. It was also assumed
that the charge carrier generation is, in the conditions of homogeneous all over
the sample thickness.

Separated in time electron and hole extraction phases give us a
possibility to calculate the electron mobilities from the voltage Kinetics
presented in Fig. 5.19b assuming that only electrons contribute to the
photocurrent during the initial 3 ns. The carrier mobility calculation procedure
was described elsewhere [50]. Briefly the mobility was calculated as:

1 dl,
u(t) =Eﬁ. The calculation procedure also accounted for the carrier density

decrease in time because of their extraction from the sample. The obtained

mobility Kinetics are presented in Fig. 5.22.
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Fig. 5.22. Time dependences of the electron mobilities in different samples obtained
from the electric field kinetics by neglecting hole motion and assuming instantaneous

carrier generation.

The mobility values are averaged over all the electrons, which were
eventually extracted from the sample. The obtained initial mobility on tens of
ps time scale in the films with 50% fullerene is several times as low as that
obtained in pure PCBM film [148] and drops down about ten-fold during
several ns remaining about twice higher for the vacl:1 film than for the soll:1
film in agreement with the Mackenzie et al [149]. predictions. Electron
mobilities in films with 10% fullerene are up to 10 times as low. However, it
should be noted, that obtained mobility values for these films are less reliable.
The, initial mobility values may be reduced if charge carriers are generated not
instantaneously. On the other hand, the electron mobility may be overestimated
because of neglecting the hole mobility. Nevertheless this evaluation gives us
the upper limit of the electron mobility on a ns time scale in these films, which
is of about 10™* cm?/Vs.

Evaluation of the hole mobility dynamics is more problematic because
of the carrier trapping and also because of the electron contribution to the
photocurrent on a ns - us time scale. From the kinetics of the displacement
distance on the tens of ns time scale (Fig. 5.19b) we obtain the hole mobility

value of about 10 cm?Vs, which is almost equal for all the samples. This
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value is by at least an order of magnitude higher than the macroscopic hole
mobility in MD376 determined in OFET of 10 cm?/Vs and in its blend with
Wt75% of PCBM of 9x10” cm?/Vs [48]. This is quite natural, because carrier
mobilites in polymers and other molecular materials decrease in time by
several orders of magnitude [50, 52, 115, 121, 148] before reaching stationary
macroscopic mobility values. Indeed, we also observe very slow trapped
carrier extraction from some of the samples, which apparently determine the

macroscopic mobility.

5.3.5 Charge carrier generation

We will combine fluorescence quenching and carrier transport results to
discuss the charge carrier generation mechanism and properties. We will use
definition of charge pair (CP) state for charge pairs with larger separation
distances but still within mutual Coulomb attraction potential, and the term
separated charge carriers (SCC) for the electrons and holes which escaped
mutual Coulomb attraction. CT fluorescence intensity and its quenching by
electric field give us information about the formation of CT states and their
relaxation and splitting into charge pairs. As we have already discussed, we
identify two processes reducing the CT exciton concentration: a) fast CT
exciton splitting and/or direct generation of CP states by Frenkel exciton
dissociation, reducing the initial fluorescence intensity, and b) CT exciton
splitting during their entire lifetime.

The highest fluorescence intensity and very low charge extraction from
sol9:1 film at zero applied voltage indicates that both carrier generation phases
are very inefficient in this film at zero applied voltage. Therefore we will use it
as an etalon of the fluorescence intensity when carrier generation is negligible,
thus all excitons produce CT states, which all decay without splitting into
charge carriers.

In the case of insignificant nongeminate carrier recombination, the total

extracted charge gives us the information about the number of created SCC.
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We estimate the free carrier generation yield by similar procedure as suggested
in ref. [123, 124]. Saturation of the total extracted charge from vacl:1 film
observed above 1- 2 V of applied voltage (Fig. 5.21) allows us to conclude that
about 1V bias is sufficient to split all the CP states before their geminate
recombination. Moreover, very weak CT fluorescence of this film (see Fig.
5.16) indicates that only a small fraction of CT excitons decay to the ground
state; majority of them produce CP and eventually SCC states. Thus, we
conclude that the internal charge carrier generation and extraction efficiencies
are close to 100% in this sample above 1V of applied voltage, which is in
agreement with high operation efficiency of solar cells fabricated on the basis
of vacuum processed blends with high fullerene content [48]. Therefore we
will use the vacl:1 film as an etalon of 100% CT state dissociation.

Charge carrier generation efficiencies in other samples are much lower
at low applied voltages, however as Fig. 5.21 shows, they strongly increase by
increasing applied voltage. It indicates that stronger electric fields are
necessary in these samples for the SCC generation. Table 5.1 summarizes

fluorescence and charge carrier extraction results.

Table 5.1. Normalised values of the initial fluorescence intensity Fo , time-

integrated fluorescence [F, and total extracted charge Q.

ov 2V
Fo IF Q, |IF+o |IF Q [F+0
sol9:1 1 0.95 0.05 |1 0.82 0.25 1.07

sol1:1 0.55 0.57 0.15 | 0.72 0.35 0.50 0.85
vac9:1 1.01 0.78 0.30 | 1.09 0.51 0.62 1.13
vacl:1 0.14 0.12 0.65 | 0.77 0.05 1 1.05

Here the fluorescence data are normalized to the fluorescence intensity
of sol9:1 film at zero applied voltage used as an etalon of fluorescence
intensity when carrier generation is neglidgible, and the extracted charge

values are normalized to the extracted charge from vacl:1 film at 2V applied
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voltage used as etalon of 100% carrier generation. Therefore, normalized initial
CT fluorescence intensity F, corresponds to the initial CT exciton yield and the
integrated fluorescence intensity [F corresponds to the fraction of created
excited states relaxing to the ground state via emissive CT states. The total
extracted charge Q corresponds to the charge carrier yield. According to this
definition 1-F, value corresponds to the fraction of ultrafast created CP states
and the difference between F, and [F values corresponds to the fraction of CP
states generated during the entire CT exciton lifetime.

JF+0 should be equal to one if all the created excitations relax to the
ground state via emissive CT states or produce charge carriers. Taking
measurement errors into account, this condition is fulfilled for the samples with
10% fullerene, while significantly lower [F+Q values obtained for the samples
with 50% fullerene, at least at zero applied voltage. It indicates that some
additional nonemissive relaxation channel appears at high fullerene
concentration. Significant difference between F, and [F values shows that a
large fraction of charge pairs in these samples are generated by the ultrafast
mechanism, therefore it is reasonable to relate the nonemissive relaxation
channel to the ultrafast CP generation. Since ultrafast CP state generation
requires no electric field assistance, it is reasonable to assume that created
electron-hole pair orientations are random with respect to the electric field
direction. Therefore, at later times the electric field drags a fraction of charge
carriers back to their initial positions forcing geminate recreation of CT
excitons. In contrast, in case of slow field-induced carrier separation,
dominating in samples with 10% fullerene content, charge carriers are
separated only along electric field and their motion back and recreation of CT
excitons is very improbable. Therefore, geminate CP state recombination and
recreation of CT excitons is substantial only in samples with 50% fullerene
content. It is reasonable to relate the nonemissive relaxation channel with the
CT exciton recreation. Due to weak electron—hole coupling in CP state, rapid
electron spin mixing may take place [82, 150]. According to the spin statistics

75% of recombining CP states creates triplet CT states and only 25% recreate
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singlet excitons. Therefore, majority of geminately recombining CP states
recreate triplet CT excitons, which relax nonradiatively.

Charge carrier drift dynamics (Fig. 5.19) supports the presented charge
carrier generation mechanism. Charge carriers in sol9:1 and vac9:1 films are
generated relatively slowly during the initial several ns, therefore only few
generated CP states with mobile charge carriers are present at short times.
Therefore the drift distance normalized to the total number of extracted charge
carriers is initially very small. On the other hand, majority of the charge pairs
In these samples are generated during the initial 1-2 ns, therefore, generation
kinetics could hardly influence the drift dynamics on a time scale of tens of
nanoseconds. Consequently our previous conclusion on relatively slow
electron and hole motions remains valid.

The two mechanisms of CP state generation partly explain different
dependences of the total extracted photocurrent on the applied voltage.
Majority of excitons create CP states in vacl:1 film without electric field
assistance and even weak electric field is sufficient to separate them into free
carriers, which are eventually extracted from the samples. In contrast, strong
electric field is necessary for the charge carrier generation and extraction from
sol9:1 film where dissociation of CT excitons requires assistance of strong
electric field. The sol1:1 vac9:1 films represent intermediate cases.

Fig. 5.23 summarizes the discussion above, presenting charge carrier
generation scheme, and Table 5.2 presents efficiencies of the discussed

processes determined from the fluorescence and charge extraction data.
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Table 5.2. Efficiencies of various relaxational processes shown in scheme 1 at
OV and 2V of applied voltages evaluated from initial and integrated fluorescence

intensities and from extracted charge values.

ov 2V
nee™ | ™™ | msce | mBer | e | mee”™ | msce | mBer
sol9:1 |0 0.05 0.05 |0 0 0.18 0.25 |-0.07
soll:1 | 0.45 -0.02 |0.15 [ 0.30 |0.45 0.20 0.50 |0.15
vac9:1 | 0 0.22 0.30 |-0.08 | O 0.51 0.62 |-0.13
vacl:1 | 0.86 0.02 0.65 | 0.23 |0.86 0.09 1 -0.05

Because of the simplified model and measurement errors the presented
scheme should be only interpreted as qualitative, the exact efficiencies of
various processes may differ from the estimated values significantly; however,
it reveals the main processes and their dependences on the device structure.

Briefly, charge pair generation in films with 50% fullerene takes place
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dominantly by the ultrafast, field independent generation mechanism and a
fraction of generated CP states recombine creating triplet CT excitons. CP state
generation in films with 10% fullerene takes place by the field-induced CT
exciton splitting during their entire lifetime with insignificant geminate
recombination. Now we will shortly discuss the mechanisms of different
carrier generation processes and how they are related to the material structure.
Ultrafast charge pair generation. As was discussed, this process occurs
much faster than within 50 ps and is independent or only weakly depends on
the electric field strength. The mechanism of the ultrafast carrier generation,
has been widely discussed during recent years and is considered as basic
process determining operation of organic solar cells. Several concepts have
been suggested to explain fast and efficient carrier separation against mutual
Coulomb attraction. Dissociation of hot interfacial CT excitons was suggested
to produce charge pairs during several hundreds of femtoseconds [93, 109,
114, 117, 151-153] . Our results show that the ultrafast CP state generation is
efficient only in the case of high fullerene concentration. Most probably, this is
related to the fullerene domain size as was also suggested for fluorine
copolymer:PCBM blend [106]. Electrons, which possess high mobility should
be able to diffuse and to be localized within sufficiently large distances before
they relax to the bottom of the density of states. According to the estimation
made in ref. [154], common action of Coulomb attraction and entropy forms
energy barrier at about 5 nm distance. Thus the ultrafast initial separation
should be comparable to this distance to prevent rapid recombination.
Therefore, sufficiently large fullerene domains are essential for the ultrafast
charge carrier separation. Fullerene molecules most probably do not form
sufficiently large domains in films with only 10% concentration and the hole
mobility inside merocyanine, which, according to our evaluation, is much
lower than that of electrons and is not sufficient to enable carrier separation.
We have recently demonstrated that entropy driven [155] fast initial carrier
diffusion drags charge carriers apart by several nm during the initial several ps
in P3HT/PCBM blends [154], while carrier drift at electric fields of the order
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of 10° V/cm plays only minor role during this time. According to this model,

the efficiency of this process is expected to be very high in vacl:1 film because

of high electron mobility. Based on the Einstein relation Dd = HT | we obtain
the initial diffusion coefficient of electrons in vacl:1 film of about 4x10°
cm?/s. It gives about 5 nm average diffusion length of electrons during initial
100 ps, sufficient to reach energy barrier.

Different efficiencies of the ultrafast separation phase in vacuum and in
solution processed films with 50% fulerene concentration is less clear. It may
be due to different material segregation, or due to different properties of
fullerene and PCBM clusters. Several times lower electron mobility in PCBM
than in fullerene (see Fig. 5.22) is the most straightforward explanation. On the
other hand, merocyanine morphology, which is probably also different in
vacuum and solution processed films hardly plays important role, because, as
was discussed, hole motion is less important for the fast carrier separation.

Relatively small CT exciton binding energy of about 0.2 eV is another
important factor determining efficiency of the ultrafast CT exciton
dissociation. Before relaxation to low energy states inside DOS, charge carriers
have sufficient energy to overcome Coulomb attraction, what they can do even
without initial carrier delocalization or initial creation of the long distance
charge transfer states. Thus, our data show that the ultrafast carrier generation
phase, which is particularly efficient in vacl:1 film, may be described by the
Onsager-Broun model with initial separation distance determined by the fast
diffusion of nonthermalised electrons inside fullerene domains. According to
this model, ensemble of charge pair states with different electron-hole
separation distances, including the nearest neighbour emissive CT excitons, is
created during several ps. The created ensemble is dynamic; electron-hole
distances constantly change driven by thermal energy. As time progresses
charge carriers separate to larger distances or gradually geminately recombine
via CT excitons. Therefore the CT exciton kinetics depends on its relaxation
rate as well as separation of charge pairs to longer distances and their geminate

recombination.
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Charge pair generation during the entire CT exciton lifetime. This
carrier separation phase driven by thermal energy and by electric field is
related to the dissociation of relaxed CT excitons. It causes slow appearance of
free charge carriers, which we observe as slowly increasing carrier
displacement distance on a 3 ns time scale. Although, this process is less
efficient in films with 10% fullerene concentration, it is responsible for the
photoconductivity of these films since the ultrafast separation phase in these
films is absent. CT exciton dissociation even at zero applied voltage indicates
that its binding energy is relatively low, so that the energy barrier may be
overcome when it is reduced by electric field. Assuming dielectric
susceptibility of blends ¢ = 3 and using point charge approximation we obtain
that electric field of about 2.5x10° V/cm reduces the energy barrier along
electric field direction by about 0.2 eV and shifts it closer to the countercharge.
Efficient fluorescence quenching shows that the reduced energy barrier
becomes comparable to the thermal energy. Thus, the estimated CT exciton
binding of about 0.2-0.3eV is comparable with the CT exciton binding
energies estimated for polymer:PCBM blends of about 0.2 eV [146].

Moreover, shorter fluorescence lifetime of CT excitons and larger
photocurrent at zero applied voltage in vac9:1 film in comparison to sol9:1
film imply that that the CT exciton splitting in vac9:1 film takes place at build-
in electric field of about 1.6x10° V/cm or probably even at zero field. Very
short fluorescence lifetime in vacl:1 film unambiguously shows that such CT
exciton dissociation does take place and is very efficient in vacl:1 film. Hole
diffusion inside merocyanine is apparently responsible for the relaxed CT
exciton dissociation in the films with 10% fullerene, since electrons confined
in small fullerene clusters cannot escape from Coulomb attraction. However,
electron motion inside fullerene clusters may be also important, as it increases
the e-h distance and makes it easier for the holes to escape from Colulomb
attraction. It explains more efficient relaxed CT exciton dissociation in vac9:1
films in comparison with the sol9:1 films, where electron mobility is lower.

Relaxed CT exciton dissociation is much more efficient in films with 50%
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fullerene, where both, electrons and holes, are mobile, and evidently, high

electron mobility makes this process very efficient in vacl:1 film.

5.4 Concluding remarks

Formation of low energy intermolecular charge transfer states CTy.m was
found in neat MD376 films and charge transfer CTy,.r states between MD376 and
PCBM molecules in blends.

Charge transfer state CTy.r dominates over CTy.y in MD376 blends
with PCBM because of higher their density and probably lower energy.

The investigations revealed two types of photogenerated charged
species: emissive relaxed CT states and charge pairs with larger e-h separation
distances. The charge pairs are generated by two processes: a) ultrafast field
independent generation and b) dissociation of CT relaxed during their entire
lifetime.

Electron mobility within fullerene domains was found to be much
higher than the hole mobility in merocyanines in films containing 50%
fullerene. Fast diffusion of nonrelaxed electrons inside fullerene domains
determines fast charge pair generation phase and therefore this process is
efficient only in blends with high fullerene concentration where the domains
are sufficiently large. Higher electron mobility in fullerene domains than in
PCBM domains is most likely responsible for more efficient charge pair

generation in vacuum deposited blends
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General conclusions

1. Fluorescence lifetimes of PDHS polymer nanocomposites meanly depend
on temperature and inorganic matrix. PDHS incorporation into organic
matrixes improves fluorescence properties and can be useful for light

emitting devices production.

2. Internal charge transfer states are formed in PSF-BT films therefore
exciton-exciton annihilation in F8BT and PSF-BT polymers are different.
Free charge carriers are generated after exciton-exciton annihilation in

F8BT, while internal charge transfer states are formed in PSF-BT.

3. The investigations revealed unexpected influence of PCBM additives on
charge carrier generation and motion in PSF-BT films. PCBM increases
efficiency of the charge carrier photogeneration, but, on the other hand,

slows down the charge carrier extraction time.

4. Two types of charge transfer excitons were discovered in merocyanine
MD376 neat films and in its blends with fullerene derivatives.
Intermolecular charge transfer states were found in neat films, while

charge transfer states between MD376 and PCBM dominate in blends.

5. Two types of photogenerated charged species are formed in
MD376/fullerene blends: emissive relaxed CT states and charge pairs with
larger e-h separation distances. The charge pairs are generated by two
processes: a) ultrafast field independent generation because of nonrelaxed
exciton disociation and b) dissociation of relaxed CT states during their
entire lifetime. Ultrafast field independent generation was observed in
MD376 with high fullerene concentration (50%). Dissociation of relaxed
CT states during their entire lifetime dominates in blends with low

fullerene concentration (10%), this kind of charge pairs generation
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mechanism was observed in in MD376 with high fullerene derivatives
concentration, bus had lower influence.

Charge pair generation is more efficient in vacuum deposited blends most
likely because of higher electron mobility in fullerene domains than in
PCBM domains.
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