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Low Temperature Study of The Exciton Diffusion in Conjugated Polymers

ABSTRACT

Excitonic  processes  in  soluble  derivatives  of
polyphenylene-vinylene (PPV) were studied by the means
of time-resolved spectroscopy in the temperature range of
4-293K. The photoluminescence decay times of reference
pristine PPV thin films were compared with the ones of
the film with an exciton quenching interface. Such an
interface is formed by spin-casting PPV derivative on top
of insoluble fullerene-based polymerized exciton quenching
layer. It was demonstrated that the free intevface of spin-
coat MEH- and MDMO-PPYV films also quenches exitons
with efficiency comparable to the polymer-fullerene
intevface. The experimental data were fit with 1D
diffusion model to extract both the exciton diffusion length
and the diffusion coefficient. The temperature dependence
of the exciton diffusion length (coefficient) for MDMO-
PPV demonstrates two temperature vegimes With
different trends. Upon cooling from the room temperature
to 100 X the exciton diffusion length (coefficient) drops
from 4,7 nm (3.6-10* cm?/s) to 2,9 nm (1.5-10*% cm?/s).
Further cooling down to 4 X leads to a weak temperature
dependence and a slight growth up to 3,2 nm (2-10* cm?/s).
The obtained results arve qualitatively explained by the
quasiequilibrium exciton distribution in an
inhomogeneously broadened density of excited states.
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CHAPTER 1

Introduction

We can think about three types of media in our planet: water, air and
soil. It appears that life forms are the most concentrated on the surface and
close to the water. Its abundance is decreased rapidly when distancing from
these interfaces. One could use such example to draw an analogy with a
general trend that occurs in the science during the last decades. A lot of
interesting results were obtained at the border of the conventional natural
sciences namely physics, chemistry and biology. Such an interdisciplinary
approach gives rise to new scientific fields such as nanoscience, mesoscopic
physics, biochemistry, molecular electronics etc. The advances in these new
fields opened the door to conceptually new applications and devices like
nanorobots, addressed drug delivery, quantum cryptography, flexible

displays, inkjet printed electronics etc.

The field of organic semiconductors is developed on the border of
chemistry and physics. The possibility of chemical tuning of the fundamental
physical properties is one of the most important advantages of the organic
semiconductors compared to conventional inorganic materials. Another
promising property of organics is flexibility. Flexible devices could be made
with active layer and substrate both organic. For instance, a purely organic

active matrix display was recently reported [1]. Organic materials are much
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lighter than inorganic
semiconductors. This property is very
important in some cases. For
example, the solar powered aircraft
(Fig. 1.1) requires lightweight solar
cells to fly efficiently. Such solar

cells could be created by use of

. . . @ htp:if
organic ~ materials on  plastic ol sty
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¢ from the U.S. Navy's

substrates. Fig. 1.1. Prototype of the solar powered

Easy processing and the low aircraft [3].

cost of organic materials make various commercial applications promising. A
number of different devices like organic light emitting diode (LED),
photovoltaic cell, field effect transistor (FET), organic memory etc. were
designed using organic semiconductors. Some of them are now approaching
the market as products. Electrical circuits could be simply inkjet printed using
organic semiconductor ink [2]. This technology gives rise to fantastic
applications. Animated newspapers like in the Harry Potter movies could be

in principal fabricated.

Despite all named advantages devices based on the organic
semiconductors do not demonstrate high performances due to low purity and
low charge carrier mobility. Therefore in the most cases they could be
commercially used only if the low price and high quantity are more important

than performances.

In the present work we concentrated on two soluble PPV-derivatives
(poly(p-phenylene-vinylene)). These polymers are used as active layer of
organic FETs, LEDs and solar cells. Our aim was to study the important
fundamental physical process of the exciton diffusion at various temperatures.
The exciton diffusion length determines the optimal morphology of the solar
cells. It plays an important role in the operation of organic LEDs determining
the amount of quenched excitons by the cathode. And finally it is of high

fundamental interest.
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CHAPTER 2

Background

In this chapter basic knowledge about the t-conjugated
system is presented. In real polymers the conjugation is
broken into segments due to various defects. The statistical
energy distribution of the frontier molecular orbitals of
such segments is vesponsible for inhomogeneously
broadened density of states, which governs excitonic and
charge conduction properties of conjugated polymers.
Optical excitations in the most cases behave [(ike Frenkel
excitons, which can diffuse among conjugated segments.
The exciton diffusion length is of high fundamental
interest and is a very important parameter for the design
of optoelectronic devices. To study the exciton diffusion
process usually quenchers are implemented at a well-
defined position of the sample. The photoluminescence
intensity is recorded and fitting with an appropriate
mathematical model allows extracting the parameters of
interest.
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2.1 Pi-conjugated systems

Conjugated segments

Fig. 2.2. Conjugated polymer. The double bonds are formed by the overlap of the sp2
hybridized orbitals (black lines) and non-hybridized p, orbitals (orange dumbbells), which
point out of the molecular plane. The conjugation can be broken into segments due to
various defects.

n-conjugated system is a system of atoms covalently bounded with
alternating single and double bonds (—-C=C-C=C—C=) in a molecule of an
organic compound. Carbon atoms are sp> hybridized in such systems. The two
bonds of the double bond are not equal. One bond is formed by the overlap of
the hybridized orbitals of the adjacent atoms. Such a bond geometrically
located in the molecular plane, in between of the bonding carbon atoms.
Another bond is formed out of the molecular plane by the overlapping non-
hybridized (p,) atomic orbitals (Fig. 2.2). Such orbitals form an electron cloud
above the molecular plane, which is responsible for spatially extended frontier
molecular orbitals HOMO and LUMO'. These orbitals are often denoted as m
and m* respectively, which explains the name “n-conjugated systems”. The
high interest to such compounds was risen by Shirakawa, MacDiarmid, and
Heeger in 1977. They discovered high electrical conduction of oxidized

polyacetylene [4] and later where awarded with the Nobel Prize in chemistry.

" HOMO stands for the highest occupied molecular orbital; LUMO — the lowest unoccupied molecular
orbital.
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The energy gap between HOMO and LUMO is a crucial parameter for
the photo physical properties of organic materials. It determines the
absorption and emission spectra of a molecule. In m-conjugated systems
HOMO-LUMO gap depends on the length of the conjugated segment. This
can be illustrated by the simple quantum mechanical problem of particle in
the box. The smaller box is the bigger energy separation particle has. The
conjugated segment plays a role of the box and the delocalized n-electrons are
particles. Upon increase of the conjugation length the HOMO-LUMO gap
gets smaller (Fig. 2.3). The infinite conjugated chain would have the smallest
energy separation. The frontier orbitals would transform to the bands and the
chain would become one-dimensional semiconductor. Therefore n-conjugated
systems are often called organic semiconductors and HOMO-LUMO gap

sometimes is denoted as a band gap.
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Fig. 2.3. Dependence of the HOMO-LUMO gap on the conjugated length. Bands are
formed in the infinite conjugated chain.

The charge conduction along the infinite conjugated chain follows the
same mechanism as in the intrinsic inorganic semiconductors. Electrons from
the valence band (former HOMO) could be promoted to the conduction band
(former LUMO) and easily transported along the chain. This process is called
band conduction. In real polymers the conjugation of a long chain is broken
into segments due to various defects (Fig. 2.2). Assemble of such segments
can not be described in terms of bands. Statistical distribution of HOMOs and

LUMOs determines inhomogeneously broadened density of states, which is
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proper energetical description of a real polymer [5]. Charge conduction is

realized by hoping from one conjugated segment to another.

Despite in theory organic materials are expected to conduct both
electrons and holes, in practice they usually behave as either electron or hole
conductors. Very few organic materials are known to have intrinsic ambipolar

transport [6, 7].

2.2 The exciton diffusion process

Due to the disorder and low dielectric constant an optical excitation in
the conjugated polymers can be described as the localized Frenkel-like
excitation [5]. The area of localization of the photo excitation is usually
limited by a single conjugated segment [8, 9]. Interchain excitations are also
possible involving several adjacent segments [10-12]. After its formation the
exciton is involved in a complicated process that is called exciton life. We

concentrate our effort to study the important properties of this process.

Despite its lifetime is relatively short — of the order of 1 ns in PPV
derivatives — the process of the exciton evolution plays a crucial role, for
instance, in the solar cells. Since electron and hole are strongly bounded (of
the order of 10kT at room temperature [17]) charge separation is required for
the photovoltaic effect. It is commonly done by the use of two materials with
appropriate HOMO-LUMO gap (Fig. 2.4). One of the two materials conducts
holes (AKA positive polarons or radical cation) and another has electron
(AKA negative polaron or radical anion) conducting properties. Conjugated
polymers and fullerenes are known to satisfy such requirements [13]. The
charge transfer occurs with high probability at the interface of these materials.
Separated charges can be extracted then by electrodes attached to the active
layer with appropriate work functions. Thus current can be obtained from the
excitons that during their lifetime reach the interface between the two
materials. Therefore the average distance of exciton migration is one of the

parameters determining the efficiency of the solar cells. In order to increase
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the area of the interface special morphology of the active layer is used called
bulk heterojunction [14]. Instead of well defined layers of the electron and
hole conducting materials interpenetrated network is designed. In this case

exciton diffusion length determines the optimal morphology of the bulk

heterojunction.
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Fig. 2.4. Evolution of the excitons in polymer. Polymer segments with different
conjugation length are depicted as separate chromophores with different energy levels. The
process of the exciton quenching at polymer-fullerene interface is illustrated. Note, that the
photon absorption is oversimplified on this cartoon. In reality electron is lifted to LUMO
from the HOMO level (black lines). Electron-hole pair then relaxes to form an exciton
(orange lines).

The evolution of the optical excitations is schematically depicted at the
Figure 2.4. The photon absorption is followed by the rapid vibronic relaxation
and the exciton formation. In this case we assume that the excitation is
performed at high energy tail of the absorption spectrum. Thus the shortest
conjugated segments are excited. They are surrounded with the segments of
the longer conjugation. It is energetically favorable to transfer excitation to
such a segment. Such process is believed to have mainly Forster-type energy
transfer nature (see [15] and references inside) and it is responsible for the
large Stokes shift of the photoluminescence spectrum in polymers. Thus
excitons rapidly migrate towards sites with lower energy with the hopping
rate of the order of 10ps [16-18] or even faster [19]. Finally they reach the
lowest energy site in the neighborhood where radiative or non-radiative decay
happens. Another possibility is exciton quenching due to the charge transfer.
For instance, electron transfer can occur at fullerene-polymer interface within
50 fs, while the back transfer is of the order of milliseconds [20, 21, 28]. This

10
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process is employed in solar cells and used in our work to study the exciton

diffusion process.

The model described here is oversimplified. It does not include
processes like interchain excitation [10-12], exciton-exciton annihilation [35],
intersystem crossing etc. However, the real physical picture of the exciton life
in conjugated polymers is still under debate. Some attempts to describe it can
be found in [12] and [22]. The most important thing for this introduction is

that excitons undergo migration in conjugated polymers.

Since the polymer media is highly disordered the exciton migration can
be sufficiently described by random walk approximation [8, 9, 37]. As it
would be demonstrated below at room temperature it is possible to
approximate it as a diffusion process. Nowadays the term exciton diffusion is
commonly used in the literature to denote exciton migration in conjugated

polymers.

Our main interest is to study the exciton diffusion length in conjugated
polymers. The exciton diffusion length can be defined as the average distance
an exciton can travel before it decays. It depends on the exciton lifetime 7,
exciton diffusion coefficient D and dimensionality of the diffusion process
d:

L, =dm . 2.1)

d is equal to unity for the one dimensional diffusion.

2.3 Experimental techniques: advantages and disadvantages

The generally used technique to probe the exciton diffusion length
suggests sample fabrication with exciton quenchers implemented in the
material of interest at a well-defined spatial position. Due to the presence of
the quenchers photoluminescence of the sample is weaker and PL decay time
is shorter then that of pristine material. Time-resolved or steady state PL data

can be used to calculate the relative quenching efficiency:

11
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0=1- Total PL of the quenched sample 2.2)
Total PL of the reference sample '

Here the total photoluminescence represents the total number of
photons emitted (per excitation pulse or per unit of time). The relative
quenching efficiency can be used in the mathematical model that includes the
sample geometry in order to extract the exciton diffusion length, which is

usually the only fit parameter in such models.

Two suitable geometries for such experiments are homogeneous
quencher distribution in bulk and the interface quenching of the thin film

heterostructures.

Thus by varying the optical technique and the sample geometry it is
possible to perform several different experiments to study the exciton
diffusion process. Each of these methods shows both advantages and

disadvantages.

In steady state experiments sample is excited by a constant wave
laser. The absolute photoluminescence intensity is measured usually by
integrating sphere or a spectrometer [24-27]. Unfortunately it is quite difficult
to conduct this experiment. It is very sensitive to the alignment of the optical
system and high power stability is required. Also the self-absorption can
influence the resulting PL intensity for thicker samples. The integrating
sphere usually can not operate at low temperatures. In steady state experiment
it 1s possible to measure the exciton diffusion length. However it is not
possible to extract the exciton diffusion coefficient out of the experimental

data.

The exciton diffusion coefficient can be extracted from the
photoluminescence decay [22, 28-30]. In this experiment the sample is
excited by a pulsed laser. The total photoluminescence (2.2) is the time
integral of the photoluminescence decay. It is weakly dependent on the
experimental conditions because the maximum value of the PL decay can be
normalized. Thus this approach does not have the absolute intensity problem

appearing in the steady state experiments. However due to finite instrument

12
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response function (rise time) uncertainty of the maximum value of PL
intensity at the moment just after the excitation (# =0 ) appears. Consequently
the assumption of equal normalized PL intensity at # =0 can be a source of

errors for the integrated value.

Another problem of normalization arises when it is measured the PL
decay of highly quenched samples. One expects all mobile excitons to be
quenched in this case. However some localized conjugated fragments can be
present. They have the nearest neighbors with much higher HOMO-LUMO
gap. This makes an exciton to be trapped at such a segment. Its lifetime is
expected to be of the order of the natural PL decay. The contribution to the
total (very weak) PL of such conjugated segments can become valuable. The
normalization to unity can enhance this artifact making the time integral

bigger than the physically correct value.

A soluble fullerene derivative is commonly used in practice to create
homogeneous exciton quencher distribution in the bulk of a conjugated
polymer sample [36]. Fullerenes are blended to the solution of the material
under study. Then a thin film is created by the spin-coating technique.
Photoluminescence measurements are performed on the blend and on the
reference sample (pristine material). Knowing the initial concentrations of the
components the average distances between the quenchers could be estimated.
This data are required by the mathematical model [37, 38] that yields to the
exciton diffusion parameters. The problem of such approach originates from
the assumption of homogenous distribution of the quenchers in the bulk
material. Since the quencher’s concentration is very low it is very hard to
verify the homogeneous distribution. In fact the quenchers can form clusters
that will effectively increase the distances between quenching centers. Due to
the complicity of the mathematical model only the tail of time-resolved data
can be used to extract parameters of exciton diffusion [36]. The valuable
advantage of this geometry is that the sample is isotropic, allowing to probe

the tree-dimensional diffusion process.

13
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Another important approach is to use interface quenching to study
exciton diffusion. In this case thin films have one or both interfaces connected
to an exciton quenching material. Generally for such a purpose fullerenes [22,
28-30], metals [26] or oxides [27] are selected for the role of quenchers. With
this geometry the PL of the thinner films decays faster and has lower total
intensity compared to the appropriate reference sample. This geometry
requires a sharp interface between the material of interest and the quencher.
Such requirement limits the use of evaporation technique for the quencher
deposition. For instance, it is shown that evaporated fullerenes can diffuse
into the polymer film [30]. As it will be elucidated in the following chapters,
some thickness and free interface effects can introduce extra artifacts. This
geometry is well defined and all the distances are under control. Due to
anisotropic orientation of the long polymer chains [31] such sample
configuration allows probing exciton diffusion only in one dimension,
perpendicular to the film. However, it was shown [36] that exciton migration

occurs primary with interchain mechanism, normal to the thin film.

Besides “quenching techniques” some other methods have been
developed to study singlet exciton diffusion. They include photocurrent

spectra (see [32] and references within) and exciton-exciton annihilation [35].

The photocurrent spectrum is the variation of the short circuit current
of photovoltaic cell by function of the incident monochromatic photon
energy. As it was mentioned above, the excitons are primary optical
excitations in organic materials. The photovoltaic effect happens due to
exciton dissociation near the interface between the light absorbing material
and a suitable electron accepting material like fullerene, metal etc. Let’s
suppose one fabricates a simple photovoltaic cell with two electrodes and a
thin polymer film in between. It is not likely that such device will break the
efficiency record in the field, but it can be used for the exciton diffusion
length measurement. Upon optical excitation excitons are created (mostly)
homogeneously in the film. Those that are in the vicinity of the electrodes will

rapidly dissociate contributing the photocurrent. Excitons from the bulk will

14
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then diffuse upon interfaces to repeat the fate of their dissociated colleagues.
Thus the actual value of the photocurrent depends on the exciton diffusion
length. Naturally it also depends on the absorption coefficient of the material
at the excitation wavelength. By modeling the photocurrent spectrum it is
possible to extract the exciton diffusion coefficient [32-34, 39]. The
advantage of this method is that in principal it allows probing exciton
diffusion properties on a working device. The drawbacks are complexity of
the sample structure/preparation and sophisticated mathematical model that
should be applied. The existence of the metal electrodes implies high
reflectivity of the interfaces. This leads to significant optical interference
effect and extra complications. Also the quenching efficiency of the

electrodes can be questionable.

Exciton-exciton annihilation appears to be diffusion-limited in
conjugated polymers [35]. Or, by other words, this process takes place not
directly after excitation, but during the exciton diffusion process. Recording
time-dependent photoluminescence one can extract singlet-singlet
annihilation constant that is proportional to the exciton diffusion coefficient.
The exciton annihilation radius is proportionality constant in this dependence.
Generally speaking it is not known. Lewis et al. made a reasonable estimation
[35]. The exciton diffusion length is then determined by use of the
relationship (2.1), where 7 was equal to the time constant of one-exponential
approximation of the PL decay at low excitation power. The advantage of this
method 1s that the exciton diffusion coefficient corresponds to three-
dimensional process, unlike in interface quenching experiment. However,
high power excitation is required that can cause degradation of the sample.
The main disadvantage of this method is that the exciton diffusion parameters

are extracted not directly but through the estimation of the annihilation radius.

15
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CHAPTER 3

Experimental

We applied time-resolved spectroscopy to the samples with
intevface quenching geometry to study the exciton
diffusion process. The intevface quenching was realized by
preparing hetevostructures of the studied materials and
the insoluble  cross-linked  fullerene  layer. The
corresponding thicknesses were measured by atomic force
microcopy and vreflection nulling-zone ellipsometry.
Sample preparation and optical measurements were
performed either under inert nitrogen atmosphere or
under vacuum in a cryostat to avoid photo oxidation. The
temperature dependent measurements were done in the

temperature range of 4-293K in a cryostat under constant
helium flow.

16
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3.1 Selection of the experimental methods

As explained in the previous section, there is no the perfect method to
study the exciton diffusion process in conjugated polymers. Or at least such a
method is not known jet. All suggested techniques have their advantages and
disadvantages. In our experiment we choose to keep the mathematical model
and the sample preparation reasonably simple and to reduce the number of

estimated parameters and assumptions.

From this point of view the photocurrent method appears to be too
complicated. It involves device fabrication and sophisticated mathematical
modeling. The technique based on the exciton-exciton annihilation process is
not very attractive because of the possible sample degradation. It also requires
estimation of the exciton-exciton annihilation radius in order to extract the
exciton diffusion parameters. So we considered only methods involving

samples with exciton quenchers.

The use of samples with a homogeneous quencher distribution implies
the assumption that quenchers do not form clusters. Also the mathematical
model, in this case, is quite complicated. Due to the model assumption only
the tail of PL decay can be used to extract the exciton diffusion parameters.
Since conjugated polymers are known to have non-exponential decay in solid
state [22] this argument leads to neglecting some of the fast physical

processes.

The interface quenching appears to be the most attractive geometry for
our experiments as long as sharp interfaces could be created. Time-resolved

technique has been chosen to measure photoluminescence.

3.2 Samples preparation

The exciton diffusion process in two soluble derivatives of poly(p-

phenylene-vinylene) (PPV) has been studied. Their chemical structures are

17
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summarized in Figure 3.1. In text we will refer to them as MEH-PPV and
MDMO-PPV.

MEH~PPV4§—< MDMO-PPV
o] o} .
’ g § \ ] \ | |
\ \ £y

Fig. 3.1 MEH-PPV, poly[2-methoxy-5-(3,7-dimethyloctyloxy)]-1,4-phenylenevinylene);
MDMO-PPV, poly[2-methyl-5-(3°,7’-. dimethyloctyloxy)-p-phenylenevinylene]; F2D, 1°-
methyl-1’,5’-dihydro-2’-(3,5-bis(undeca-4,6-diynyloxy)phenyl)-/ H-pyrrolo[3’,4°:1,9](Ceo-
I)[5,6]fullerene

CyHg

Two types of samples were fabricated with both materials. The thin
films of the pristine materials constitute the first type of samples used in this
work. They were fabricated with spin-coating technique under nitrogen
atmosphere. Toluene and chlorobenzene were used as solvents for MEH- and
MDMO-PPV respectively. Thickness variation was ensured by changing the
solution concentration, keeping the same the spin program. All samples were
spun on clean quartz substrates. The cleaning procedure includes hand
scrubbing with soap; washing with the demineralized water; ultrasonic
acetone and propanol baths; UV-ozone reactor treatment. The surfaces of the
clean substrates and the spin-coat films were imaged by the atomic force
microscopy (AFM). Roughness calculated as the standard deviation from the

average level on the area of 100 pm” was less than 1 nm for all the surfaces.

The second type of samples is composed of bi-layer heterostructures
(Fig. 3.2). First the diacetylene fullerene derivative' F2D (Fig. 3.1) was spun
from chlorobenzene to the clean quartz substrate. Such a material is known to
polymerize at 175°C forming an insoluble cross-linked network [30]. Thin

films were annealed at 250°C for 20 min on the hotplate inside a nitrogen

' The synthesis and basic characterization of the diacetylene fullerene derivative F2D can be founded
elsewhere [30]

18
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glove box. The resulting thickness

MEH- or
of the poly-(F2D) layer was kept MDMO-PPV
the same, less than 30 nm in all the Poly-(F2D)
experiments. With this thickness

Quartz
we do not expect any optical substrate

interference effects in the visible Fig. 3.2 Heterostructure. Thickness of the

region. Then the samples were poly-(F2D) is less then 30 nm in all
experiments. Polymer is of variable

completed by spun on top of poly-  ipickness.

(F2D) layer a PPV derivative. The

roughnesses of all the surfaces including the poly-(F2D) layer were less than

1 nm.

The interface between poly-(F2D) and PPV derivative plays the role of
exciton quenching wall. Since poly-(F2D) is not soluble even in the
“aggressive” organic solvents like chlorobenzene and chlorophorm, the
quenching interface remains sharp in time. This does not hold, for instance, in
case of evaporated fullerenes on top of spin-coat polymer film. It was
demonstrated [30] that fullerenes tend to diffuse towards the bulk of the film

resulting ill-defined structures.

We also tried to deposit C;y instead of Cqy on top of the thin film of
MDMO-PPV. Despite the molecules of C;, are bigger, they still diffused into
the polymer.

3.3 Thickness measurements

As it was mentioned in the previous chapter, one of the advantages of
the interface quenching approach is the well defined geometry. The only
geometrical parameter that is required by mathematical model — the polymer
thickness — can be measured directly. This makes thickness measurements of

crucial importance.

Polymer films as thin as 5 nm were used for our experiments. To

measure thicknesses of such thin films we used two methods that can reach
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required precision: atomic force

microscopy (AFM) and nulling zone Substrate Poly-(F2D)

ellipsometry.

The thickness measuring

procedure by AFM is quite

straightforward for the pristine

polymer films. First it is necessary

to scratch the sample. A full image I

10x10pm 1is recorded from the step

]
Polymer

area, then the step profile is
averaged, leveled and the thickness Fig. 3.3 A lucky-lucky scratch. Top view.

is evaluated. The lucky scratch should have some step area free form the
spike, which is often formed by the residuals of material that is being
removed on scratching. It is quite easy to make such a scratch with polymer
films. This is because the polymer tends to fold aside rather than to be

removed by the scalpel.

Actually the procedure remains straightforward even with
heterostructures. The only difference is that in this case one should make a
lucky-lucky scratch. The heterostructure consists of the two materials with
different mechanical properties. As for pristine samples, the top polymer film
tends to fold aside on scratching. But poly-(F2D) follows the scalpel profile
(Fig. 3.3). As a result it is possible to measure the thicknesses of both layers.
The validity of this method is easily revealed by checking the thickness of the
poly-(F2D) film. We kept it the same for all the experiments.

Ellipsometry was also used for thickness measurements. A brief
introduction to this technique is found in Ref. [40]. In our work we used a
single wavelength nulling type EP’ Nanofilm ellipsometer, which can do
multiple angle of incidence (MAI) experiments. It allows us to measure both
thickness and refractive index of the thin films from a single experiment. Both
thicknesses of the heterostructure can be extracted by using known refractive

indices. However it is not easy to conduct measurements on the transparent
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thin substrates. The problem is that reflection from the bottom substrate
interface can also reach the detector and interfere with the beam reflected by
the thin film(s). Thick substrates do not suffer from this problem. In our
experiments we effectively increased the thickness of the substrates by
attaching it to a thick (1.5cm) quartz bar. Mixture of the glycerin with water
has been prepared in order to match the refractive index of quartz [41]. Thus
stack of the substrate with the quartz bar was optically homogeneous and no

reflections from the interface were present.

The thicknesses measured with ellipsometer nicely agree with ones
obtained by AFM measurements. Because of the device availability, most of

the samples were measured with AFM only.

Dektak profilometry has been also used for thickness estimations of the

thick reference samples.

3.4 Spectra measurements

Absorption spectra were measured for all the samples with a Perkin—
Elmer 9000 spectrometer. During the experiments the sample was mounted in
the environmental chamber under inert nitrogen atmosphere.
Photoluminescence spectra were recorded with the sample inside a cryostat
under vacuum. An Ocean Optics USB 2000 spectrometer and Hamamatsu
EM-CCD digital camera were used for that purpose. Also time-resolved
spectra were recorded by working in synchroscan Hamamatsu Streak camera.
The spectral responsivities of the optical setups were measured with a

calibrated lamp.

3.5 Time-resolved techniques

The experimental setup is schematically depicted at Fig. 3.4. The
sample was excited by 100fs pulsed frequency doubled Kerr mode locked Ti-

sapphire laser. The repetition rate was about 80 MHz. The laser intensity was
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controlled by neutral density filter. The estimated initial exciton density in the
polymer film was about 10"°-10'* cm ™, that is much lower than required for
the process of exciton-exciton annihilation [35]. The excitation area was
about 100um large. During the experiments the sample was mounted in the
cryostat and kept in vacuum (about 107°-10" mbar). The excitation was
performed normal to the free surface of the sample. Photoluminescence was

gathered from the substrate side.

Neutral density filter ~Cryostat Long pass filter

Ti-Sapphire laser o T ™ TCSPC or
=800 nm A=400 nm o
100 fs zﬂ k I ! 3 Streak camera or
i i spectrometer

: Sample

Fig. 3.4. The experimental setup for optical measurements. SHG stands for second
harmonic generator, and TCSPC is time-correlated single photon counter.

Photoluminescence decays of the MEH-PPV samples were recorded
with a time correlated single photon counter (TCSPC) setup. This device has
response function of about 30ps (FWHM). In order to use the time-resolved
data in the mathematical modeling, the PL. decays were deconvoluted with the
instrument response function. The measurements were performed on the

wavelength that corresponds to the maximum of the PL spectra.

The samples of MDMO-PPV were measured after the lab upgrade with
synchroscan Hamamatsu Streak camera. The advantage of this device is that
PL decay can be recorded with the spectral resolution. In contrast to the
TCSPC technique, the spectral integral of the PL decay was used in the
mathematical modeling. In such a way the photons of all the energies were
taken into account. Time resolution down to 2ps is achievable with such an

experimental setup.

The low temperature measurements where performed with constant
flow liquid helium. The heater inside of the cryostat was electronically

controlled to fix a necessary temperature in the range of 4-293K.
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3.6 Preventing degradation

In order to avoid the degradation processes related to water and oxygen,
organic samples have been fabricated and stored under nitrogen atmosphere in
the glove box. For the absorption measurements samples were sealed in an
environmental chamber inside the glove box. For the time-resolved
measurements samples were loaded to the cryostat and were kept under
vacuum. The only moment when they were exposed to air was during the
loading to the cryostat. Nevertheless during this process samples were not

faced with ultraviolet light.

The excitation energy was kept low during the time-resolved
experiments. Time integrated laser power did not exceed 100 uW for Streak
camera measurements and 300 uW for TCSPC measurements. In order to
check the possible sample degradation, it was exposed for one hour with the
power of 300 uW. No change in spectrum and PL decay was detected. Half an
hour laser exposition with one order of magnitude increased power led to the

spectral blue shift and change of the PL decay, indicating photo degradation.

The time-resolved experiments were quite fast. Less than 1 minute was
necessary for every measurement. So we are very sure that during our

experiments sample did not degrade.
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CHAPTER 4

Morphology effects

Two differently ovdered layers of a spin-coat film were
demonstrated by the absorption spectroscopy. The top
layer has better ovdering and is vesponsible for the ved
shift of the absorption spectrum upon thickness decrease
from about 100 to 15 nm. Some other studies arve listed
which reveal bi-layered structure of the spin-coat films. It
is demonstrated that the free intevface of such prepared
MEH- and MDMO-PPV films appears to be exciton
quenching. All conclusions made in this chapter can be

equally applied to both studied materials.
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4.1 Thickness dependence of the PL decay

We perform time-resolved

measurements of the thin films of

Heterostructure, 8 nm

Neat polymer, 8 nm
—— Neat polymer, 256 nm

pristine material with  different

thicknesses. It appears that

PL intensity, a.u.
P

photoluminescence decay is highly

dependent on the spin-coat film | ‘ ‘
thickness both for MEH- and o o e, nso‘g h
MDMO-PPV. A thinner sample Fig. 4.1 Normalized experimental PL

decays measured by TCSPC of samples
demonstrates a faster PL. decay. Such  of different MEH-PPV thicknesses.

Measurements were performed at the

dependence is the strongest in the .
maximum of the PL spectrum.

thickness range of 5-100nm. As the

thickness increases the effect reaches its “saturation”. The photoluminescence
decays of samples thicker than 200nm do not differ much with that of drop
cast film that is about one micron thick. The thickness effect is comparable
with the interface quenching introduced by the poly-(F2D) layer in the

heterostructure samples (Fig. 4.1).

In principal the thickness effect can be caused by the process of self-
absorption. However the following estimations show that is not true in our
particular case. In the process of self-absorption some of the
photoluminescence photons are reabsorbed by the material before they leave
the film. Obviously the time spacing between the initial excitation and self-
absorption is about the exciton life time. Afterwards a new exciton is formed.
It lives another lifetime and can emit a photon (with some probability). Thus
the resulting light leaves the film after the time of about two exciton lifetimes.
The efficiency of self-absorption is determined by the overlap of the
absorption and PL spectra (Fig. 4.2a) and by the film thickness. If the
contribution of such “delayed” photons is valuable, the resulting PL. decay

becomes slower in the thicker samples.
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Let’s estimate the contribution of the self-absorption to the PL decay in
our case. Let’s suppose that the sample with absorption spectrum a(A) is
excited with a pulsed laser. Assuming low absorption coefficient at the
excitation wavelength the initial exciton distribution is uniform. The
measured PL spectrum E(A) is affected by the self-absorption. Let’s denote
the unaffected PL spectrum as E,(A). Upon excitation the volume element

dSdx emits light to the observer’s direction (Fig. 4.2b) with intensity
Ey(4)

dE,(A) = dSdx, 4.1

where S is excited area. Without limitations in general we set
ds=S§=1.

S L a) \ — Normalized absorption b)
© [\ —— Normalized PL .

- 0.8 | & 7 — )
c !\ 7
() I\ !
= | é
8 0.6 | \ ﬁ
O | o ¥ ¥, dEo dE
3 | =" — L g
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®© %
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Wavelength, nm

Fig. 4.2 (a) Normalized absorption and PL spectra of 240nm MDMO-PPV. (b) Side view
of the polymer film.

Part of luminescence light is reabsorbed by the material. Thus the
resulting intensity is

dE = dE,(A) e ¥ P (4.2)

where L - is the film thickness. The observed spectrum E(A) is then

equal to:

L L
EA) = j dE = j dEy(A)e @A) = %w(l _eAL) (43)
0 0

Thus one can estimate in the first approximation the true spectrum:
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_ O0LE(A)
The number of photons that are reabsorbed is proportional to:
n(L) = [ Ey(A)dA~ [ E(Q)dA 4.5)
) A

Assuming that all the reabsorbed photons would be reemitted to the
observer (upper limit), the contribution to the total intensity of the reabsorbed
photons is:

n(L)
Ly=-"2
7 j E(A)dA
A

(4.6)
Let’s suppose the material have spectrally integrated monoexponential
PL decay with a time constant 7 in solid state. The PL decay of the thin film

with self-absorption can be approximated as biexponential decay:
P(H)=Ae™"'" + Be'%, 4.7)
where the second term represents the reemitted photons. Constants A

and B can be easily founded by time integration, use of the relationship (4.6)

and normalization:

P(t)=—2 o7 Vi, (4.8)
24y 24y

If we consider 240nm thick MDMO-PPV sample we can neglect any
surface effects. The value y(L) 1,0-
was calculated numerically based 0.
on the experimental data. It is 5 o] e
equal to ¥=0,03. Generally j. o — L=240nm
speaking the PL decays of &
MDMO-PPV thin films are not "
monoexponential. However we "% 3 2 3 4

Time, a.u.
Fig. 4.3. The effect of self-absorption on

visualization of the strength of the the thickness dependent PL decay of the
MDMO-PPV films is insignificant.

can use the expression (4.8) for the

effect. Figure 4.3 demonstrates
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that the effect of self-absorption on the thickness dependent PL decay is
insignificant for MDMO-PPV.

4.2 Thickness dependence of absorption and PL spectra

Absorption and photoluminescence spectra were recorded for different
polymer spin-cast thin films thicknesses of both types of samples
(heterostructures and pristine material) at room temperature (Fig. 4.4). It
appears that both spectra depend on the thickness. However the character of
the dependences is different. The absorption spectrum first undergoes a red
shift on thickness decrease; when the thickness reaches the value of about

15nm the absorption maximum shifts to the blue (Fig. 4.4a).

535 - a) 588 -
£
=
e S0 1 £ 586 -
= c
Q525 A € 584 -
o =
= ‘@
o 520 4 E_ 582 -
o (18]
S 515 1 o 580 ~
= =
2 510 4 & 578 {+
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505 T T T T o 576 r T T T 1
0 50 100 150 200 25 0 50 100 150 200 250
Thickness, nm Thickness, nm

Fig. 4.4. Dependence on thickness of the peak position of absorption (a) and
photoluminescence (b) spectra on thickness of MDMO-PPV heterostructures. The
positions are determined by the Gaussian fit in the vicinity of the peak. The lines are drawn
as guides for the eyes.

The photoluminescence spectrum undergoes blue shift on the thickness
decrease (Fig. 4.4b). The dependence is weaker compared to the absorption
spectrum, and remarkably has the opposite direction. The photoluminescence
peak position was found to be almost the same for both heterostructures and
pristine samples of the same thicknesses. Here the data of the heterostructures
are presented as measured with the calibrated instrument. The evidences of
the blue shift of PL spectrum on decreasing of the thickness can be also
founded elsewhere [42].
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4.3 Discussion

The red shift of the absorption spectrum indicates the higher average
level of conjugation in the thinner samples. Or by other words, the molecular
chains are better ordered (on average) in such samples. Further decrease of
the thickness leads to the blue shift of the spectrum i.e. the molecular chains
of ultra thin (<15nm) films are less ordered on average than somewhat thicker
ones. The character of dependence suggests that close to the free interface the
film is better ordered than in the bulk (Fig. 4.5). Thus it looks that there are
two differently ordered layers in the film. This argument can be intuitively
understood from the process of spin-coating. During the spinning the material
1s escaping the substrate in the lateral direction. One can speculate that

escaping solution can somewhat orient the surface of the remaining film.

The argument of layered TQUSHCN“Q surface states

structure is also supported by Surface layer
) —  ———Bulk polymer layer
several other experiments. Webster

Substrate:
et al. [43] performed neutron quartz or poly-(F2D)

scattering experiments on MEH-  Fig, 4.5. The layered structure of spin-coat
PPV film.

PPV films prepared by the spin-
coating technique as well as formed from the precursor. They conclude that
spin-coat film had two well-defined layers of different density. While the film
prepared by the precursor route was uniform. Even if the neutron scattering
experiment did not allow to the authors to make a conclusion concerning the
sequence of the layers, the layer thicknesses and approximate densities could
be determined. The thin dense layer was about 24nm thick while the thick
“spongy” layer had thickness of about 140nm. It is remarkable that the
“spongy”’ layer had density of about one third of that of the thin dense one.

Reflection-absorption Fourier transform infrared spectroscopy
with polarized lights was used to demonstrate the bi-layered structure in
spin-coated polyacrylaminde (PAL) films [44]. X. Lu et al. report that PAL
films had two differently ordered layers. For films thinner than about 100 nm

no significant spin-coating induced chain orientation was observed. However
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for the thicker films a bi-layered structure was formed with the top layer

better oriented than the bottom one.

An accurate ellipsometry study has been conducted on thin films of
the methyl-substituted ladder-type poly(paraphenylene) (m-LPPP) [45]. J.
Sturm et al. demonstrated an optical anisotropy on the spin-coat thin films
strongly dependent on the film thickness. They summarize that the anisotropy
of optical constants is caused by the primary in-plane orientation of the

polymer chains. This anisotropy vanishes for the thicker polymer films.

And finally a lot of effort on the study of thickness dependent
thermal transition temperatures of conjugated polymers has been done in
the recent years [46, 57]. These studies also point out to the morphology-
related issues in the spin-coat films. For instance, Campy-Quiles et al. [46]
concludes that the thickness dependent glass transition temperature 7, of
some conjugated polymers is characterized by three regimes, namely large
thickness bulk samples, for which Tg = Tgb ulk'. intermediate thickness samples
for which T, > Tgb “K'. and ultra thin samples for which T, drops again. This
tree-regime behavior resembles that of absorption thickness dependence in
our experiments. Miyazaki et al. [57] reproduced the thickness dependence of
the polystyrene 7, by a two-layer model consisting of mobile surface and

bulk-like layers with different glass transition temperatures.

If we consider the bi-layered film structure from the point of view of
the exciton migration process, the interface between the differently ordered
layers constitutes a gradient of the average conjugation length perpendicular
to the plane of the film. Such a gradient favors the exciton migration towards
the better ordered top layer. This process accompanies the reduction of the
excitons’ recombination energy. Upon radiative recombination such excitons
give rise to photons with lower energy than those in the bulk. According to
the absorption spectra measurements the free interface layer becomes
important in thin samples. The number of such low energy excitons is
expected to be considerable for them. This should lead to a red shift of the

photoluminescence spectrum upon thickness decrease. But in reality we
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observe the opposite trend. The PL spectrum undergoes blue shift in thinner
samples. This means that low energy excitons that end up in the top better
ordered layer decay in a non-radiative way. Or, by other words, they are
quenched. Defects located at the surface could be responsible for such a

quenching.

The argument of the exciton quenching by the free interface is also
supported by the time-resolved measurements. As it has been reported in one

of the previous paragraphs the PL decay is faster in the thinner films.

To conclude, the free surface of the spin-coat film appears to be exciton
quenching interface, as it will be demonstrated below, its quenching

efficiency is comparable to that of the poly-(F2D) layer.
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CHAPTER 5

Exciton diffusion length — mathematical model

The exciton density was modeled by the one-dimensional
continuity equation and solved for 100% interface
quenching efficiency. Geometries with one and two
quenching interfaces were consideved. Analytical
expressions for photoluminescence decay and for relative
quenching efficiency were derived.

5.1 Statement of the problem

We model the exciton diffusion process by the considering the exciton
density evolution in time and space. Let’s suppose that a laser pulse is
exciting a polymer film with thickness L as it is depicted on the Fig. 5.1. Due
to the symmetry the exciton density depends only on the coordinate normal to
the film. As discussed in several publications [22, 26, 27] we solve one-

dimensional continuity equation:

on(x,t) _ n(x,t) D 9%n(x,1)
- 2

ot - A S(x)n(x, 1)+ G(x,t), (5.1)

where n is the exciton density; 7 represents the natural radiative and

non-radiative decay processes; D is the exciton diffusion coefficient, S(x)
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represents the exciton quenching processes; G(x,t) is the exciton generation

rate.

Since the ultra fast excitation of the pulsed Ti-Sapphire laser was used,
the generation rate G(x,f) can be represented as the initial exciton

distribution. In our case the excitation was

performed in the high energy tail of the =
absorption  spectra. For example the 5
absorption coefficient of the MDMO-PPV at [ B % %%':
400 nm is only 8,26x10*nm™". Therefore GE; c:; g
we assume uniform initial distribution of the o 0 N
exciton concentration: §
n(x,0)=N,. (5.2) . L »

The exciton quenching term S(x) iS  Fig. 5.1. The choice of
geometry dependent. We will solve Eq. (5.1) coordinates.
for different cases. In this paragraph we concentrate on the general approach

for the modeling.

Equation 5.1 can be solved analytically for the interface quenching
geometries. The resulting exciton concentration is proportional to the number
of emitted photons. The proportionality constant is the quantum efficiency &,
which we assume constant for all the samples. Thus the total

photoluminescence can be estimated as:

L o
PL,,, = j j £ n(x, )dxdt (5.3)
00

In such a way the relative quenching efficiency (2.2) can be obtained:

L oo

£ (x,t)dxdt

n quenched sample

5.4)

QL) =1~

2 8 |O ¢

W [O ¢

En (x,t)dxdt

0

refference sample

o'
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As 1t will be shown below, the one-dimensional exciton diffusion

length L, =+/7D is the only fit parameter to model this value.

In order to get the exciton diffusion coefficient we model the

experimental PL decay with the expression:
L
(L) = j n(x,t)dx . (5.5)
0

The exciton diffusion coefficient is the only fit parameter here.

5.2 Single quenching interface solution

In heterostructured sample we assume the quenching efficiency of the
polymer/poly-(F2D) interface as 100%. This can be expressed by a boundary

condition:

n(L,t)=0. (5.6)

As was demonstrated in the previous chapter, also the free interface of
the spin-coat film appears to be exciton quenching surface with unknown
efficiency. Therefore we estimate the value of the exciton diffusion length by
considering two extreme cases, namely infinite and zero quenching efficiency

of the free interface.

The negligible quenching of the free interface introduces the second
boundary condition:
on(0,1)
x

0. (5.7)

The model of one quenching interface can be also applied to the series
of the samples of pristine material due to the quenching properties of the free

surface.

The boundary conditions (5.6) and (5.7) play a role of the exciton
quenching term S(x) in the (5.1). The initial and the boundary conditions
simplify the equation (5.1) to a Cauchy problem:
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2
on(x,t) __ n(x,t) D 0°n(x,t)
o1 T ox*
In(x,0)= N, . (5.8)
on(0,1) (L) =0
ox

We seek the solution in the form: n(x,t)=T(t)X (x). Then variables
could be separated in (5.8):

197 1 _p19°X
T o 1 X ox?

.y (5.9)
where A is a constant. The resulting expression splits into two

equations which determines 7'(t) and X (x):

T(t)=e7e* (5.10)
X(x)=ACos(@x)+ BSin(wx), (5.11)

where @* = 1* / D . Application of the boundary conditions leads to:

B=0
5.12
o, :l(£+ﬂk), k=04 142 612

L\ 2
Then the exciton concentration is a linear combination of partial
solutions:
n(x.t)=e* > Ae ™M Cos(@, x). (5.13)
k=0

Constants A, are determined by the initial conditions:

_2No D"

A
g L w,

(5.14)

The integration on the spatial coordinates finally leads to the
photoluminescence decay:

o —Dajt

2No —t/T e
nit)=——-—e _
() L E

S (5.15)
k=0 @

where @, =(1/2+k)z/L.
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The relative quenching efficiency is obtained by the time integration of

this expression and substitution to (5.4):

L, L
L)="%Tanh—. 5.16
0, (L) ; lanh— (5.16)

d

The reference sample is considered to be a film with negligible
interface quenching. Its total photoluminescence can be easily found to be

reference

5.3 Two quenching interfaces solution

The model of two quenching interfaces can be applied to the
heterostructured samples assuming the infinite quenching efficiency of the
free interface. The methodological approach for solution of (5.1) is essentially

the same as in the previous case. The new boundary conditions are:

n(0,¢)=n(L,t)=0. (5.17)

The PL decay then looks like:

SN ©  —Day_ 1
ny=-—Le Ty C (5.18)
L k=1 @21
where @, = 7k/L.
The relative quenching efficiency is:
2L, L
L)y=—Tanh——. 5.19
0, (L) L oL, (5.19)

An interesting conclusion can be drawn by comparing (5.16) with
(5.19). The exciton diffusion length is two times smaller when calculated with
the two quenching interface model. This actually determines the maximum

error arising from neglecting the effect of the free interface quenching.
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5.4 Model assumptions

The quantum efficiency of the exciton — photon conversion & 1is
assumed to be the same for all the films. The described model does not
include the gradient of the conjugation length originating from the two
differently ordered layers of the spin-coat film. This gradient is perpendicular
to the film and leads rather to a drift of the excitons towards the free interface

more than to a diffusion.
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CHAPTER 6

Results and discussion

It was demonstrated that the use of heterostructured
samples allows getting more accurate results than pristine
material samples. The systematic ervor arising from the
movphological issues of the spin-coat film was estimated
not to exceed 1 nm. The temperature dependence of the
exciton diffusion length (coefficient) was obtained in the
range of 4-293K for MDMO-PPV. Upon cooling from room
temperature to 100 XK the exciton diffusion length
(coefficient) drops from 4,7 nm (3.6-10* cm?/s) to 2,9 nm
(1.5-10* cm?/s) [60]. Further cooling down to 4 K leads to
the weak temperature dependence and slight growth up to
3,2 nm (2-10* cm?/s). The obtained values are an upper
(imit of the veal values mainly due to morphology-related
systematic ervors. The two temperature regimes showing
different trends arve qualitatively explained by the
quasiequilibrium exciton distribution in an
inhomogeneously broadened density of excited states.
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6.1 Heterostructures or pristine samples?

The exciton diffusion length measurements in soluble PPV derivatives
at room temperature have been previously performed and reported in
references [22, 27, 30]. In the present paragraph we concentrate our attention
to the morphology-related issues of spin-coat MEH- and MDMO-PPV thin
films. The use of time-resolved photoluminescence as in the previous works

allows referring to them.

MEH-PPV sample series of the pristine material and the
heterostructures with different polymer thicknesses were fabricated as
described in Chapter 3. The photoluminescence decays were measured by
TCSPC technique on the maximum of the PL spectrum. The deconvoluted
data were approximated with three-exponential decays. The dependencies of
the relative quenching efficiency (2.2, 5.4) on the thickness have been
determined experimentally for the both series. A thick polymer film of about

250 nm has been used as the single reference sample.

The relative quenching efficiency (2.2) of the pristine material series
was fit with the single quenching interface model (5.16). In such a way the
one-dimensional exciton diffusion length of 7 nm was extracted. This value
could be overestimated due to the assumptions made in the model. First, the
real quenching efficiency of the free interface is unknown. The mathematical
model assumes 100% quenching. In reality it could be lower. In this case the
real value of the exciton diffusion length would be bigger than the modeled
one. To illustrate this conclusion one can think about the number of excitons
that reach the quenching interface, it increases with the exciton diffusion
length. A perfect interface quenching means that all those excitons are
quenched'. If the interface quenching was not perfect, let’s suppose 50%
efficient, then half of the excitons that reach the interface would be quenched.

In order to keep the total number of the quenched excitons constant, the

' The number of quenched excitons is measured experimentally. It is proportional to the relative quenching
efficiency (2.2).
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number of excitons that reach the interface should be doubled. The only way

to achieve this is to increase the exciton diffusion length.

On the other hand, the gradient of the mean conjugation length due to
differently ordered layers of the spin-coat film could lead to the exciton drift
towards the free interface. The drift length is determined by the volume where
the gradient is not zero. Such a volume is unknown and probably depends on
the sample thickness. The drift leads to the increase of the number of excitons
quenched by the free surface. As a result, both the modeled relative quenching
efficiency and the exciton diffusion length get higher than physically correct
ones. The measured values are surely affected by the gradient effect in our
experimental results. However, the assumption about the perfect quenching of
the free interface could be true. Data of the heterostructured samples can help

to estimate its validity.

The possible systematic errors arising from the assumption of the
perfect quenching by the free interface as well as from the exciton drift
towards the free interface are reduced by measuring the heterostructured
samples. The interface between the polymer and poly-(F2D) could be safely
considered as a perfect quencher [20, 21, 28]. The relative quenching
efficiency Q (2.2) in fact is the ratio of the quenched excitons ¢g in respect to
the number n, of emitted photons of the quencher free sample. The number
of the quenched excitons is a sum of the excitons quenched by poly-(F2D) ¢,
and by the free interface ¢, —A + y. The correction A is determined by the
free interface quenching efficiency: (q; —A)/q,; ¥ is the number of excitons
that are brought to the free interface by the drift. Actually A and ¥ introduce
systematic errors to the measurements of relative quenching efficiency. The
latter is equal to Q" and Q” for the pristine and the heterostructured samples

of the same thickness respectively:

_A+ _
o= =AYY _a 7=A 6.1)
no no no
2g, — A+ 2 —
o =1 Vo2, 7=4 6.2)
no no ny
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The relative systematic errors due to the assumption and the drift are:

 y—A
n=r"2 (6.3)
q1
 y—A
=1 (6.4)
2q,

Since ‘77”‘ <‘77" the relative quenching efficiency obtained from the

heterostructured samples is more accurate.

The application of the two interface quenching model to the
heterostructured series of samples yields to the exciton diffusion length of 6
nm. The fact that this value is smaller than the value obtained from the
pristine MEH-PPV samples determines the sign of the systematic error ¥ — A.
The relative quenching efficiency Q; (5.16) is monotonically increasing on
the exciton diffusion length L,. Since Q" (6.1) give rise to a value of L,
bigger than the more accurate obtained with the two quenching interfaces

then:
y—A>0 = y>A. (6.5)

It means that the systematic error, coming from the assumption of
perfect quenching by the free interface, is smaller than the error due to the
exciton drift towards the free interface. Since the resulting values are only
different for 1 nm the assumption of the perfect interface quenching can be

considered as quite lucky.

However, the resulting exciton diffusion coefficient of 6 nm is not free
from the systematic errors. The (6.5) indicates that the real exciton diffusion
length is smaller than 6 nm. The reduction of the relative error (6.3, 6.4) by a
factor of two led to the 1 nm decrease of L,. The subsequent error reduction
would not bring a bigger correction. Thus the real exciton diffusion length is
between 5 and 6 nm for MEH-PPV. This result nicely corresponds to works

done with similar experimental techniques [22, 27, 30].
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6.2 Temperature dependent exciton diffusion parameters of
MDMO-PPV

MDMO-PPV is of high interest because it is widely used for the
organic solar cells. The described morphology-related effects found for MEH-
PPV were also probed with MDMO-PPV at room temperature. The MDMO-
PPV appeared to behave very similar to MEH-PPV in this respect. The free
interface of the spin-coat MDMO-PPV film also quenches the excitons
efficiently. The exciton diffusion length obtained from the pristine samples is
bigger than that of the heterostructured samples. This indicates the high
efficiency of the free interface quenching as well as the major contribution to
the morphology-related systematic error by the gradient of the average
conjugation length. Since heterostructured samples lead to more accurate

results they were extensively examined at low temperatures.

The time-resolved 11

— Reference, 240 nm

measurements were performed in | Heterostuure, 13

Heterostructure, 5 nm

the temperature range of 4-293K

with a Streak camera working in

PL intensity, a.u.
o
[¢]

synchroscan. The spectrally resolved ]

PL  decays were wavelength ol ‘ ‘ ‘ ‘
-100 100 300 500 700 900

integrated for the data analysis. The Time, ps

Fig. 6.1. The normalized wavelength
integrated PL decays of samples of different
cut especially for thicker films MDMO-PPYV thickness. Measurements were
performed at room temperature in vacuum.

resulting decays appeared to be tail

because of the instrument limitations
(Fig. 6.1). Two-exponential fit was used for their extrapolation. Extrapolated
decays where normalized and modeled by the expression (5.18):

0 e—sz(zk—l)Z/L2

8 —t/t
t,L)=— , 6.6
n(t,L) el k§=1 k1) (6.6)

where L is the polymer film thickness; 7 represents the natural PL
decay and the exciton diffusion coefficient D is the only fit parameter. The

expression (6.6) consists of two time-dependent parts, which have different
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physical meanings. The summation represents the exciton diffusion and
interface quenching processes. The limit L — oo explains the physical

meaning of the natural PL decay part:

lim n(t, L)y=e""'". (6.7)

L—oo
It corresponds to the PL decay of a thick film. Since the spin-coat
MDMO-PPV film has biexponential PL. decay, the expression (6.6) can be
approximated as:

8 ~tlt ~tlt €
nit,Ly=——7>\ae """ +a,e '
7[2 ( 1 2 )kzz; (2k—1)2

-Di7*2k-1)* 112
, (6.8)

where a,, a,, 7, and 7, represents normalized PL decay of the thick
reference sample at the given temperature. Finally the first 100 terms of (6.8)
were used to model PL decays of the samples of different thicknesses (Fig.

6.2a). The mean value as well as the standard deviation was calculated.

) | b)

=
o

5
;U,‘ 240 nm pristine MDMO-PPV reference o 3 /
o 06} . nr1113 it polymer thickness %
5 5nm | (heterostructures) £ /
£ 04} = 2_+
I % s
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0 50 100 150 200 250 300
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Fig. 6.2 (a) Example of the PL decay fit by Eq. (6.8) for different polymer thickness at
room temperature. (b) Temperature dependence of the exciton diffusion coefficient. The
error bar is the standard deviation from the mean value of the samples of different
thicknesses [60].

The temperature dependence of the exciton diffusion coefficient is

depicted on the Fig. 6.2b and summarized in the Table 1.

The exciton diffusion length was obtained by modeling the dependence

of the relative quenching efficiency on different polymer thicknesses varying
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the exciton diffusion length in the two interfaces quenching model (5.19). The
results are presented on the Fig. 6.3 and summarized in Table 1.
Table 1. Summary of temperature dependence of the exciton diffusion coefficient D and

exciton diffusion length L, of the MDMO-PPV. The errors are the standard deviation from
the mean value for the samples of different thicknesses [60].

Temperature, K D, 10" em*/s Lys, nm
293 3,6 0,7 4,7
250 2,9+0,7 4,3
200 29+0,9 4,3
150 1,9+0,7 3,6
100 1,5+04 2,9
50 1,7+0,6 3,1
4 2+03 3.2
5.0+
1 a) b) )
451 /
0.8 o—eo
e 4.04
o 06 g
0.4 I 59 3
0 ."""'-.
0.2 3.0 -
10 20 30 40 0 50 100 150 200 250 300
Thickness, nm Temperature, K

Fig. 6.3 (a) Modeling of the relative quenching efficiency as a function of the polymer
thickness at 4K. The black points are experimental data and the curve represent the best
model fit with the exciton diffusion length of 3,2 nm. (b) Temperature dependence of the
exciton diffusion coefficient [60].
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6.3 Discussion

It is remarkable that the temperature dependence of the exciton
diffusion length (coefficient) has two different trends. Upon cooling from the
room temperature to about 100K it decreases demonstrating thermally
activated diffusion. Further cooling leads to a small increase. The measured
values — the relative quenching efficiencies (2.2) — depend on both the exciton
diffusion length and the free interface quenching efficiency. In principal, the
anomalous increase of the estimated exciton diffusion length at low
temperatures could be attributed to the possible temperature dependence of
the free interface quenching efficiency. We do not expect such dependence to
be strong in the studied temperature window because of two experimental
facts. First the PL decays’ times of thin pristine films always demonstrate the
described thickness dependence (see for instance Fig. 4.1). And secondly the
values of the exciton diffusion length obtained from the pristine material
samples are higher than those obtained from the heterostructured ones for
various temperatures. This determines the sign of the systematic error (6.5),
which indicates high quenching efficiency of the free interface (about the one

of polymer-fullerene interface).

Other arguments could be developed to explain the anomalous trend in
the low temperature range (see below). The exciton diffusion length
(coefficient) depends on temperature much weaker in such range than in the
high temperature range of 100-293K. Such temperature regimes are also
presented in the temperature dependence of the PL. maximum position as well

as in the average PL decay time (Fig. 6.4).
The photoluminescence spectra of MEH- and MDMO-PPV undergo a

blue shift on heating (Fig. 6.4a). This phenomenon was previously studied for
various PPV derivatives (see [47] and references inside) and several models
were developed to describe it. The average conjugation length could decrease
upon heating due to the enhancing of torsional movement [49, 50]. This leads
to increase of the HOMO-LUMO gap and, as a result, to the blue shift of the

maximum of PL spectrum. Such a model fails in several cases. Huang-Rhys
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analysis demonstrates that the temperature dependence of the average
conjugation length of MEH-PPV can not explain the spectral blue shift [47].
Moreover this model can not be applied to the disordered small molecules

with a fixed conjugation length [48].
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Fig. 6.4 (a) Temperature dependence of the photoluminescence maximum of 240 nm thick
pristine samples. It was calculated by the Gaussian fit in the peak vicinity. (b) The average
PL decay time demonstrates how fast PL. decays under different temperatures.

Wantz et al. proposed a model of thermally activated statistic
occupation of excited states to describe the temperature dependence of the
electroluminescence spectrum in PPV derivatives [47]. The model considers
Fermi-Dirac distributions of electrons and holes within the inhomogeneously
broadened density of states in the quasiequilibrium approximation. The
convolution of those distributions is used to obtain the theoretical temperature
dependence of the luminescence spectrum. Such a model sufficiently
describes the blue shift of MEH-PPV luminescence spectrum as big as 90
meV in the temperature range of 80-300K; it can be applied for the disordered
small molecules; it explains the spectral line broadening upon heating [48]. A
similar model was proposed by Anni et al. [51]. The thermal quasiequilibrium
was described by the Fermi-Dirac distribution of exciton energies within
inhomogeneously broadened density of excited states. The exciton migration
rate was related to the chemical potential (quasi Fermi level). It was
demonstrated that the PL blue shift is mainly due to the increase of the
exciton quasiequilibrium temperature. Such a model explains the observed PL

temperature dependent shift in poly(9,9-dioctylfluorene) [ phase. The
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physical picture that is described by such models is summarized as follows.
After the excitons creation and their energy relaxation they reach the
(thermal) quasiequilibrium that is characterized by an exciton distribution
within the density of excited states. The maximum of such distribution
depends on temperature, corresponds to the level of the most populated states
and is responsible for the maximum of the luminescence spectrum. It moves

up in energy on heating leading to the spectral blue shift (Fig. 6.5).
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Fig. 6.5. Illustration of the exciton diffusion process under different temperatures. (a) The
density of excited states (DOS) corresponds to the statistical energy distribution of the
conjugated fragments of various lengths. (b) The initial energy relaxation is responsible for
the energy migration process at low temperatures. (c) At high temperatures the thermally
activated hopping also contributes to the exciton diffusion length. The T-dependent shift of
PL spectrum maximum is shown.

The thermal quasiequilibrium has different properties (meanings) at
low and high temperature ranges. Site selective photoluminescence
experiment demonstrates those differences. Such experiment studies the
dependence of the PL spectrum maximum on the excitation energy [8, 52,
53]. At room temperature the PL spectrum is the same regardless the
excitation wavelength. The level of the most populated sites remains in its
position even when the excitons are created below it. In this case the excitons
gain some energy from the “lattice” in order to reach the thermal
quasiequilibrium indicating strong exciton-phonon interaction. Since the level
of the most populated states moves up on the DOS tail with temperature
increase, the density of such states is relatively high at room temperature. The

excitons are fully thermalized and their temperature is equal to that of the
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“lattice” in quasiequilibrium [51]. The prefix “quasi” only indicates that such

equilibrium is kept during the exciton lifetime.

At low temperature the position of the PL maximum remains constant
as long as the excitation energy is bigger than the so-called localization
energy. During the energy relaxation excitons hop to lower laying states
trying to reach the thermal equilibrium. However at certain exciton energy the
concentration of the lower laying states becomes too small i.e. the distance to
the nearest target state is too large making the hoping probability
insignificant. In this situation the exciton migration process is limited by the
localization energy and the excitons are not fully thermalized i.e. they have
higher temperature than the “lattice” [51]. Further decrease of the excitation
energy leads to exciton creation in the localized sites introducing dependence
of the PL spectrum on the excitation wavelength. The exciton-phonon
interaction is weak at low temperatures in quasiequilibrium because the
exciton can not produce a phonon (for that it should jump to a lower energy
state) and it can not absorb a phonon (at low temperature there are not enough
phonons). As a result the most populated level is mainly determined by the
density of states (if excitation energy > localization energy) and weakly
depends on temperature (Fig. 6.4a, 4-100K region). The term ‘“thermal
quasiequilibrium” does not reflect the physics of the exciton population in this
case. The most populated level corresponds to the localization energy, but not
to the “lattice” temperature. Therefore a term “localized quasiequilibrium”

better fits the exciton distribution at low temperatures.

The temperature dependence of the exciton migration also can be
explained in terms of quasiequilibrium exciton population. A photon
absorption in the high energy tail of the absorption spectrum is followed by
the vibronic relaxation and the exciton formation processes. The resulting
exciton migrates towards the lower energy sites to reach the localized or
thermal quasiequilibrium. At low temperatures the most populated energy
sites are located at the bottom of the density of excited states (Fig. 6.5a,b).

The energy separation between adjacent sites is high. The excitons can not
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migrate any more and eventually they decay radiatively (with some
probability) emitting low energy photons. The exciton migration is limited by
the initial energy relaxation process in this case. The average migration
length is determined by the position of the most populated level. As the
photoluminescence spectrum measurements (Fig. 6.4a) shows, the latter
weakly depends on temperature in the low temperature regime of 4-100K.
This leads to the weak temperature dependence of the exciton migration

length in such a region (Fig. 6.3b).

Under elevated temperatures the most populated states are located
above the bottom of the DOS. If the temperature is high enough such states
are quite close in the real space and the energy separation between them is
small. In addition, as it was mentioned above, the exciton-phonon coupling is
also strong at such temperatures. Therefore a thermally activated hoping is
possible (Fig. 6.5a,c). Such hopping does not lead to the significant change of
the exciton energy. However it contributes the exciton diffusion length. As
the temperature increases, the quasiequilibrium level of the most populated
sites climbs upwards on the DOS. This leads to the decrease of the average
distance between such sites increasing the hopping probability. Thus the

exciton diffusion length also increases.

To conclude, the exciton migration process consists of two steps. The
initial energy relaxation is the only process at low temperatures. Afterwards,

the thermally activated hopping is possible if the temperature is high enough.

Consequently the mechanism of the exciton migration is quite different
at low and high temperatures. At low temperatures the exciton migration is
not normal diffusion, which is mathematically defined as the variance of a

group of random walkers growing linearly in time:
As? = Dt , (6.9)

where D 1s diffusion coefficient, and ¢ is time. The variance As?

actually is a square of the diffusion length for the one dimensional diffusion.

The diffusion coefficient for a random walk is expressed by:
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)
D=—-, (6.10)

(A7)
where <l 2> is the average of the square of the hopping length; <At> 1S
the average time between each hop and is determined by the type of the
interaction that drives the exciton migration. Possible interactions include
Dexter, Forster energy transfers, and more complicated Columbic interactions
involving multipoles. However there are evidences that it has mainly Forster-

type energy transfer nature [15]. For point-like chromophores:
Y
At~£—j =1°. (6.11)

The important thing is that regardless of the listed energy transfer
mechanisms the time between hops Ar depends on the hopping length /
differently than the power of two. This makes the exciton diffusion coefficient
to be dependent on the average hopping length <l> For instance, for the

Forster-type energy transfer

)
D=—. (6.12)
)
For its turn <l > depends on the density of target states p:

1 ~3i/p. (6.13)

Thus during the exciton migration down in the density of states the
exciton diffusion coefficient is gradually changed from hop to hop i.e. it
depends on time. Then the variance (6.9) does not depend on time linearly
and such random walk is not a normal diffusion. The described situation
corresponds to the initial energy relaxation process. At low temperature such
process fully determines the exciton migration, which consequently is not

normal diffusion.

The thermally activated hopping happens between sites of similar

energy with slightly changing density of states o . Thus the average hopping
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length (6.13) remains constant during hopping and the variance (6.9) linearly

depends on time indicating the normal diffusion.

Consequently the exciton migration process can not be described by the
one-dimensional continuity equation (5.1) at low temperatures. A master
equation derived for the experimental geometry is more appropriate [54, 55].
In such approach the hopping probability should be estimated, which depends
on the energy transfer nature. However, the exact energy migration
mechanism is still under debate for polymers. In addition to that master
equation requires the exact density of excited states, which is not trivial to
derive. The use of such approach will bring extra assumptions and errors.

Thus it would not necessary lead to more accurate results.

Due to the strong distance dependence of the energy transfer rate, the
energy migration occurs mostly between the nearest neighbors. Therefore the
average hop length of an ensemble of excitons is slightly changed (first
decreased then increased [9, 56]) in time while hopping within the DOS. By
applying the normal diffusion approximation we basically average the hoping
lengths over the exciton lifetime. Such approximation seems to be reasonable
because it sufficiently describes the dependence of the relative quenching
efficiency on sample thickness also at low temperatures (Fig. 6.3a).
Moreover, Herz et al. [56] recently demonstrated that at early times (<10ps)
after the high energy excitation diffusion-assisted energy transfer makes
significant contribution to the energy migration at low temperatures. This
time range is attributed to the energy relaxation trough the DOS maximum.
The longer times are characterized by long-range Forster transfer, which is
performed in the low energy DOS tail. Thus the validity of the diffusion
model is supported by the fact that the described process has essentially
diffusion component. The diffusion coefficient of such ultra fast process
naturally is expected to be larger than the estimated values (Fig. 6.2), which

are averaged over the lifetime.

The described physical picture also explains the temperature

dependence of the energy relaxation rate [9, 56]. The average time between
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each hop (6.11) gets larger from hop to hop down to the low energy tail of the
DOS (6.13). Thus the total relaxation time is longer at low temperatures,
when the level of the most populated states is located deeper in the DOS tail.
Similar arguments can be used to explain the anomalous growth of the exciton
migration length on cooling in the low temperature region. In such a region
the thermally activated diffusion is “switched off” and the exciton migration
length depends only on the position of the most populated level. The latter is
weakly decreasing with temperature shifting to smaller value of density of
states. In order to reach it excitons should make a longer hop (6.13) that

contributes to the exciton migration length.

Two temperature regimes — above and below 100K — also show up
when considering the PL decay times at various temperatures. Figure 6.4b
demonstrates how the weighted average PL decay time depends on
temperature for both MEH- and MDMO-PPV thick (about 250nm) reference
samples. It is influenced by both the nature and concentration of the non-
radiative centers — exciton traps and by the exciton diffusion length. The
unusual behavior of MDMO-PPV could be explained by the presence of
shallow traps within the HOMO-LUMO gap. The trapped excitons could be
easily released by the thermal activation. When the sample is cooled down
they remain trapped and finally are quenched with the resulting faster PL
decay.

An opposite trend is dictated by the probability of reaching a deep trap
during the exciton diffusion. Our experimental results show that the exciton
diffusion length decreases on cooling, which means that quenching
probability by such traps is also decreased. The ratio of shallow and deep
traps determines the resulting trend. For instance, the temperature dependence
of the PL decay times in MEH-PPV demonstrates mostly deep traps, in
contrast to MDMO-PPV, which shows almost equal impact by two different
trap types. It is interesting that the signature of the temperature dependence
of the exciton diffusion length — two temperature regimes — is presented in the

T-dependence of PL decay times of the both materials.
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6.4 Thermal expansion

Among the problems of the low temperature experiment there is also
the thermal expansion of the films under investigation. There are evidences
that the thermal expansion depends on the film thickness [57-59].
Unfortunately it was no possible to measure the film thickness inside the
cryostat. In the previously described calculations the thermal expansion was
neglected, and the room temperature thicknesses were used for the low

temperature modeling.

The relative quenching efficiency Q does not depend on the exciton
diffusion length L, and the polymer thickness L separately (5.19), but on the
ratio L, /L. This value is fixed by the calculation of Q. Due to the fact that
we neglect the thermal expansion the modeled value L, is different from the
real L(dreal). The magnitude of this systematic error naturally is determined by

the thermal expansion coefficient &(T'), relative to the room temperature:
LD =a(T)Ly . (6.14)

Since we expect the thickness to decrease with temperature a(7)<1,
(real)
then L, >L, .

The systematic error (6.14) is absent at room temperature and reaches
its maximum on minimum of the thermal expansion coefficient (7") at a low
temperature. But since we used quite thin films (5-40 nm) the absolute error

due to the thermal expansion is expected to be small.

Finally it is possible to say that there are two systematic errors in our
experiment. One is due to the neglecting of the thermal expansion (6.14),
another due to neglecting of the gradient of (average) conjugation length
(6.4). Both of them make the calculated values of the exciton diffusion length
bigger than the real ones. Thus our results correspond to an upper estimation

of the exciton diffusion length.
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Conclusions

Two differently ordered layers were demonstrated in the spin-coat
MEH- and MDMO-PPV films by absorption spectroscopy. The top layer has
better ordering and is responsible for the red shift in absorption in very thin
films (~15 nm) compared to thick film (100 nm). We found that the free
interface of the spin-coat films appears to be exciton quenching for the
studied materials with a quenching efficiency comparable to that of fullerene-

polymer interface.

The gradient of the average conjugation length is formed at the
interface between the differently ordered layers and facilitates the exciton
drift towards the free interface. Such a drift introduces a systematic error to
the exciton diffusion length calculation, making it bigger than the real value.
It was demonstrated that the error is reduced when using heterostructured
samples with both quenching interfaces and it does not exceed 1 nm in this

case.

The temperature dependence of the exciton diffusion length
(coefficient) was measured for MDMO-PPV. It shows two temperature
regimes with different trends. Upon cooling from the room temperature to 100
K the exciton diffusion length (coefficient) drops from 4,7 nm (3.6:10™* cm?/s)
to 2,9 nm (1.5-10'4 cm2/s) [60]. Further cooling down to 4 K leads to a weak
temperature dependence and a slight growth up to 3,2 nm (2:10™ cm?s). Such
growth could be attributed to the experimental artifacts, but could also be

explained by a qualitative model.

The obtained results are qualitatively explained by the quasiequilibrium
exciton distribution in an inhomogeneously broadened density of excited
states. The exciton migration process is composed of two steps. Upon the
exciton formation the initial energy relaxation to the quasiequilibrium level
happens. During this process the exciton energy is significantly reduced. At

low temperatures (4-100K) such a process fully determines the exciton
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migration. If the temperature is high enough (100-293K) the thermally
activated hopping takes place, which does not lead to large energy relaxation,

but contributes the exciton diffusion length.
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