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Chapter 1

General Introduction

In this chapter basic concepts and definitions regarding the physical properties of
organic semiconductors are introduced. The importance of exciton diffusion for the
operation of optoelectronic devices is emphasized. By reviewing available
experimental methods to study exciton diffusion we show that new techniques are
needed to systematically measure singlet and triplet exciton diffusion length in
organic semiconductors. The precise measurement of these physical quantities will
have an important role in driving the design of new materials for high performing
solar cells and light emitting diodes. Finally the scope of this thesis is summarized.
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(a) (b)
LUMO ———— TU*

Figure 1.1: (a) A conjugated backbone with overlapping p. orbitals that point out of the
molecular plain. (b) Highest occupied and lowest unoccupied molecular orbitals (HOMO
and LUMO). Arrows denote two electrons with different spins.

1.1  Organic Semiconductors

Organic semiconductors are carbon based compounds that show semiconducting
properties. All kinds of optoelectronic devices including light emitting diodes (LED),!
solar cells,[2] field effect transistors,[3] memories,[4] and sensors!5! have been made
using this class of semiconductors. Compared to the inorganic counterparts, the most
important advantage of organic semiconductors is the possibility of tuning their
properties by chemical modifications. Thus the efficiency of organic solar cells has
been recently almost doubled up to 8.3% by synthesizing new polymers while keeping
the device structure the same.[67]

Organic electronics enables innovative thinking of applications. Imagine that to
put a solar cell to the roof of a house one would only need to paint it, several times
though. Illustrations and photographs in newspapers may become animated just like
in the world of Harry Potter.[8! Reality is not far from this technological world;
organic displays and flexible solar cells are already for sale. Organic semiconductors
will continue to find applications in new niche markets, in which flexible substrates,
lightweight, biocompatibility, and low cost are more important factors than high
performances. They, however, unlikely will substitute silicon in computer chips or
similar devices since the charge carrier mobility and stability at ambient conditions
are much better in inorganic semiconductors.

Alternation of single and double bonds between carbon atoms — conjugation — is
a common structural property of all organic semiconductors. This zigzag backbone
usually adopts planar conformation (Figure 1.1a). Covalent bonds between carbon
atoms of such a backbone are formed by three sp? hybridized orbitals and one
unhybridized orbital, which is commonly denoted as p..[9) Unhybridized orbitals p.
provide electron clouds above and below the molecular plain. The adjacent p. orbitals
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Chapter 1

overlap resulting in shared molecular orbitals that are often referred as extended -
system. Electrons on these orbitals are spatially delocalized meaning that they belong
to the whole m-system, but not to specific carbon atoms. A 7-system can be extended
over the entire organic molecule or just over a part of it — conjugated segment.

In the ground state electrons fill orbitals of the lowest energies with maximum
two electrons of opposite spins per each orbital. The energetically highest occupied
(HOMO) and the lowest unoccupied (LUMO) molecular orbitals are very important
for electrical conductivity and optical properties of organic semiconductors. They are
often denoted as m and m* orbitals in m-systems, respectively (Figure 1.1b). The
energy difference between HOMO and LUMO is often referred as a band gap that
typically values between 1.5 and 3.5 €V.

Electrical charges can be conducted in a thin film composed of conjugated
molecules when, for instance, an electron is injected into LUMO of a molecule,
followed by hopping to LUMO of a neighboring molecule and from that molecule to
other molecules etc. The physical mechanism that determines conductivity of charges
is hopping due to the weak interactions between molecules and to the significant
degree of disorder, which is usually present in amorphous or polycrystalline thin films
of organic semiconductors.[*o] Positive charges can be conducted by hopping among
HOMOs of molecules.

1.2 Excitons are Energy Chunks

The ground state of the majority of organic molecules is electrically neutral and has
net spin zero. A molecule can be excited when one electron from the HOMO is
promoted to the LUMO, for instance by absorption of a photon. The Jablonski
diagram in Figure 1.2 presents possible transitions between electronic states of an
isolated molecule. These states are positioned vertically by their energy and grouped
horizontally by spin multiplicity. Electronic states with net spin zero or one are called
singlets or triplets, respectively. The arrow 1 represents the absorption of a photon
that brings a molecule from the ground state So to the first singlet excited state Si;
transitions to higher singlet excited states are also possible (not shown in Figure 1.2).
The transition 2 results in the emission of light and is called fluorescence. Triplet
excited state T; can be created via the intersystem crossing 4. The radiative transition
6 is called phosphorescence. Fluorescence and/or phosphorescence can be also
referred as photoluminescence (PL) when these transitions are initiated by
absorption of a photon. The non-radiative transitions 3 and 5 compete with
fluorescence and phosphorescence. And finally transition 7 is the absorption of a
photon that brings state T to higher triplet excited sates Tu. This process can be used
to detect triplet excitons in photoinduced absorption experiments.t]

11
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Figure 1.2: The Jablonski diagram of electronic transitions in organic semiconductors.
The energies of singlet (Sy and S;) and triplet (T, and T,) states are scaled vertically.
Absorption (1) fluorescence (2), intersystem crossing (4), phosphorescence (6),
nonradiative transitions (3 and 5), and photoinduced absorption (7) are presented as
arrows.

In organic solids interactions of an excited molecule with neighbors impose
reorganization of intermolecular distances and partial polarization of electronic
configuration of the surrounding. This collective response to an excitation is called
exciton or, in case of particularly strong interactions with surrounding, exciton-
polaron.[2] Because intermolecular interactions are usually weak in organic materials
excitons are strongly localized; often the localization is limited mostly to a single
conjugated segment. Excitons are electrically neutral and bear potential energy that
can be released when the molecule returns to the ground state. Excitons with total
spin of zero or one are called singlet or triplet, respectively. Although the Jablonski
diagram in Figure 1.2 describes isolated molecules, transitions in organic solids are
usually similar. Therefore singlet and triplet excitons are often denoted as S, and T..

Two charged states — positive or negative polarons — can be created by
subtraction from the HOMO or addition to the LUMO of an electron, respectively.
Polaron entities include the charge and reorganization energy of the surrounding.
Terms “hole” and “electron” are often used to denote positive and negative charges.
An exciton can be described as a bound electron-hole pair, which is localized at a
single conjugated segment. Such localization is due to relatively low dielectric
constant of the organic medium resulting in the strong electrostatic attraction
between the opposite charges. Furthermore, the excitonic wavefunction is usually
localized at a single conjugated segment due to weak interactions between molecules
in organic solids. The work needed to separate electron and hole of an exciton is
called binding energy and is usually of the order of 0.3-0.5 eV for singlet excitons.[13-15]

12
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The binding energy of triplets is higher due to the attractive exchange interaction
between electron and hole of the same spin orientation.!

Triplet excitons cannot be directly generated by the absorption of a photon.
Photons do not show strong coupling to electronic spins, because electromagnetic
radiation does not carry any torque. The electron spin is an angular momentum that
must be conserved. Thus the assistance of spin-orbit coupling and electron-phonon
interaction are required to enable transitions such as the 4, 5 and 6 in Figure 1.2.
Organic semiconductors are composed of lightweight atoms such as carbon,
hydrogen, oxygen, nitrogen and sulfur, which do not show strong spin-orbit coupling.
Consequently, the transitions between excitonic states of different spin multiplicity
are normally not efficient in this class of materials. Therefore triplet lifetime is about
6 orders of magnitude longer than that of singlets in organic semiconductors.

The working principle of light emitting diodes is based on the generation of
excitons. Electrons and holes are injected into an organic semiconductor, which
serves as active layer for the LED. Excitons are created when electron and hole meet
each other in the active layer. According to the quantum mechanical rules of
momentum addition, 25% of all excitons created in this way are singlets and 75% are
triplets. The radiative recombination of triplet excitons is not very probable, thus only
singlet excitons may contribute to the emitted light. That limits the internal quantum
efficiency of an LED to 25%.016] In some materials with low charge carrier mobility
the formation of singlet excitons may be somewhat more or less favorable due to the
hyperfine fields.['7-261 Nevertheless, in order to achieve highly performing LEDs triplet
excitons should be manipulated toward radiative recombination.'t27-31 In this
respect it is highly important to study the dynamics of both singlet and triplet
excitons in order to improve the performance of organic LEDs.

1.3 Energy and Charge Transfer

An exciton can be relocated from an exited “donor” molecule to an “acceptor”
molecule via a non-radiative process of energy transfer. At the end of this process the
donor molecule is in the ground state and the acceptor molecule is in the excited
state. Forster and Dexter mechanisms of energy transfer are distinguished (Figure
1.3a and b).[32-341 Forster mechanism is based on a dipole-dipole electromagnetic
interaction and occurs when the emission spectrum of donor has significant overlap
with the absorption spectrum of acceptor. Therefore this type of energy transfer is
called resonant energy transfer (FRET). The efficiency of FRET decreases with the
distance » between donor and acceptor as »°. Significant FRET can be typically
observed for donor-acceptor separations in the range of 2-5 nm.[34-3¢] Usually, only
singlet excitons can be transferred via the Forster mechanism; however, a triplet
exciton that is located at a phosphorescent donor also can undergo FRET.[37-42]

13
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(a) Forster Energy Transfer
A -

D* A D A
(b) Dexter Energy Transfer
fo ¢
et 7 4 4
? ______ (c) Electron Transfer

:
R

D* A D*

Figure 1.3: (a) Forster energy transfer. (b) Dexter energy transfer enables diffusion of
triplet excitons. The horizontal lines are HOMO and LUMO energy levels of donor (D)
and acceptor (A) molecules; the asterisk denotes excited state. The dashed arrows
represent simultaneous rearrangement of the electronic configuration. (¢) Electron
transfer from an excited donor molecule (D*) to a neutral acceptor (A).

Forster energy transfer is observed in photosynthesis when the energy of absorbed
photons is channeled to the reaction center.

Actual exchange of electrons between donor and acceptor takes place during the
Dexter energy transfer (Figure 1.3b).[t3234]1 This may happen when donor and
acceptor are only about 1 nm apart so there is a significant overlap of molecular
orbitals. The probability of Dexter energy transfer exponentially decreases with the
distance between donor and acceptor. Both singlet and triplet excitons may be
transferred by this mechanism. FRET usually outperforms the efficiency of the Dexter
energy transfer for singlet excitons, while triplets may be transferred between non-
phosphorescent molecules only by the Dexter mechanism. In contrast to FRET,
Dexter energy transfer does not require the overlap between emission and absorption
spectra of the donor and acceptor molecules. However, the exciton energy of the
acceptor should be lower than that of the donor molecule for efficient transfer.

Electron and hole, which are coloumbically bound in an exciton, can be
separated when their binding energy is overcome. Such a separation can be efficient
at the interface with an electron accepting material. If the energy of LUMO of the
acceptor is significantly lower than LUMO of the excited donor molecule, then
electron transfer from donor may take place (see Figure 1.3c). This process is called
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(b) T=300K
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Figure 1.4: Exciton diffusion process at low and room temperatures. The excitonic
Gaussian density of states is represented by the distribution of the excitonic energies. The
exciton-phonon coupling determines the position of the energy level of the most
populated states. (a) The downhill migration fully determines the exciton diffusion
process at low temperatures. (b) At room temperature, the thermally activated hopping
also contributes to the exciton diffusion length.

charge transfer; it is a short range interaction that takes place when there is a
significant spatial overlap between wavefunctions of the donor and acceptor
molecules. As a result of the electron transfer donor and acceptor are positively and
negatively charged, respectively. Hole transfer is also possible when the energy levels
of a donor and an acceptor are properly aligned. The physical mechanism of this
process is the same as that of the electron transfer.

1.4 The Physics of Exciton Diffusion

Diffusion is a random motion of particles in space that leads to spreading from the
areas of high concentration to the areas of low concentration. Diffusion is regarded to
be normal when it can be described by the following equation:

@zDVZn—E ) (1.1)

ot T

where n is the concentration of particles, D is a diffusion coefficient, V> is Laplace
operator, and 7 is the particle lifetime. The room mean square displacement of a
particle from its initial position due to the diffusion process is called diffusion length,

L, :J% =+2ZDr , (1.2)
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where dL, is the displacement of an exciton i from its original position, N is total
number of excitons; and Z is equal to 1, 2 or 3 in case of one-, two- or three-
dimensional diffusion, respectively.[2] However, the factor of two is sometimes
omitted in Equation (1.2):

L,=+/ZDr . (1.3)

In this case the value L, is approximately equal to the average displacement of a
particle from its initial position. To be consistent with the literature we will refer to
the diffusion length that is given by the expression (1.3).

Amorphous and polycrystalline films are characterized by a significant degree of
disorder, in particular when they are cast from solution. Variation of molecular
conformations and size of conjugated segments (especially in polymers),
inhomogeneity of intermolecular interactions, chemical defects and impurities etc.
lead to a Gaussian distribution of the HOMO-LUMO energy gaps — and excitonic
energies. The half-width o of the Gaussian is a measure for the disorder that is
present in the bulk material. Excitons undergo migration among conjugated segments
in solid organic material via energy transfer. Due to the disorder such a migration is a
random walk and can be regarded as diffusion. The exciton diffusion length L, is a
very important parameter for operation of optoelectronic devices.

Figure 1.4 schematically shows the process of exciton diffusion in thin films of
organic semiconductors at low and room temperatures.l43] If excitons are created by
absorption of a photon with energy that corresponds to the high energy tail of the
DOS then exciton diffusion will be defined by the downhill migration toward lower
energy sites. This relaxation ends typically after about 100 ps when the excitons reach
the energy level of the most populated states. This energy level is proportional to
-0’ / KT under conditions of thermodynamic quasi-equilibrium and, more generally,
is responsible for the 0-0 peak position of the steady state PL spectrum. At low
temperatures (Figure 1.4a), such a level is situated deep in the tail of the Gaussian
DOS, whereas at high temperatures excitons are distributed closer to the middle of
the DOS (Figure 1.4b).

At low temperatures excitons are trapped after the downhill migration because
there is no thermal energy to promote excitons to higher energy states and the density
of lower energy states is not sufficient for hopping. As temperature increases, the
probability of phonon absorption by excitons also increases. The level of the most
populated energy sites climbs uphill on the DOS leading to the decrease of the energy
difference between the occupied and neighboring conjugated segments (Figure 1.4a
and b). If the temperature is high enough, the thermally activated hopping becomes
favorable (Figure 1.4b), which does not lead to a significant change of the exciton
energy but contributes to the exciton diffusion. Thus in the high temperature regime,
the exciton diffusion consists of two steps, namely the downhill migration and the

16
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thermally activated hopping, while at lower temperatures the downhill migration fully
determines the exciton diffusion process.

Undoubtedly both the downhill migration and the temperature-activated
hopping can be considered as random walks due to the disordered nature of organic
semiconductor. However, not every random walk is a normal diffusion process that
can be described by Equation (1.1). For a random walk, the diffusion coefficient is
expressed by D e I’/dt , where I is the ensemble average of the hop length squared,
and dr is the average hop time. Since the exciton hopping rate 1/dr depends[44! on /
stronger than /7, the necessary condition for the exciton migration to be a normal
diffusion is that / to be constant in time. Because the temperature-activated hopping
occurs among energy states of similar density, such a process can be considered as
normal diffusion. In contrast, the downhill migration is anomalous diffusion because
the average hopping length / is changingl4s! as moving downward in the DOS (Figure
1.4a).

At low temperature, where the downhill migration is the main contribution to
the exciton diffusion, the diffusion coefficient D is expected to decrease with time. At
room temperature, the exciton diffusion coefficient does not vanish after the downhill
migration process but retains the value corresponding to the temperature-activated
hopping; consequently, the overall process of exciton diffusion can be approximated
as normal diffusion. It is important to note, that hopping of both singlet and triplet
excitons can be regarded as normal diffusion at room temperature.[43.46-51]

1.5 Exciton-exciton annihilation

High exciton densities and diffusion processes give rise to a high probability of two
excitons meeting each other during their lifetimes. Exciton-exciton annihilation
occurs when the interaction between these two excitons leads to a non-radiative
recombination of at least one of them.['t:52-56] For instance, annihilation of singlet (S.)
and triplet (T.) excitons may result in a ground state (So) and a singlet exciton:

S +8, —=8,+8,, (1.4)

L+T,—>S,+5S,. (1.5)

Other products of exciton annihilation are also possible.ls7) Efficient exciton
annihilation (1.5) requires anti-parallel spins of triplet excitons due to the
conservation law of angular momentum. Singlet excitons that are created as the result
of exciton annihilation (1.5) may decay radiatively. Such emission is called delayed
fluorescence because it can be observed after a pulsed laser excitation at times much
longer than the PL decay time.
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Figure 1.5: Simulated exciton density (circles) versus the exciton generation rate using
Equation (1.9).

Exciton-exciton annihilation can be described mathematically by the following
modification of the Equation (1.1):
on

EzDVZn—;—yn2+G, (1.6)

y=4nR D ; (1.7)

where y is the annihilation rate constant, R, is the annihilation radius — the average
distance between two excitons that undergo annihilation, and G is the exciton
generation rate.

Under conditions of continuous and homogeneous generation G =const we can
set on/9tr=0 and V’n2=0 in Eq. (1.6):

m+2-G=0, (1.8)
T

leading to the steady state solution:[5!

n=$(«/1+4;’r2G—1). (1.9)

Figure 1.5 shows an example plot of Equation (1.9) when 4y7>=0.01 (circles). The
dependence consists of two straight lines with slopes 1 and 0.5. In a log-log graph a
straight line denotes function in a form of y=cx”, where « is the slope of that line.
Slope 1 denotes linear dependence n«< G at generation intensities smaller than a
certain threshold value G, . The square root dependence ne+/G at G>G, indicates
the exciton-exciton annihilation. The threshold generation rate can be estimated from

Eq. (1.9):
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Figure 1.6: Exciton quenching due to charge transfer at semiconductor-fullerene
interface. Electrons and holes are denoted as (e) and (h). Conjugated segments are
schematically depicted as pairs of HOMO-LUMO levels.

(1.10)

The obtained expression shows that the exciton-exciton annihilation is a more
important decay process for triplets than for singlets because of the long triplet
lifetime 7. Triplet-triplet annihilation can be observed by recording the dependence
of the photoinduced absorption intensity (transition 77 in Figure 1.2) on the generation
rate G .[58]

1.6 Diffusion Limited Exciton Quenching

Excitons can be quenched in several ways leading to the reduction of the exciton
density, PL intensity and PL decay time. Exciton quenching is a very important
process in operation of devices and for studying excitonic dynamics. The energy of
excited state can be trapped during the diffusion process on non-radiative defect
states that are always present in thin films of organic semiconductors. Strong
quenching has been observed in the vicinity of metal interfaces.[59) Exciton
dissociation into non-radiative species such as free electrons and holes also leads to
quenching. Furthermore, inhomogeneous regions of the amorphous films of higher
density, as expressed in g/cm3 etc., show higher rates of exciton quenching.[60-63]

Figure 1.6 illustrates the dissociation of an exciton at the semiconductor-
fullerene interface. In the most common situation the LUMO of fullerenes is
significantly lower than LUMOs of organic semiconductors.[36] Thus electron transfer
to the fullerene is energetically favorable, which leads to exciton quenching. Exciton
quenching due to charge transfer at the semiconductor-fullerene interface is reported
to be at the time scale of 45 fs that is much shorter than typical exciton lifetime (~0.5
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ns). Therefore fullerenes can be considered as perfect exciton quenchers for such
donor semiconductors.[64]

Semiconductor-fullerene heterojunctions are commonly used in organic solar
cells to separate electrons and holes.[?] In the simplest case the active layer of an
organic solar cell consists of a bilayer semiconductor-fullerene heterojunction
(Figure 1.6). The semiconductor plays the role of a light absorber in which singlet
excitons are generated fairly homogeneously within the layer. The excitons undergo
diffusion so that some of them will reach the interface with fullerene, where electron
and hole are separated. These electrons and holes are then transported through layers
of fullerene and organic semiconductor, respectively, and then extracted at the
metallic electrodes of the solar cell resulting in photocurrent. Excitons that are
capable of reaching the fullerene interface may undergo dissociation. Therefore the
exciton diffusion length L, sets the geometrical constraints on the useful thickness of
the semiconductor layer. Excitons that are created at longer distance than L, from
the fullerene interface will not make a significant contribution to the photocurrent.
Terao et al. showed almost linear correlation between the short circuit current of a
solar cell and the exciton diffusion length.[®5! Thus for the design efficient solar cells it
is important to measure and control the exciton diffusion length. Other parameters
that influence the performance of solar cells include morphology of donor-acceptor
interface and charge carrier mobility.

1.7 Measuring Singlet Exciton Diffusion Length

The singlet exciton diffusion length is typically reported in the range of 5-20 nm in
amorphous and polycrystalline organic semiconductors.[23543.59.60.65-881 Tt is not
entirely clear why the exciton diffusion length is so similar in such a broad selection
of materials. What factors influence the exciton diffusion length? And finally how do
these factors — and the exciton diffusion length itself — correlate with the performance
of solar cells and LEDs? To answer these questions systematic measurements of
exciton diffusion lengths are needed in materials with various chemical composition,
morphology and performances in devices.[¢569.78.891 However, most of the previously
developed methods of measuring exciton diffusion length are not ideal for such
studies. The reasons are the overall complexity of experimental methods and/or the
theoretical model requiring several fitting parameters. In the following we summarize
the available methods and discuss the advantages and pitfalls of each.

Fluorescence Quenching in Bilayers

Perhaps the most popular method to measure singlet exciton diffusion length is
based on PL quenching in bilayers.[3543.65.68,72.73,75.77,:80,85.86,90] In this method one of the
interfaces of a thin film is brought into contact with an exciton quenching layer
(Figure 1.7). Fullerenes or TiO- are commonly used as “quenching wall”. If the
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Semiconductor

Quencher

Substrate

Figure 1.7: Bilayer structure for exciton diffusion measurement. Organic semiconductor
is deposited on top of exciton quenching layer.

thickness of the organic layer is of the order of the exciton diffusion length, then large
fraction of the excitons will be able to reach the “quenching wall” via diffusion.
Consequently the PL decay time of such a sample will be shorter than in an isolated
film. The measured PL decays are then fitted using a simple model that is based on
Eq. (1.1) yielding the exciton diffusion length.

There are advantages and disadvantages of the bilayer method. On the positive
side the modeling is straightforward with the exciton diffusion length as the only
fitting parameter. The thickness of the semiconductor layer can be accurately
measured using atomic force microscopy or ellipsometry. On the other hand the
sample preparation is quite demanding. It may be challenging to prepare
semiconductor layers as thin as 5 nm that are even in thickness and do not form pin-
holes or other defects. Furthermore, all the interfaces should be sharp!8°l and ultra-
flat; typically root mean square roughness of about 1 nm on the area of 100 ym? is
required for accurate measurement. The effects of optical interferencel7s91 and
variation of the exciton density due to optical absorption(72] should be taken into
account. Often PL decay times of isolated films also depend on the layer thickness
even without the introduction of any quenchers,[¢0.721 we address this effect in Chapter
2. All these factors set limits to use the bilayer structure for systematic measurements
of the exciton diffusion length.

The problematic thickness-dependent effects can be avoided in an alternative
bilayer method.[69-71.87.92] A thick film, typically of the order of micrometers, is capped
either with exciton blocking or exciton quenching layer. This heterostructure is
excited with monochromatic light at various wavelengths. According to the
absorption spectrum of the semiconductor the exciton generation profile is
modulated. By comparing PL intensity of quenched and unquenched samples the
exciton diffusion length can be extracted. The advantage of this method is that only
two samples are needed for each material. However the mathematical model is
complex and this method works the best when the variation of the generation profile
is significant on the length scale of the exciton diffusion length. Therefore it is most
applicable for single crystals, which show extremely long exciton diffusion
length.[87.92]
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Exciton-Exciton Annihilation

The exciton diffusion coefficient can be estimated by measuring the efficiency of
the exciton-exciton annihilation.[70.7274] The exciton diffusion coefficient is calculated
from y (Eq. 1.7), which can be measured experimentally by modeling the PL decays
measured at various intensities of the incident light. Only one sample is needed for
the measurements. However, the theoretical considerations are complex and there
are two unknown parameters that are needed for the modeling, namely the
annihilation radius R, and initial exciton density n,. It is very difficult to set an
independent experiment to measure these parameters and they are typically assumed
to have a certain value. Only materials with exceptional photochemical stability can
be investigated using this method because intense laser light is required for the
exciton-exciton annihilation.

Microwave Conductivity

An interesting method to measure exciton diffusion length has been developed in
Delft.[82] Exciton quenching in semiconductor-TiO- bilayers has been estimated by
observing enhancement in photoconductivity in the TiO:. layer due to electron
transfer from the semiconductor layer. The change in photoconductivity is estimated
by measuring the change of the intensity of reflected microwave radiation upon
optical excitation of the semiconductor. The microwave conductivity in TiO- is then
modeled depending on the thickness of the organic layer. The important advantage of
this method is that it is also sensitive for non-emissive excitons, such as triplets.
However, this method has all the problems of the PL quenching methods in bilayers
and therefore it is also not suitable for systematic studies.

Photocurrent Measurements

Exciton diffusion length can be estimated by modeling I-V characteristics of a
solar cell or a similar device.[283.84.88.93.941 The typical sample consists of at least one
organic semiconductor layer and two electrodes. The theoretical model includes the
electrical, optical, and exciton diffusion parts. It is a big challenge to describe the
charge transport through a specific organic layer as well as to understand charge
injection/extraction at the electrical contacts. The effect of metallic electrodes on the
distribution of the excitation light — and generated excitons — within the device
should be carefully calculated. Exciton quenching at metallic electrodes should be
also included into the model. These photocurrent measurements are the most difficult
way to extract the exciton diffusion length. It is reasonable to apply this method to a
semiconductor with superior performance in devices, but not to systematic studies of
many materials.
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1.8 Do Triplets Diffuse Further?

Triplet excitons are expected to have longer diffusion length than singlets due to their
much longer lifetime, see Eq. (1.3). However, values as short as 10-20 nm have been
reported recently, similar to the singlet exciton diffusion length.[7-95-1011 On the other
hand there are plenty of publications with triplet diffusion length of more than 100
nm.[2192102103] Moreover, different values in the range of 10-250 nm have been
published for the same materials.[30:96:97.102104] Such a controversy probably stems
from the fact that reliable measurements of the triplet exciton diffusion length is
difficult. The available techniques are complex and it is hard to control the relevant
processes that influence the exciton diffusion length. Moreover, simple PL quenching
techniques can only be applied to phosphorescent materials.[7:105] Here we summarize
some of the methods used to measure the triplet exciton diffusion length.

Measurements in LED Configuration

A specially designed multilayer light emitting diode can be used to measure
triplet exciton diffusion.[21:30.95-97.106,107] In these structures the charge recombination
region is spatially confined within a thin interfacial region between electron and hole
transporting layers. A phosphorescent dopant is deployed in one of the transporting
layers at certain distance L from the exciton generation region. The materials are
selected such that triplet energy transfer from the host semiconductor to the dopant is
favorable. Then the intensity of phosphorescent emission of the dopant molecules is
correlated to the triplet density of the host material in the vicinity of the dopant layer,
i.e. at distance L from the charge recombination region. The profile of triplet exciton
density within the semiconductor layer is measured by recording the dependence of
phosphorescence intensity of the dopant molecules versus distance L . This profile is
theoretically modeled to extract the exciton diffusion length.

The emission intensity of the phosphorescent dopant is strongly affected by the
outcoupling efficiency that must be carefully calculated and included into the model.
In a working LED there is a significant amount of polarons that are efficient
quenchers of triplet excitons. However polaron-triplet interactions have been always
neglected in the LED-based methods.['08] The thickness and position of the
recombination region depends on the total electrical current that flows through the
device. These effects set certain limits on the value of the working current. It is
difficult to evaluate the effect of triplet-triplet annihilation in this method. Due to
many complications and uncertainties in the LED methods, it is not surprising that
very different values of the triplet diffusion length have been extracted in the same
materials.
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Phosphorescent Detection in Bilayers

Triplet exciton diffusion can be directly probed in a bilayer structure comprising
a pure organic semiconductor layer and a layer that is heavily doped with
phosphorescent molecules.l*04] Triplet excitons are created by intersystem crossing in
the semiconductor, followed by their diffusion toward the doped layer, where their
energy is transferred to the dopants and detected as phosphorescent emission. The
phosphorescence decay and delayed fluorescence are then modeled using the
diffusion equation, leading to the exciton diffusion length. The model used requires
four fitting parameters including the exciton diffusion length, triplet-triplet
annihilation rate, transfer rate from host material to the phosphorescent dopant, and
the initial triplet density. In 4,4’-bis(IN-carbazolyl)biphenyl (CBP) the resulting
exciton diffusion length was estimated to be 25 nm when triplet-triplet annihilation is
efficient and 140 nm when the annihilation is absent.['04] Disadvantages of this
method are the large number of fitting parameters and the complex theoretical
model.

Photocurrent and Microwave Conductivity

Triplet exciton diffusion length can be also measured using previously described
methods such as the photocurrent modelingl94:98.99.102.1091 and the microwave
conductivity measurements.[?o0.110] In these methods it is important to distinguish
contributions of triplet vs. singlet excitons to photocurrent or microwave conductivity
leading to an additional complication. The effect of triplet-triplet annihilation also has
been neglected when applying these methods. Values of triplet exciton diffusion
lengths of 10-250 nm have been reported in several materials.

Other Techniques

There are only few reports describing other than the above mentioned methods
of measuring the triplet exciton diffusion length. Extremely long triplet diffusion
length of 2-4 pm has been measured in a ladder-type conjugated polymer using
detection of triplet excitons with photoinduced absorption in polymer-fullerene
blends.[*03] An ultra-long exciton diffusion length of 5 um has been also measured in
rubrene crystals using a combination of the photocurrent method with variation of
the absorption of linearly polarized light relative to the crystallographic
orientation.[92] Far diffusing excitons in rubrene crystal are assumed to be triplets.
The process of triplet-triplet annihilation has been left without attention in these
studies though.

1.9 Motivation and Scope

Exciton diffusion is an important process in the operation of organic solar cells and
light emitting diodes. In order to design new materials for efficient devices deep
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understanding of excitonic processes in general is needed. In particular, the following
questions should be answered. What is the relation between the exciton diffusion
length and the performance of solar cells and LEDs? What is the influence of thermal
annealing on the exciton diffusion length? Why is the singlet exciton diffusion length
of the order of 10 nm in a very broad selection of materials, while triplet diffusion
length has been reported in the wide range of 10-5000 nm? What is the impact of
triplet-triplet annihilation on the triplet diffusion length? How do chemical
composition and film morphology influence the exciton diffusion length? This thesis
will answer many of these questions also with the development of new methods to
measure singlet and triplet exciton diffusion length.

In Chapter 2 we show why the PL decay time in spin-coated polymer thin films
depends on the thickness of the films. We show that the semiconductor-vacuum
interface introduces additional exciton quenching, which has to be accounted for
modeling of the exciton diffusion. This effect creates additional complications in
measurements of diffusion length using exciton quenching in bilayers.

In Chapter 3 we present a new method to measure the exciton diffusion length
which has numerous advantages compared to other techniques. The method is simple
and fast, therefore it is suitable for systematic studies. It is based on a Monte Carlo
simulation of the exciton diffusion, which enables modeling of exciton diffusion in
complex morphologies of organic semiconductor-fullerene blends.

This new method is applied to the study of the influence of the thermal annealing
on the exciton diffusion in Chapter 4. We show that exciton diffusion length
becomes considerably shorter upon annealing in a small molecule organic
semiconductor. An interesting approach to quantify quenching efficiency of new
electron accepting molecules is also presented.

Chapter 5 presents an in-depth study of triplet exciton detection using
phosphorescent Pd-coordinated porphyrin. We show that such detection does not
influence the triplet lifetime in the host material. In this respect the triplet population
is not perturbed. This detection method enables us to study processes such as triplet-
triplet annihilation.

In Chapter 6 we describe a new method to measure triplet exciton diffusion
length in organic semiconductors. We record the penetration profile of triplet
excitons, which were created at an interface of a thin film of organic semiconductor
with a triplet injecting material. A layer of triplet detecting Pd-coordinated porphyrin
is deployed at various distances from the injecting interface. The intensity of
phosphorescent emission of the detecting layer is proportional to the local triplet
density. The obtained penetration profile is then modeled to extract the triplet exciton
diffusion length being the only fitting parameter. We show that triplet-triplet
annihilation may lead to variation of the penetration depth in the range of 20-
100 nm.
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Chapter 2

Exciton Quenching in Skin Layer
of Spin-Coated Polymer Films

Here we report about efficient exciton quenching close to the polymer-vacuum
interface of spin-coated MDMO-PPV (poly[2-methoxy-5-(2'-ethyl-hexyloxy)-p-
phenylenevinylene]) films. The quenching efficiency is estimated to be as high as that
of the polymer-fullerene interface. This efficient quenching is consistent with
enhanced intermolecular interactions close to the polymer-vacuum interface due to
the formation of a “skin layer” during the spin-coating procedure. In the skin layer the
polymer density is higher, i.e. the intermolecular distances are shorter than in the rest
of the film. The effect of exciton quenching at the polymer-vacuum interface should
be taken into account when the thickness of the polymer film is of the order of the
exciton diffusion length; in particular, in the determination of the exciton diffusion
length.*

*Q. V. Mikhnenko, F. Cordella, A. B. Sieval, J. C. Hummelen, P. W. M.
Blom, M. A. Loi, J. Phys. Chem. B 2009, 113, 9104-9109.
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“Spongy layer”

| Substrate |

Figure 2.1: The bilayered structure of a spin-coated polymer film.

2.1 Introduction

Spin-coating or spin-casting is a thin film deposition technique from solution that is
conducted by first wetting and then spinning a flat substrate. Depending on the
rotation speed, the solution experiences centrifugal forces that, together with the
solvent evaporation process, are responsible for the film formation. Spin-coating is a
versatile deposition method that is used for various applications; for instance, to
deposit photoresists or dielectric layers in microcircuit technology, to fabricate
antireflection coatings for optical applications, or magnetic coatings in the data
storage industry. Furthermore, spin-coating is used to deposit thin films of
conjugated polymers to fabricate solar cells, field effect transistors, light-emitting
diodes, etc.

Conjugated polymers show semiconducting properties and can be designed to be
soluble in common organic solvents. For low-cost electronic devices, however, spin-
coating is not as cost-effective as printing techniques, which are the most promising
deposition methods for mass production.'! Nevertheless, in contrast to other
techniques, spin-coating is simple, well understood,[>3] easy to control, and allows
preparation of thin films of precise thicknesses. Therefore, it is an excellent
deposition technique to investigate properties of conjugated polymers as well as to
optimize devices based on them.

Over the past few decades the morphology of spin-coated polymer films has been
studied extensively. It was predicted theoretically!23! and shown experimentallyl4:5]
that close to the polymer-vacuum interface, a “skin layer” is formed, which is
characterized by a high density and in-plane ordering of molecular chains (Figure
2.1). The rest of the film has uniform density, which is shown to be 3 times less than
the density of the skin layer in a typical conjugated polymer, such as poly[2-methoxy-
5-(2’-ethyl-hexyloxy)-p-phenylenevinylene] (MEH-PPV).[¢] Because of such a density
difference, the rest of the film is sometimes regarded as a “spongy layer”.

The skin layer formation originates from the rapid solvent evaporation at the free
surface, which leads to a local increase in the polymer concentration during spinning.

32



Chapter 2

This rise in the concentration can be so abrupt that the polymer becomes almost solid
close to the surface, which slows down the solvent evaporation rate from the rest of
the forming film.[3] Even when the film is fully formed, some of the solvent remains
trapped below the skin layer. Usually, such solvent residuals are removed by vacuum
baking. At this stage, the polymer viscosity is so high that the long chains cannot fill
the space that was previously filled by the solvent residuals. Thus, a spongy layer is
formed below the skin of the film.

The influence of the skin layer on the physical parameters, such as glass
transition temperaturel®”] and anisotropy of the refractive index,[891 becomes
apparent in relatively thin films, when the skin layer is a considerable part of the total
film thickness. The relevant thickness range depends on the polymer properties, the
solvent evaporation rate, and the spin conditions. In relatively thick films, the spongy
layer dominates the total film volume, which results in thickness-independent film
properties.

We report about the influence of the skin layer on the measurements of the
exciton dynamics in conjugated polymers. In this class of materials, excitons can be
considered as bound, localized electron-hole pairs. Once created, they tend to diffuse
among conjugated segments by means of energy transfer. The average displacement
of an exciton during its lifetime is called the exciton diffusion length. This parameter
is very important in the design of organic solar cells because it determines the volume
of the conjugated polymer from which excitons can reach the dissociation interface,
where they can be separated into free electrons and holes to contribute to
photocurrent.[?] The measurement of the exciton diffusion length is therefore
important both for the engineering of optoelectronic devices and for the fundamental
knowledge about conjugated polymers.

The exciton diffusion length is often extracted from photoluminescence (PL)
measurements by varying the thickness of the polymer film, which is deposited on top
of an exciton quenching layer.[*>-17] When the polymer thickness is decreased to the
order of the exciton diffusion length, the PL decay times in such a polymer-quencher
heterostructure become shorter than those in the relatively thick films. The exciton
diffusion length can then be estimated by modeling the thickness dependence of the
PL decay process. The influence of the skin layer at the polymer-vacuum interface is
usually neglected in such models.

Here, we study the exciton behavior in the skin layer of spin-coated MDMO-PPV
films (for full name and chemical structure refer to Figure 2.2). We chose this
soluble derivative of PPV because it has been widely used in solar cell research.['8] For
this class of materials, the exciton diffusion length is typically reported in the range of
5 — 7 nm.[0.11.13-1519-21] To extract the exciton diffusion length using polymer-quencher
heterostructures, the polymer thickness should be varied in the range of 5 — 50 nm
for MDMO-PPV. Absorption spectroscopy reveals that in this thickness range, the
skin layer considerably contributes to the total film thickness and, thus, cannot be
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MDMO-PPV F2D

Figure 2.2: Chemical structures of poly[2-methyl-5-(3',7'-dimethyloctyloxy)-p-
phenylenevinylene] (MDMO-PPV) and 1°-methyl-1°,5°-dihydro-2°-(3,5-bis(undeca-4,6-
diynyloxy)phenyl)-/H-pyrrolo[3°,4:1,9](Ceo-1;)[5,6]fullerene (F2D).

neglected. We show that the PL decay times of the pristine MDMO-PPV films, spin-
coated on quartz substrates, exhibit a thickness dependence similar to that of the
polymer-quencher heterostructures. Such thickness dependence is caused by the
efficient exciton quenching in the skin layer. The efficiency of this quenching can be
estimated by measuring the exciton diffusion length both in the pristine films and in
polymer-quencher heterostructures. The values of the exciton diffusion length, which
are extracted from both kinds of samples, correspond to each other only if we assume
that the exciton quenching in the skin layer is as efficient as the quenching at the
polymer-fullerene interface, which is well-known for its high exciton quenching
efficiency.[10,22,23]

2.2  Thickness Dependence of the PL Decay Times

Figure 2.3 shows the PL decays of a 240-nm-thick polymer film serving as the
reference sample (solid line). PL decays of 13 nm thick polymer film deposited on
quartz substrate (pristine film, dotted line) and on insoluble fullerene layer of
poly(F2D) (heterostructure, dashed line) are also shown. The chemical structure of
F2D precursor is shown Figure 2.2. The PL decay times depend on polymer thickness
for both heterostructures and pristine films, being faster for thinner samples. The
dependence is monotonic and appears to be strongest in the polymer thickness range
between 5 and 50 nm, whereas > 200 nm thick films are characterized by a thickness-
independent PL decay. As stated above, excitons are efficiently quenched at the
polymer-fullerene interface;[10.22.231 the number of excitons that reach the interface is
limited by the exciton diffusion length L, .[23] Consequently, for polymer thicknesses
approaching L, the relative number of quenched excitons in the heterostructure is
increased, leading to shorter PL decay times (Figure 2.3, dashed line).
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Figure 2.3: PL decays of pristine MDMO-PPV film (dotted line) and heterostructure
(dashed line) of the same polymer thickness, 13 nm. The PL decay of 240-nm-thick
reference pristine film is also shown (solid line). The PL decays are normalized to its
maximum value. The inset shows the composition of the pristine films and the
heterostructures.

The dotted line in Figure 2.3 shows that the PL decay times of pristine MDMO-
PPV films depend on thickness in a manner similar to the heterostructures, being
shorter for thinner films. Such thickness dependence can be ascribed to exciton
quenching at one or both interfaces of the pristine polymer film. We will show that
the skin layer of a spin-coated MDMO-PPV film quenches excitons with an efficiency
similar to that of a polymer-fullerene interface.

To quantify the overall exciton quenching in a polymer film, we introduce the
relative quenching efficiency O(L):
Total PL of sample with polymer thickness L (2.1)

o(L)=1- , )
Total PL of thick reference sample

where the total PL is the time integral of the PL decay normalized to its maximum
value, and the reference sample is a > 200 nm thick MDMO-PPV film. The thickness
dependencies of the relative quenching efficiency were measured for both pristine
films and heterostructures. They are shown in Figure 2.4 as circles and squares,
respectively. In general, the overall quenching in the heterostructures was found to be
more efficient than in pristine films. Hence, we can estimate that the quenching
efficiency of the polymer-quartz interface is much smaller than that of the polymer-
fullerene interface. On the other hand, if the exciton quenching efficiency is small or
zero at the polymer-quartz interface, then the excitons should be quenched efficiently
close to the polymer-vacuum interface (i.e. in the skin layer) to explain the
pronounced thickness dependence Q(L) for the pristine films (Figure 2.4).
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Figure 2.4: Measured relative quenching efficiency, Q, of the pristine films (circles) and
the heterostructures (squares). The curves represent the best fits with Equations (2.8) and
(2.7), respectively.

To independently quantify the exciton quenching at polymer-quartz interface
and in the skin layer of a MDMO-PPV film, we will assume that the characteristics of
the skin layer are essentially the same in the heterostructures and the pristine
films.[2425] In the next section, we will quantify the quenching efficiency by following
this hypothesis.

2.3 Measurements of Exciton Diffusion Length

The exciton diffusion length in polymer films is often measured using the diffusion-
limited quenching at the interface with either fullerenes or fullerene
derivatives,[1t1214.19-21] titania,['315] or metals.'t] The dependence of the relative
quenching efficiency, O, on the polymer thickness, L, is recorded experimentally,
and it is fitted with a mathematical model based on a diffusion equation. Such a
fitting results in a value of L, typically in the range of 5 — 7 nm for PPV
derivatives.[10.11,13-15,19-21]

Here, we measure the exciton diffusion length to estimate the efficiency of the
exciton quenching in the skin layer. For simplicity, we will neglect the finite thickness
of the skin layer in the modeling. Then the quenching in this layer can be considered
as an interface effect. Later, we will estimate the influence of a finite thickness of the
skin layer on our results.

The exciton diffusion length is an intrinsic property of the conjugated polymer
and should be the same in the heterostructures and the pristine films. Since in our
sample geometry, the effect of interface quenching enters the diffusion model as
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boundary conditions, we can estimate the efficiencies of such quenching simply by
choosing the boundary conditions that lead to the proper value of L, for both types
of samples.

The exciton density, # , is modeled by the following diffusion equation:

2
on(x,t) _ Da n(x,n _n(x0 Glx,0) = S(x)n(x,1) (2.2)
T

ot ox?

where 7 denotes the exciton lifetime and D is the exciton diffusion coefficient that is
related to the diffusion length by the equation L, =+7D . Due to the sample
symmetry, n depends only on one spatial coordinate x , which is the distance from
the free interface. Because ultrafast photo excitation has been used, the generation
term G(x,7) can be represented as the initial exciton distribution, which is taken to be
uniform due to the low absorption coefficient at the excitation wavelength.

The term S(x) in Equation (2.2) denotes the interface quenching; it can be
adjusted to mimic different boundary conditions. The polymer-vacuum interfaces of
the heterostructures and the pristine films are assumed to be equal, implying
common boundary conditions at this interface for both sorts of samples. As we noted
in the previous section, the quenching efficiency of the polymer-vacuum interface is
expected to be high. In our modeling, we assume it to be 100% efficient:

n(0,6)=0. (2.3)

The polymer-fullerene interface is known to be an efficient exciton quencher,
which provides the second boundary condition for the heterostructures with polymer
thickness L:

n(L,t)=0. (2.4)

The polymer-quartz interface is expected to be a weak exciton quencher; therefore,
here, we assume that its quenching efficiency is negligible:
on(L,t)

pw 0. (2.5)

With these boundary conditions, Equation (2.2) can be simplified to Cauchy
problems and solved analytically for both types of samples. Then the relative
quenching efficiency Q is simply

O Sy

dx_[ nquenched sample (xa t)dt
0

O(L,Lp) =1~ INT , (2.6)
0

where LN,r is the total PL of a quencher free sample. Integration of Equation (2.6)
leads to the analytical expressions @, and @, for the heterostructures and the
pristine films, respectively:
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QZ(L’LD) = ﬂTanhi 5 (2.7)
L D
Ly L
L,Ly)=—Tanh—. 2.8
O(L,Lp) I an L, ( )

Here, the exciton diffusion length, L, , is the only fitting parameter, and the index
near Q denotes the number of quenching interfaces.

The fitting of the experimental data for the heterostructures and the pristine
films by Equations (2.7) and (2.8) is illustrated in Figure 2.4. The resulting values of
the exciton diffusion length are 4.5 and 5 nm, respectively. These values are similar
and were extracted from two different series of samples under the common
assumption that the polymer-vacuum interface efficiently quenches excitons. It is
important to note that the extracted values of the exciton diffusion length correspond
to the one of the spongy layer.

These values would diverge when the boundary condition at the polymer-vacuum
interface would be varied to reduce the quenching efficiency. In the limiting case,
when the quenching efficiency of the polymer-vacuum interface approaches zero, the
extracted exciton diffusion length from the heterostructures would be close to 9 nm,
whereas that from the pristine films will virtually approach infinity. Thus, we can
conclude that our assumption of efficient exciton quenching at the polymer-vacuum
interface is correct because it leads to the similar values of the exciton diffusion
length, extracted from either kind of sample.

2.4 Skin Layer in Spin-Coated Films

The theoretical prediction!23! of a dense skin layer close to the free interface (Figure
2.1) was followed by the experimental confirmation of a bilayered film structure. On
the basis of neutron reflection experiments on spin-coated MEH-PPV films, Webster
et alls] concluded that such films are composed of two well-defined and uniform
layers of different densities. They reported a density ratio as high as 3 between a 24
nm, thin, dense layer and a 136 nm, thick, “spongy” layer. Lu and coauthors(4!
discovered the bilayered structure of spin-coated polyacrylamide films by reflection-
absorption Fourier transform infrared spectroscopy. The molecules in the part of the
layer closest to the substrate were found to be randomly oriented, whereas the skin
layer showed spin-coating-induced in-plane chain orientation.[4826.271 Moreover, the
idea of a bilayered structure of spin-coated films is also often used to explain the
thickness dependence of the glass transition temperature in conjugated polymers.[6.7]
Here, we report spectroscopic evidence of the bilayered structure of a thin polymer
film, which confirms the exciton quenching effect in the skin layer.
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Figure 2.5: Normalized absorption and normalized photoluminescence spectra of

polymer films with thicknesses 240 nm (solid, thick line), 42 nm (solid, thin line) and 7
nm (dashed-dotted line). The spectra are normalized to their maximum values.
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Figure 2.6: Measured thickness dependencies of the maximum position of the
absorption spectrum (circles) and 0-0 PL transition (squares). The solid lines are shown
as guides for eyes.

The absorption spectra of MDMO-PPV films of several polymer thicknesses are
shown in Figure 2.5. It is important to note that the absorption spectra are equal for
heterostructures and pristine films of the same polymer thickness. Figure 2.6
displays the variation of the energy maximum of the absorption spectrum for films of
different thicknesses. The absorption maximum shifts by 0.14 eV toward lower
energies, when going from >200 nm to ~ 15 nm thickness. A further thickness
decrease leads to the opposite trend; that is, to a blue shift. This thickness
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dependence is relatively strong. For comparison, the Stokes shift for the 240 nm thick
MDMO-PPV film is 0.34 eV (Figure 2.6), and the typical value for the half-width of
the Gaussian excitonic density of states[28]is ~ 0.1 €V.

The thickness dependence of the absorption spectrum can be explained in terms
of the bilayered structure of spin-coated polymer films. As mentioned previously, the
spin-coating procedure induces in-plane chain orientation in the skin layer of the
film,[4:8:26.27] whereas the polymer chains adopt random conformations in the spongy
layer (Figure 2.1). Consequently, the skin layer is characterized by polymer chains
with longer average conjugation length and by the red-shifted absorption,[29] as
compared to the spongy one. In > 200 nm thick films, the absorption spectrum is
dominated by the spongy layer, whereas in thinner films, the skin layer becomes more
important, leading to the red shift (Figure 2.6). For ultrathin films with thicknesses
below 15 nm, the influence of the substrate dominates over the spin-coating-induced
effects, resulting in the blue shift upon further thickness decrease.

One would expect that the exciton migration process is anisotropic at the
interface between the two layers of the spin-coated polymer film. Indeed, due to the
different degrees of ordering, a gradient of the conjugation length is formed between
such layers. Since the excitons tend to migrate toward longer conjugated segments,
one rather would expect a drift directed to the better-ordered skin layer than an
isotropic diffusion process. Such a drift depletes the exciton population in the spongy
layer and increases it in the skin layer. Since the density of states is considerably
shifted toward lower energy in the skin layer, one would expect that any PL from the
skin layer would be red-shifted. This would apply to samples in the thickness range of
5— 50 nm.

Figure 2.5 shows the steady state PL spectra that correspond to the polymer films
of thicknesses 7, 42, and 240 nm. Figure 2.6 summarizes the thickness dependence of
the maximum position of the PL 0-0 transition. The dependence is weaker than that
of the absorption spectrum; moreover, we can resolve a monotonic shift to higher
energy with a thickness decrease in the range of 5 — 50 nm. It is important to note
that we did not find substantial differences in the peak positions of the PL spectra
between heterostructures and the corresponding pristine films.

We attribute the absence of the expected red shift of the PL spectrum to the
exciton quenching in the skin layer of the spin-coated film. The observed
photoluminescence is mostly coming from the spongy layer, which is not influenced
by the spin-coating procedure, and thus, its degree of ordering does not depend on
the sample thickness. In the thickness range of 5 — 20 nm, most of the excitons reach
a quenching interface; thus, the observed photoluminescence is originated at the early
stages of the exciton diffusion. During roughly the first 100 ps after the laser pulse,
excitons undergo a thermalization process; that is, a downhill migration toward lower
energy sites.[30] The photons emitted during this process are blue-shifted as compared
to the emission of thermalized excitons. In sufficiently thin films, excitons get
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quenched before the completion of thermalization. Therefore, we observe a slight blue
shift for films with thicknesses close to the exciton diffusion length (Figure 2.6).

One of the physical phenomena responsible for the exciton quenching in the skin
dense layer can be the interchain coupling that leads to formation of nonradiative
dark states. Ruini et al.l31 performed ab initio calculations of PL intensity and real
space exciton wave function for both PPV crystal and an isolated chain, showing that
in the crystal, the lowest electronic excitation is an optically inactive exciton. They
also noted that the PL efficiency would strongly depend on the local polymer density,
being lower for more densely packed chains. Nguyen et al.,321 using scanning near-
field optical microscopy, showed experimentally that the PL intensity is weaker from
the denser clusters of an inhomogeneous MEH-PPV film. The concept of exciton
quenching due to interchain interactions is supported by numerous reports on
decrease of the PL quantum yield under application of hydrostatic pressure in various
organic materials.[33-35]

Our measurements show that the PL is quenched with high efficiency in the skin
layer. Such a high quenching efficiency reflects the high number of excitons that decay
nonradiatively close to the polymer-vacuum interface. It is energetically favorable for
excitons to migrate into the region of higher density, which is characterized by longer
average conjugation length. Since the film density increases when going from the
spongy layer to the skin layer, excitons would rather drift into the latter than
anisotropically diffuse between the layers. In this way, the exciton concentration
increases in the skin dense layer, where the probability of nonradiative decay is
high.[31-35] As a result, the number of excitons that decay nonradiatively increases, and
finally, the exciton quenching within the skin layer can be approximated as the 100%
efficient quenching at the polymer-vacuum interface.

It is important to note that in the bilayered spin-coated film, the conformations
of the polymer chains in the vicinity of the free surface are decoupled from the
substrate and are fully determined by the spin-coating conditions. The detailed
surface analyses of spin-coated poly(3-hexylthiophene) films by ultraviolet
photoelectron spectroscopy, Penning ionization electron spectroscopy,2s! and X-ray
absorption fine structure spectroscopyl24251 show that the polymer chain
conformation at the surface does not change upon thickness variation, obtained by
changing the polymer concentration and keeping the spin speed constant. This
supports our assumption that the skin layer is essentially the same for both the
heterostructure and the pristine film of corresponding thickness.

Finally, we address the neglect of the skin layer thickness in our modeling of the
relative quenching efficiency. Every exciton that passes from the spongy to the dense
layer does not diffuse back due to the energy gradient, but subsequently decays
nonradiatively due to the effect of enhanced density.[3:-35] The interface between the
dense and the spongy layers is reported to be relatively sharp.l5] Thus, this interface,
not that of the polymer-vacuum, should be considered as the exciton quenching wall
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in our modeling. Consequently, we should use the thickness of the spongy layer
instead of the overall film thickness, L, in the modeling.

Although we had no opportunity to reliably estimate the thicknesses of the skin
and spongy layers, the obtained results of the exciton diffusion length still allow us to
draw our main conclusion. Suppose the thickness of the skin layer is about 10% of the
overall film thickness, L. Then the thickness of the spongy layer is 0.9L, which
should be put into the modeling as a sample thickness. Since the relative quenching
efficiencies (Equations 2.7 and 2.8) depend on the ratio L/ L, , the resulting values of
the exciton diffusion length would be smaller than the obtained ones with a factor of
0.9 for both the heterostructures and the pristine films. This means that neglecting
the skin layer thickness affects the absolute values of the measured exciton diffusion
length, but not the ratio between them. Thus, we can still compare those values and
conclude that the skin layer efficiently quenches excitons.

2.5 Conclusions

We showed that in the skin layer of spin-coated MDMO-PPV film excitons are
quenched with high efficiency, comparable to that of a polymer-fullerene interface.
One of the physical phenomena responsible for such a quenching is the formation of
nonradiative states close to the polymer-vacuum interface due to higher polymer
density. This effect should be taken into account for films in the thickness range of 5 —
50 nm, in particular when the exciton population is measured or estimated.

2.6 Methods

MDMO-PPV was spin-coated from chlorobenzene on top of clean quartz
substrates and insolublel#] cross-linked fullerene films — poly(F2D) — to form the
pristine films and heterostructures, respectively (inset to Figure 2.3). The spin speed
of 2000 rpm was kept constant for all the samples, and the polymer thickness
variation was ensured by changing the solution concentration. The sample
preparation was done under nitrogen atmosphere.

The surfaces of the quartz substrates, of poly(F2D), and of MDMO-PPV were
characterized by atomic force microscopy (AFM). The root-mean-square roughness
was found to be <1 nm for all the surfaces on an area of 100 umz2 . The thicknesses of
organic layers were measured by AFM and nulling-zone ellipsometry. The thickness
of poly(F2D) was kept to < 30 nm in all the heterostructures.

PL decays, continuous wave (cw) absorption, and PL spectra were measured for
every sample. Time-resolved measurements were performed, exciting the samples
with 100 fs laser pulses, produced by a Ti - sapphire laser and frequency-doubled at
about 400 nm; the PL decays were recorded by a Hamamatsu streak camera. The
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initial exciton density was estimated to be ~103 — 10 cm3 , being several orders of
magnitude less than needed for exciton-exciton annihilation.[3¢] The cw PL spectra
were measured using a Hamamatsu CCD, and the absorption spectra were obtained
with a Perkin-Elmer spectrometer. The samples were kept in a dynamic vacuum of
10% — 105 mbar during the photoluminescence measurements, and no degradation
was observed. For the absorption measurements, the samples were sealed in a
chamber under nitrogen atmosphere. For analysis, the decays were spectrally
integrated and normalized to the maximum value. It was verified that optical
interference and self-absorption effects can be safely ignored in the thickness range
studied here.
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Chapter 3

Exciton Diffusion Length in
Narrow Band Gap Polymers

We developed a new method to accurately extract the exciton diffusion length in
organic semiconductors by blending them with a low concentration of
methanofullerene[6,6]-phenyl Cs: butyric acid methyl ester (PCBM). The dependence
of photoluminescence (PL) decay time on the fullerene concentration provides
information on both exciton diffusion and the nanocomposition of the blend.
Experimentally measured PL decays of blends based on two narrow band gap
dithiophene-benzothiadizole polymers were modeled using a Monte Carlo simulation
of 3D exciton diffusion in the blend. The extracted exciton diffusion length is
10.5+1nm in both narrow band gap polymers, being considerably longer than the
5.4+0.7 nm that was measured with the same method in the model compound poly(3-
hexylthiophene) as a reference. Our approach is simple, fast and allows to
systematically measure and compare exciton diffusion length in a large number of
compounds.*

*0. V. Mikhnenko, H. Azimi, M. Scharber, M. Morana,
P.W.M. Blom, M. A. Loi, Submitted for publication
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3.1 Introduction

Various techniques to measure the exciton diffusion length have been reported in the
literature. The most popular method is the fluorescence quenching in thin films of
organic semiconductors, in which one or both interfaces act as exciton quenching
wall.l-10] In this approach the dependence of the exciton quenching efficiency on the
semiconductor thickness is measured and modeled with 1D diffusion equation to
extract the diffusion length. This is a direct measurement, however it is rather
difficult to apply due to many experimental requirements and difficulties in modeling.
A sharp boundary is necessary between the semiconductor and the quenching wall.[s!
The variation of the exciton density due to optical interference and absorption,5-1:12]
the effect of the polymer-vacuum interfacel*sl and Forster energy transfer!s:014l should
be carefully evaluated and taken into account in the modeling. Finally, high precision
thickness measurements are needed to accurately determine the exciton diffusion
length. Other measurement approaches include exciton density modulation due to
light absorption;4-18]1 exciton-exciton annihilation;l*219.201 photocurrent modeling in
solar cells(2-23] and microwave conductivity.[24] These methods have their advantages
and also limitations that are related to the difficulties in sample preparation and/or
sophisticated measurement technique, complicated modeling with many fitting
parameters, etc.

Fluorescence quenching in thin films with randomly distributed quenchers is an
interesting approach to measure the exciton diffusion lengthlx25-271 If the
concentration of quencher sites is well controlled then the comparison of the
photoluminescence (PL) decay of the blend with that of pristine semiconductor gives
the value of the exciton diffusion length. On the experimental side, the sample
preparation is very simple as well as the measurement of PL decays. However, the
analytical model is rather tedious and can be applied only within certain
limitations.[+26-28] Furthermore the knowledge about the nanocomposition of the
blend is required for accurate measurements. Quenching molecules can form phase
separated domains, leading to the reduction of the quenching efficiency and
underestimation of the exciton diffusion length.

Here we developed a simple method to verify if quencher molecules are
intimately mixed or form clusters in the blends with conjugated polymers and
accurately evaluate the exciton diffusion length. The method is based on a Monte
Carlo simulation that models PL decays in semiconductor-quencher mixtures. As
interesting testing materials we have chosen PCPDTBT:PCBM blends (for full names
and chemical structures refer to Figure 3.1). We measured for the first time the 3D
exciton diffusion length of 10.6+0.6 nm in PCPDTBT that is considerably longer than
5.4+0.7 nm in P3HT. As an additional example we measured exciton diffusion length
in other narrow band gap polymer — Si-PCPDTBT - with identical chemical structure
to PCPDTBT, except for the substitution of the methylene bridge by the silylene
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bridge. Interestingly, the resulting value of the exciton diffusion length is the same as
for PCPDTBT. Our methodology has numerous advantages compared to other
approaches, including simple sample preparation and easy experimental
measurements, which allow to systematically study exciton diffusion length in a large
number of materials.

PCPDTBT

Normalized PL

0% (PCBM volume fraction)

10/
0.42% 0.05%

00 01 02 03 04 05 06 07
Time (ns)

Normalized PL

00 02 04 06 08 10 12 14

Time (ns)

Figure 3.1: Measured photoluminescence decays in blends of PCPDTBT (a) or P3HT
(b) with PCBM of various volume fractions. The data were normalized to the value at
time zero. The insets show the chemical structures of poly[2,6-(4,4-bis-(2-ethylhexyl)-
4H-cyclopenta[2,1-b;3,4-b’]dithiophene)-alt-4,7-(2,1,3-benzothiadi-azole)] (PCPDTBT),
poly(3-hexylthiophene) (P3HT) and methanofullerene[6,6]-phenyl Cg butyric acid
methyl ester (PCBM).
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3.2 Modeling Photoluminescence Decays

Figure 3.1 shows photoluminescence decays of polymer:PCBM blends of various
PCBM volume fractions. Higher content of PCBM results in shorter PL decay times
for both polymers PCPDTBT (Figure 3.1a) and P3HT (Figure 3.1b). The reduction of
the PL decay time is a result of the diffusion limited exciton quenching at the
polymer-PCBM interface. Considerable quenching is observed when the average
distance between PCBM molecules is comparable to — or smaller than — the exciton
diffusion length in the polymer phase. In this case the measured PL decay time
represents the average diffusion time to quenchers, rather than the natural decay
time.

The PL decay time strongly depends on the nanocomposition of the
polymer:PCBM blends. For a certain volume fraction of PCBM, the largest quenching
surface — consequently the shortest PL decay time — is achieved when PCBM
molecules intimately mix with the polymer matrix and form a homogeneous spatial
distribution. If the quencher molecules cluster together in phase separated domains,
then the PL decay will show a slower dynamics due to the reduction of the quenching
surface. To model exciton diffusion in the polymer:PCBM blends it is therefore very
important to be aware of the nanocomposition in the blend.

We developed a Monte Carlo simulation of 3D exciton diffusion in a medium
with morphology of arbitrary complexity, including intimate mixture and clustered
quencher distribution. Non-interacting excitons undergo a random walk in this
medium and decay non-radiatively when they contact a quenching site during their
lifetime. The inputs of the simulation are the sample morphology, the natural PL
decay time and the only fitting parameter is the exciton diffusion length. As output we
get a PL decay that is the number of radiatively decayed excitons versus time. The
simulation is repeated with the adjusted fitting parameter until the modeled and
experimental data converge, resulting in the value of exciton diffusion length.

A cubic simulation box with the edge length of 50 nm and periodic boundary
conditions is considered to be a continuous medium of polymer phase, in which
PCBM quenchers are placed. PCBM molecules are approximated as balls of 1 nm in
diameter. Two types of morphologies have been considered, intimate mixture and
phase separated PCBM clusters of certain size. Intimate mixture is modeled by
randomly placing PCBM molecules to the simulation box. A cluster of N molecules is
modeled by a center molecule with N-1 nearest neighbors in the triclinic crystal
structure of PCBM.[29] The overlapping configurations are not accepted when
randomly placing a new quencher or cluster to the box. A Boolean 3D grid of 0.05 nm
pinch size is superimposed with the simulation box. Each 3D cell of the grid is given
the value true or false if it overlaps or not with a PCBM molecule. Excitons are
described as balls of 1 nm diameter in our Monte Carlo simulation. Since they interact
only with quenchers, we can simplify the exciton representation to point particles by
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Figure 3.2: Fitting of experimentally measured PL decays (dotted lines) of
polymer:PCBM blends with Monte Carlo simulation (solid lines). The volume fraction of
PCBM was 0.05% in both blends. Data were normalized to their maximum value at time
zero.

increasing the quencher size by the exciton radius. The spatial coordinates of the
excitons are not restricted to the Boolean grid nodes.
At room temperature exciton hopping in conjugated polymers can be described
by normal diffusion:[8:30.31]
9 _py2, , (3.1)
ot T
where » is the exciton density, D is the diffusion coefficient, 7 is the PL decay time
in a pristine polymer film. According to the Einstein’s theory of random walks normal
diffusion can be modeled as a random walk with constant step size.[¢:32-35] Each time
iteration ot every exciton is moved in a random 3D direction for a fixed distance Js,
which is related to the diffusion coefficient D by a relationship:
D= 8s?

Py (3.2)

The time interval J¢ is chosen such that Js is several times smaller than the typical
quencher size. The exciton diffusion length L, is then given by the following
expression:

Ly =+3Dr. (3.3)

The exciton is considered to be quenched if its new position overlaps with a grid cell,
the value of which is true. Radiative recombination is assumed if an exciton has not
been quenched after time Az, which had been fixed at the beginning of the
simulation by:
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Figure 3.3: Measured dependencies of relative quenching efficiency versus volume
fraction of PCBM in blends with PCPDTBT (squares) and P3HT (pentagons). Curves
represent modeled data for intimate mixture between polymer and PCBM (solid lines)
and phase separated morphology of two PCBM molecules per cluster (dashed line).

At =—tIn(w;), (3.4

where w; is a random number between 0 and 1.

Figure 3.2 illustrates the measured PL decays (dotted lines) of P3HT:PCBM
and PCPDTBT:PCBM blends with PCBM volume fraction of 0.05%. The PL decays,
which were modeled with the Monte Carlo simulation, are depicted as solid lines. Our
model fits the experimental data remarkably well and results in the values of the
exciton diffusion coefficient of 2.2x104 and 27x104 cm?2/s that correspond to the
diffusion length of 5.5 and 10.8 nm in P3HT and PCPDTBT, respectively. “intimate
mixture” blend morphology was assumed when modeling these PL decays; we will
verify this assumption below. PL decays of blends with other volume fractions were
also modeled resulting in average values of exciton diffusion coefficients and lengths
of (2.2£0.3)x104 cm2/s and 5.4+0.7 nm in P3HT; (26+3)x104 cm?/s and 10.6+0.6
nm in PCPDTBT, respectively. The error is the standard deviation in the mean value.

3.3 Checking for PCBM Aggregation

PL decay times of samples of various PCBM fractions can be compared using the
relative quenching efficiency Q that is defined as:

_[P Lpjenadt

S SE— (3-5)
J.PLpristinedt

0=1
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where PLbiend and PlLprisine are normalized to the value at time zero PL decays of a
polymer:PCBM blend and pristine polymer, respectively. Nearly zero values of Q
indicate that the exciton quenching is insignificant, which is typical for low
concentrations of quenching molecules. At high PCBM concentrations most of the
excitons are quenched, resulting in a short PL decay time and a close to unity values
of 0.

The measured relative quenching efficiencies versus PCBM volume fraction are
shown in Figure 3.3 for PCPDTBT (squares) and P3HT (pentagons); the lines are
modeled using the Monte Carlo simulation. Solid lines are for the intimate
polymer:PCBM mixtures, while the dashed line represents the phase separated
morphology with two PCBM molecules per cluster. The exciton diffusion length was
set to the previously extracted values of 10.6 and 5.4 nm for PCPDTBT and P3HT
respectively. The measured data for PCPDTBT is excellently described by the
simulated curve in all the studied range of PCBM volume fractions. While the
modeled curve of P3HT follows the experimental data points only up to a PCBM
volume fraction of 0.3%; deviation from the measured values is observed for samples
of higher PCBM content.

The deviation between modeled curve and experimental data points in Figure
3.3 can be explained by the cluster formation in the P3HT-PCBM blends. It is
reasonable to assume that the formation of clusters during the solvent evaporation is
more likely in blends of higher PCBM fractions. An increase of the cluster size results
in the reduction of the interfacial area between polymer and PCBM. Consequently the
relative quenching efficiency is smaller in the phase separated sample as compared to
the intimately mixed blends of the same PCBM fraction. Indeed, the experimental
data for volume fraction of 0.8% and higher is much better described by the
simulation, in which PCBM molecules are set to form clusters of two molecules
(dashed line in Figure 3.3).

Contrary, the MC simulation accurately describes the experimentally acquired
data in PCPDTBT:PCBM blends assuming the formation of the intimate mixture
(Figure 3.3). Therefore we conclude that PCBM molecules do not form clusters in the
studied concentration range. Formation of clusters would be indicated by the
deviation between the modeled and experimental dependencies at higher PCBM
concentrations.

Regio-regular P3HT is known to form polycrystalline domains.[36] Therefore it is
not surprising that PCBM tend to phase separate in the blends. PCPDTBT does not
form crystalline domains if processed without additives,[37-411 which is in accordance
with the intimate mixture morphology deduced in this work. The exciton diffusion
length in P3HT has been previously reported in the range of 3 and 8.5 nm.[7:12:24.27]
Our measurements result in 5.4 nm, which is in agreement with the literature and
further confirms the validity of our method. The fact that the exciton diffusion length
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Figure 3.4: Measured (circles) relative quenching efficiency versus PCBM volume
fraction in poly[(4,4"-bis(2-ethylhexyl)dithieno[3,2-b:2’,3"-d]silole)-2,6-diyl-alt-(2,1,3-
benzothiadiazole)-4,7-diyl] (Si-PCPDTBT). The curve is the fitting of the measured data
with the Monte Carlo simulation assuming the intimate mixture morphology of Si-
PCPDTBT:PCBM blends. The inset shows the chemical structure of Si-PCPDTBT.

of 10.6 nm in PCPDTBT is longer than that in P3HT is consistent with the superior
solar cell performance of the former material.[37.42]

3.4 Exciton Diffusion in Si-PCPDTBT

The developed methodology for measuring exciton diffusion length can be easily
applied to various materials. As an additional example we investigated another
narrow band gap material, namely Si-PCPDTBT, for full name and chemical structure
refer to Figure 3.4. The chemical structure of this polymer is identical to PCPDTBT,
except the substitution of the methylene bridge by a silylene bridge (see Figures 3.4
and 3.1a). Si-PCPDTBT is a promising material for applications in solar cells as it does
not require processing additives or post annealing steps in order to reach power
conversion efficiency above 5%.4°]

Figure 3.4 shows the dependence of the measured relative quenching efficiency
on the PCBM volume fraction in Si-PCPDTBT:PCBM blends (circles). The fitting of
the PL decays of the blends with PCBM volume fraction below 0.3% using the Monte
Carlo simulation results in the average exciton diffusion coefficient of (11+2.2)x104
cm?/s that corresponds to the diffusion length of 10.5+1 nm. The error is the standard
deviation in the mean value.

The solid line in Figure 3.4 is modeled using the mean value of the exciton
diffusion coefficient and assuming intimate mixture of Si-PCPDTBT:PCBM blends.
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Figure 3.5: Modeled relative quenching efficiency versus volume fraction of PCBM in
P3HT setting various exciton diffusion length (solid lines) and clustering (dashed lines).
The insets schematically show the morphology of intimate mixture (top) and phase
separated blends of two and four molecules per cluster (right). The total number of
PCBM molecules (black dots) is the same in each inset.

The modeled curve deviates from the experimental data points at higher volume
fractions than 0.3%. Such a deviation indicates the phase separation of the
polymer:PCBM blends. Formation of PCBM clusters at higher PCBM concentration is
consistent with the fact that Si-PCPDTBT shows higher crystallinity than the carbon
bridged polymer in as-cast films.[40] High degree of crystallinity, which is expected to
enhance the phase separation, is the common feature of Si-PCPDTBT and P3HT
films.

Interestingly, the silicon bridged polymer shows the same exciton diffusion
length as the carbon bridged material, while the exciton diffusion coefficient is about
two times smaller in Si-PCPDTBT. Mathematically such a contrast is possible due to
the fact that PL decay time of the silicon-bridged polymer in pristine film is about two
times longer than PL decay time of the carbon bridged one (see Eq. 3.3). Similar
result has been shown by Markov et. al. in a family of poly(p-phenylene vinylene)-
derivatives, in which increase of the exciton diffusion coefficient was compensated by
the decrease of the PL decay time leading to the same values of the exciton diffusion
length.[43]

3.5 Discussion

Figure 3.5 shows the family of modeled dependencies of relative quenching
efficiency on the volume fraction of PCBM in P3HT; PCBM-PCPDTBT blends give
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similar results (not shown in Figure 3.5). The solid lines are calculated by setting the
exciton diffusion length — from left to right — to 9, 7 and 5 nm. The dashed lines
represent samples with phase separated domains of 2 and 4 PCBM molecules per
cluster, setting the exciton diffusion length to 5 nm. In the intermediate concentration
range the relative quenching efficiency is very sensitive for the exciton diffusion
length and the blend morphology. As expected, the highest quenching efficiency is
achieved for the longest exciton diffusion length and homogeneous distribution of the
quenching molecules. While the lowest values of Q are obtained when PCBM
molecules are set to form clusters of the largest size.

Remarkably the curves in Figure 3.5 do not cross in the intermediate
concentration range, but rather replicate each other by a translation along the
horizontal axis. Therefore we can summarize our methodology as follows: if the
experimental data can be described by one of the curves then the quencher molecules
form either an intimate mixture with the polymer or clusters of fixed size in the whole
concentration range. The latter option is unlikely because the cluster formation
probability is increasing with the concentration of quenchers. If the measured relative
quenching efficiency grows with the PCBM volume fraction more slowly than a typical
modeled curve, then quenchers form larger phase separated domains in that
concentration range.

The developed methodology of exciton diffusion measurement has numerous
advantages as compared to other approaches. The only fitting parameter is the
exciton diffusion length; the model does not require assumptions, for instance, about
the exciton-exciton annihilation cross-section.[’219.201 The measured exciton diffusion
length corresponds to the diffusion in three dimensions, which is the case in the bulk
heterojunction solar cells. The effects at interfaces can be safely neglected because the
samples are much thicker than the exciton diffusion length. The exciton density
variations due to optical interference and light absorption do not influence the PL
decay in the blends because samples are isotropic and low excitation densities have
been used, which are insufficient for the considerable exciton-exciton annihilation.
The simplicity of sample preparation and experimental methods makes it practical to
systematically measure and compare exciton diffusion length in large number of
materials. Finally, we can access the polymer-quencher morphology of low quencher
concentrations using the MC simulation. To the best of our knowledge, this question
has not been addressed before in the PCBM concentration range of 0.01-5 wt%.

3.6 Conclusions

Using a newly developed method we found that PCBM molecules form intimate
mixtures with PCPDTBT in blends with PCBM concentration ranging from 0.01 to 5
wt%. Phase separated domains have been detected in Si-PCPDTBT and P3HT at
concentrations above 0.9 wt% and 1.8 wt%, respectively. The knowledge about the
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blend morphology allows us to model 3D diffusion and accurately determine the
exciton diffusion coefficients of (2.2+0.5)x104, (26+3)x104 and (11£2)x104 cm?2/s
that correspond to the diffusion lengths of 5.4+0.7, 10.6+0.6, and 10.5+1 nm in
P3HT, PCPDTBT and Si-PCPDTBT, respectively. Remarkably the exciton diffusion
length is the same in both narrow band gap polymers. Compared to other approaches,
the proposed method for exciton diffusion measurement has numerous advantages
and is suitable for systematic studies in a large number of materials.

3.7 Methods

PCPDTBT and Si-PCPDTBT were synthesized by Konarka Technologies; PCBM and
regio-regular P3HT were purchased from Solene BV and Sigma-Aldrich, respectively.
Polymer solutions in chlorobenzene were mixed with various fractions of PCBM
dilute solution, and spin-coated on glass substrates to produce ~100 nm thick films of
polymer:PCBM blends. Samples were prepared under inert nitrogen atmosphere and
encapsulated with a glass substrate to further protect films from air during the optical
measurements. No annealing steps have been applied to the blends. The PCPDTBT-
and Si-PCPDTBT-based blends were excited at 760 nm by the principal harmonics of
a 100 fs pulsed Ti-Sapphire laser. P3HT-based blends were excited 380 nm by
frequency doubled pulses of the same laser. The initial exciton density was kept well
below 105 cm3. PL decays were measured by two Streak cameras sensitive in the near
infrared and the visible spectral parts, respectively. The PL decays of PCPDTBT were
deconvoluted with the instrument response function and fitted as mono- or bi-
exponential decays for further analysis. Software for Monte Carlo simulations has
been specifically developed to model exciton diffusion in polymer:PCBM blends.
Mersenne twister algorithm(44] has been used as a pseudo random number generator,
implemented by A. Fog.[45]

The PCBM volume fraction is the volume occupied by PCBM molecules, which
are assumed to be balls with diameter of 1 nm, divided by the total volume of the
blend. The polymer density is an important parameter for determination of the PCBM
volume ratio. In our simulation we took a P3HT density of 1.1 g/cm3 (Ref. [46.471). The
density of PCPDTBT and Si-PCPDTBT has not been reported yet, however conjugated
polymers typically have densities in the range of 0.9 — 1.4 g/cm3 (Ref. [46-48]). We
found it reasonable to set the density to 1.3 g/cms3 in our simulations, resulting in the
exciton diffusion length of ~10.5 nm. Generally, the fitting results depend only weakly
on the polymer density. Thus settings of 1.2 or 1.4 g/cms3 in the simulation lead to an
exciton diffusion length of 11.1 and 10.2 nm, respectively, resulting in a change of
approximately 0.5 nm per 0.1 g/cms3.
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Chapter 4

Effect of Thermal Annealing on
Exciton Diffusion

In this chapter we show that the method we have developed for measuring the singlet
exciton diffusion length in blends with [6,6]-phenyl-Ce:-butyric acid methyl ester
(PCBM) can be applied not only to polymeric materials, but also to small molecule
organic semiconductors. Small organic molecules have a large potential for molecular
re-organization upon thermal annealing. Here we show that the exciton diffusion
length is decreased upon annealing from 9 to 3 nm in a thin film of a
diketopyrrolopyrrole derivative. Such a variation is attributed to exciton
delocalization effects in the crystalline domains that are formed during the annealing
process as well as to the exciton quenching at grain boundaries.*

*0.V. Mikhnenko, J. Lin, Y. Shu, J. E. Anthony,
P. W. M. Blom, T.-Q. Nguyen, M. A. Loi, Submitted for publication
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Figure 4.1:  Chemical structures of  2,5-dihexyl-3,6-bis[4-(2,2’-bithiophene-5-
yl)phenyl]pyrrolo[3,4-c]pyrrole-1,4-dione (C4PT,-DPP), [6,6]-phenyl-C¢ -butyric acid
methyl ester (PCBM) and 2,3-dicyano-6,13-bis-(triisopropylsilylethynyl)pentacene
(diCN-TIPS-Pn).

4.1 Introduction

An interpenetrating network of electron donating and electron accepting materials —
a bulk heterojunction — is an efficient structure to be used as active layer of thin film
solar cells.[*2] Thermal annealing is often applied to bulk heterojunctions in order to
improve their morphology for more efficient charge extraction.l3-71 Typically
annealing enhances the phase separation of donor and acceptor materials and
promotes the formation of polycrystalline phases resulting in higher charge carrier
mobility. The power conversion efficiency of annealed solar cells is sometimes
increased by orders of magnitude as compared to untreated devices.[”! Despite the
strong interest for the exciton diffusion processes in as-cast films,!8! thermally
annealed thin films only received little attention in the literature. Several experiments
show that the exciton diffusion length is longer in phases with stronger molecular
interactions.[9-16] Since thermal annealing usually improves the local crystallinity of
phase separated domains, the exciton diffusion length is expected to be longer in
annealed films.

Here we show that in contrast to expectations, the exciton diffusion length
decreases upon annealing from 9 to 3 nm in C¢PT--DPP (for full name and chemical
structure see Figure 4.1). CsPT.-DPP is a small molecule organic semiconductor that
belongs to the family of diketopyrrolopyrrole derivatives.[717-231 Compared to
polymers, small molecules have numerous advantages including easier synthetic
procedures, higher purity, monodispersity, and higher possibility of supramolecular
organization. Therefore small molecules are potentially suited for devices that require
high charge carrier mobilities.[2425] Currently the power conversion efficiency of
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Figure 4.2: X-ray diffraction pattern of pristine C4PT,-DPP film before and after thermal
annealing at 75 °C.

solution processed solar cells based on small molecules up to 6.7% (Ref. [7:26-32]),
approaching the efficiencies of polymer-based devices.[33]

4.2 Effect of Annealing on Crystallinity and
Photophysical Properties

Figure 4.2 shows the x-ray diffraction pattern of thin film of CsPT.-DPP before and
after thermal annealing at 75 °C. Before annealing there are no features in the
diffraction pattern, indicating the isotropic amorphous structure of the film. After
annealing at 80 °C a strong peak is appearing at 6.3° due to the emergence of a
polycrystalline arrangement.

Figure 4.3a presents the photoluminescence (PL) spectra of C¢PT.-DPP in
chloroform solution and in film before and after annealing. The PL spectrum
undergoes a gradual red shift going from solution to as-cast thin films; followed by a
further red shift as a result of annealing. Such a red shift is due to intermolecular
interactions in the thin film, which are enhanced upon annealing-induced
crystallization. Excitons undergo delocalization among adjacent molecules in thin
films resulting in the observed red shift. The delocalization is most pronounced in the
annealed films due to the polycrystalline ordering (Figure 4.2).[34-37]

Thermal annealing has also a strong effect on the PL decay time of the CsPT--
DPP films. Figure 4.3b illustrates that the PL decay time of the annealed CsPT.-DPP
film is significantly shorter than that of the as-cast film. For data analysis we describe
PL decays in thin films of CsPT.-DPP with a bi-exponential function:
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Table 1. Bi-exponential decay constants of as cast and annealed films of C4PT,-DPP. The
decays were normalized to the value at time zero such that @, +a, =1. The integral over
time is given by a,7, +a,7,, see Eq. (4.1).

a, 7, (ns) a, 7, (ns) Ingig al
As-cast film 0.765 2.514 0.235 0.248 1.981
Annealed film 0.820 1.094 0.180 0.149 0.923
PL(t)=ae" +a,e™. (4.1)

The values of g, a,, 7,, and 7, of both as-cast and annealed films of CsPT.-DPP are
listed in Table I for reference. There are several reasons that may be responsible for
the faster PL decay in the annealed films. The enhanced delocalization of excitons in
polycrystalline films may lead to an increase in the efficiency of exciton dissociation
to non-emissive species — such as free charges — resulting in shorter PL decay
times.[34-39] Lunt et al. showed that photoluminescence can be quenched at the
boundaries of the polycrystalline domains, 40 which also may lead to shorter PL decay
times.

| sloluti\cinI /Ias cas't (a) i

annealed
ré

as cast
V'e

annealed

Normalized PL

500 600 700 800 900 10123456789
Wavelength (nm) Time (ns)

Figure 4.3: (a) Photoluminescence spectra of C¢PT,-DPP in chloroform solution, and
thin film before and after annealing. The data were normalized to the maximum intensity
value. (b) PL decays of as-cast and annealed pristine CsPT,-DPP films. The instrument
response function (IRF) to 100 fs laser pulse is also presented. Normalization was made
to the value at time zero.
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Figure 4.4: PL decays of CcPT,-DPP thin film and blend with 0.82wt% PCBM before
(left) and after annealing (right). PL decays were normalized to the value at time zero.
The result of the fitting of the PL decays of the blend with Monte Carlo simulation is also
presented.

4.3 Exciton Diffusion Measurements

To measure the exciton diffusion length in CsPT>-DPP we apply the method that was
described in detail in Chapter 3. We model the PL decays of CsPT.-DPP:PCBM blends
with various PCBM concentrations using Monte Carlo simulation. This simulation
takes as inputs the concentration of PCBM molecules, the morphology of the blend,
the parameters of the bi-exponential PL decay in the pristine film, and the only fitting
parameter — the exciton diffusion coefficient. As output we get a simulated PL decay,
which is then compared to the experimentally measured data.

At the beginning of a simulation run, non-interacting excitons — balls of 1 nm in
diameter — are randomly placed into the simulation box of 50x50x50 nm, which
corresponds to the input morphology of the blend CsPT.-DPP:PCBM. Typical
morphology is the homogeneous random distribution of non-overlapping PCBM
molecules that are modeled as balls of 0.5 nm radius.[4!! Periodic boundary conditions
are imposed to the simulation box to mimic an infinitely large medium. Excitons are
moved in a random 3D direction by the fixed distance ds during each iteration time
Ot . According to the Einstein theory of random walks the exciton diffusion
coefficient D is related to s and Ot as:

D= o5’

ol (4.2)
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An exciton is considered to decay radiatively at time ¢,, which is defined at the
beginning of the simulation run in order to reflect the bi-exponential PL decay in the
pristine film:

t=—7,In(w), (4.3)

a,

if (pi < j then k =1; otherwise k=2, 4.4)
a, +a,
where w, and p, are independent random numbers between 0 and 1; index &
distinguishes between the components of the bi-exponential decay. If an exciton
touches a PCBM molecule before time ¢, then it is considered to be quenched and
does not undergo radiative recombination. At least 2x105 excitons are modeled
during each simulation run. The modeled PL decay is the number of radiatively
decayed excitons versus time. The simulation is repeated with adjusted exciton
hopping distance Js until the modeled PL decay coincides with the experimentally
measured one for the specific concentration of PCBM molecules in the modeled

sample.

Figure 4.4 shows an example of the fitting of the experimentally measured PL
decays before and after annealing at 80 °C of the CsPT.-DPP:PCBM blend. The PCBM
concentration in this specific sample was 6.5%108 cm3 that corresponds to 0.82 wt%
or the PCBM volume fraction of 0.3%. The fitting results in an exciton diffusion
coefficient of 1x104 cm2/s and 2.5x105 cm?2/s, which correspond to an exciton
diffusion length of 8.7 nm and 2.8 nm for the as-cast and annealed samples,
respectively. The 3D exciton diffusion length is calculated using the following
expression:

L,=3Dr, 4.5)

where 7 is the average PL decay time of the pristine film of CsPT.-DPP (see Eq. 4.1
and Ref. [42]):

2 2
art +a,T
r=4h THL (4.6)
Cl]T] +0[2T2

The exciton diffusion coefficients and diffusion lengths were extracted for each
sample resulting in the average values of (1.1£0.1)x104 and (2.5+0.4)x105 cm?/s;
8.8+0.3 and 2.8+0.2 nm for the as-cast and annealed samples, respectively. The error

is the standard deviation of the mean value. To compare samples with different PCBM
concentrations we introduce the relative quenching efficiency:

—1— .[dt Pthend

Q_ J-dtP ’ (47)

reference

where PL,,, ., and PL
blend and pristine CsPT=-DPP film, respectively.

are normalized to the value at time zero PL decays of the

reference
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Figure 4.5: Dependence of the relative quenching efficiency on the PCBM content in as-
cast (circles) and annealed (triangles) samples. The lines are the result of the Monte Carlo
simulation, see text.

Figure 4.5 shows the dependence of the relative quenching efficiency on the
PCBM concentration in the as-cast and annealed blends. The solid lines in Figure 4.5
are calculated by setting in the simulation the extracted average values of the exciton
diffusion coefficients. The simulated curve accurately describes the relative quenching
efficiency of as-cast films in all the concentration range using a single value of the
diffusion coefficient. Consequently, we conclude that the PCBM molecules do not
form phase separated domains in the as-cast blends. Deviation from the experimental
data is expected at higher concentrations of PCBM if clusters were formed (see
Chapter 3).

The relative quenching efficiency of annealed blends is also accurately described
by the simulated curve in Figure 4.5. Only at PCBM concentration of 3.8x109 cm3 the
modeled curve deviates from the experimental data point, suggesting the formation of
small clusters of PCBM molecules at that concentration.

4.4 Using Different Exciton Quenching Molecule

Upon annealing we found a significant decrease of the exciton diffusion length from 9
to 3 nm in CsPT.-DPP. When modeling the PL decays we assumed that PCBM forms
an intimate mixture with C¢PT>-DPP. This assumption should be additionally verified
because thermal annealing could induce phase separation in the blend. In order to
check if such a phase separation indeed occurred we compare PCBM:CsPT.-DPP
blends with diCN-TIPS-Pn:CsPT>-DPP blends. diCN-TIPS-Pn is an efficient exciton
quencher that has quite different chemical structure as compared to PCBM.[43]
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Figure 4.6: Relative quenching efficiency versus quencher concentration in diCN-TIPS-
Pn:C¢PT,-DPP blends in as cast (circles) and annealed (triangles) samples. The lines are
modeled with Monte Carlo simulation by setting the quenching radius of diCN-TIPS-Pn
to 0.81 nm, see text.

First we quantify the exciton quenching efficiency of diCN-TIPS-Pn in the blends
with C¢PT>-DPP by modeling the PL decays of as-cast films. For simplicity, the
molecular shape of diCN-TIPS-Pn is approximated in our simulations as an isotropic
ball. An exciton is considered to be quenched upon contact with the surface of this
ball. The measured PL decays are modeled by setting the exciton diffusion coefficient
to the value that was previously found using PCBM:CsPT>-DPP blends, and varying
only the exciton quenching radius of diCN-TIPS-Pn. In this way we found a value for
the exciton quenching radius of 0.81+0.03 nm. The error is the standard deviation of
mean value among 5 samples with different concentrations of diCN-TIPS-Pn.
Interestingly, the quenching radius of diCN-TIPS-Pn is larger than the quenching
radius of fullerenes — 0.5 nm — this is possibly due to the Forster energy transfer from
CsPT2-DPP to diCN-TIPS-Pn.

Figure 4.6 shows the dependence of the relative quenching efficiency on the
concentration of quenching molecules in diCN-TIPS-Pn:CsPT.-DPP blends before
(circles) and after (triangles) annealing. The solid line was calculated by setting the
exciton diffusion coefficient to 1.1x104 cm2/s and the quenching radius of diCN-TIPS-
Pn to 0.81 nm. This simulated curve excellently fits the experimental data confirming
that (i) we accurately determined the quenching radius of diCN-TIPS-Pn and (ii)
there are no phase separated domains in the as-cast blends.

The dashed line in Figure 4.6 was back-calculated using the exciton diffusion
coefficient of 2.5x105 cm2/s, which was extracted in the annealed PCBM:CsPT.-DPP
blends; and the quenching radius of 0.81 nm that we determined for as-cast diCN-
TIPS-Pn containing blends. This curve predicts the experimental data points of the
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annealed blends (triangles) remarkably well in the whole range of studied
concentrations.

The measured relative quenching efficiency in PCBM and diCN-TIPS-Pn
containing blends can be described with a single diffusion coefficient indicating that
the morphology of PCBM and diCN-TIPS-Pn containing blends are the same. It is
unlikely that both PCBM and diCN-TIPS-Pn form phase separate domains of the
same size because these acceptor molecules have very different chemical structure
and thus different intermolecular interactions. Therefore we conclude that both
PCBM and diCN-TIPS-Pn indeed form an intimate mixture with C¢PT.-DPP in the
annealed films and show that we correctly assumed the blend morphology when
modeling the PL decays. Thus the extracted value of 2.5x105 cm?2/s is an accurate
exciton diffusion coefficient for the annealed films of C¢PT.-DPP.

4.5 Discussion

Generally, enhanced intermolecular interactions such as in molecular crystals were
shown to result in longer exciton diffusion length than in the amorphous phases of
various materials.>-416] Lunt et al. showed that the exciton diffusion length in
3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA) increases from 6 to 20 nm
with increasing the grain size of molecular crystals in a poly-crystalline thin film.[4°]
The exciton diffusion length in PTCDA appeared to be limited by defects at grain
boundaries, which showed efficient exciton quenching. Other studies show that
enhanced delocalization of excitons leads to higher probability of exciton dissociation
to non-emissive species such as free charges.[34-39] Consequently, PL decay time
becomes shorter upon exciton delocalization. In this case stronger intermolecular
interactions due to a higher degree of crystalline ordering(34] and/or higher local
density of the materiall35-39] may limit the exciton diffusion length.

In our experiments we found that the exciton diffusion length in the annealed
polycrystalline films of CsPT.-DPP is much shorter than in the as-cast amorphous
material. Significant red shift of PL spectrum suggests that excitons are more
delocalized in the annealed films. Such delocalization may be responsible for the
reduction of the PL decay time upon annealing(34-38] (Figure 4.3) leading to shorter
exciton diffusion length. Moreover, the measured exciton diffusion coefficient is
about five times smaller in the annealed films resulting in further decrease of the
exciton diffusion length.

It is important to note that in our model we considered the annealed
polycrystalline films as a continuous medium. In reality the boundaries of
polycrystalline domains may contribute to the exciton scattering and even
quenching.l4°] Therefore the measured exciton diffusion coefficient in the annealed
films is the effective value within complex polycrystalline morphology. The exciton
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diffusion coefficient within a single crystalline domain may be different, for instance
higher than the value reported here. Nevertheless our result is useful for modeling the
operation of bulk heterojunction solar cells.

Despite the fact that exciton diffusion length is relatively short in the annealed
films of CsPT.-DPP, the power conversion efficiency of bulk heterojunction solar cells
based on this material and a C, fullerene derivative is as high as 1.1%.08] This
efficiency has been achieved upon annealing of the active layer, while as-cast devices
showed poorer performance (0.89%). Thus it appears that there is no a simple direct
correlation between the exciton diffusion length and the final performances of C¢PT--
DPP:PC,0BM bulk heterojunction solar cell. Thermal annealing induces significant
improvements on the blend morphology and charge mobility in CsPT>-DPP films.[8]
These improvements presumably compensate the reduction of the exciton diffusion
length resulting in higher performance of the annealed devices.

Finally, the reduction of the exciton diffusion length upon annealing may be
compensated by the effect of exciton delocalization, which promotes generation of
free charges. Wang et al. showed that measured exciton diffusion length of 3.5 nm in
poly(3-hexylthiophene) (P3HT) cannot explain high performance of bulk
heterojunction solar cell based on that polymer.[44] Exciton delocalization in the range
of 4.8-9 nm is needed to describe the experimental data in Ref. [44],

4.6 Conclusions

We have accurately measured the exciton diffusion coefficients and diffusion lengths
of (1.1£0.1)x104 and (2.5+0.4)x105 cm?/s; 8.840.3 and 2.8+0.2 nm in as-cast and
annealed thin films of C¢PT.-DPP. The exciton diffusion appears to be limited in the
annealed samples presumably due to the delocalization effects and exciton quenching
on the grain boundaries of the polycrystalline film. It appears that there is no a simple
direct correlation between the measured exciton diffusion length and the
performance of bulk heterojunction solar cells that are based on the studied material.
Thermal annealing leads to simultaneous increase of the solar cell performance and
decrease of the exciton diffusion length in CsPT.-DPP.

4.7 Methods

CsPT.-DPP was synthesized in group of Prof. Thuc-Quyen Nguyen, diCN-TIPS
pentacene was provided by Prof. John Anthony, PCBM was purchased from Solenne
BV. No additional purification steps have been applied to any of the materials used.
X-ray diffraction patterns were measured with a X’Pert Phillips Material Research
Diffractometer using Cu Ka radiation with emission wavelength of A = 1.54 A. Thin
films were spin-coated from chloroform in a glove box under nitrogen atmosphere
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and encapsulated with a clean glass prior to optical measurements. Thermal
annealing of the encapsulated films was performed on a hotplate at 80 °C for 10
minutes. The thicknesses of all thin films were about 100 nm, as measured with
Dektak profilometer.

For photoluminescence measurements samples were excited at 380 nm with
frequency doubled 100 fs laser pulses of a Ti-sapphire laser. The cw-spectra were
collected with a Hamamatsu CCD detector. Time resolved photoluminescence was
measured with a Hamamatsu streak camera. PL decays of diCN-TIPS-Pn:CsPT.-DPP
blends where spectrally integrated from 620 to 660 nm in order to exclude emission
of diCN-TIPS-Pn that is centered at 730 nm. PL decays of PCBM:CsPT.-DPP were
integrated within the whole emission spectrum.

A density of 1.2 g/cm3 was estimated from the crystal structure of C¢PT.-DPP and
was used to calculate the concentration of exciton quenching molecules. Thermal
annealing may influence the material density due to molecular reorganization.
However, the resulting values of exciton diffusion length depend only weakly on the
material density. For example, for the annealed films the modeled exciton diffusion
length is changed only by approximately 0.2 nm per 0.1 g/cm3. The software for
Monte Carlo simulation relies on Mersenne-twister algorithm of pseudo random
number generation.[4546]
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Chapter 5

Sensitive Triplet Exciton
Detection

We developed a sensitive spectroscopic method to probe triplet concentration in thin
films of polyfluorene (PF) at room temperature. The energy of photoexcited triplet
excitons is transferred to the guest metal-organic complex, meso-tetratolylporphyrin-
Pd (PdTPP), and detected as phosphorescent emission. The phosphorescence
intensity of PATPP-PF blends is proportional to the independently measured triplet
concentration using photoinduced absorption experiments. The high sensitivity of
this method allows room temperature detection of triplet excitons in spin-coated
polymer films as thin as 10 nm. We found that the triplet lifetime is independent on
PATPP concentration and therefore this method is nearly non-perturbing for the
triplet population.*

*Q. V. Mikhnenko, P. W. M. Blom, M. A. Loi,
Phys. Chem. Chem. Phys. 2011, 13, 14453-14456
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5.1 Introduction

To design highly efficient optoelectronic devices, a thorough understanding of the
physics of triplet excitons in organic semiconductors is required. According to spin
statistics, 75% of all electron-hole pairs form triplet excitons in an organic light
emitting diode (OLED). Since organic materials consist of rather light atoms with
weak spin-orbit interactions, the radiative transitions of triplets — phosphorescence —
is usually inefficient. To extract the energy of triplet excitons as light output, the
triplets should be manipulated toward phosphorescent emitting systems[(*=4] or
extracted as delayed fluorescence.[5] Recently, it been pointed out that also in solar
cells the transformation of singlet to triplet excitons can significantly enhance the
power conversion efficiencyl6-9] Furthermore, the reverse to triplet-triplet
annihilation process, singlet fission, shows great potential for further optimization of
solar cells.[19:11] The physical processes that influence the device performances
include diffusion, triplet-triplet annihilation, singlet fission, and triplet-polaron
interactions. Experimental approaches to study these processes relay on the detection
of triplet excitons. In particular, it is very important to detect triplet excitons at low
densities, below the triplet-triplet annihilation threshold, to access the intrinsic
properties of triplets such as triplet exciton diffusion.

However, detection of low triplet concentrations is very challenging at room
temperature in ultrathin films using the conventional methods such as
phosphorescence spectroscopy or photoinduced absorption. At room temperature
triplet lifetime is usually one order of magnitude shorter than at liquid nitrogen
temperatures.[12-15] Consequently both phosphorescence and photoinduced
absorption signals are difficult to detect. Furthermore, the phosphorescence intensity
and absorption of the triplet excited state are proportional to the film thickness.
Generally, if the sample thickness is of the order of 100 nm, which is a typical active
layer thickness for OLEDs and organic solar cells, the application of these methods at
room temperature requires high laser intensities and high triplet densities, usually
well above the triplet-triplet annihilation threshold. Thus it is important to develop
alternative sensitive methods to detect low concentrations of triplet excitons in device
configurations.

Doping organic semiconductors with metal-organic complexes can allow the
phosphorescent detection of the triplet excitons. A triplet that is initially generated in
the organic semiconductor can be transferred to the dopant complex.[16-21] Owing to
high atomic number of the metal, such as Palladium, Iridium etc., the spin-orbit
coupling of the complex is relatively large enabling the efficient radiative
recombination of the transferred triplet exciton. However, the triplet harvesting by
metal-organic complexes is capable to strongly perturb[22] the triplet population of
the host material and influence processes such as triplet-triplet annihilation.[3!
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Figure 5.1: Absorption spectra of PFO (dotted) and PdTPP (dashed). Photoluminescence
spectra of two layer heterostructures PFO-PdTPP and PMMA-PdTPP are plotted as solid
lines. The excitation wavelength at 466 nm is marked with the arrow.

Here we present a nearly non-perturbing sensitive detection of low triplet
densities in ultrathin films of a conjugated polymer at room temperature. We have
chosen poly(9,9-di-n-octylfluorene) (PFO) as a model polymer with high potential for
applications in optoelectronic devices such as light emitting diodes and lasers.[23] We
show that the Palladium-coordinated porphyrin, meso-tetratolylporphyrin-Pd
(PATPP), can be used as non-perturbing phosphorescent sensor of triplet excitons in
PFO. This porphyrin molecule is photochemically stable, has sharp absorption bands,
long phosphorescence decay time and appropriate energy level alignment with PFO.

5.2 Increase of Phosphorescence Intensity

Figure 5.1 shows the photoluminescence/phosphorescence spectrum of PATPP film
deposited by vacuum sublimation on top of a spin-coated layer of PMMA. The PdTPP
thickness was controlled by the quartz thickness monitor during the sublimation and
was set to 1 nm. The PMMA is a wide band gap material and plays the role of an inert
flat substrate. The excitation wavelength of 466 nm was detuned from the absorption
maxima of PATPP. Three weak peaks at 620 nm, 670 nm and 700 nm are resolved in
the emission spectrum of PATPP. Only the peak at 700 nm is attributed to
phosphorescence with a decay time of the order of a millisecond; the other peaks
appear to be the prompt photoluminescence of PATPP. It is important to note that the
intensity of phosphorescent emission was as weak as that of photoluminescence also
when PdTPP was deposited on clean quartz substrates regardless of the film
thickness, which was varied in a wide range up to 1 um.
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Figure 5.2: Photoinduced absorption spectrum of PFO thin film.

The PL spectrum of PATPP film, sublimed under the same conditions on top of a
10 nm thick spin-coated PFO film, is also plotted in Figure 5.1. Remarkably, the
phosphorescent intensity of the PATPP layer is one order of magnitude higher when
deposited on top of PFO as compared to PMMA-PATPP heterostructure. The increase
in phosphorescent intensity indicates that PFO acts as an antenna to collect optical
excitations for PATPP. Below we will show that the enhanced phosphorescence of
PATPP is mainly due to optically generated triplet excitons in PFO layer that are
transferred to PATPP.

5.3 Photoinduced Absorption

Figure 5.2 shows the photoinduced absorption spectrum of a 2.5 um thick drop-
casted PFO film. The spectrum was acquired at room temperature and consists of a
distinct peak at ~1.45 eV with a shoulder on the higher energy side. The detected
feature is typicall'224] for the Ti-Tn transition in PFO and its intensity is
proportional to the product of the sample thickness, the concentration and the
absorption cross-section of the triplet excited states.t] The triplet exciton
concentration is proportional to their lifetime that is relatively short at room
temperature (0.1 ps), as compared with liquid nitrogen temperatures (1-7 us,
Ref. [12]), Consequently thick PFO film and high laser excitation power (500
mW/mm?) are necessary to record the photoinduced absorption spectrum.

It is noteworthy that the laser excitation at 466 nm is able to generate triplet
excitons in ample concentration to have triplet-triplet annihilation in PFO. The
corresponding photon energy of 2.66 €V is just above is just above the triplet energy
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Figure 5.3: Dependence of the maximum of the T1-Tn transition on the incident power
density in PFO; sample was excited at 466 nm.

of 2.3 €V.[1:13,25] On the other hand, the polymer’s optical gap is about 3-3.2 eV. The
mechanism of triplet exciton generation under such conditions can be understood
from considerations of the density of states (DOS). Due to the disordered nature of
the polymer, excitonic density of states is rather broad and can be described with a
Gaussian distribution. Singlet excitons can be generated at the low energy tail of the
DOS in our experiments. Those excitons can undergo intersystem crossing to
generate triplets.

Figure 5.3 illustrates the dependence of the T1-Tn transition peak intensity on
the incident power density. At low excitation densities the triplet peak increases
linearly with the incident laser power. Above ~100 mW/mm? its intensity scales as
square root of the supplied power. On the log-log graph these two regimes appear as
branches with slopes 1 and 0.5, respectively.

The non-linear dependence of the triplet peak intensity on the incident power
density is determined by the triplet-triplet annihilation (TTA) phenomenon.[t,26-31]
The probability that two triplet excitons meet each other during their lifetime is
significant when their concentration is high. Once brought together two triplets (7%)
can undergo annihilation, which results in one singlet excited state (S*) and one
singlet ground state (S):

T*+T*— S*+S. (5.1)

The TTA process introduces an additional decay path for triplet excitons that is
responsiblel14] for the slope of 0.5 on the log-log plot in Figure 5.3.

79



Sensitive Triplet Exciton Detection

T
[ SIopeE)f/g ]
v e
e,
. .
. e ]
: e 7, v
5 * LA v
o Slope 1 ‘% ‘AK‘;_',
~
= . z/‘,}:':;; > _
3 G, Ll 3
iz o o L at ”'%
c o a7 —
v — ;d
% [ & 7 ',-{/"‘ ]
= 4 "‘/
2~ Slope 0.9
3 tz% 3
et 3
ﬁ -l
:
aal aaaal " At a s aaal " At 222l
1 10 100 1000

Incident power dencity, mW/mm?®

Figure 5.4: The dependence of the phosphorescence intensity at 700 nm on the incident
power density of PATPP blended in PFO with the following concentrations, from top to
bottom: 0.05 wt% (hexagons), 0.5 wt% (diamonds), 5 wt% (triangles), 25 wt% (triangles)
and 60 wt% (circles). Laser excitation was at 466 nm. The data were first normalized to
the value at the maximum incident power of 1000 mW/mm? and then displaced vertically
for clarity. The two dependencies with slope 0.9 correspond to PATPP imbedded in inert
matrix of PMMA (pentagons) and PS blend (squares).

5.4 Dependence on Excitation Power

Figure 5.4 shows the dependences of the phosphorescent emission intensity of
PATPP at 700 nm under different power excitation in various sample configurations.
All the data were first normalized to their maximum value and then displaced
vertically for clarity. The upper five curves correspond to drop-casted samples of
PATPP blended with PFO in concentrations ranging from 0.05 wt% (top) to 60 wt%.
The two lowest curves with slope 0.9 correspond to PATPP blended into PMMA
(pentagons) and PS (squares) with concentration of 0.03 wt% and 0.1 wt%,
respectively.

PFO acts differently as host material for PATPP in comparison to PMMA or PS. A
small amount of PATPP blended into PMMA or PS reveals nearly linear dependence
of the phosphorescent intensity on the incident power in the whole studied power
range. On log-log scale these dependences appear with a slope of ~0.9 (Figure 5.4). In
contrast, similar concentrations of PdTPP blended with PFO show two distinct
regimes on the log-log plot, with slopes of 1 and 0.5 respectively. It is important to
note that the photoluminescence intensity of the PdTPP measured at 620 nm
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depends linearly on the incident power density in each blend, as does the PFO
emission above 550 nm in the PATPP-PFO sample (not shown here).

The comparison of Figures 5.3 and 5.4 reveals that the phosphorescence
intensity of PATPP-PFO blends is proportional to the intensity of the independently
measured triplet T1-Tn PIA band, which is proportional to the triplet concentration.
In this way we demonstrate that PATPP acts as a sensor of triplet excitons in PFO.
The non-linearity of the phosphorescence intensity at high incident power densities is
then governed by the triplet-triplet annihilation process within the PFO matrix.
Triplet energy transfer is possible from PFO to PATPP since the triplet level of PATPP
(1.8 €V) is below that of PFO (2.3 eV), the back transfer is energetically unfavorable.

5.5 Discussion

To understand the impact of the PATPP guest molecules on the triplet lifetime of PFO,
blends of various PATPP concentrations have been examined. Samples with PATPP
concentration of 25 wt% and lower show identical non-linearity at high excitation
powers, which is represented by the slope of 0.5 on the log-log scale (Figure 5.4). Only
the sample with concentration of 60 wt% deviates from the general trend and
resembles the dependency of the porphyrins in the inert matrix.

Figure 5.4 demonstrates that the threshold laser power at which the dependence
changes from linear to non-linear regime is identical in wide range of concentrations
from 0.05 to 25 wt%. This threshold power corresponds to the triplet density [7},],
above which the TTA is efficient. Furthermore [7,,] is determined by the triplet
lifetime 7, see Eq. (1.10) and Ref. [1l:

[T,1e<1/7". (5.2)

[T, ]is independent on the amount of PdTPP, consequently also is 7. Thus
doping PFO with PATPP does not lead to the reduction of the triplet lifetime. In this
respect PATPP does not perturb the triplet population in PFO. Our findings are in
agreement with studies reporting that the triplet lifetime in PFO is insensitive to the
presence of Pt-coordinated porphyrins, which have similar phosphorescence decay
time to PATPP.[23.24]

The non-perturbing triplet detection can be further understood by comparing the
lifetimes of the excited states. The phosphorescence decay time of PATPP is 0.9 ms, as
we measured in PFO matrix. The triplet lifetime of PFO is estimated from the
dependence of the intensity of the PIA band on the modulation frequency and fitted
with the equation

—AT /T S S (5.3)

N
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where f is the chopper frequency and 7 is the triplet lifetime. At room temperature
with excitation density of 500 mW/mm2 it is equal to ~0.1 ms, which is one order of
magnitude smaller than that of the phosphorescence decay time of PAdTPP. Thus
under continuous wave excitation it takes at least 10 lifetimes/generations of triplets
in PFO between possible energy transfer events to a PATPP molecule. Consequently
the triplet’s population is not perturbed by the presence of PATPP.

Triplet excitons can be easily detected by PATPP under experimental conditions
that are particularly challenging for photoinduced absorption measurements, namely
ultrathin films, room temperature and low excitation powers. The phosphorescence
spectrum of the PATPP-PFO heterostructure in Figure 5.1, shows a strong emission at
700 nm, which we accordingly assign to detected triplets in the 10 nm thick PFO layer
under excitation of 50 mW/mmz2, that is well below the triplet-triplet annihilation
threshold. Thus the proposed detection method is applicable to study triplet-triplet
annihilation and other diffusion related processes in configurations appealing for
practical applications.

5.6 Conclusions

In summary, we showed highly sensitive triplet detection in ultrathin films of
polyfluorene under low excitation densities and at room temperature. Under these
conditions conventional method of triplet exciton detection, photoinduced
absorption, is extremely challenging. Because the triplet lifetime in PFO is constant
upon blending with PdTPP, the detection is nearly non-perturbing for the
continuously generated triplet population. The developed method can be applied to
study important processes for lightening and solar cells in organic semiconductors
such as triplet-triplet annihilation, fission of singlet excitons, and triplet diffusion.

5.7 Methods

Poly(9,9-di-n-octylfluorene) (PFO) was synthesized by the Netherlands Organization
for Applied Scientific Research (TNO); meso-tetratolylporphyrin-Pd (PdTPP) was
purchased from Porphyrin Systems; poly(methyl methacrylate) (PMMA) and
polystyrene (PS) were acquired from Aldrich. The materials have been used without
further purification. All sample fabrication steps including preparation of solutions,
filtering, drop-casting and spin-coating were done under nitrogen atmosphere in a
glove box. Drop-casting technique has been used to prepare PATPP blends with PFO,
PMMA and PS as well as to prepare ~1-2 um PFO film for photoinduced absorption
experiments. 10 nm films of PFO and PMMA have been spin-coated at 2000 rpm. The
sublimation of PATPP was performed in high vacuum with pressure lower than 2x107
mbar, at a deposition rate of 0.04 A/s. Samples for spectroscopic measurements were
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mounted in an optical cryostat and kept under vacuum of 5x105 mbar. Absorption
spectra were measured by a Perkin-Elmer spectrometer under ambient conditions.
Polymer thickness was measured by Dektak profilometer and atomic force
microscope.

The set-up for photoinduced absorption (PIA) experiments consists of an Argon
laser operating at 466 nm, a Tungsten lamp, a monochromator and a low noise
Silicon photodetector. A mechanical chopper was used to modulate the pump laser.
The signal was further amplified using a phase sensitive detector. The dependence of
the triplet PIA band intensity on the modulation frequency was measured with a
Hamamatsu photomultiplier tube (PMT) loaded with a small resistance to ensure fast
response in the modulation range of 40-2000 Hz.

The photoluminescence/phosphorescence spectra were recorded by the PMT in
combination with a monochromator. As for PIA experiments the laser excitation at
466 nm was modulated by a mechanical chopper and the signal was enhanced by a
lock-in amplifier. The phosphorescence decay time of PATPP was measured with PMT
directly linked to a digital oscilloscope.

The laser power was controlled by a circular variable neutral density filter and a
power meter, which was connected with a computer to record the light intensity
directly during the measurements. Each power dependence measurement has been
swept from the highest to the lowest excitation power, followed by the back scan from
the lowest to the highest. The back scan did not show notable degradation of the
signal in all reported experiments. The incident power density was determined by
dividing the total laser intensity over the circular area of the Gaussian beam waist
radius. The beam waist was measured using pin holes of various sizes and found to be
about 55 um for the used experimental set up.
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Chapter 6

Direct Measurement of the
Triplet Exciton Diffusion Length

We present a new method to measure the triplet exciton diffusion length in organic
semiconductors.  N,N’-di-[(1-naphthyl)-N,N’-diphenyl]-1,1’-biphenyl)-4,4’-diamine
(NPD) has been used as a model system. Triplet excitons are injected into a thin film
of NPD by a phosphorescent thin film, which is optically excited and forms a sharp
interface with the NPD layer. The penetration profile of the triplet excitons density is
recorded by measuring the emission intensity of another phosphorescent material
(detector), which is doped into the NPD film at variable distances from the injecting
interface. From the obtained triplet penetration profile we extracted a triplet exciton
diffusion length of 87+2.7 nm. For excitation power densities >1 mW/mm? triplet-
triplet annihilation processes can significantly limit the triplet penetration depth into
organic semiconductor.”

*0.V. Mikhnenko, R. Ruiter, P.W.M. Blom, M. A. Loi,
submitted for publication
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6.1 Introduction

Both singlet and triplet excitons undergo incoherent hopping that can be described in
terms of diffusion. Singlet exciton diffusion is due to electromagnetic dipole-dipole
interactions according to Forster theory.[t] The hopping of triplet excitons between
organic molecules requires spatial overlap of the molecular orbitals since the actual
exchange of electrons is needed. The theory describing this process was formalized by
Dexter.[2] Due to the long triplet lifetime, the average triplet diffusion distance is
expected to be longer than that of singlet excitons. In organic solar cells long diffusion
distances are beneficial to reach the interface where excitons dissociate into free
charges that can be extracted as photocurrent.[3-13] For efficient LEDs short singlet
and long triplet diffusion lengths are needed to enable selective harvesting of triplet
excitons by phosphorescent dopants at certain distance from the electron-hole
recombination region.[14-19] Thus, it is important to measure and control the exciton
diffusion length in order to design efficient optoelectronic devices.

In many organic semiconductors the singlet exciton diffusion length is of the
order of 10 nm,[20-23] while the triplet diffusion length has been reported in a wide
range from 10 to 5000 nm.[7:9:1112,23-39] The triplet diffusion length can be
measured in a multilayer LED, in which electron-hole recombination is spatially
confined within an interfacial region of a few nanometers thickness. Triplets are then
detected at a variable distance from this electron-hole recombination region using a
phosphorescent dopant. With this method triplet diffusion lengths varying in between
10 to 140 nm are obtained in common organic semiconductors.[24-30] Triplet-
polaron interactions are neglected in the modeling and it is difficult to evaluate the
effect of triplet-triplet annihilation on the resulting values.[19] Other methods include
photocurrent modeling,[8:9:31] remote triplet detection in bi-layer structures,[32:33]
variation of exciton profile due to the light penetration depth,[23:34] triplet
quenching,[35] etc. In all these methods the effect of triplet-triplet annihilation is
often neglected.

Even for the same materials quite different triplet diffusion lengths have been
published. For instance, in N,N’-di-[(1-naphthyl)-N,N’-diphenyl]-1,1’-biphenyl)-4,4’-
diamine (NPD) values of 12 and 87 nm have been measured (Ref. [9] and this paper);
in N,N-di-1-naphthalenyl-N,N'-diphenyl-[1,1':4',1":4",1"~quaterphenyl]-4,4 "-diamine
(4P-NPD) of 11 and 54 nm (Ref. [25] and [27]); in 4,4’-bis(N-carbazolyl)biphenyl
(CBP) of 16, 25 and 250 nm (Ref [26] [32] and [31]), Thus the large spread of values
for the triplet exciton diffusion length can not only be justified with the different
nature of the molecules studied but also with the different measurement technique
employed.

Here we developed a new direct method to accurately measure triplet exciton
diffusion lengths in organic semiconductors. Triplets are injected into an organic thin
film by a phosphorescent material, which is excited by a laser. Triplets are detected as
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FIrPic, 0.4 nm

NPD, L nm

NPD, 50 nm

PATPP. 0.4 nm

Figure 6.1: Sample structure for triplet exciton diffusion length measurements.

FlrPic NPD

Figure 6.2: Chemical structures of Iridium(IIl)bis(2-(4,6-difluorephenyl)pyridinato-
N,C?%) (FIrPic), N,N’-di-[(1-naphthyl)-N,N’-diphenyl]-1,1'-biphenyl)-4,4’-diamine
(NPD), and meso-tetratolylporphyrin-Pd (PdTPP).

emission from a phosphorescent dopant-detector that is implemented into the
organic film at variable distance from the triplet injecting interface. In this way the
triplet penetration profile into the thin film of organic semiconductor is recorded and
data are modeled using a 1D diffusion equation. Modeling of the experimental data
yields a triplet diffusion length of 86.8+2.7 nm for the prototypical semiconductor
NPD. Furthermore, we demonstrate that triplet-triplet annihilation can significantly
reduce the triplet penetration depth down to 24 nm and thus may be responsible for
the variations of the reported values of diffusion length in the literature.

6.2 Sample Structure

Figure 6.1 schematically illustrates the sample structure that we use to measure the
triplet exciton diffusion length. An NPD layer of variable thickness L is sandwiched
between small amounts of phosphorescent molecules FIrPic and PATPP; for full
names and chemical structures we refer to Figure 6.2. This 3 layer heterostructure is
placed on top of a 50 nm NPD layer that was deposited on a quartz substrate.
Accordingly, the NPD-substrate interface does not influence the triplet population in
the vicinity of the PATPP layer. Both phosphorescent materials are sublimed by
setting the thickness to 0.4 nm in the vacuum deposition system. The top layer of
FIrPic was applied to only half of the sample area using a shadow mask. We will refer
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Figure 6.3: (a) Atomic force microgram of surface of neat NPD film. (b) 0.4 nm layer of
FlIrPic deposited on top of NPD.

to the two halves of a sample as “FIrPic” and “Reference” sides, indicating whether
that side has the FIrPic layer or not.

Figure 6.3a shows topography and phase images of NPD that where acquired
by an atomic force microscope operating in the tapping mode. Figure 6.3b shows the
surface of the 0.4 nm layer of FIrPic deposited on top of the NPD layer. These images
demonstrate that deposited FIrPic does not form a closed layer, but instead small
islands of ~1 nm in height and about few tens of nanometers wide. It is important to
note that the 0.4 nm thick layer of PATPP has identical morphology when deposited
on NPD.

Figure 6.4 shows the triplet energy levels of FIrPic (Ref. [40]), NPD (Ref. [27])
and PdTPP (deduced from the phosphoresce spectrum). The triplet energy level of
NPD is in between that of FIrPic and PATPP. Therefore it is energetically favorable
that triplet excitons get transferred from FIrPic to NPD and subsequently from NPD
to PATPP. As a result optically excited triplets in the FIrPic can be injected into the
NPD layer with thickness L , followed by their diffusion through this layer toward the
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Figure 6.4: Energy levels of triplet excited states.
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Figure 6.5: (a) Solid lines are photoluminescence spectra of Reference and FlrPic sides
of a typical sample used for triplet exciton diffusion measurements. The arithmetical
difference between these spectra is also presented. (b) Typical dependence of the
phosphorescence emission of PAdTPP (detected at 700 nm) depending on the sample
spatial position. The average intensities of I, and ; correspond to the Reference and
FlIrPic sides of the sample, respectively.

PATPP layer, where they are transferred to PdTPP leading to phosphorescent
emission.

6.3 Injection of Triplet Excitons

The PL spectra of the Reference and FIrPic sides of a typical sample are presented in
Figure 6.5a. Both spectra feature emission of PATPP that is identified as
pronounced prompt photoluminescence at 620 nm and strong phosphorescence at
~700 and at ~800 nm. The emission at shorter wavelengths is associated with the
photoluminescence of NPD. The phosphorescence of the FIrPic layer is too weak to be
detected with these measurements. The phosphorescence emission at ~700 nm of the
FIrPic side appears to be considerably stronger than that of the Reference side of the
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Figure 6.6: Normalized variation of the phosphorescence intensity at 700 nm ( A7) vs.
NPD layer thickness L. Samples were excited at 466 nm; various excitation power
densities are presented. The dashed lines serve as guides to the eye; the solid line is a fit
with equation (6.4).

sample. The arithmetical difference between these spectra reveals a peak at ~700 nm.
The noisy signal at above 750 nm is due to the limitation of the sensitivity range of the
photomultiplier tube.

The phosphorescence intensity measured at 700 nm of the Reference and FIrPic
sides of a typical sample is shown in Figure 6.5b. This spatially resolved data were
recorded by scanning through the sample in the direction that is normal to the FIrPic
— no FIrPic boundary. The average intensities of /, and /; correspond to the
Reference and FIrPic sides of the sample, respectively. The constancy of this signal
demonstrates the homogeneity of the sample. Generally the light outcoupling
efficiency of PATPP emission depends on the NPD layer thickness L . Therefore in
order to compare different samples it is convenient to consider the normalized
intensity variation:

Ai = M . (6.1)
Iy
Figure 6.6 shows the dependence of Ai on the NPD thickness L . At an excitation
power density of 1 mW/mm2 A/ shows a monoexponential decrease with NPD
thickness, while at higher excitation densities the dependence is more complex.

We attribute the increase of the emission intensity Ai to the triplet excitons,
which are injected into NPD by FIrPic, diffuse through the layer of thickness L, and
are then detected by PATPP. This increase of intensity cannot be due to the emission
of FIrPic, because the two spectra are energetically well separated. Moreover, the
small amount of applied FIrPic molecules cannot significantly modify the light
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outcoupling efficiency or optical interference effects because the refractive indices of
NPD and FIrPic are similar and FIrPic form islands of few nanometers that are much
smaller than the emission wavelength. Additionally the intensity increase at 700 nm
depends on the NPD thickness L that is consistent with the diffusion of triplet
excitons through the NPD layer.

6.4 Detection of Triplet Excitons

In order to accurately model the process of triplet diffusion in our samples it is
important to understand how PdTPP molecules influence the triplet density. In the
previous chapter we have studied in detail the detection of triplet excitons using
PATPP as phosphorescent dopant in a material with a band gap similar to NPD.[41]
According to the energy gap law, materials of similar band gaps are expected to have a
similar triplet lifetime, which is about 0.1 ms for compounds such as NPD at room
temperature.[41-44] The phosphorescence decay time of PATPP is 0.9 ms (Ref. [41]),
thus it takes at least 10 generations of triplet excitons between possible energy
transfer events to a PATPP molecule under continuous wave excitation. Therefore we
and others[45-46] did not detect reduction of triplet lifetime in the host material when
doping with PATPP and similar metal-coordinated porphyrins. Moreover, in our
samples PATPP does not even form a closed layer ensuring a minimal impact on the
triplet population in NPD. In this respect PATPP can be regarded as triplet detector
that does not perturb the density of triplet excitons in the material under
investigation.

Because PdTPP behaves as a non-perturbing triplet detector, triplet-triplet
annihilation (TTA) can be observed by detecting the phosphorescence of PATPP. TTA
is the bimolecular recombination of two triplet excitons (7;) that yields singlet
ground (.S, ) and singlet excited ( S; ) states:

L +T, = S, +5S,. (6.2)

The efficiency of TTA is only significant if the probability that two triplet excitons
meet each other during their lifetime is high. This probability becomes considerable
when the triplet density overcomes a certain value. Since the TTA introduces an
additional decay path for triplets, their density scales as square root of the generation
rate at high excitation powers; while at low triplet generation rates the TTA is
inefficient and the scaling is linear.[14.47-52]

Figure 6.7 shows the dependence of the PATPP phosphorescence emission
intensity on the excitation power density (circles). In this case the 0.4 nm PdTPP
layer was sandwiched between two 50 nm thick layers of NPD. The dependence
shows slopes of 1 and 0.54 on the log-log scale at low and high excitation densities,
respectively. In contrast, the prompt photoluminescence of NPD scales linearly within
the whole studied range of the excitation densities (triangles). As a further check we
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Figure 6.7: The dependence of the emission intensity on the incident power density in a
NPD-PdTPP-NPD heterostructure at 700 nm (circles) and at 550 nm (triangles); in
PdTPP-polystyrene blend at 700 nm (squares). Laser excitation was at 466 nm.

measured the phosphorescence emission of PATPP molecules in the inert matrix of
polystyrene and also this sample shows a nearly linear dependence on the excitation
power (squares in Figure 6.7). Thus the sublinear growth with the scaling exponent of
0.54 measured at high excitation power is specific to the PATPP-NPD heterojunction.
In our previous work we associated such square root dependence to the detection[41]
of triplet excitons under TTA conditions. Consequently the phosphorescence emission
of PATPP is mainly determined by the triplet excitons, which were created via
intersystem crossing in NPD layers and transferred to PATPP.

6.5 Modeling the Triplet Penetration Profile

At the excitation power density of 1 mW/mm?2 the phosphorescence intensity at 700
nm is in the linear regime (Figure 6.7). Thus the TTA process is not efficient at this
excitation power and diffusion of triplets that are injected by FIrPic can be modeled
by a linear differential equation. Due to the sample symmetry, the density n of
injected triplet excitons depends only on one spatial coordinate L that is the distance
from the FIrPic-NPD interface:

on _ 82 n

S_ptl n, 6.3)

ot orf T
where ne Ai, D is the diffusion coefficient, and 7 is the triplet lifetime. A
continuous wave laser excitation can be described as a constant triplet generation rate
G at the FIrPic-NPD interface n(0,f) =G . Then the thickness profile of the triplet
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penetration into NPD layer is the steady state solution of equation (6.3) and can be
easily found by setting dn/dt=0:

n(L)y=Ge ', (6.4)

where L, = JTD is the exciton diffusion length — the only fitting parameter. The
solid line in Figure 6.6 is the fitting with Equation (6.4) that yields to the exciton
diffusion length of 86.8+2.7 nm; the error is the standard error of the fitting
parameter. The triplet exciton diffusion coefficient D can be estimated by setting
7 =0.1 ms resulting in the value of 7.5x107 cm?2/s.

6.6 Discussion

Under intense laser excitation TTA becomes significant (see Figure 6.7) and the
profile of triplet penetration cannot be described with equation (6.4). In order to
compare the different profiles in Figure 6.6 we define the penetration depth A as the
distance from the FIrPic-NPD interface at which the concentration of injected triplets
is attenuated by a value of el A systematically decreases from 87 nm to 67; 39 and
24 nm when the excitation power densities is increased from 1 mW/mmz2 to 10; 100
and 1000 mW/mm?2 in accordance with TTA.[32] Thus it is important to make sure
that TTA is absent or it is taken into account in the measurement of triplet exciton
diffusion length, because the penetration length 4 can be mistakenly interpreted as
the diffusion length L, . Presumably, this may be the reason of the large spread in
L, values that were reported in the literature for the same materials; in those
experiments the effect of TTA was usually neglected.[9:25-27:31]

The proposed sample structure with distinct triplet injector and detector layers
can be further developed to explore the spin degree of freedom of triplet excitons. In
particular the influence of the magnetic field on the triplet diffusion length and
triplet-triplet annihilation can be observed. The magnetic field may significantly
decrease the efficiency of the triplet-triplet annihilation and consequently increase
the triplet penetration depth at high excitation densities. New types of devices may
emerge by using the spins of triplet excitons.

6.7 Conclusions

We presented a new direct method to accurately measure triplet exciton diffusion
lengths in organic semiconductors. A triplet exciton diffusion length of 86.8+2.7 nm
was extracted for NPD. Our method can be applied to a wide selection of materials
that are relevant for applications as OLEDs and solar cells. We have also shown that
process of triplet-triplet annihilation can significantly reduce the penetration depth of
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triplet excitons, being detrimental for the eventual use of triplet excitons in
optoelectronic devices.

6.8 Methods

NPD, FIrPic and PATPP were purchased from Sigma-Aldrich, American Dye Source
and Porphyrin Systems, respectively. The materials were used without further
purification. Multilayer heterostructures were prepared on quartz substrates by
thermal sublimation in high vacuum of less than 2x107 mbar. The deposition rates of
NPD and the metal-organic complexes were kept at ~1 A/s and 0.04 A/s, respectively.
The film thickness was monitored during growth with a quartz microbalance,
thickness and surface roughness were controlled after deposition by atomic force
microscopy. The root mean square roughnesses of quartz substrates and deposited
films were less than 1 nm on an area of 100 um2. The samples were handled and
stored in a nitrogen atmosphere.

The set-up for photoluminescence measurements consisted of an Argon ion laser
operating at 466 nm, a monochromator and a photomultiplier tube. The signal was
further amplified with a phase sensitive detector. The samples were mounted in a
cryostat and kept under dynamic vacuum at a pressure of 5x105 mbar or less, at room
temperature. The sample position was varied by shifting the cryostat relative to the
optical path using a micrometer actuator. The dependence of the phosphorescence
emission on the incident power density was measured using a circular variable
neutral density filter and a power meter, which was connected with a computer to
record the light intensity directly during the measurements. The Argon laser was
detuned from the absorption bands of each material. For instance, the absorption
coefficient of NPD is only 2.17x103 nm at the excitation wavelength of 466 nm.
Consequently, variations of the exciton density due to optical absorption can be safely
neglected in the studied NPD thickness range up to 120 nm. Absorption spectra were
measured by a Perkin-Elmer spectrometer under ambient conditions.
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Summary

Organic semiconductors open the door to new applications in electronics and
optoelectronics where low costs, light weight, and biocompatibility are more
important than durability and high performance. For instance, organic light-emitting
diodes and solar cells can be integrated into clothing, newspapers, windows, etc. The
working principle of these devices relies on the creation and recombination of
excitons — nanometer-sized and electrically neutral quasiparticles that carry useful
energy. Excitons in organic semiconductors can be viewed as strongly bound pairs of
positive and negative elementary charges. In organic solar cells, the energy of
absorbed light is transported by excitons to a specially designed interface, where they
decompose into positive and negative charges leading to the generation of electrical
current. Therefore, the motion of excitons — exciton diffusion — is a very important
process. In particular, it is crucial to know how far excitons can diffuse for the design
of solar cells. This thesis focuses on exciton diffusion in organic semiconductors and
on related phenomena. The main achievements that are described here are twofold.
(i) We have developed two new methods to measure the exciton diffusion parameters
and (ii) we have used these tools to improve our understanding of excitonic processes
in organic semiconductors.

Chapter 2 shows that excitons can be quenched in the “skin layer” of solution-
processed polymer films. Such a “skin layer” is formed at the atmosphere-polymer
interface as the solvent evaporates during spin-coating. This effect should be carefully
taken into account in the measurement of the singlet exciton diffusion length using
methods such as fluorescence quenching in bilayers. Exciton quenching in the “skin
layer” is an additional complication in this conventional approach to study exciton
diffusion. Therefore, in order to systematically study exciton diffusion in various
materials, it is reasonable to seek more convenient methods.

A new method to obtain singlet exciton diffusion parameters is described in
detail in Chapter 3. This method is based on modeling of the experimentally
determined photoluminescence decays in blends of organic semiconductors with
exciton quenching molecules. Our approach has numerous advantages compared to
previous methods, including reliability and simplicity of execution. To illustrate the
versatility of this method, we report the measurements of exciton diffusion
parameters in several materials including three polymers and one small-molecule
compound. In Chapter 4 we show that our method can be easily applied to study the
effect of thermal annealing — and similar treatments — on the exciton diffusion
length. Thus, this tool enables us to conduct systematic studies, potentially allowing
us to understand which physical parameters and structural features influence the
exciton diffusion process.
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Using the new method, we measured the exciton diffusion lengths for the first
time in two narrow bandgap polymers, see Chapter 3. We show that a substitution
of a carbon atom with a silicon atom in the polymeric backbone leads to a twofold
reduction of the exciton diffusion coefficient, while the exciton diffusion length
remains the same. Moreover, we show in Chapter 4 that, in contrast to expectations,
both exciton diffusion length and coefficient decrease upon thermal annealing of a
thin film of a small-molecule organic semiconductor. Conversely, the performance of
bulk heterojunction solar cells that are based on this material is significantly
improved after the same thermal treatment. Therefore, we conclude that there is no
straightforward correlation between the performance of bulk heterojunction solar
cells and exciton diffusion length.

A reliable method to detect triplet excitons is necessary to measure their
diffusion length. In Chapter 5 we describe a highly sensitive detection method that
is suitable for studying dynamics of triplet excitons. We blend a phosphorescent
dopant, a Pd-coordinated porphyrin, with an organic semiconductor and demonstrate
that the intensity of its phosphorescent emission is proportional to the triplet density
in the host material. Although the detection mechanism relies on transferring the
energy of triplet excitons to the porphyrin molecules, we demonstrate that the
presence of the Pd-coordinated porphyrin does not reduce the average lifetime of
triplet excitons in the host semiconductor. In this respect, the population of triplet
excitons is not perturbed by the Pd-coordinated porphyrin. The capability of our
method to detect a low triplet density in ultrathin films at room temperature is a
feature that distinguishes our approach from standard techniques of triplet detection,
such as photoinduced absorption.

Chapter 6 presents a new method to directly probe triplet diffusion in a
prototypical organic semiconductor. We design a multilayer heterostructure that
features designated triplet-injector and triplet-detector layers separated by an organic
semiconductor layer of certain thickness. Upon optical excitation, triplet excitons
diffuse through the organic semiconductor from the injector to detector layer. By
varying the thickness of the organic semiconductor layer, we are able to record a
triplet penetration profile, which directly yields the triplet diffusion length. In
literature there are several papers that report different triplet exciton diffusion
lengths in the range of 10-250 nm for the same materials. We show that triplet-triplet
annihilation can significantly limit the spatial extent of the triplet exciton diffusion.
This effect presumably is responsible for the large spread of the reported values of
triplet exciton diffusion lengths in the mentioned studies.

Manipulation of triplet excitons may create possibilities for spin-based devices
that operate with electrically neutral spins. Diffusion of triplet excitons may then
serve as the transport mechanism for spins. Our multilayer structure with triplet
injector and detector layers can be helpful to further study excitonic spin.
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Samenvatting

Organische halfgeleiders openen de deur naar nieuwe toepassingen in de
elektronica en optoelektronica waarin lage kosten, een laag gewicht en
biocompatibiliteit belangrijker =zijn dan duurzaamheid en hoge prestaties.
Bijvoorbeeld kunnen organische lichtuitstralende diodes en zonnecellen worden
geintegreerd in kleding, kranten, ramen etc. Het grondbeginsel van operatie van deze
schakelingen berust op de creatie en recombinatie van excitonen — nanometersgrote
en elektrisch neutrale quasideeltjes die nuttige energie dragen. Excitonen in
organische halfgeleiders kunnen worden gezien als sterk gebonden paren van
positieve en negatieve elementaire ladingen. In organische zonnecellen wordt de
energie van het geabsorbeerde licht door excitonen getransporteerd naar een speciaal
ontworpen grensvlak, waar ze uiteenvallen in positieve en negatieve ladingen, die tot
generatie van een elektrische stroom leiden. Daarom is de beweging van excitonen —
excitondiffusie — een belangrijk proces. In het bijzonder is het cruciaal om te weten
hoe ver excitonen kunnen diffunderen bij het ontwerpen van zonnecellen. Dit
proefschrift richt zich op excitondiffusie in organische halfgeleiders en op
gerelateerde verschijnselen. De voornaamste behaalde resultaten die hier worden
beschreven zijn tweeledig. (i) We hebben twee nieuwe methodes ontwikkeld om de
excitondiffusieparameters te meten (ii) we hebben deze middelen gebruikt om onze
kennis over excitonische processen in organische halfgeleiders te verbeteren.

Hoofdstuk 2 laat zien dat excitonen kunnen worden uitgedoofd in de
“huidlaag” van uit oplossing vervaardigde polymere dunne lagen. Zo een “huidlaag”
wordt gevormd aan het atmosfeer-polymeer grensvlak gedurende het verdampen van
het oplosmiddel tijdens het spincoaten. Met dit effect dient zorgvuldig rekening te
worden gehouden wanneer de diffusielengte van het singlet exciton wordt gemeten
doormiddel van bijvoorbeeld fluorescentie-uitdoving in bilagen. Uitdoving van
excitonen in de “huidlaag” is een bijkomend probleem in deze gebruikelijke aanpak
om excitondiffusie te bestuderen. Daarom is het redelijk om andere, meer geschikte
methodes te zoeken om systematisch excitondiffusie in verschillende materialen te
bestuderen.

Een nieuwe meetmethode om de parameters van singlet-excitondiffusie te
verkrijgen wordt in detail beschreven in Hoofdstuk 3. Deze methode is gebaseerd
op het modeleren van het experimenteel vastgestelde fotoluminescentieverval in
mengsels van organische halfgeleiders en excitonuitdovende moleculen. Onze
benadering heeft talrijke voordelen ten opzichte van eerder ontwikkelde methodes,
zoals betrouwbaarheid en eenvoud van uitvoering. Om de veelzijdigheid van deze
techniek te illustreren, rapporteren we hier metingen van excitondiffusieparameters
in verscheidene materialen, waaronder drie polymeren en een klein molecuul. In
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Hoofdstuk 4 laten we zien dat onze methode eenvoudig kan worden toegepast om
het effect van het verhitten van de laag — en vergelijkbare behandelingen — op de
excitondiffusielengte te bestuderen. Dientengevolge stelt deze techniek ons in staat
om systematische studies uit te voeren, die in de toekomst kunnen leiden tot begrip
over welke fysische parameters en structurele eigenschappen het
excitondiffusieproces beinvloeden.

Gebruikmakend van deze nieuwe methode hebben we voor de eerste keer de
excitondiffusielengte gemeten in twee polymeren met een smalle energiebandkloof,
zie Hoofdstuk 3. We laten zien dat vervanging van een koolstofatoom door een
siliciumatoom in de polymeerketen leidt tot een halvering van de
excitondiffusiecoéfficiént, terwijl de excitondiffusielengte gelijk blijft. Bovendien laten
we in Hoofdstuk 4 zien dat, in tegenstelling tot de verwachting, zowel de
excitondiffusielengte als -coéfficiént kleiner worden als gevolg van het verhitten van
een dunne laag van een klein-molecuul organische halfgeleider. Daarentegen nemen
de prestaties van bulk heterojunctie zonnecellen gebaseerd op dit materiaal toe
wanneer ze zijn blootgesteld aan dezelfde thermische behandeling. Derhalve
concluderen wij dat er geen rechtlijnig verband is tussen de prestaties van bulk
heterojunctie zonnecellen en de excitondiffusielengte.

Een betrouwbare methode om triplet excitonen te detecteren is noodzakelijk om
hun diffusielengte te meten. In Hoofdstuk 5 beschrijven we een zeer gevoelige
detectiemethode die geschikt is om de dynamica van triplet excitonen te bestuderen.
We mengen een fosforescerend molecuul, een Pd-gecoordineerde porfyrine, in een
organische halfgeleider en tonen aan dat de intensiteit van de fosforescerende emissie
evenredig is met de tripletdichtheid in het gastheermateriaal. Hoewel het
detectiemechanisme berust op energieoverdracht van de triplet excitonen naar de
porfyrine moleculen, laten we zien dat de aanwezigheid van Pd-gecoordineerde
porfyrines de gemiddelde levensduur van triplet excitonen in de halfgeleider niet
reduceert. In dat opzicht wordt de populatie van triplet excitonen niet verstoord door
de Pd-gecoordineerde porfyrine. Het vermogen van onze methode om een lage
tripletdichtheid in ultradunne lagen op kamertemperatuur te kunnen detecteren is
een eigenschap die onze benadering onderscheidt van standaardtechnieken voor
tripletdetectie, zoals fotogeinduceerde absorptie.

Hoofdstuk 6 toont een nieuwe methode om direct tripletdiffusie te meten in
een prototypische organische halfgeleider. We ontwerpen een
multilaagsheterostructuur met aangewezen tripletinjectie- en tripletdetectielagen,
gescheiden door een organische halfgeleiderlaag van een zekere dikte. Na optische
excitatie diffunderen triplet excitonen door de organische halfgeleider van de injectie-
naar de detectielaag. Door de dikte van de organische halfgeleiderlaag te variéren zijn
we in staat om het tripletpenetratieprofiel vast te leggen, welke direct de
tripletdiffusielengte oplevert. In de literatuur zijn er verscheidene artikelen te vinden
die verschillende triplet-excitondiffusielengtes rapporteren over een bereik van 10-
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250 nm voor dezelfde materialen. We laten zien dat triplet-triplet annihilatie het
ruimtelijke bereik van triplet-excitondiffusie significant kan beperken. Dit effect is
vermoedelijk verantwoordelijk voor de grote spreiding in de gerapporteerde waardes
van triplet-excitondiffusie in de genoemde studies.

Manipulatie van triplet excitonen kan mogelijkheden scheppen voor
spingebaseerde schakelingen die functioneren met elektrisch neutrale spins. Diffusie
van triplet excitonen zou dan kunnen dienen als het transportmechanisme voor spins.
Onze multilaagsstructuur met tripletinjectie- en tripletdetectielagen kunnen
bruikbaar zijn om excitonische spin nader te bestuderen.

Translated to Dutch by Gert-Jan Wetzelaer
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Preceding three paragraphs are translated into Ukrainian in the following.

Xo4y BHCJIOBUTH HOJAKY MOIM pojgW4YaM, B30KpeMa [AKYyI0 3a IIOCTiHHY
miATpUMKY MoeMy OpaToBi Mimni Ta fioro poawHi, TecTio AHaToJit0, Temti JI06i, Ta
Moemy Irypuny CiiaBiky.

A y Besukomy 6opry mepes; MoiMu OaTbKaMHu 30€10 Ta BikTopoMm, fAKi BKIaIU
Kpallli pOKH CBOTO JKUTTS B MO0 ocBiTy. Jlopori Mamo i baTtbKy, Ko s1 HaB4aBcs B
MOJIOZIIINX Kjacax, Bu BUTpATH/IN HE3JIiYeHHY KIIbKICTh TOAVH HAaBUAIOUM MeEHE
PO3B'sI3yBaTH MaTeMaTUYHI Ta XiMiuHi 3amaui. Bari 3ycuyuis cTBOPUIIN MilTHY OCHOBY
3HaHb, SIKi JOIIOMOIJIM MeHI IMOCTYIIUTH B HalKpallly CIIelliali30BaHy IITKOJIy V Bimi 13
pokiB. Ha Toit wac, y 90-x pokax, Bu Goposvca 3 HaA3BUYAWHO TPHUBATUMU
3aTPUMKaMHU 3apIUIaTHi, 106 3a0e3MeYuTH MO0 IIOJAJIBbIINY OCBITY. Bu 3aBxkau
MATPUMYBAIKA 1 MOBIps/M MeHi. Bif muporo cepiist s XOTiB OM BHCJIOBUTH MOIO
nozisaKy. Mos ¢popMasibHa OCBiTa 3aKiHUYETHCSA LI€I0 IUCEPTALIEI0, SKY S IPUCBIUIYIO
Bam.

A xody TakoX TOASKYyBaTH MOIN KoOxaHiN ApykuHI Okcani, ymsa mocTifiHa
MiITPUMKA JOMOMOIJIa MeHI Hamucatu I aAuceprarniio. OkcaHo, TBOi 4YyAOBi
urroctpanii 3HadnuIH cobi Miclie Ha MOIX MMOCTepax, MPE3eHTAaIlifAX Ta MIPUKPACKUIN
oOKIaInHKY ITi€l KHUTH. HelMOBipHO, HaCKUJIBKM MK 3 TOOOIO Pi3HI Ta BOJHOYAC
cx03ki. Mizk HaMu icHy€ Maiizke MariuHUH 3B'sA30K, SKUH CHHXPOHI3YE HAIIl 0COOUCTUIH
po3BUTOK. BiybIme TOTO, HAIlli HECKIHUEHHI JUCKYCil ITPO MPoJak BEKTOPHOI rpadiku
OHJIAWH HAJUXHYJIU MeHe Ha cTBopeHHs MoHnrte Kapso cumysamii, korpa craia
OCHOBOIO JIJISI IBOX PO3AUTIB Ii€l KHUTH. fl BASYHUM 3a TBOIO JOMOMOTY, HiATPUMKY
Ta 3a Te, 10 TH HaBYWJIA MeHe 3aBXKAU OAUNTH MO3UTHUBHY CTOPOHY cBiTy. Ham 3
TOOOIO 3aBKAU XOUEThCS IIPOBOAUTH Yac pa3om. f ar6stio Tebe.

Hapernri, s1 x0oTiB 61 BHOAYUTHUCh IIEPEM TUMH, KOTO si 3a0yB 3rafaTkl Ha LHX
cropinkax. CTUIBKH JIIOAEN JOMOMAarajd MeHi 3a POKH AacHipaHTypH, IO 3apas
HEMOKJIMBO CKJIACTH ITOBHUI CIIMCOK. JIsAKYyIO 3a Balite po3yMiHH:A.

Onexcandp MixHeHKo

I'ponineeH, epyoders 2011
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