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Streszczenie

Tematem przewodnim rozprawy sa organiczne ogniwa stoneczne, lekkie, elastyczne
oraz tanie w produkcji urzadzenia bazujace na poétprzewodnikach organicznych. W
rozprawie poruszono dwa tematy: 1) wlasciwosci fizyczne mieszaniny polimer—fuleren
uzywanej do produkeji warstwy aktywnej ogniwa stonecznego, 2) wplyw polimero-
wych warstw putapkujacych $wiatto na absorpcje swiatta oraz wydajno$é¢ organicz-
nych ogniw stonecznych.

Pierwsza cze$é poswigcona zostata przewodzacemu kopolimerowi na bazie kar-
bazolu (PCDTBT), stosowanego jako material donorowy w organicznych ogniwach
stonecznych. W pierwszej kolejnosci, na podstawie puchniecia warstwy polimero-
wej w obecno$ci par rozpuszczalnika, wyznaczono parametr oddzialywania Florego—
Hugginsa y pomiedzy PCDTBT oraz czterema rozpuszczalnikami. Parametr ten po-
zwala okresli¢ kompatybilnos¢ pomiedzy danym polimerem a rozpuszczalnikiem. 7
punktu widzenia organicznych ogniw stonecznych parametr ten odgrywa wazng role
przy formowaniu objetosciowego heteroztacza bazujacego na mieszaninie materiatu
donorowego i akceptorowego.

Zgodnie z nasza wiedzg w niniejszej rozprawie po raz pierwszy przedstawiono war-
tosci x dla pary PCDTBT oraz nastepujacych rozpuszczalnikéw: chloroform, chloro-
benzen, toluen oraz o-dichlorobenzen. Nastepnie na podstawie otrzymanych parame-
trow y skonstruowano tréjsktadnikowy diagram fazowy dla mieszaniny - PCDTBT,
PC7oBM, rozpuszczalnik — w oparciu o ktéry starano sie¢ wyttumaczy¢ koncowa morfo-
logie heteroztacza PCDTBT:PC7yBM otrzymanego w wyniku separacji fazowej. Prze-
widywania te zostaly porownane z rzeczywista morfologia warstwy zbadang przy uzy-
ciu mikroskopii sit atomowych.

Glownym celem drugiej czeSci rozprawy byto zbadanie wptywu polimerowych
warstw putapkujacych $wiatto — periodycznych siatek oraz losowo roztozonych poréw
— na absorpcje $wiatta oraz wydajnosé organicznych ogniw stonecznych. Struktury te
otrzymano przy uzyciu miekkiej litografii oraz wykorzystujac wzory kondensacyjne.
O ile siatki periodyczne otrzymane przy wykorzystaniu komercyjnych ptyt DVD oraz
CD nie wykazalty poprawy wydajnosci ogniw, o tyle struktury porowate doprowadzity
do wzrostu absorpcji oraz pradu zwarcia.

W ramach pracy poszerzono wiedze na temat tworzenia sie wzorow kondensacyj-
nych oraz zbadano jak ich rozmiary (ich glebokosci i srednice) wptywaja na absorpcje
swiatta. Najwiekszg poprawe otrzymano dla struktur o waskiej dystrybucji ksztattow
skupionej wokoét srednicy 0.15 pm oraz gtebokosci 0.35 pum. Wyniki te sa zgodne z
wynikami symulacji przygotowanej przez dr Jakuba Haberko. Nastepnie pokazano, ze
struktury porowate o srednicy ponizej 1.1 pm oraz glebokosci ponizej 350 nm umiesz-
czone na zewnetrznej stronie ogniwa stonecznego zwickszaja prad zwarcia w ogniwach

o 6%.
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Na zakonczenie zaproponowano wykorzystanie metody poziomego rozciggania roz-
tworu (horizontal-dipping) do tworzenia struktur porowatych. Technika ta daje moz-
liwo$¢ przygotowania warstw, w ktérych srednie rozmiary struktur sg gradientowo
roztozone wzdtuz probki, co pozwala na badanie wielu typéw struktur jednoczesnie
przyspieszajac badania. Struktury te zostaly nastepnie powielone za pomoca migk-
kiej litografii i umieszczone na zewnetrznej stronie ogniw stonecznych. Rowniez w tym
wypadku zaobserwowano poprawe pradu zwarcia.
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Chapter 1

Introduction

Synthetic polymers, commonly called plastics, have become an indispensable part of
our modern society. Plastics found in every—day applications are commonly associated
with insulators. This is, however not true in general: in 1977 Shirakawa, MacDiarmid
and Heeger discovered that a doped polyacetylene conducts electricity. This discovery
and their further work on conductive polymers brought them the Nobel Prize in
Chemistry 23 years later. Due to the unique properties of conductive polymers such
as variety of chemical structures, ease of processing, macroscopic flexibility and low—
cost fabrication they have already found a wide range of applications especially in
organic electronics. Examples of such applications include organic LEDs (OLEDs),
organic photovoltaics (OPVs) and organic field effect transistors (OFETs). Whereas
OLEDs have already entered the market, OPVs adoption is hindered by their low
efficiency and rapid degradation compared to traditional silicon photovoltaics [1]. To
overcome these problems research is being directed towards extending the theoretical
description of OPVs, exploring new materials and incremental optimizations of OPV
devices.

One way to produce optimal structures in an efficient way is to apply self-organizing
materials. Such materials can be used to generate a large array of shapes and struc-
tures. In particular, due to phase separation they can create bicontinuous interpen-
etrating structures, commonly used to form bulk heterojunctions (BHJ) in OPVs.
Such BHJ structures are usually formed spontanously during the deposition of a
polymer:fullerene mixture. However, the phase separation process leading to BHJ is
difficult to control and its outcomes cannot be easily predicted. Therefore we still
have to refer to experimental methods to gain information on the physical properties
of resulting structures.

In the first part of this thesis we investigate the phase separation in a ternary
system of carbazole-based copolymer (PCDTBT) and fullerene derivative PCBM
dissolved in common solvents, which is nowadays one of the most prospective mix-
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tures for BHJ [2]. We composed ternary phase diagrams for this mixture (the first
such result to our knowledge) and compared them with the final morphology of BHJ.
To construct the ternary phase diagrams we measured Flory—Huggins interaction pa-
rameters between PCDTBT and several solvents. These parameters are also relevant
by themselves as they provide insights into the thermodynamic properties of polymer
solutions such as their miscibility or solubility.

In the second part of this thesis we shift our attention to another aspect of OPVs:
the light—trapping layer. This layer can be attached to the front side of an OPV
where its main function is to increase the scattering angle of incoming light. With
larger scattering angles the photons traverse longer paths within the OPV and have
increased chance of absorption. Our work focused on comparing how different surface
geometries influence the optical properties of the light—trapping layer and whether
this leads to an increased performance of OPVs. In particular, we compared periodic
geometries with random geometries, where the latter were based on breath figures
(patterns formed by water condensing on a cold polymer solutions surface). As far
as we know, the breath figures have never before been investigated in the context of
light— trapping layers for OPVs.



Chapter 2

Theoretical background

2.1 Organic solar cells

The increasing interest in new renewable energy sources is dictated by the shrinking
supplies of fossil fuels and the motivation to reduce greenhouse gas emissions. Among
different solutions, sunlight seems to be the most promising energy source for the near
future. Inorganic solar cells, mainly based on silicon wafers, have already successfully
entered an energy market. The efficiency of commercial silicon wafers modules amount
to about 17% [3], whereas in the laboratories the best results reach up to 25.6% [4].
Despite the fact that prices of silicon—based solar cells have been visibly reduced over
the last decade there are still too high when compared to other electrical sources [5].
Therefore there is a significant research interest to find alternative materials and
technologies which will meet the market requirements. This thesis focuses on thin
solar cells based on organic semiconductors, mainly conjugated polymers, which are
characterized by desirable qualities such as low cost, flexibility, transparency and
potential to integrate into infrastructures [6].

In the last two decades the researchers made great effort to develop new organic
materials with suitable opto—electronic properties which shift the efficiency of or-
ganic solar cells (OPV) from 1% to over 11.2 % in 2016 [4]. Such enhancement was
possible not only thanks to new materials but also through understanding of the fun-
damental processes in OPV and systematic optimizations. Below we describe some
breakthrough technological improvements and current and past research that OPVs
have undergone, including their operation principle, the device structures and mea-
surement methods.
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Figure 2.1: Schematic illustration of charge generation process within an organic solar
cell.

2.1.1 Operation principle

Organic solar cells (OPV), like their inorganic counterparts, harvest the solar energy
and convert it into electricity. However, the photovoltaic process for inorganic and
organic cells differ from one another. In inorganic solar cells the photon absorption
leads to a formation of free charges, electrons and holes, which after separation at a
p—n junction diffuse to respective electrodes. In case of OPV, due to low dielectric
constant of organic materials (¢ ~ 3 —4 [7]), the light absorption does not directly
lead to free charge formation but to an exciton creation, which is an electron—hole
pair bounded with Coulomb force. Excitons, as neutral quasi—particles, do not con-
tribute directly to the photocurrent, instead they have to be firstly separated into
free charges. This separation has to occur within their lifetime, otherwise the ab-
sorbed energy will be lost through nonradiative or radiative decay . The exciton
dissociation typically occurs at the interface between donor and acceptor materials,
where the energetic difference between donor and acceptor lowest unoccupied molec-
ular orbital LUMO levels exceed the exciton bond energy (~0.3-0.5 eV) [9]. As we
will discuss later, due to a short exciton characteristic distance 10 nm, the proper
donor—acceptor interface architecture is a key factor in OPV development. At the
end, after exciton separation, free positive and negative charges can travel within the
respective materials to the proper electrode. The whole photovoltaic process for OPV
is schematically summarized in Figure [2.1] The overall efficiency of OPV depends on
each of the steps including light absorption, exciton generation and diffusion, charge
separation and collection.

Light absorption The efficiency of the light harvesting inside the active layer of OPV
depends on several factors: a layers thickness, an absorption coefficient and a bandgap
of active layer materials. Organic materials have a relatively high absorption coeffi-
cient (~ 10> cm™! [10]) therefore an absorption layer of a few hundreds nanometers
suffices to absorb all the light at the material absorption peak . However, due to
low charge mobility in organic semiconductors (~ 10731075 cmV~'s~! [11]), there
is a mismatch between optimal thickness from the optical and electrical perspective.
Even hundreds of nanometers cause a significant increase in resistance which nega-
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tively influence the overall efficiency. Therefore the optimal active layer should be as
thin as possible without loosing the absorption capability. One method to achieve this
is to increase the optical path via various light trapping and scattering techniques [12].
The major part of the presented thesis is devoted to external light trapping structures
and their influence on the OPV performance (see Section [f]).

Another obstacle which limits the efficient absorption is an insufficient overlap
between the absorption spectra of organic materials and the solar spectrum. The
majority of the solar energy is concentrated at the visible and near IR regions, whereas
the bandgap of common semiconducting polymers, such as poly(3—hexylthiophene),
does not exceed 2 eV, corresponding to a wavelength less than 620 nm. Thereby at
most 30% of the solar energy can be absorbed. There is a huge scientific interest to
find new organic materials with lower bandgap which will absorb in a wider solar
spectrum. Recently, researches developed new low-band polymers [13] for which the
absorption spectra is extended up to 826 nm [11]. On the other hand, narrowing
band gap can lead to a mismatch between the donor and acceptor energy levels of
materials in OPV which negatively affects the open circuit voltage (the maximum
voltage which a device can deliver to an external circuit) and lower the overall OPV
efficiency [14]. Therefore, to have the best OPV performance, the balance between
optical and electrical parameters must to be struck.

Exciton diffusion and dissociation After the creation of an exciton it has to reach a
donor—acceptor interface within its lifetime to undergo charge separation. Unfortu-
nately, for organic materials the exciton diffusion length is within the range of tens
of nanometers [15] which means that only excitons created within this distance from
the donor—acceptor interface will participate in the photocurrent. This process can
be improved either by extending the exciton diffusion length (e.g. through enhance-
ment of crystalline order of materials, balancing radiative and non-radiative decay
by host—guest dilution [16]) or by designing a favorable donor—acceptor interface. Let
us concentrate on the second aspect as the major breakthrough in OPV was related
to introduction of a new donor—acceptor architecture, so-called bulk heterojunction
(BHJ), schematically presented in Figure [2.3B.

The idea behind BHJ is to prepare an interpenetrating donor—acceptor network
characterized by a large interfacial area and by adequate donor and acceptor per-
colated pathways. Such network would help the created exciton reach the interface,
be dissociated within its lifetime and then, as a free charge, be transported with-
out recombination to the respective electrode. The first organic solar cells based
on BHJ with efficiency exceeding 1% were presented by Yu et al. [17] in 1995. Up
to this moment BHJ has been the most studied configuration for OPVs [14]. Such
bulk—heterojunction is formed during the phase separation of the donor and acceptor
blend cast from a common solvent. The final morphology of the bulk—heterojunction
depends on many factors (choice of solvent, solution concentration, processing condi-
tions, post—processing treatments, interaction between components, miscibility, etc.)
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making it hard to control and to understand. Nevertheless, there is a significant effort
to find the optimal materials and preparation conditions which will result in the op-
timal bulk-heterojunction morphology [18}/19]. One of the approaches to predict the
final morphology is to study a phase behavior of binary or ternary systems [20-22].
One of the objectives of the presented thesis was to analyze the behavior of one
such donor—acceptor mixture (carbazole-bazed copolymer blended with fullerene) via
ternary phase diagram. The results are presented in Section

Once excitons reach the donor—acceptor interface they can be dissociated into free
charges or recombined to a ground state. The dissociation can happen if the energy
difference between donor and acceptor LUMO level exceeds the exciton binding energy
and proceeds in several steps, including a formation of a weakly bounded intermediate
charge transfer state. This state, however, can still lead back to a recombination, the
undesirable process in the context of photocurrent creation. The probability of a
recombination depends, among others, on the interface morphology [18].

Charge transport and collection After exciton dissociation one of the final steps to
capturing the exciton energy is to efficiently transport charges through the device to
the respective electrodes. The transport is driven by both drift (caused by internal
and external built-in field) and diffusion (related to charges concentration gradient).
Due to amorphous (non—crystalline) nature of organic materials the charge transport
has a hopping character rather then a coherent band-like motion, as in highly ordered
molecular crystal or inorganic semiconductors. The charge mobility of a disordered
polymer is rather low, in the range of 1075 — 1073cm?/V's [23]. However, there are
several ways to improve the mobility, making the transport more efficient: better
molecular packing, optimizing the molecular size and weight and also reducing the
morphological defects which negatively affect the charge lifetime [23].

The final step is to efficiently collect charges at the respective electrodes. To
minimize the losses the acceptor and donor layers should form an Ohmic contact
with respective electrodes. In practice, intermediate layers are used to better fit the
energetic levels of the materials and also block undesirable charges.

2.1.2 Device structures

Figure schematically presents the conventional architecture of OPV with selected
layers. An active layer, a major part of the device where the energy from light is
transferred to the charges, is located between two electrodes of which at least one has
to be transparent (depending on the architecture of the OPV). Intermediate layers,
placed between the active layer and the electrodes, can improve the charge extraction
and therefore increase the efficiency of the photovoltaic process. The organic devices
are susceptible to degradation under different environment factors like oxygen, hu-
midity, temperature [24]. To suppress such degradation additional protection barriers
are necessary.
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Figure 2.2: Schematic picture of organic solar cells with layers placed in certain order
- two electrodes, which at least one has to be transparent; active layer, where light is
absorbed and convert into charges, intermediate layer which improves charge extrac-
tion and protection layer which reduces the negative impact of the environment on
the device performance.

Electrodes and substrate One of the most common transparent electrodes, used not
only for OPV but also in liquid crystal displays, touch panels or organic light—emitting
diodes, is indium tin oxide (ITO) characterized by high optical transmission in the
visible region and high electrical conductivity . However, due to high costs (ITO
is the most expensive part of OPV [26]), poor mechanical flexibility and limited sup-
ply (ITO is listed among 14 the most critical raw materials in the world [27]) there
is a huge research effort to find low—cost replacements for ITO. The most promis-
ing alternatives include carbon based electrodes like graphene, carbon nanotubes or
conducting polymers [28].

As for the substrate, glass is still one of the most popular material due to its
low cost and stability. It fits well as a rigid substrate, however, it is not suitable for
roll-to—roll manufacturing. Therefore alternative materials are under examination like
flexible plastic substrates; poly(ethylene terephthalate) PET, polycarbonate PC
or recyclable cellulose substrate [30]. In general substrates should satisfied several
requirements like high transparency, high surface smoothness to avoid shunts in the
devices, have high dimension stability, good resistance to chemical, temperature or
mechanical impact [25].

Interfacial layer Omne of the last steps in photocurrent generation is to efficiently
collect the charges at the electrodes. To facilitate this process the interfacial layers are
commonly placed between the active layer and electrodes. They improve the selective
hole or electron extraction by simultaneously blocking the opposite charge, minimizing
the recombination losses and adjusting the energy levels. In the organic devices, where
ITO is used as a transparent anode, there is often a mismatch between ITO work
function and HOMO level of donor materials. To improve the Ohmic contact one of
the most common choices for a cathode interlayer is poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) characterized by high transparency and solution
processability. However, as studies showed, it negatively influences the device stability
, therefore there is a great effort to find the alternatives. Here inorganic materials
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Figure 2.3: Schematic illustration of three different strategies for donor—acceptor ar-
chitectures: A) a bilayer structure, B) a bulk heterojunction

(p-type metal oxides as NiO, V5035, MoO3), polymers (doped polyanilines, conjugated
polyelectrolyte) or self-assambled monolayers are under examination . For efficient
electron collection and hole blocking the most widely used cathode interfacial layers
are ZnO (due to its high conductivity, solution processibility and low cost), TiO,,
graphenes and self-assembled monolayers .

Active layer The active layer, a place where absorbed photons are converted into
the excitons and then separated into free charges, typically consists of two materials:
donor and acceptor. There are several strategies how these two materials can be
arranged within the active layer (Figure [2.3).

Historically, the first organic solar cells with efficiency close to 1% presented in
1986 by Tang et al. , were based on a bilayer structure (Figure ) Unfortu-
nately, for many years the researchers failed to get a highly efficient bilayer OPV, the
best ones did not exceed 3% . The main reason behind it was that in the bilayer
structure only a small volume of the active layer is fully involved in charge produc-
tion. As we already discussed, due to short diffusion exciton length within conductive
materials only excitons created closed to donor—acceptor interface can be dissociated
and then collected at the electrodes.

Recently, however, Seo et al. made a breakthrough presenting their sequen-
tially deposited polymer—fullerene bilayer OPV with efficiency 7.12%. They showed
that by adding the ordering agent to the polymer solution and heterojunction agent
to the fullerene solution it is possible to obtained nanoscale non—planar heterojunc-
tions which enlarge the interfacial area between the donor and acceptor. Based on
these positive results one can expect that in near future the bilayer system will attract
much more attention.

The second and also the most studied donor—acceptor architecture is the so—called
bulk heterojunction (BHJ) (Figure 2.3B) which we have already introduced in Sec-
tion [2.1.1] Here the donor and acceptor materials form bicontinuous interpenetrating
networks with extensive interfacial surface which enables efficient exciton dissocia-
tion. Since 1995 the OPVs based on BHJ have been widely studied and the top
results can be found in several reviews [14,[33/[34]. In a nutshell, the research on BHJ
in OPV carried out for more than 20 years has been concentrated on exploiting a
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new donor— acceptor materials [14], controlling and optimizing the morphology in
bulk-heterojunction [19] and finding the optimal processing conditions. Additionally,
a lot of attention was recently given to test and improve device reliability, stability
and lifetime [35H37].

For years the most investigated donor—acceptor materials were mixtures of poly(3—
hexylthiophene) P3HT with fullerene derivative PCgBM. Despite the fact that the
efficiency of the devices was not high (based on metastudy [34] most of the reported
efficiency were between 3% and 4%), the studies under this system brought a lot
of important strategies on how to enhance the device performance by thermal or
solvent annealing, selection of solvent, using the processing additives and increasing
the crystallinity which were later successfully applied for other BHJ systems.

Subsequently, the focus was shifted to low band gap polymers like polyfluorene or
polycarbazoles as novel donor materials for BHJ. A polymer with a band gap below
2 eV can absorb light with wavelengths greater than 620 nm resulting in more efficient
harvesting of solar energy compared to poly(3-hexylthiophene). Additional increase
in open—circuit voltage V,. and short—circuit current density .J,. was obtained by
decreasing and optimizing the energy bandgap and the donor HOMO energy level. All
of these changes result in high performance devices with efficiency regularly exceeding
7% [38].

2.1.3 Photovoltaic characteristics

Current—voltage characteristic and equivalent circuit The performance of an organic
solar cell can be determined by measuring the device current response on the applied
voltage (Figure[2.4A). Under dark conditions the current—voltage (J-V) characteristic
follows a diode behavior, whereas under the illumination solar cell can be treated as
a current generator which delivers the photocurrent. For the ideal solar cell under the
illumination the J-V curve can be expressed by:

J=Js {exp <;B‘;> - 1} — Jphs (2.1)
where Js is a saturation current density, ¢ the elementary charge, V' the applied
voltage, kp the Boltzmann constant, 7" the temperature and J,, the photocurrent
density.

In reality, however, due to the presence of different parasite resistances (series R
and shunt Rgp,) the J-V curve deviates from the ideal shape described by Eq. . R,
is mainly associated with the resistance of the active layer and electrodes as well as
the resistance between interfaces, whereas R, is related to leaking current induced
by impurities or manufacturing defects. Figure presents the equivalent circuit for
a non-ideal organic solar cell with a photocurrent source, a diode and a shunt and
series resistor. For such system the current response can be written as:

V- JR,

a (2.2)

J=J, [exp (ngT(v - JRS)> - 1} +
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Figure 2.4: A) Current-Voltage characteristic for idealized solar cell without any par-
asitic resistances in dark and under illumination. The J-V curve intersection with
y-axis determines the short-circuit current density Js. whereas the intersection with
x-axis the open-circuit voltage V,.. B) Electrical power curve with a marked maximum
power point also known as the optimum operation point.
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Figure 2.5: Equivalent circuit of a non-ideal solar cell consisting of photocurrent
generator J,, diode part with marked current density of diode J; and ideality diode
factor n, series R, and shunt resistance R,,.

where n is the ideality factor of the diode. The factor n indicates how close the diode
matches the ideal diode theory. If n = 1 then there is no carrier recombination in the
depletion region and diffusion current dominates, for n = 2 the situation is reversed.
Due to the presence of both diffusion and recombination currents n should be within
the range 1 to 2. However, in case of organic solar cells as well as thin film solar
cell n is often found to be greater than 2 due to the presence of different traps and
heterojunctions [25].
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Efficiency The J-V characteristic gives us a valuable source of information about the
quality of the device and the different processes occurring in it. On top of that the
J-V curve allows to calculate the overall efficiency of the device (a power conversion
ratio) defined as a ratio of maximum power density P, generated by the device to
the density power of the incident light P, according to the formula below.

Praz IV JsVoeF'F
Pn  Pn P
where P, is a product of J,, and V,,, in the optimum operation point (Figure );
Jse 18 short—circuit current density which describes the current low under zero voltage;
V., open—circuit voltage the maximum voltage which can be delivered to an external
circuit and F'F' is a fill factor which describes how close to a rectangle the J-V curve
is. Let us look on some factors which influence the above parameters.

PCE = , (2.3)

Fill Factor This parameter characterizes how rectangular the J-V curve is and is
defined as a ratio between the maximum output power of a solar cell and a rectangle
spanned by the V,. and Iy, and (0,0):

I Vin

FF =
IscVoc

(2.4)

In case of organic solar cells F'F is usually within the range of 50 to 70% whereas for
inorganic devices it can reach up to 90% [39]. F'F' is related to the balance between
charge extraction and recombination therefore it is mainly affected by the carriers
mobility, charge collection and series and shunt resistances [40]. In recent years dif-
ferent approaches were proposed to enhance FF in organic solar cells among others
using a buffer layer which will reduce contact resistance or current leakage, improving
mobility through morphology optimization and crystallinity enhancement [39).

Open Circuit voltage Open-—circuit voltage, V., is the maximum voltage which can
be delivered to an external circuit. For organic solar cell, the V,. is predominantly
determined by the difference between highest occupied molecular orbital (HOMO)
of donor and lowest unoccupied molecular orbital level (LUMO) of acceptor [41].
Scharber et al. [42], based on examination of 26 different donor—acceptor materials,
proposed an empirical expression for V,. in organic solar cells.

1
Voe = E(DHOMO — Arumo) — 0.3 (2.5)

Unfortunately, there is still lack of precise understanding of origin of V. |43|. Never-
theless, up to now, the researchers found plenty of factors influencing the open circuit
voltage in organic solar cells like donor—acceptor interface area, charge transfer state,
morphology, temperature, defects, crystallinity, charge mobility and recombination
rate (see [41] for a comprehensive review).
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Short Circuit Current Even under zero voltage the illuminated solar cells produce
the photocurrent known as short—circuit current I,.. The value of I,. depends on
the devices area therefore to remove this dependence this parameter is commonly
substituted by short—circuit current density Js.. Under ideal conditions, without any
loss mechanisms, the J;. will be the same as the light-generated current and will be
equal to the product of photoinduceed charge carrier density and the charge mobility
within the organic materials.

The values of J,. is mainly associated with the optical and transport properties
of active layers materials. To ensure a high J,. value the absorption spectrum of
materials should overlap with the sunlight spectrum. For materials with a bandgap
of 1.8 eV (like poly(3-hexylthiophene)), where each absorbed photon generates an
electron, J,. will reach 20 mA - em™2 [11]. Therefore, as we already pointed out, a
lot of attention is currently being devoted to finding polymer materials with a lower
bandgap.

2.2 Light management for organic solar cells

Efficient light absorption in photovoltaic devices is one of the crucial factors which
determines their overall performance. Compared with silicon, conductive polymers
have relatively high absorption coefficient 10° ecm™!, so hundreds of nanometers of
materials is enough to absorb most of the radiation [25]. However, the optimal organic
active layer, where the absorption and charge generation occurs, is much thinner than
it should be from an absorption perspective due to a limited exciton diffusion range
of ~10 nm. Therefore a lot of attention has been devoted to find new approaches
which will improve absorption and keep the active layer thin to enable efficient charge
collection. As in the case of silicon solar cells, the optical enhancement can be realized
through anti-reflection or light trapping structures. The anti-reflection structures are
attached on the front side of a solar cell whereas the light trapping structures can
be integrated both outside and inside of the device [44]. Below we will describe both
strategies with particular emphasis on using polymer materials. Thanks to their self—
organization or phase separation a wide range of structures with different dimensions
can be formed. A considerable part of the presented thesis was devoted to polymer
light trapping structures and their influence on the organic solar cells performance

(Section [f]).

2.2.1 Anti—reflection structure

When modeling light travelling through a medium we have to take into account
several physical phenomena depending on optical properties and surface texturing of
the material: the light can be transmitted, absorbed, scattered, refracted or reflected.

The light reflection at uniform planar interfaces can be described via Fresnel equa-
tions. In the simplest case when the light is reflected only from one interface, e.g.
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reflection between air and substrate, the incidence angle is equal zero and there is no
difference between p and s polarization the reflectance is given by [45]:

‘no—ns

2.6
No + Ng ( )

where ny and ng are refractive index of air and substrate. For a common glass with
n, ~ 1.5 the reflectance is 4%, in case of silicon layer the reflectance reach up to 30%
due to larger refractive index ng ~ 3.5 compared to air.

There are several ways to decrease the reflectance: single or multilayer coating,
gradient refractive index coating, introducing additional porous layers or applying
surface-relief grating [46/-48|. The structures can be fabricated either bottom up by
solution processing, physical or chemical vapour deposition or top down using etching
[46].

Anti-reflection strategies The simplest antireflection coating can be manufactured
from a single homogeneous film placed on top of the substrate. Under special condi-
tions the reflected light from interface e.g. substrate and air can interfere destructively
maximazing the light transmission. For an exact reflectance cancellation two crite-
ria have to be met. Firstly, the thickness of anti-reflection layer has to be an odd
multiple of a quarter of the wavelength of the incident beam. Secondly, two reflected
wave must have the same intensity which is satisfied when the refractive index of
an anti-reflection coating is a geometric mean n = /ngn; of the refractive index of
air (ng) and substrate (ns) [46]. For glass substrate with refraction index ~ 1.5 the
antireflection material should have index about 1.22. Unfortunately, materials which
meet this criterion are rare [46]. Additionally, the single-layer coating has a major
limitation. Due to the dependence of refractive index on wavelength this strategy can
be optimized only for a single wavelength and for a fixed (normal) angle of incidence.

An antireflection effect in broad spectrum range can be achieved through a multi—
layer coating or a gradient refractive index coating, where refractive index gradually
decreases from the top to the bottom of the antireflection layer. It was demonstrated
that a gradient-index medium can be realized through polymer porous layers pre-
pared using phase separation of polymer blends [49,50], block—copolymer [51-53] or
breath figures [54,55]. The influence of breath figures on the light propagation will be
discussed in more detail in Section [2.2.3| as one of the objective of the presented thesis
is to examine the effect of breath figures on changes in organic solar cells performance
(Section [5.2)).

Walheim et al. [49] showed that nanoporous polymer films can improve transmis-
sion up to 99.7% over the whole visible spectrum. The nanoporous structures were
prepared via phase separation of polymethyl-methacylate and polystyrene resulting
in lateral phase morphology. To produce porous films one of the components, in this
case polystyrene, had to be selectively dissolved. By changing the volume fraction of
polymer composition they were able to vary the refractive index between 1.5 to 1.05.
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Figure 2.6: Two strategies how to increase the optical path inside the active layer of
organic solar cells: A) by modifying active layer — electrode interface with periodic
structures, B) by attaching an external light trapping layer.

Park and Kim [54] found that breath figures prepared from cellulose acetate butyrate
with average pore diameter of 227 nm reduce reflectance of glass from 4% to less then
1% in the wavelength region between 900 and 2000 nm. Galeotti et al. [55] went a
step further: they used breath figures as templates for PDMS replica molding. They
showed that a glass surface covered with hemispherical nanodomes with diameter of
250 nm and depth of 100 nm in has 2% higher transmission compare to flat glass
substrate. In Section we will show how the breath figures imprinted on an glass
substrate with this technique affect the light transmissions.

In the context of organic solar cells the question is how the reduction of light
reflectance due to additional antireflection structures translates into changes in per-
formance of devices. As Luk et al. [56] showed the self-assembling nano-silica spheres
with 126 nm in diameter not only reduce the light reflectance by 3% but also improve
the efficiency of organic solar cells (based on P3HT:PCgBM) from 1.8% to 2.05%.
Chen et al. [57] used moth eye monostructures with groove depth of 180 nm and period
of 200 nm as a self-cleaning antireflection layer. They reported a decrease in average
reflectance from 12% to 5% over the wide spectrum from 300 nm to 800 nm along
with an increase of organic cell efficiency up to 3.89%. As the above studies showed,
adding anti-reflection layers is a viable strategy to increase OPVs performance [57].

2.2.2 Light trapping structures

The goal of light trapping is to extend the light path inside solar cells and thereupon
increase the probability of light absorption. This can be achieved by employing ran-
dom or ordered surface structures, backside reflector, electrode engineering, plasmonic
structures or photonic crystal [12}/44,58-63]. Below we will concentrate mainly on a
periodically modified active layer (Figure ) and external light trapping layers
(Figure [2.6B) as the main part of the presented thesis was dedicated on these topics.
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Figure 2.7: The influence of three grading periods (400 nm, 800 nm and 1600 nm) on
the diffraction angles.

Additionally, we will refer to simulations performed by dr Jakub Haberko in which
the author examined the influence of dimensions of external porous structures on the
light propagation.

Grating structures

One of the method how to trap light inside the solar cell is to use different 1D
or 2D grating structures integrated either directly on the active layer [64] or on
one of the electrode [65,66]. As is schematically depicted in Figure , due to
backward diffraction on the periodic structures the direction of light propagation is
changed increasing the optical path inside the solar cells. The diffraction angles can
be calculated based on Bragg grating equations:

mA = nd(sin 6; + sin 6,,) (2.7)

where m is the diffraction order, A the wavelength of incident light, n refractive index
of active layer, d grating period, 0; the incident angle and 0,, the diffraction angle of
m diffraction order.

Let us check how the choice of grating periods affects diffraction angels. Here we
concentrate on three values d = 400 nm, 800 nm, 1600 nm which correspond with
periods of commercially available Blu-ray, CD and DVD discs. As we will show in
Section the discs’ patterns can be replicated to the polymer layers via soft
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lithography. As can be seen from Figure under the normal light incidence 6; =
0° for d = 1600 nm the 0, 1st, 2th and 3th diffraction order is observed in whole
visible range. For smaller periods the diffraction angles shift towards higher values
resulting in disappearance of higher order diffraction above certain wavelengths. After
backward diffraction the light passes once again through the active layer. Additionally,
if the diffraction angle 6, is greater then critical angle for total internal reflection at
the multilayered interface the light can be reflected back and again coupled in the
active layer. For simplification let as assume that refractive index of the active layer
P3HT:PCgoBM is constant in the visible range ngcrive = 2 [67]. As a matter of fact the
refractive index of conductive polymers varied in non-linear way across the wavelength
(see [67] or Figure[L.5)). For the active layer — glass boundary the critical angle amounts
6. = 48.6°. The conductive polymers, such as P3HT, absorb in visible range up to
400 nm [8], therefore based on Figure the most suitable grating period to trap the
light in the polymer absorption range seems to be 800 nm which correspond to DVD
pattern. In one of our experiment (Section , on the influence of grating period
on the absorption changes in a conductive polymer, we confirmed that the highest
improvement was observed for grating with period around 800 nm.

In the last decades employing different periodic structures to improve the organic
solar cells (OPV) performance has attracted much attention from research teams
[64-66,68,/69]. One of the first example of embossing diffraction grating in the active
layer of OPV was presented by Roman et al. [68]. They used soft embossing to transfer
triangular shape patterns with period 416 nm to the polymer layer. They observed the
enhancement in device efficiency in the wide range of spectrum. They also examined
separately a transversal and parallel part of polarizated light with reference to the
plane of incidence. They showed that whereas for unpattern solar cell the external
quantum efficiency is comparable for both polarizations, in case of pattern structure
there is a visible increase in the efficiency for transversal light polarization. The similar
observation was reported by Niggemman [65,70] who examined a sinusoidal grating
with a 720 nm period. The absorbance in the active layer increase about 8.7 % due
to light-guide effect for transversal electric polarization (perpendicular to the light
incidence plane) for wavelength greater than 650 nm. On the other hand, in case of
transversal magnetic polarization most of the guided light is absorbed by aluminium
causing 27% reduction in absorbance inside the active layer. Na et al. [64] showed that
not only gratings’ periods but also their heights affect the performance of OPV. The
best results were achieved for structures with 20 nm grating height. Higher gratings
deteriorate OPV through lowering of shunt resistance. The problem with reduction of
fill factor for pattern structures was presented by [71] and also in one of our experiment
(Section [5.1.1]).

As can be seen event though integrated grating structures increase the optical
path it does not always result in better OPV performance due to i.e. non—uniformity
in metal contact [64]. In the section below we will present a different light trapping
strategy which will not negatively affect the internal electrical properties of the de-
vices.
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External light scattering structures

The second option how to increase the chance of light absorption is to scatter the
light inside a device. This can be done among others by texturing the light incidence
surface of the devices.

One of the first theoretical description of influence of textured surface onto the ab-
sorption in silicon solar cells was made by Yablonovitch and Cody [72]. They showed
that due to an isotropically scattering surface the average light path length can in-
crease by 4n?, where n is the material refractive index. Their work was based on a few
assumptions. Firstly, the textured surface was treated as a Lambertian surface which
by definition reflects the light equally into all directions. Secondly, the thickness of
the cell was greater than \/2n where A is the light wavelength, so the wave optical
effects can be omitted. Yablonovitch theory was confirmed in the work by Otto et
al. [73]. The authors observed the appropriate absorption enhancement in black sili-
con sample due to additional textured layer. However, in case of organic solar cells the
optimal thickness of absorbing layer is much thinner than the wavelength of incident
light, so wave effects can not be neglected. Yu et al. [74] examined the light trapping
in thin films through coupled-mode theory. They showed that with proper design of
nanophotonic structures one can achieve even higher absorption enhancement than
this which result from standard theory of light trapping applied for bulk structures.

To obtain the scattering effect both an internal and an external part of the device
can be modified. Here, however, we will concentrate mainly on the external light
trapping structures (Figure 2.6B). Compare to internal counterparts the external
structures does not negatively interfere with the internal electrical properties [75].
Secondly, the structures can be fabricated independently from solar cells using soft—
lithography or solution based techniques [12] suitable also for large scale production.
Additionally, the structures can be applied to already optimized device configuration.

Tvingstedt et al. [76] propose to use external microlenses with additional metallic
mirror with holes prepared by soft-lithography and self-assembly process. Polymer
lenses with period 400 um collimate and direct the incident light inside the devices,
whereas the metallic mirror prevents the escape of light from the devices. In this way
the authors observed enhancement in the absorption rate and photocurrent by 25% in
organic solar cells. Myers et al. [75] showed that transparent polymer microllenes with
diameter 100 um increased efficiency of several different types of organic solar cell
including polymer:fullerene bulk heterojunction (26% of relative increase of efficiency
An), bilayer small molecules (An = 56% ) or hybrid devices (An = 32% ). Chen et
al. [57] examined experimentally the influence of microlenses on organic solar cells
performance and also conducted a simulation of electrical field distribution. Compare
to |75]/76] the features size were hundred times smaller from 0.6 to 2 um. Based on the
OPV current—voltage characteristic the highest relative increase in efficiency up to
10% was obtained for devices with microlenses 1 um in diameter. Additionally, they
observed that the efficiency of the OPV improves with an increasing depth of the
microlenses. The experimental results were with agreement with simulations which
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Figure 2.8: Schematic picture of simulated system. Plane monochromatic electro-
magnetic waves, propagating in z-direction, pass through porous polymer structures
with a pore diameter (d) and a depression (sd). As the output the Poyting vector is
determined.

also reveal the increase in the light path was results of light diffraction.

In all above experiments microlenses have convex character. In this thesis, however,
we adopted a different approach namely we use external porous structures known as
breath figures. The structures were prepared in a single step methods by deposition
of a polymer solution either in a humid atmosphere or by additional small amount
of water in the solution. In this way we obtained porous structures with various
diameters up to 1.5 pm. As simulation and also our experimental results showed such
structures not only reduce reflection but also change the direction of light propagation.
The deflection angle strongly depends on porous diameters and also their depressions.
The next section will summarized the most important results of simulation conducted

by Dr. Jakub Haberko [77].

2.2.3 Light propagation through porous polymer layer

The goal of the simulation, performed by Dr. Jakub Haberko, was to evaluate the
antireflection and light trapping capabilities of a porous polymer layer. To check the
antireflection character the author determined the light transmittance through pores
with different dimensions. In case of light trapping the deviation of the Poyting vector
from the surface normal was calculated.

All of the results were based on solving Maxwell’s equations for plane monochro-
matic wave propagating through pores. Figure presents the schematic picture of
the system. Simulation were performed by using Finite Difference Time-Domain. The
analyzed structure were closed—packed polymer pores arrange in the triangular net-
work. The pores diameter (d) and the depression (sd) varied between d: 0.3 - 1.8 um,
sd: 0.0 - 0.9 um whereas the thickness of the polymer layer were fixed.
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lation results for light transmission made by dr Jakub Haberko.

The graph presents the transmission spectra for holes with different depression (sd)

The simu
and the distance between the hole center (d).

Figure 2.9



20 CHAPTER 2. THEORETICAL BACKGROUND

<Transmittance>

18] | - 0.99

1.6} 0.985
=14 0.98
=
— 10.975
w121
@
5 10.97
£
Qo1
S 40.965
o
[1h]
-5_0-3 10.96
w

0.6 —F 0.955

B 0.95
04F1 =
0.8 0.6 04 0.2 0

sphere depression, sd [um]

Figure 2.10: Simulation of transmittance prepared by dr Jakub Haberko. The 2D map
presents the transmittance for holes with different depression (sd) and the distance
between the hole center (d) The transmittance was calculated as a weighted mean
(the weight was solar radiance spectrum).

Transmission Figure 2.9 presents transmission spectra through porous structures for
different pairs of diameter (d) and depression (sd). A flat polymer layer is represented
in the first column as a structures with zero depression. As can be observed both pa-
rameters influence light propagation in a visible range, however the more pronounced
changes are visible when the pores depression is changing. The highest transmission
throughout whole spectra was observed for structures with sd: 0.2 - 0.25 pm and d:
0.3 -0.4 um.

To better explore the influence of pores dimensions the author calculated trans-
mittance as a weighted mean, where weight was solar radiation spectrum AM1.5. The
results are depicted on a 2D map of pores dimension presented in Figure [2.10] For a
flat layer and structures with sd below 0.1 pm the transmittance amounts 94.6% and
it is accordance with values 94.8% obtained from Fresnel equations. In the transmit-
tance map we can distinguish some main regions; for structure with depression smaller
than 0.1 pm independently on the diameter the transmittance doesn’t exceed 95%.
The slight improvement up to 96.5% was observed for pores with d: 1.2 - 1.9 um and
sd greater then 0.4 pum. The increased up to 98% were visible in the relative narrow
region of sd: 0.18 - 0.28 um and d: 0.3 - 0.6 um. The best results 99.2% were obtained
for sd: 0.22 - 0.24 pm and d: 0.44 - 0.46 pum. Such structures are most suitable as an
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antireflection textures.

Light scattering As simulation depicted the porous structure not only increase the
light transmission but also can act as light scattering structures. The magnitude of
scattering angle depends, similar as for diffraction grating, on the wavelength and the
structures dimensions. As in the previous transmission simulation the main attention
was paid to examine how the scatter angle depends on pores diameters (d) and their
depression (sd) and for which pair (d, sd) the highest angle values are obtained.
The effective scattering angle we mentioned above is defined as an energy—weighted
average of the angle of the outgoing wave. Mathematically this can be described by

(9(2) E(x))sex
(E(2))zes

where x is a point on a 2d plane Y parallel to the incoming wave and placed some
distance after the porous structures, while E(x) is the energy of the wave at point
x, given simply by a length of a Poynting vector (|S(x,t)|)co,r] averaged over one
period. The angle ¢(x) is the angle of the Poynting vector at point x. The denominator
is the average of the weights and it normalizes the effective angle with respect to the
total energy of the outgoing wave (so that for a constant ¢(z) we have ¢(z) = Pauy)-
One can interpret formula as the angle at which most of the energy leaves the
system.

Figure presents calculated effective scattering angle ¢, for different pairs
of pores diameters (d) and depression (sd). As can be seen, similar in a transmission
map (Figure , the value strongly depends on both pores parameter. The most
pronounced deflection, ¢q,, = 22°, was observed for d~ 0.42 pm and sd changing
from 0.12 to 0.2 pm. Additionally, for a wide range of structures the scatter angle
exceed 11°. Interestingly, there are also some additional islands with increase in ¢g.,4
which resembled the diffraction patterns.

Gevg = (2.8)
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Figure 2.11: Calculated effective scattering angle for different hole depression (sd) and
diameter (d). The simulation and calculation was performed by dr Jakub Haberko.

2.3 Phase separation

Mixing behaviour of two or more components (e.g. polymers or polymer and solvent)
can be described in thermodynamics terms by analyzing the change in Gibbs free

energy defined as :
AG,, = AH,, — TAS,,, (2.9)

where AH,, is the enthalpy, AS,, the entropy of mixing and T is the temperature.
The components are not miscible if AG,, > 0 and miscible if AG,, < 0. As AG,,
can not be explicitly determined approximate models have to be used to predict
the mixing behavior. In 1940s Flory and Huggins proposed a mathematical model to
calculate the change AG,, for mixing a polymer with a solvent.

2.3.1 The Flory-Huggins theory

Flory-Huggins theory combines a mean field theory and a lattice model. The lattice,
graphically depicted in Figure 2.12] consists of n sites which are occupied either by
polymer segment or solvent molecule. Let us assume that each polymer chain consists
of N segments and in total there are n, polymer chains. The remaining sites are
occupied by ng solvent molecules so that ng + Nn, = n. Then the polymer volume
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Figure 2.12: Lattice model for a polymer—solvent blend system. The red sites are
occupied by polymer chains whereas the white by solvents molecules.

fraction can be expressed as:

6= -2 (2.10)

and solvent fraction n
1l—¢p=—

s
n

(2.11)

Using statistical mechanics one can calculate the combinatorial entropy of mixing

(see [79]): A
m ¢
=—|=1 1—¢)In(1—29¢)|. 2.12
= [y mo+ (1 -9m(1-0 (212
For polymers with large segment length N and low concentration (¢ < 1) the ex-
pression AS,, is small and the main role in miscibility is played by enthalpy. As Flory
showed the enthalpy of mixing per lattice site is given by (for derivation see ):

Hy,
kpT = x¢(1—9), (2.13)

where x is the Flory-Huggins interaction parameter determined by contact energies
€;; between the ¢ and j segments:

z 1

eps — =(epp + €55)), (2.14)

X = kBT( 2

where z is the number of the nearest neighbors in the lattice, e pp is the contact energy
between polymer—polymer segments, £gg solvent—solvent and epg polymer—solvent.
Depending on the relative strengths of interactions x can have positive or negative
values. Positive xy means that the polymer—polymer and solvent—solvent contacts are
more favorable then the polymer—solvent, in contrary to negative x where polymer—
solvent contacts are preferred.
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Combining Eq. and Eq. one obtains a Flory—Huggins equation for the
polymer solution:

AG,, ¢

T~ N ot =0 n(l=e)+xe(l - 9). (2.15)

The first two terms in Eq. represent the combinatorial entropy, the third term
represents the enthalpy. While the entropy always promotes the mixing the enthalpy
can either promote (y < 0) or oppose (x > 0) the polymer mixing. It is evident that
X plays an important role in mixing behavior. In Section we will experimentally
determine an interaction parameter y between a new generation donor carbazole—
based copolymer (PCDTBT) and solvents.

2.3.2 Flory-Huggins interaction parameter

Flory-Huggins theory is based on several assumptions [79]:
1. The volume and shape of polymer segments is equal to solvent molecules.
2. All polymer molecules have the same size.

3. There is no volume change of mixing and the interaction parameter y is inde-
pendent of composition.

In reality, however, these criteria are not satisfied. All deviations are compensated by
making y a function of the composition ¢, temperature 7" or chain length N [78]:

x= 20N o) (2.16)
There are several experimental methods how to determine x parameter such as os-
motic pressure measurements, light scattering methods suitable for a low concen-
trated region or vapour pressure methods which can be applied for a wider range
0.3 < ¢ < 0.8 [81]. It this thesis we use an vapor-pressure method; the swelling of
polymer layers due to the presence of solvent vapors (see Section .

Swelling of polymer films A polymer layer swells in the presence of solvent vapors as
the solvent molecules diffuse into the polymer layer. The process can be described
analogous to the regular solution theory [80].

In a swelling experiment two equilibrium states are considered: 1) the equilibrium
between solvent and its vapors, 2) the equilibrium between solvent molecules in the
swollen polymer (polymer solution) and the vapors above them. In the first case the
equilibrium is obtained when the vapor is saturated, the chemical potential is equal:

/J’S(Tﬂ psat) = o + kBT In (psat/po) (217)
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where 1, is a chemical potential at reference pressure p, In the second case for a given
polymer volume fraction ¢ the chemical potential is equal:

(T, 0, @) = pto + kT In (p/ps,). (2.18)

On the other hand, chemical potential difference Ay, of solvent molecules between a
solution and pure solvent can be calculated based on energy of mixing:

Aps [ 0 AGhip B 1 2

where n, and n, are numbers of polymers and solvent molecules.
Subtracting Eq. and Eq. and combining with Eq. we obtain the
expression which relates the relative partial pressure p/psat with polymer volume

fraction ¢.

m ~— Ms 1
S == 0+ (1= )6+ X’ (2:20)

Additionally, if volume fraction ¢ is expressed as the reverse of relative film expansion
¢ = do/d and also N > 1 then Eq. can be approximated as:

ln(p/psat) -

In(p/psat) = In (1 - Ci;) + Cf; + x (%)2 (2.21)

By measuring the relative expansion of the polymer layer under the different vapour
pressure one can calculate the interaction parameter x between polymer and solvent.

2.3.3 Flory-Huggins interaction parameter and solubility param-
eter

For a non-polar mixture, where interaction between species is governed mainly by
dispersion forces, the Flory—Huggins interaction parameter can be estimated based
on the solubility parameter ¢ [78]:

AE,
5; = ‘ 2.22
- (2:22)

where V., is the volume of lattice segment and AE; is the energy of vaporization. The
ratio %, known as cohesive energy density, can be understood as the interaction
seq
energy per volume between the molecules of the same types (polymers or solvents)
¢;; therefore:
AEZ ZE4;

= _ = 2 2.23
‘/seq 2‘/8&1 ‘ ( )

The minus sign stems for the fact that it is assumed that polymers and solvents
interact mainly by dispersion forces (¢;; < 0), whereas the energy of vaporization is




26 CHAPTER 2. THEORETICAL BACKGROUND

A A
A) B)
AGmix G
2Gg AGg |
AGQB
AG(XB / G \
8Ge | / aGy
A(;mix
P @ o, g (JOR 0, g

Figure 2.13: Composition dependence of Gibbs free energy corresponding to two
states. A) Unstable, the system will minimize its energy by separating into two phases
a and 3, as AGup(do) < AGmiz(¢o). B) Stable, a one homogeneous mixture is more
energetically favourable as AG,,i.(¢0) < AGag(do)-

positive |78]. If we substitute Eq. to the definition of Flory-Huggins interaction
parameter (Eq. [2.14) and assume that the interaction energy between polymer and
solvent is given by epg = /epeg we obtain:

y = ‘/seq

= 2595 — b5)? (2.24)

Based on Eq. Flory—Huggins interaction parameter x should be positive, which
is usually true for mixture with non—polar interactions between molecules (van der
Waals forces) and not for systems with strong polar interactions [78].

Additionally, real mixtures do not always meet the assumptions of Flory—Huggins
theory, resulting in discrepancies between the theoretical value calculated from Eq.
and an experimental one. Therefore, the interaction parameter y is often modeled as
a sum of enthalpic yy and entropic xs parts. The latter is usually treated as an
empirical constant (for non-polar system ys = 0.34) [81]:

o ‘/seq
 RT

X (6p — 05)* + 0.34. (2.25)

2.3.4 Phase diagram

When physical parameters of a homogeneous mixture change it can decompose into
two or more phases via a phase transition. A phase diagram is typically used to
show which state is more energetically favorable in which physical conditions. In the
case of polymer mixtures the relevant parameters are temperature, composition and
interaction parameter so a phase diagram is usually plotted on a temperature vs
composition or interaction vs composition plane [82].

Let us start with a homogeneous mixture with an overall composition ¢ and the
corresponding Gibbs free energy AG(¢o). The question is whether it is possible to
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Figure 2.14: The free energy of mixing as a function of composition for a temperature
Ty below the critical temperature T, and the phase diagram for binary mixture.

find two phases o and (3 with compositions ¢, and ¢z, the combination of which
will be characterized by a lower Gibbs free energy AG,3 < AG(¢y). Assuming that
phases o and [ occupy the volume fractions g, and gg (go + go = 1), the Gibbs free
energy is a weighed average of the free energies in each of a and [ states, that is
AGup = §oaAG(00) + 98AG(¢3). The compositions ¢, and ¢z can be chosen arbi-
trarily, however, the following condition has to be satisfied ¢g = ga 9o + gsPs because
the total amount of both components is conserved. It follows that the free energy of
the phase separated states is given by [78]:

(Qbﬁ — d)O)AG(Qba) + (¢0 - ¢a>AG(¢B)

(bﬂ - ¢a
The value of AG,5(¢o) can be interpreted geometrically as the intersection point of
a line connecting the value of AG at points ¢, and ¢g with a vertical line at ¢ = ¢y,
this construction is schematically presented in Figure 2.13] It is visible now that for a
concave curve (Figure [2.13A) it is more energetically favorable for it to separate into
two phases since AG,s < AG(¢y) for any ¢, and ¢g. On the other hand, for a convex
curve (Figure [2.13B), AGas > AG(¢y), the homogeneous mixture is favorable for all
initial compositions ¢y. To summarize the local curvature of AG(¢) determines the
local stability of the system.

AGap(¢o) = (2.26)
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In a case of partially miscible mixture, however, curve AG(¢) has a more complex
shape with both locally concave and convex sections, as is illustrated in Figure 2.14]
The homogeneous mixture is stable only for compositions outside of the so—called
miscibility gap given by the interval [¢;, ¢o]. The values ¢, ¢y are determined by the
common tangent rule:

By p=¢1— oo p=p2— bs — 1

(2.27)

Two further sub-regions can be distinguished inside the miscibility gap called un-
stable and metastable regions, corresponding to locally concave and convex regions
respectively (the inner and outer parts of the miscibility gap in Figure . For both
cases the system will eventually separate into two phases with compositions ¢; and
@2, however, the mixture starting in a metastable region must rely on some spurious
energy fluctuation to push one of the components over the inner hill. This results in
geometrically different structures, the metastable mixture will decompose into two
phases through nucleation and growth, while the unstable mixture will go through
a spinodal decomposition. The nucleation and growth mode creates highly localized
structures starting from scarce nuclei seeded by a random energy fluke required for
the phase transition. In contrast, the spinodal decomposition does not need the addi-
tional energy and thus it takes place uniformly through the mixture, creating complex
structures, typically long wobbly interconnected paths.

At the end, by carrying out the above analysis for different temperature one can
construct the phase diagram in temperature — composition plane (Figure . A
binodal curve separates stable from metastable region and a spinodal curve metastable
from unstable. These two curves are connected in so—called the critical point.

Ternary phase diagram So far we have concentrated on a binary system such as
polymer solution. However, the main part of the organic solar cell, the active layer,
is commonly prepared from a ternary system: a mixture of a polymer and fullerene
dissolved in a common solvent. In this situation the phase separation is initiated by
reducing a solvent volume (solvent quench) in the mixture. The phase behavior can be
analyzed analogously to the binary system starting from a generalized Flory—Huggins
theory with Gibbs free energy given by:

G
T = 7\5;1 In ¢y + fi In g9 + jz In @3 + X120102 + X130103 + X230203 (2.28)

where ¢; is the volume fraction of i-th component (solvent, polymer or fullerene),
N; expresses the degree of polymerization and ;; are represent interaction parame-
ters between components. To obtain binodal and spinodal curves, however, numerical
computations are required. Because of the constraint ¢ + ¢3 + ¢3 = 1 the whole sys-
tem has effectively two dimenssions and can be represented in a Gibbs concentration
triangle [83] (Figure [2.15/A) The corners correspond to pure components, the sides of
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Figure 2.15: A) Triangular coordinates system with marked point corresponding to
the blend with following proportion: 0.5 of component A, 0.25 of component B and
0.25 of solvent. B) Phase diagram for a ternary mixture - two components A and B in
a common solvent. The red line corresponds to a binodal curve, the blue line presents
a spinodal curve. As the solvent evaporate the system transits from one to two phase
region along the marked path.

the triangle represent purely binary systems and each point inside the triangle repre-
sents a unique combination of three components. Figure presents the schematic
picture of transition from a stable one phase region to an unstable two phase region
via solvent evaporation (solvent quench). One of the objectives of this thesis was to
examine whether it is possible to predict the final morphology of a polymer:fullerene
layer based on the ternary phase diagram. The phase diagrams were computed by Dr
Pawel Biernat with a numerical algorithm [84]. The experimental results along with
the phase diagrams will be discussed in detail in Section [4.2.1]






Chapter 3

Experimental

3.1 Thin polymer film preparation

Thin polymer films can be fabricated on both lab and large scales using different
solution—based methods like coating (spin, blade, spray coating) or printing (ink jet,
screen printing). In the presented thesis polymer films were mostly prepared by spin
coating. Despite the popularity of this technique, also in organic solar cells production,
it has limited scalability which makes a transfer to large—scale fabrication processes
difficult. In comparison, linear coating techniques, like dip coating or blade coat-
ing, have better scalability potential. Below we present a relatively new technique,
horizontal-dipping, which combines dip and blade coating. This technique facilitates
creation of polymer films with thickness gradients, in turn optimizing the experimen-
tal procedures and finding optimal layer parameters: one experiment delivers a whole
range of samples.

3.1.1 Spin coating

Spin coating is a one—step solution—based technique to prepare polymer thin films, it
is widely used not only in the academia but also in the industry. A fabrication process
can be divided into the following steps: Firstly a small amount of polymer solution is
placed on a substrate rotating at high speed. At the beginning most of the solution
is removed from the substrate, the rest is spread out, both processes are driven by
centrifugal forces and viscous forces. A thin polymer film is formed after a complete
evaporation of the solvent.

Despite a simplicity of the spin coating, models which describe the film formation
are complex [85] and depend on many parameters such as angular velocity, polymer
concentration, viscosity or diffusion parameter. In this project we mainly manipulate
the rotation speed (w) and the polymer concentration (c¢) to vary the thickness of the

31
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Figure 3.1: Diagram of home build system for H-dipping: A) substrate, B) cylindrical
glass bar fixed to a microscopic slide, C) 3-axis linear stage, D) micrometer positioner,
E) linear stage [86].

resulting layers (h). According to the Lewrence model these parameters are linked
via a relation h o ¢ w2 [85].

Polymer films studied in swelling experiment and light trapping layers were pre-
pared under normal atmospheric conditions by a KW-4A (Chemat Technology) spin
coater. Thin films used as active layers in organic solar cells were prepared in a glove
box in an argon atmosphere to protect the layer from oxygen and humidity. The fi-
nal film thickness was measured either by an ellipsometer or by analyzing the AFM
profile of scratched films.

3.1.2 Horizontal dipping

Horizontal dipping (h—dipping) is a relatively new method introduced by Park at
el. [87,88] to prepare layers with thickness gradients for organic solar cells and light
emitting diode. It brings together a dip—coating and a blade—coating.

During dip—coating a substrate is first vertically dipped in a polymer solution. A
film layer is formed during the withdrawing the substrate under a meniscus and a
whole process is completed when the solvent evaporates. The faster the substrate is
withdrawn the thicker is the film. During blade—coating a small amount of dissolved
polymer is placed on a substrate. A blade, which moves parallel and close to the
surface, spreads solution over the substrate. Similar to dip—coating the thin film forms
after the evaporation of the solvent. During h-dipping [86,88,89], similar to the dip—
coating, a wet layer of dissolved polymer is made by withdrawing a substrate under a
meniscus of the coating solution. However, here the substrates moves horizontally as
in blade—coating. Figure [3.1] presents a schematic diagram of a home build h—dipping
apparatus [90]. A cylindrical glass bar, fixed to a microscopic slide, is mounted on a 3-
axis linear stage (Newport 460A-xyz). Height and tilt can be adjusted by a micrometer
positioner. A small amount of solution is placed between the substrate and the glass
bar. Then, the substrate is horizontally set in motion by a computer—controlled linear
stage (Newport UTS100). It can move either with constant velocity, which results
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Figure 3.2: Schematic picture of h-dipping. A small amount of solutions is placed
between a glass bar and a substrate. The substrate is next set in motion either with
constant velocity or acceleration. After complete solvent evaporation the thin film
is obtained. The film thickness depends on velocity v, bar diameter ®, the distance
between substrate and the bar d as well as on viscosity p and surface tension o [86].

in constant layer thickness, or with acceleration, resulting in layer with thickness
gradients.

The film thickness can be estimated within a model proposed by Landau and
Levich which describes a formation of a wet layer behind the meniscus. For small
capillary numbers C, = £ < 1 — where p represents the viscosity and o surface
tension, and v is the drawing speed — a dry film thickness is equal:

2
h—134 <’““’> * Rur. (3.1)
o
Here R, is the downstream meniscus radius which depends on the diameter of a bar
® and is constant for the constant height d (Figure , k is the ratio between dry
and wet film thickness.

The main advantages of h—dipping compared to the spin—coating is a possibility
to prepare films with thickness gradients. Additionally, it can be easily implemented
for large area and use in roll-to-roll processing. In contrary to the dip—coating only
a small amount of the solvent is necessary to cover a large area of substrates. This
thesis describes the first, to our knowledge, use of h—dipping, to prepare breath figure
structures with diameter and depth gradients which are applied as the light trapping
layers for organic solar cells. The analysis of the experimental results is presented in

Section (£.2.3]

3.2 Self-organization and structural pattern

Over the last decades a lot of attentions has been paid to micro and nanometer
structures formed in polymer films as suitable elements for optoelectronic devices or
for biotechnology. The nanostructures can be formed in two different approaches: from
the bottom up, where atoms or molecules are used to create the complex structures,
or the from the top down, where the desire structures are formed after the removal
or division of material . Below we will describe two “top down” methods — soft
lithography and breath figure — which we used for preparation of light trapping
structures.
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Figure 3.3: The illustration of the breath figure mechanism. Due to evaporation of
the solvent (A) the solution surface is cooled and caused the nucleation of the water
droplets (B), which then sink into the polymer solution (C). After the evaporation
the porous pattern is formed (D).

3.2.1 Breath figure

Breath figures ware originally defined as the formation of water droplet arrays on a
surface . As Widawski et al. showed in 1994, this phenomenon can be used
to fabricate porous polymer films. Since then such polymeric structures have found
many applications ranging from biomedicine, optics and ending with membranes .
In the presented thesis we used breath figure structures as a light trapping layer for
organic solar cells, basing on a solution of poly—(methyl methacrylate). We focused
on how the breath figure size affects the performance of devices, for that purpose we
tested with several experiments to obtain a wide range of structures.

Breath figure formation in a polymer solution can be described as follows (Fig-
ure: due to solvent evaporation a temperature of the solvent decreases, promoting
the water condensation on the surface of the solution. The solvent evaporation contin-
uous resulting in a growth of water droplets, their spontaneous ordering and sinking
into the polymer film. Subsequently, complete evaporation of both solvent and water
results in a 2D or even 3D array of air bubbles, also known as honeycomb structure.

In practice, we can apply most of thin—film coating methods, discussed in Sec-
tion [3.3] to prepare breath figures. For the purpose of this thesis we chose spin coating
and horizontal dipping. It is worth noting that although spin coating is commonly
used for breath figure preparation , to our knowledge, there are no studies
devoted to formation of breath figures by h—dipping.

Breath figures are typically formed in high humidity environments, however, there
are also low humidity techniques. One of them, proposed by Park et al. , bases on
adding small amounts of water into the solution. In presented thesis breath figures
were prepared in both high and low humidity.

In the high humidity case, we used a spin coater (KW-4A, Chemat Technology)
extended with a system to adjust and control retaliative humidity in a coating cham-
ber [99]. The first stage of the experimental setup consists of splitting a nitrogen
flowing out of a container into two fluxes. One of the fluxes passes through a bubbler
filled with water, producing vapors with relative humidity reaching 100 %. The other
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Figure 3.4: AFM images of three steps how to reproduce a porous structures prepared
originally by breath figures. A) master: porous poly—(methyl methacrylate) layer pre-
pared by breath figure methods, B) elastomeric PDMS stamp: a negative master
pattern, C) replication pattern in polymer film obtained by Microtransfer molding
using PDMS stamp

flux passes unaltered and mixes with the flux coming from the bubbler. We can ac-
tively control the relative humidity of the mixed flux by changing the mixing ratio,
giving us a range of relative humidities between 40 to 90%.

For the low humidity experiment, we added water into a poly—(methyl methacry-
late) solution, and used either spin coating or h—dipping without having to work in
isolated chamber. The results with additional experimental details are presented in

Section (5.2

3.2.2 Soft lithography technique

Soft lithography is a collection of techniques (micro—contact printing, replica molding,
microtransfer molding, solvent—assisted micromolding, etc.) to generate reproducible
patterns in a large size range from 30 nm to 500 pm . Compare to traditional
microfabrication techniques like photolithography, electron—beam lithography, soft
lithography is suitable in these disciplines where unconventional soft materials are
used like biotechnology, medicine or organic electronic. Additionally, soft lithography
do not demand any special condition resulting in lower production cost.

Generally, soft lithography can be dived into several steps: pattern design, master
fabrication, stamp preparation and fabrication of structures by printing, embossing
or molding with the stamp. Below we briefly describe which kind of masters and soft
lithography technique we used during our experiments.

Masters and elastomeric stamp For the soft lithography two components are crucial:
a master and a stamp. Masters, from which the patterns are transferred into the
elastomeric stamps, are usually prepared by conventional methods like electron beam
lithography or photolithography These processes are time-consuming and require
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advanced techniques. Recently, however, the non-lithography methods have been in-
troduced. In was shown that, for example, self-assambled system are suitable as a
pre—pattern for master. In the presented thesis masters were also prepared by two al-
ternative non-lithography approaches. Firstly, for the periodic structures we used the
commercial available optical storage media (CD, DVD or Blu-ray disc). This method
was proposed for the classroom demonstrations and laboratory experiments [101].
Secondly, inspired by Yabu et al. [102] results, the porous patterns were prepared
by using breath figure structures formed during the polymer deposition under high
humidity.

The next step is to prepare an elastomeric stamp which is usually made of poly—
(dimethylsiloxene). PDMS, commercially known as Sylgard 184, is a durable elastomer
resistant to degradation. However, one of its main disadvantage is fact that it swells
in many organic solvents [103]. Generally, solvents with a similar solubility parameter
to PDMS (6 = 7.3 (cal/cm)'/2) swell better than these with a substantially different
one. Lee et al. |[103] ranked experimentally organic solvents according the swelling
ability of PDMS.

In this thesis PDMS stamps were prepared by mixing prepolymer and curing agend
at ration 10:1. The mixture was placed to the ultrasonic bath for 20 min to remove
the air bubbles. Then the mixture PDMS was coated onto a master with desired
pattern and cured at 100° for 40 min. At the end the stamp was peeled off from the
master and was ready to use. Figure [3.4] shows an example of all three elements of
soft-lithography: master, PDMS stamp and final patter.

Solvent-Assisted Micromolding (SAMIM) This is one of the molding techniques in
which the elastomeric PDMS stamp is wetted with a solvent and brought into the con-
tact with a previously prepared polymer layer. Wherever the solvent—covered stamp
comes in contact with the polymer the latter is dissolved by the solvent resulting in
an impression complementary to the pattern on the stamp surface. A key element is
to select a proper solvent which dissolves a polymer but does not cause the PDMS
stamp swell. For our experiments we chose to use chloroform. Despite the fact that
chloroform has relatively high solubility effect on PDMS [103] we haven’t observed
any noticeable degradation of PDMS stamp during experiments. SAMIM technique
was applied to prepare period structures for external light trapping (Section as
well as to pattern active layer in organic solar cells (Section

Microtransfer molding (#TM) In this technique a drop of polymer solution is placed
on the patterned PDMS stamp. Then by blowing through with a small stream of
nitrogen a surplus solution is removed from the PDMS surface. Next, the stamp
is brought into the contact with the substrate surface and press until the solvent
evaporates. At the end the PDMS stamp is peeled away carefully leaving a relief the
polymer pattern. By ' TM not only two-dimensional pattern can be produce, but also
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Figure 3.5: A) Schematic picture of an organic solar cell: glass substrate with pre-
pattern indium tin oxide acting as transparent electrode; buffor PEDOT:PSS layer
improves holes injection from active layer to ITO; active layer - mixture of donor and
acceptor - place where, in short, light is converted into electricity; B) The solar cells
arrangement on the pre-pattern I'TO glass. Fach substrate consists of 6 individual
pixels.

more complicated 3-dim structures as was presented by Zhao et al. [104], which can
be applied in engineering or optics.

In the presented thesis we applied 'TM to prepare periodic structures for light
trapping application (Section [5.2.3)). The main drawback of ¢TM, which we observed
during the experiment, was the difficulty in obtaining the pattern from the whole
stamp. This is not a problem in an experiment, in which the position of the pattern
on the substrate is irrelevant, but in case of patterning the active layer in organic solar
cell it can cause problems in device operation. Therefore for imprinting the active layer
we chose SAMIM. In Section [5.1.1] using the same PDMS stamp we compared the
SAMIM and pTM technique is sense of the reproducibility and patterns size.

3.3 Organic solar cells preparation

Organic solar cells (OPV) consist of several layers added in a certain order by printing,
coating or by evaporation. Figure schematically presents an OPV stack geometry
which were used in the presented thesis. The role of these layers has been already
discussed in Section Here, however, we will describe how we prepared OPV
devices. In general, our fabrication procedure was largely based on a manual prepared
by Ossila [105] and can be summarized in the following steps: substrate cleaning, a
buffor and active layer casting, a cathode evaporation and encapsulation.

Glass substrate and ITO electrode All devices were fabricated onto pre—pattern in-
dium tin oxide (ITO) glass substrates with 6 pixels per substrate, as is presented in
Figure [3.5B. Substrates were purchased from Ossila Ltd. The size of glass substrate
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O, plasma treatment J,. (mA/cm?) V. (V) FF(%) PCE (%)
20 s 2.38 £0.14 0.61 £0.01 67.0 £0.8 1.96 +0.11
100 s 2.31 £0.22 0.61 £0.01 67.0 1.2 1.92 £0.20

Table 3.1: Performance parameters of organic solar cells based on P3HT:PCgBM
differing in I'TO time of oxygen-plasma treatment.

amounts 20 mm x 15 mm, whereas a one I'TO pixel has 4 mm x 1.5 mm. Based on
the data—sheet thickness of ITO amounts 100 nm and resistance 20 ) per square.

Firstly, all substrates were cleaned by ultrasonication in acetone and isopropyl for
30 min and blown dry with nitrogen. Then they were treated with oxygen—plasma
(Zepto plasma cleaner, Diener Electronic, Germany) to remove organic contaminants,
modulate ITO workfunction [10], increase the surface energy [106] and improve wet-
tability. As Wagenpfahl et al. [107] showed too long oxygen plasma treatment results
in S—shaped characteristic and decrease of OPV performance. As a preliminary ex-
periment we checked two treatment times 20 s and 100 s. According [107] 100 s of
oxygen plasma treatment should cause S—shaped characteristic. However, our results
did not confirm this observation as we did not observe any significant differences in
final OPV performance (Table . In both cases we obtained devices with a proper
diode characteristic and high fill factor.

PEDOT:PSS The second layer, acting as a buffor layer, is poly(ethylene dioxythio-
phene):polystyrene sulfonic acid (PEDOT:PSS) which is a highly conductive, trans-
parent in the visible spectral range and water—soluble polymer. PEDOT:PSS layer
smooths the roughness of ITO and decreases the chance of shorts. Additionally, it
improves holes injection from an active layer to ITO.

A thin PEDOT:PSS layer was prepared by spin coating. The rotation conditions
were chosen based on results of our test measurement where we examined the influence
of different rotation speeds on the OPV performance. The results are presented in
Figure[3.6] As can be seen solar cells with PEDOT:PSS layer have better performance
parameters compare to one without PEDOT:PSS layer. However, among different
speeds there is no significant difference. For a subsequent PEDOT:PSS preparation
we chose 4000 rpm resulting in PEDOT:PSS layer thickness approximately 60 nm.
Our selection was dictated by the fact that at rotation speeds higher than 4000 rpm
substrates frequently dropped out of the spin—coater’s chuck.

After spin coating, to assure the proper contact between ITO and Al, part of
PEDOT:PSS was removed from the cathode using the cotton bud soaked in distilled
water. At the end all substrates with PEDOT:PSS were annealed at 150°C for 5 min
on a hotplate and transferred into the glove box.

Active layer All OPV devices, prepared and analyzed for the purpose of this the-
sis, were based on so—called bulk heterojunctions. As a donor we used two poly-
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Figure 3.6: Performance parameters of organic solar cells PCDTBT:PC7BM with
PEDOT:PSS layer prepared at different spin-casting speed from 3000 to 5000 rpm.
Solar cells without PEDOT:PSS is marked as the 0 rpm. The distribution of values are
graphically depicted in boxplot. Here the central rectangle displays the interquartile
range IQR (the data between the first Q1 and third quartile Q3), the band inside
the box represents the median of data whereas the diamond symbol the mean value.
The lower and upper whisker includes data within Q1 - 1.5xIQR and Q3 + 1.5xIQR,
respectively. The results which are not included between upper and lower whisker are
treated as outliers and marked as dots.

mers Poly(3-hexyl-thiophene) (P3HT) and Poly[N-9’-heptadecanyl-2,7-carbazole-alt-
5,5-(47,7-di-2-thienyl-2’,1’ 3’-benzothiadiazole)] (PCDTBT), whereas as a acceptor
two fullerene derivatives phenyl-C61-butyric-acid-methyl ester (PCgoBM) and phenyl-
CT71-butyric-acid-methyl ester (PC7BM).

P3HT is one of the most investigated polymer in a field of organic solar cells [14]
due to its high hole mobility, semicrystallinity and solubility in common organic sol-
vents. P3HT (My & 48900mg/mol), used in this work, was purchased from Rieke
Metals. The polymer was dissolved prior to use in chlorobenzene with total concen-
tration 20 mg/ml.

PCDTBT is the next generation donor polymer which characterizes with longer
wavelength absorption and lower HOMO - LUMO levels, thus the OPV based on
this material has high open circuit voltage up to 0.91 V and efficiency 7.2% [108].
PCDTBT is also more stable under ambient conditions compare to P3HT therefore
it can be used for large area deposition as printing or blade coating. PCDTBT with
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M,, =~ 48900 g/mol was purchased from Osilla and dissolved prior to use in chloroben-
zene at 15 mg/ml concentration.

PCgBM and PC,BM are commonly used as acceptor materials mainly due to
their good solubility, miscibility with polymer donor material and high electron mo-
bility (3.3-1072 ¢cm?/Vs) [25]. The materials (with purity > 99%) were purchased from
Solanne BV and were dissolved prior to use in chlorobenzene.

As a next step donor and acceptor materials were mixed together and kept on a hot
plate at 60°C for at least 24 hours. As studies show the optimum PCDTBT:PC,,BM
blend ratio is 1:4 [109] whereas for P3HT:PCsBM it amounts to 1:0.6 [105]. To
minimize the degradation of materials due to the presence of oxygen, water or light
the preparation of solutions was carried out inside a glovebox.

Next, the active layer was formed by pipetting donor:acceptor solution onto a
spinning substrate. Depending on which materials were used the following spin—coated
parameters were chosen: for PSHT:PCgBM the layer was prepared under rotation
speed 3000 rpm for 30 s, in case of PCDTBT:PC;,BM the rotation speed amounts
to 500 rpm for 60 s and then 2000 rpm for 10 s. To ensure the good connection
between ITO and Al part of active layer was removed from the cathode strip using
chlorobenzene.

Aluminium deposition and encapsulation As a next step the substrates were placed into
the evaporation shadow mask and put into the evaporation system. The aluminium
electrode (80 nm thick) was thermally deposited on the top of the active layer with
an evaporation rate of around 1.4 A/s. After aluminium deposition devices based
on PSHT:PCgBM were thermally annealed at 150°C for 15 min whereas the solar
cells with active layer PCDTBT:PC;,BM did not require any additional thermal
treatment.

Finally, to protect devices against degradation due to moisture and oxygen all of
them were encapsulated using UV curable epoxy (Ossila Limited) and a glass slide.

3.4 Morphology characterization and analysis

3.4.1 Atomic Force Microscopy

Atomic Force Microscopy (AFM), introduced by Binning et al. [110] in 1985, is one of
the scanning probe microscopy techniques which allows not only explore the surface
topography but also measure some physical properties or be used for a surface lithog-
raphy [111]. Compare to the electron microscopy AFM does not require any special
environment (as high vacuum or low temperature) and can operate under ambient
air or even in a liquid cell so it is suitable for analysis of biological objects.

The main AFM operation principle is based on the interaction between a sample
surface and a sharp tip mounted on a cantilever. The interaction, commonly described
by Lennard—Jonnes potential, cause either the deflection of the cantilever or can
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change vibration properties of the cantilever. By detecting these changes it is possible
to reproduce a sample surface topography.

The deflection of cantilever is generally measured optically using a light beam
which is reflected from the end of cantilever and detected by a sensitive four-segment
detector. Apart from the cantilever with a mounted tip and the detector another key
element is a piezoelectric scanner, which allows to scan the surface by moving the tip
or the sample and electronic feedback system.

There are several operating regimes depending on the distance between the tip
and the sample surface — contact, non—contact or intermittent mode. The contact
mode characterized by high resolution and fast data collection. However, it is not
suitable for soft materials as it can modify or even destroy the surface. For the soft
materials a better choice is the tapping or non-contact mode. The downside is that
these modes are significantly slower.

In the presented thesis we examined rather rigid surfaces, so we used mainly
contact mode. Topography measurements of polymer layers were performed by the
Agilent 5500 (Agilent Technologies) or Nanosurf Flex. The AFM pictures were sub-
sequently analyzed either by Fast Fourier Transformation or by Grain Analysis.

3.4.2 Fourier transformation

Two—dimensional Fast Fourier transform (FFT) is useful tool to examine quantita-
tively both anisotropic and isotropic morphological features. It decomposes the signal
into the harmonic components from which one can extract the information about e.g.
the period of the structure or their domain scale.

For isotropic picture (Figure ) FFT results in a diffusive ring. Based on the
radial average of the squared FFT amplitude one can extract the maximum value
and the corresponding radius |k,,q.| which reverse defines the inherent domain scale
R of the features (R = lleax\) The result of FFT for anisotropic stuctures FFT

(Figure [3.7B) is a set of diffraction peaks where k = nk, (n =1,2,3,...). The period

of the structures is determined as \ = i

3.4.3 Grain analysis

AFM images provide valuable information on surface morphology. In case of breath
figures we were interested not only in their depths but also in their area, volume and
boundary. For such analysis we chose Grain Analysis function from Gwyddion, a free
open—source software for image analysis of probe microscopies [112].

The first step in grain analysis is to properly mark the features either by simple
thresholding algorithm, such as height or slope thresholding, or, in case of more
complicated data structures, by using a watershed algorithm. For our experiments
we mostly used height thresholding as the examined pores had a strongly bimodal
height distribution with two well separated peaks corresponding to the bottoms and
edges of the pores so a threshold could be easily set as a value between these two
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B) l

Figure 3.7: Schematic representation of 2D-FF'T of isotropic (A) and anisotropic mor-
phology (B) with resulting power spectra.

peaks. An example of such a bimodal height distribution with the selected threshold
is presented in Figure in Section [5.2.1]

After marking the features Gwyddion can extract information about the volume,
area, size of depth of each feature. Based on these data one can calculate either a
simple statistics like mean, median or variation. However, these summary statistics
do not convey as much information as the distributions themselves. In this thesis we
propose to use 2D maps representing the distributions of pore depths and diameters as
in Figure [5.21] These distributions were extracted from Gwyddion and then analyzed
in an open—source programming language R and plotted with the ggplot2 package.

3.5 Opto—electronics characterization

3.5.1 Spectroscopic ellipsometry

Spectroscopic ellipsometry is a nondestructive optical technique which allows to de-
termine a layer thickness or materials dielectric parameters, such as refractive index
n(\) and extinction coefficient k(\), in a wide range of wavelength. It is based on
recording the changes in light polarization caused by reflection of light from a sample
surface. The results of ellipsometry measurements are two angles A, U related to the
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Figure 3.8: Example of ellipsometry output — recorded W and A angles for absorbing
polymer layer.

reflection coefficient ratio (p) for p- and s -polarization:

p= v _ tan(¥)e'?,
T's

(3.2)

where WU represents the amplitude ratio and A phase difference between p- and s-
polarized light waves. Figure [3.§ presents the example of recorded A and ¥ values.

In addition to many advantages such as high precision, fast measurement or pos-
sibility of real-time monitoring, unfortunately, ellipsometry is an indirect characteri-
zation method in which the measured values A and ¥ do not directly provide infor-
mation about optical properties of materials. To unravel the optical parameters or a
layer thickness from collected data an additional model analysis has to be performed.
Depending on what kind of materials is analyzed (conductive, non—conductive, trans-
parent or absorbing) the appropriate models has to be chosen such as: Cauchy (for
transparent region), Drude (free—carrier absorption), Lorenz or Tauc—Lorenz (electric
polarization in visible/UV region) model.

Measurement, Model and Fit While a spectroscopic ellipsometry itself is fast and
straightforward, the major problem lies in selecting the optical model which will de-
scribe the experimental data. Difficulties arise among others for absorbing layers for
which, compare to a transparent one, the optical parameters (n and k) are corre-
lated with layer thickness. Below we briefly present the procedure which we used for
modeling an absorbing polymer layer. The approach involves two steps. Firstly, we
concentrated on the non—absorbing region, where only a refractive index n(A) and
thickness has to be found. For this region we apply the Cauchy model which gives
good results for transparent films and allows to unravel thickness of a layer. As a
next step, we have analyzed the whole measured wavelength spectrum (from 300 to
800 nm). During the modeling the layer thickness has been already fixed, the value
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was taken from the previous non—absorbing region analysis. For optical modeling we
chose the Tauc-Lorentz model [113], which was primarily design for amorphous ma-
terials. Tauc-Lorentz model is based on an oscillator expression for g5 (Eq. and
the Kramer-Kronig integral (Eq. .

1 AEyC(E—E,)?
) = | PR B> 33)
0 E<E,
B 2 [ xee(x)
£1(E) = e1(o0) + =P /E st (3.4)

where £, is the bandgap of the material (onset of the absorption), A the amplitude
of the oscillator, F, resonance frequency, C' broadening of the oscillator. To get both
refractive (n) and absorption (k) index from the Tauc—Lorenz model all of the above
parameters have to be found. Figure shows the final n and k spectra for absorbing
polymer Poly(3-octylthiophene) obtained from Tauc—Lorenz. For a such layer the best
result with the lowest mean square error (MSE = 0.4) which informs about deviation
between the modeled spectrum and the measured data, was obtained using model
with two oscillations. For the first one the parameters amount to E,(0) = 0.9 eV,
A(0) = 0.29, E¢(0) = 3 eV, C(0) = 0.53; for the second one E, (1) = 2.09 eV, A(1) =
11.62, Eo(1) = 2.6eV, C(1) = 0.5. The typical polymer absorption spectrum is broad
with additional shoulder. This phenomenon can be explained by the Franck-Condon
principle.

At the end it is worth nothing that the more preliminary information about the
layer we have (the position of absorption maximum, approximate layer thickness) the
better fit can be obtained. All measurements, modeling and fitting were performed
with software package SE-Advanced Module which was integrated part of the Sentech
SE800 ellipsometer.

3.5.2 Wihite light interferometry

The White Light Reflectance Spectroscopy (WLRS) allows to determine the thickness
of the layers with nanometer accuracy. The main operation principle is based on the
measurements of the light spectra reflected from the boundaries of layers with different
refractive indexes.

In the presented PhD project we used WLRS to measure the thickness of thin
polymer layer prepared on a Si substrate with well-controlled micrometer thick SiO,
layer. For a such system the total energy which reaches the detector can be expressed
by interference equation as [114]:

4 4 4 d d
E:A+BCOS( 7Tnlah)—i—C’cos( 7m2d2> +DCOS< m(nady 1 + 1)>, (3.5)

A A A
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Figure 3.9: Wavelength depend of refractive index (n) and extinction coefficient (k)
for P3OT determined with spectral ellipsometry using the Tauc-Lorentz model.

where A(ro1,712,723), B(ro1,m12), C(ro1,712,723), D(ro1,7m12,723) are parameters de-
pend on relative refractive indexes between adjacent layers (0 is air, 1 polymer film,
2 SiO, layer and 3 Si substrate) for example r9; = %

By applying Eq[3.5] the film thickness as well as refractive index can be evalu-
ated. However, in order to minimize the number of fitting parameters we previously
obtained the refractive index n;(\) of all layers with a spectroscopic ellipsometry. In
this way by using WLRS only the thickness of layer were approximated.

3.5.3 UV-VIS Spectroscopy

Optical properties like absorption, reflection or transmission of thin polymer films are
measured using a system built in our laboratory [115]. The main part of the system is
a computer-controlled monochromator (Cornerstone 260 1/4m, Newport) equipped
with automatic filter sorter and a beam splitter. The beam splitter, placed after
monochromator, divides the light beam between a reference detector and the sample
placed at the front of second detector. Signals from detectors (Amplified UV-Si Pho-
todector, Newport) are measured using lock-in amplifier (Stanford Research System),
the reference signal necessary for lock-in detection comes from optical chopper placed
between light source and the monochromator.

For the absorption measurement we placed the sample in the path of the inci-
dent light. Based on the previously detected incident light intensivity I,(A) and light
intensivity after passing through I(\) we calculated the absorbance A(\) as:

(3.6)

Additionally to quantitatvely describe the absorption spectra we calculated the total
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Figure 3.10: Example of measured absorption spectrum for Poly(3-octylthiophene)
with presented on the top the solar spectrum.

absorptivitiy as:
_ JAR)S(N)dA

Ar = [S)dA (3.7)

where S(A) is Solar irradiance spectrum.



Chapter 4

Phase separation in polymer fullerene
blends

Polymer blends have already found applications in numerous fields such as organic
electronics, optics and biotechnology [116] mainly due to their ability to form variety
of structures e.g lamellar, lateral, regular or hierarchic [117] with large size ranges;
from nano to micrometers. Additionally, compare to metal or classic semiconductor,
polymer blends can be dissolved and deposited as thin films in a one—step proce-
dure by coating, printing or roll-to-roll techniques. During the solvent evaporation
the polymer blends undergo phase separation resulting in a formation of different
domains. Their final size and shape depend on many thermodynamic (temperature,
pressure), processing (spin-coating speed) or material parameters (solution concentra-
tion, solubility parameter, miscibility of components, interaction parameter) [22,/116].
As a performance of devices, based on polymer blends, is sensitive on the final phase
domain structure the key issue in device optimization is to understand and control
phase separation process.

In case of organic photovoltaics (OPV) an optimal phase domain size of the active
layer is about 10 nm and should resemble a comb-like structure. This restriction is
linked to a mechanism in which free charges are formed. Compared to their inorganic
counterpart in OPV light absorption leads firstly to an exciton creation (electron-
hole pair bounded with Coulombic attraction 0.3-0.5 eV [9]). In order to split the
excitons into the free electrons and holes it is necessary to overcome the binding
energy which is done when the exciton reaches donor-acceptor interface. However,
the exciton diffusion path amounts only 10 nm [118]. Therefore to maximize the
charge extraction from the OPV a donor—acceptor interpenetrating network should
be prepared. In such system the exciton can reach donor—acceptor interface within its
lifetime. Additionally, the interpenetrating network should form a continuous pathway
to ensure that the free charges can reach the respective electrodes.

47
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Although the last decades brought many optimization to OPV morphology through
experimental methods [18,|19,|119], recently studies have been dedicated to model-
ing and predicting the polymer:fullerene blend behavior [20}/120-122]. In this part
of the thesis, inspired by the results presented by Nillson et.al [123], we analyzed
the carbazole-based copolymer (PCDTBT):fullerene (PC7BM) behavior via ternary
phase diagrams. We were interested whether based on the diagrams one can predict
the final morphology of donor-acceptor film. The results are discussed in Section [4.2]
Before we were able to construct the diagrams, however, we had to determine one of
the key parameters in phase separation, namely the Flory-Huggins interaction pa-
rameter x. In Section we present how one can obtain x based on polymer swelling.

In this experiment we concentrated on a particular blend system, PCDTBT and
PC-,BM dissolved in several solvents, which is nowadays one of the most efficient and
stable donor—acceptor mixture used in the field of bulk heterojunction solar cells [2].
Despite such popularity of PCDTBT, to our knowledge, it is the first time when this
system was analyzed via ternary phase diagram.

4.1 Swelling of polymer films

The starting point to construct a ternary phase diagram is to determine Flory—
Huggins interaction parameters y between polymer and solvents. The value of y
can be obtained experimentally via scattering, osmosis, vapor—pressure measurement
or inverse gas chromatography [81]. For this project we chose another method based
on a polymer swelling measurement. A polymer layer swells in the presence of solvent
vapors because solvent molecules diffuse into the polymer film. An extent of swelling,
according to the regular solution [80], depends directly on the value of interaction
parameter between polymers and solvents. The swelling experiments have been al-
ready conducted in our laboratory to determine y between poly(3—alkylthiophene)s
and different volatile compounds [124]. However, it was performed manually. In or-
der to optimize the whole procedure our first task was to build and program a new
computer—controlled system, which we subsequently tested on a well-examined sys-
tem polystyrene (PS)-toluene (TOL). Because there are already studies reporting
xrs——ror [125], [126], [127] we were able to compare x ps_ror and to verify our meth-
ods (Section [4.1.1)). Next, in Section we describe the swelling behavior for a novel
conductive polymer carbazole-based copolymer (PCDTBT) under different solvents
vapor and we determine Flory—Huggins interaction parameter y. To our knowledge,
so far, there have been no reported y values for PCDTBT and solvents. However,
there are two references for solubility parameter pcprpr mainly 21.51 MPal/? [128]
and 23.8 MPa'/? [129]. As x and § are linked, we were able to, based on our swelling
experiment, determine dpcprpr = 22.8 £ 1.2 MPa'/2, which is within the literature
values (Section [4.1.3). It is worth to noting that the swelling apparatus was not only
used for y determination but also was utilized to measure an interdiffusion of PCBM
into the polymer films [130].
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Figure 4.1: Schema of home build system for swelling experiment. Solvent with
predetermined concentration is introduced to the measurement chamber via a dry
nitrogen flux, which go through a Drechlser’s bottle containing the respective solvent.
The swelling of polymer film due to exposure to solvent vapors is measured with white
light interferometry

Experimental

Sample preparation For control measurement we examined a thin polystyrene (PS)
layer prepared onto thermally oxidized silicon wafers. The SiO, was used to in-
crease the accuracy during the measurement of polymer thickness by White Light
Reflectance Interferometer (FRBasis Thetametrisis) [114]. PS (My = 58 kDa) was
firstly dissolved in chloroform with total concentration (20 mg/ml) and then spin-
coated (1000 rpm) onto the Si wafer with micrometer thick SiO, later. In the main part
we examined Poly[N-9-heptadecanyl-2,7-carbazole-alt-5,5-(4’,7’-di-2-thienyl-2’,1",3’-
benzothiadiazole)] known as PCDTBT with My, = 61600 g/mol. This polymer was
dissolved in chloroform with total polymer concentration 15 mg/ml and then spin-
coated with rotation speed 2000 rpm onto the thermally oxidized silicon wafers with
1010 nm (according the ellipsometry measurement) thick silicon dioxide layer.

Optical characterization The spectroscopic ellipsometry measurement (The Sentech
SE800, Sentech Instruments GmBH) was performed in a range between 320 nm -
800 nm under the constant incidence angle of 70°. Optical parameters (n,k) for PS
layer were obtained using Cauchy dispersion formula. In case of PCDTBT we per-
formed modeling in two steps. Firstly, we applied the Cauchy model for the non-
absorbing region PCDTBT (from 650 nm - 800 nm) to extract the polymer layer
thickness. Next, we used the Tauc-Lorentz model over a wider wavelength range to
get optical constants; refractive index (n) and extinction coefficient (k) which were
subsequently used by White Light Reflectance Interferometer.

Swelling examination Figure presents the schema of apparatus used during a
swelling experiment. The system consists of nitrogen inlet, mass flow controllers con-
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nected to the electromagnetic valves which control the nitrogen flows, the Drechsler’s
bottles filled with appropriate solvent, gas mixture and the chamber where the ex-
amined polymer film was placed. The gas flows was set to 2000 mL/min resulting
in gas saturation within the chamber. The concentration of solvent vapors was reg-
ulated by mixing two components in varying proportions. The first component was
simply a pure stream of nitrogen, while the second component was nitrogen carrying
a steady amount of solvent vapors coming from a Drechlser’s bottle. We manipulated
the proportions of these components to regulate the concentration of solvent vapors
in the swelling chamber. The changes in thickness of the polymer layers exposed
to the solvent vapors were measured and recorded in real-time using a white light
interferometer (FRBasis Thetametrisis).

4.1.1 Control measurement

After assembling and programming the swelling set—up with computer controlled flow
meters (Figure we performed a testing measurement on a well known polymer
system polystyrene (PS) swollen in toluene vapor. Based on the experimental data we
calculated the Flory-Huggins parameter which was next compared with the literature
values |125(127].

The typical swelling experiment was conducted in a few steps. Firstly, using the
ellipsometry we determined the optical parameters of polymer layer necessary for
valuing the changes in layer thickness during the swelling experiment. In a case of
polystyrene layer as well as SiO5, which are transparent and non-conductive materials,
a simple Cauchy model was applied to obtained the refraction index n(\). For a PS
layer the refraction index has the following form: n(\) = 1.614+12.4- \"2+88.1- A4
where X is expressed in nm. Next the sample was transferred into a small chamber
and placed horizontally under bifurcated optical fiber guides connected to the white
light interferometry setup (Figure which measured in real time the thickness of
polymer layer. The swelling experiment begun with exposing the polymer layer to dry
Ny, during this time the initial polymer thickness was evaluated (dy = 93.740.1 nm).
Then we changed the relative partial pressure p/pg, in the chamber by varying the
ratio of dry Ny to Ny passing through the bubbler with the solvent. The detailed
description of bubbler-based vapor generators is discussed in [131].

Figure 4.2 shows a typical polymer layer behavior under the vapor exposure. If
the polymer layer is brought into contact with vapor, solvent molecules diffuse inside
causing an increase of distance between polymer chains |132], resulting in an increase
of the polymer layer thickness. The higher the relative partial pressure the bigger the
swelling. The constant thickness is achieved when the polymer and vapor phases are
in an equilibrium. In the presented experiment, however, the polymer layer did not
reach the equilibrium, instead we observed an ongoing change in thickness. For low
relative pressure (p/psar < 0.454), after a rapid reaction to the solvent vapors, the
polymer layer slowly approaches to the equilibrium state. For higher relative pressure
we observed that, the polymer layer first rapidly swell, but then the layers thickness
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Figure 4.2: Control measurement: Thickness expansion of polystyrene (PS) layer ex-
posed to the sequence of toluene vapors with different relative partial pressure.
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Figure 4.3: Example of ongoing changes in thickness of polystyrene film due to the
presence of vapor. To determine the final thickness of the swollen polymer the expo-

nential convergence (Eq. was used.
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starts to decrease. Such visible drop can be caused by several factors. The first factor
could be associated with problems with saturation. As Mayer et al. [131] showed, in
their work related to degree of saturation in a bubbler system, in order to reach a full
saturation the liquid height should not be less then 40 mm. During our experiment
a solvent level in the bubbler has visibly dropped because of solvent evaporation and
the fact that the solvent leaves the bubbler carrier the nitrogen gas. The second factor
is the decrease in liquid temperature during the bubbling [133]. The liquid evaporates
into the gas bubbles and by removal of vaporization heat the temperature of the
liquid rapidly drops. As Love et al. [134] demonstrated, under the flow rate 500 sccm
through the water, the temperature of the system sharply drops by about 4.5 C° in
the first 15 minutes and only after that slowly returns to the the equilibrium state.
As they pointed out the lag time depends on many parameters like liquid type, mass
or flow rate. The drop in the temperature causes a decrease in the partial pressure of
the vapors which could be reason for lesser polymer swelling especially for high gas
flow rates.

To calculate the Flory-Huggins interaction parameters from the swelling experi-
ment we have to determine the final thickness of the swollen polymer layer. In our
case, because of the ongoing changes in thickness, we needed to fit a model. As Berens
et al. [132] proposed, the swelling mechanism can be described as a combination of
two processes: diffusion and polymer relaxation.

As Berens et al. [132] observed the asymptotic approach to the equilibrium state
can be modelled as a simple exponential convergence. Therefore if we consider only the
long-time diffusion the thickness changes can be modeled with the following equation
[135]:

d(t) = deg(1 — Ae™"t) (4.1)

where d., is thickness in equilibrium, A and « are characteristic constants. Figure
shows that the experimental data obtained for low relative pressure (p/psat < 0.454)
reflect the exponential convergence (Eq. . For the results collected under high
relative pressure we considered only the initial part of the data, corresponding to an
increasing thickness (Figure ) As was mentioned before, the drop of the thickness
could be related to either saturation problems or lowering the relative pressure in the
chamber and it is not comply with the diffusion model.

After extracting the final polymer thickness d.,, for each vapor pressure sequence,
we calculated the Flory-Huggins interaction parameter y using the expression binding
the Flory-Huggins parameter y, relative vapor pressure p/psq; and reverse of relative

film expansion dy/d., (see Section [2.3.2)):

p do do do >2
In =In{l—-— ]+ —+ — . 4.2
(psat> ( de(J> deg X (deq (4.2)

Figure [4.4] compares calculated interaction parameters y between polystyrene and
toluene with reported literature values obtained by a similar experimental technique,
however, in different ambient temperatures. The literature data cover a wide range of
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Figure 4.4: Interaction parameter xy between PS and toluene for different polymer
volume fractions %) and temperatures. We compare y from our measurement method
with literature data collected for different temperatures: 20°C [125], 22°C [126] and
25°C [127].

polymer concentrations ¢, = dy/d from 0.2 to 0.8, whereas we concentrated mainly
on the high concentration range ¢, > 0.65. If we compare the values we see that our
results for ¢, < 0.8 are in a good agreement with studies performed by Baughan [125]
in temperature 20°C (our experiment was conducted under the ambient temperature
22 +1°C). Unfortunately, we do not have any temperature control mechanism inside
the measurements chamber so the temperature of the examined polymer film could
be changed during the experiment. For ¢, between 0.8 and 0.95 x oscillates around
0.45, without a clearly visible trend, while for ¢, = 0.98 there is visible decrease down
to 0.25.

Summing up we showed that the presented set-up with computer controlled flow
meters is suitable for an indirect measuring of the Flory-Huggins interaction pa-
rameters. The calculated Flory-Huggins parameters were comparable with literature
values, despite the fact that we did not achieve the thickness saturation. The lack of
saturation was mitigated by fitting an exponential model to obtain the final thickness.

4.1.2 Swelling of PCDTBT films

We dedicated the main part of the swelling experiment to explore the response of
novel carbazole-based copolymer layer (PCDTBT) on different solvent vapors: chlo-
roform, chlorobenzene, dichlorobenzene and toluene. PCDTBT has aroused great in-
terest as a donor material for bulk heterojunction solar cells. The solar cells based on
PCDTBT:PC7BM mixture are characterized by a high open-circuit voltage, high-
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Figure 4.5: Wavelength depend of refractive index (n) and extinction coefficient (k)
for PCDTBT determined with spectral ellipsometry using the Tauc-Lorentz model.

efficiency up to 7.5% and the possible life time up to 7 years [136]. Moreover, as
Park et al. [109] showed, the internal quantum efficiency can be close to 100% which
means that almost all absorbed photons generate carriers, which are subsequently
collected by the electrodes. Despite the fact that PCDTBT is widely used, little at-
tention has been paid to quantify an interaction parameter between PCDTBT and
solvents. Information on this parameter can help to predict the phase separation be-
havior in donor—acceptor mixture and streamline an OPV optimization process. The
goal of this part of thesis was to determine the Flory-Huggins interaction parame-
ters, based on the swelling behavior of the polymer and, subsequently, construct a
polymer-fullerene-solvent phase diagram.

The swelling experiment was performed analogously to the previously described
control measurement. Compared to the polystyrene, however, PCDTBT is charac-
terized with more complex dispersion relation because of its light absorption in the
visible range. Therefore instead of working with a Cauchy model when modeling the
ellipsometry results we used Tauc-Lorentz model, which is more suitable for absorb-
ing amorphous materials like polymers, absorbing dielectrics or semiconductors. The
procedure of determining optical parameters (nk) for absorbing polymer layer is de-
scribed in more detail in an experimental section (see . Figure presents the
resulting refractive (n) index and the extinction coefficient (k) for a thin PCDTBT
layer. Compared to early stage donor polymers like poly—(phenylenevinylene) or poly—
(thiophnene) derivatives PCDTBT exhibits two broad absorption peaks at around 390
nm and 560 nm which enhance the chance of light absorption due to the wider overlap
with the solar spectrum.

During the swelling experiment polymer film was exposed to the sequence of N,
fluxes carrying the solvent with different relative partial pressures p/ps,: inside a
measurement chamber. After the polymer film was brought into contact with va-
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por, solvent molecules diffuse into the polymer film causing an increase in distances
between polymer chains [132], increasing in polymer layer thickness in the process.
Each sequence was next separated by pure N, fluxes when the polymer film relaxed
to its original thickness. During the experiment the relative partial pressure in the
chamber varied from 0.05 to 0.85. Figure [4.6] presents the whole sequence of relative
PCDTBT layer expansions d/dy under four solvent vapors with different relative par-
tial pressures in the chamber. The initial thickness dy was calculated as an average of
the thicknesses measured in the first 10 minutes of the experiment when the partial
pressure was close to zero.

As with the previous experiment, we observed a rapid increase in thickness as
a reaction to solvent vapors. If we compare the collected data we immediately no-
tice that the swelling dynamic varies between the solvents. In case of chlorobenzene
and dichlorobenzene for each exposure conditions we observed ongoing increase in
thickness (with different rates of reaching a saturation state for the two solvents).
In case of chloroform and toluene, for higher relative pressure, after swelling rapidly
the layer starts to deflate. For chloroform the onset of such behavior was observed
already for p/pse = 0.354. One of the possible explanations is that chloroform is a
highly volatile solvent, characterized by high vapor pressure (21 kPa at 20°C) and
low enthalpy of vaporization (31.4 kJ/mol). This is significantly higher then toluene
(Pvap = 2.93 kPa at 20°C, AH = 38 kJ/mol), chlorobenzene (1.2 kPa at 20°C,
41 kJ/mol) or o-dichlrobenzene (0.1 kPa, 48 kJ/mol) [137]. As we suggested in the
previous part, the decrease in thickness could be caused by a drop in the partial va-
pors pressure, in turn caused by a temperature drop during the vaporization process.
Based on solvents parameters, the biggest drop should occur for chloroform which is
in agreement with our observation.

4.1.3 Interaction parameters between PCDTBT and solvents

To calculate the Flory-Huggins parameter y, which describes the interaction between
polymer and solvent, we followed the same procedure as during the control measure-
ment. Firstly, to obtain the final thickness of the swollen layer, we fit an exponential
model (described by to our collected data as is presented in Figure Then
for each vapor pressure sequences we calculated x using formula [£.2] The results are
presented in Figure 4.8|

As in the control measurement, conducted for polystyrene—toluene system, x
changes with polymer volume fraction dy/d: x is decreasing with dy/d for chloroform
and it is increasing for other solvents (chlorobenzene, toluene and o-dichlorobenzene).
It is worth highlighting that in the original Flory-Huggins theory the interaction pa-
rameter is independent of the polymer volume fraction which is usually true for non-
polar system. However, as experiments showed it is not satisfied for systems where
either solvent of the polymer has a dipol [79]. Additionally, the increase in y with
polymer concentration is obtained for poor solvents and the decrease in y occurs for
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highly exothermic systems like PS/toluene [81]. However, the formula [2.20] we used
to calculate y applies also in the case of a variable x, as pointed by Flory [79] himself.

If we now concentrate on y values we see that they are in a range from -0.1 to 1.1.
The positive value indicates that polymer—polymer and solvent—solvent contacts are
more favored then the polymer solvent whereas a negative values inform about the
preference of polymer—solvent neighborhoods [80]. As is visible in Figure in almost
all cases a neighborhood of the same species is preferred. Additionally, according to
Flory-Huggins criterion, the complete miscibility can occur if x, < £(1+ ﬁf where
N is the degree of polymerization. Critical interaction parameter y. also tells us
whether the solvent can be treated as a good one or a poor one. For PCDTBT, for
which N is around 440 (see Section {4.2.1)), x. amounts to approximately 0.54. Based
on the presented swelling experiment we report chlorobenzene and chloroform as good
solvents, toluene as a poor solvent for PCDTBT and o-dichlorobenzene in between.

For organic solar cells a selection of a proper solvent is one of the key factors
which influence OPV final performance. However, as studies showed, choosing the best
solvent for PCDTBT does not necessarily imply the best OPV performance, which
according to studies was obtained for o-dichlorobenzene |138]. The reason behind this
is that the final morphology of bulk-heterojunction is a result of complex behavior
in the three component polymer—fullerene—solvent system which depends on many
other parameters. Some of them will be discussed in Section [4.2] Even if x cannot
directly explain the formation of bulk-heterojunction it is nevertheless one of the
necessary parameters to predict the phase behavior in polymer—fullerene—solvent
mixture as we will demonstrate later.

4.1.4 Solubility parameter

The next parameter, which has an impact on the final morphology of the donor-
acceptor mixture, is a solubility parameter ¢ which was originally developed to pre-
dict the mixing of simple non-polar solvents but later was extended to polar solvent
and polymers [81]. This parameter can be understood as an internal pressure and,
according to Hildebrand [139], it can be calculated as the square root of the cohensive

energy density: § = \/g where AFE is the vaporization energy of molecules, V' their
molar volume and 0 is called the Hildebrand parameter. However, such definition is
not accurate for materials in which dipole-dipole interaction or hydrogen bonding play
a role. Therefore Hanses [140] proposed to split § into three components; dispersive
dq, polar 9, and hydrogen ¢;; the geometric average of these components defines the
parameter ¢ as 0° = ;+0240;.

There are several possibilities how to determine ¢. The most direct way is to mea-
sure the energy of vaporization. However, this is possible only for volatile materials
like solvents. In case of polymers indirect methods have to be used like solvent test-
ing, measuring the osmotic pressure, swelling, surface tension or inverse phase gas
chromatography (for more details see [81]). Additionally, there are also some differ-
ent computational tools [141], based for instance on a group contribution technique,
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Figure 4.8: Flory-Huggins interaction parameter x between polymer PCDTBT and
solvents for different polymer volume fraction ¢p expressed by reverse of relative film
do

expansion ¢p = 2.

which assume that the total energy of vaporization of polymer is a the sum of the
energy of vaporization of different functional group.

Although solubility parameters for most of organic solvents are available in the
literature [81], there is still little information about the solubility parameters of conju-
gated polymers. Doung et al. [142] obtained the Hansen Solubility Parameters (HSP)
for small molecules, like PCgBM or PC7yBM, and semiconducting polymers P3HT
and MEHPPV by measuring their solubility in 27 solvents and then using the HSPiP
software developed by Abbot and Hansen. In the same way Machui et al. [143] pre-
dicted the HSP for PSHT, PCPDTBT and PCBM in a wide temperature range.
Nilsson et el. [123] estimated 6 for APF30-3, F8BT from experimentally measured
surface energies, whereas Jaczewska et al. [124] used the swelling of polymer layer to
determine 0 for poly(3—alkylthiophenes).

In case of PCDTBT, to our knowledge, there are only two reported values of solu-
bility parameter § mainly 21.51 MPa'/? [128] and 23.8 MPa!/2 [129], both determined
by the group contribution technique. Here we estimated the solubility parameter o
for PCDTBT based on the experimental swelling data and using the relation be-
tween Hildebrand and Flory-Huggins interaction parameter. The solvents solubility
parameter and molar volume were taken from [81] and resulted in ¢(chloroform)
= 19.0 MPa!/2, §(chlorobenzene) = 19.4 MPa'/2, §(dichlorobenzene) = 20.5 MPal/2,
§(toluene) = 18.2 MPal/2. As it can be seen in Figure 4.9 most of our calculated values
fall within the reported range with the mean value §(PCDTBT)= 22.8+ 1.2 MPa'/2.
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Figure 4.9: Calculated solubility parameters for PCDTBT based on the mea-
sured Flory-Huggins interaction parameter between polymer and different sol-
vents: chlorobenzene (CB), chloroform (CF), o-dichlorobenzene (ODCB) and toluene
(TOL). As a reference two reported & values for PCDTBT 21.51 MPa'/? [128] and
23.8 MPal/2? [129] are marked.

Remarkably, the best efficiency of organic solar cells based on heterojunction
PCDTBT:PC;,BM was recorded when this mixture was dissolved in oDCB [109).

Additionally, in the OPV context, it is worth noting that obtained 6(PCDTBT)
is close to §(PC7BM) which is reported within the range of 20.7 MPal/? [129] to
22.6MPa'/? [144]. Based on the equation , which links x;; with d§; and §;, one
can say that the smaller the difference between the d; with d;, the better they mix.
However, as studies showed, x predicts the miscibility only for amorphous substances
[22] and it looses its importance when crystallization occurs.

4.2 Phase separation in ternary system

So far we have concentrated on the interaction parameter y between conjugated
polymer PCDTBT and four different solvents. However, as an active layer in an
organic solar cell is commonly prepared from ternary systems — donor and acceptor
materials initially dissolved in a common solvent — the knowledge of the y alone is not
sufficient to fully describe their mixing behavior. One possibility how to get insight
is to construct a ternary phase diagram. This approach, in the context of conjugated
polymers and small molecules, has been already presented by several groups [20}120),
123]. The authors showed that a ternary phase diagram in combination with either the
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film depth profiling or morphology analysis can reconstruct structure formation during
a solvent evaporation. Here, inspired by the positive results from [20,/120,/123], we
conducted a similar analysis as in [123] for mixtures of conjugated polymer PCDTBT,
fullerene derivative PC7gBM and various solvents. We were interested in whether
a ternary phase diagrams can help us to understand the final PCDTBT:PC, BM
morphology. Despite the growing popularity of PCDTBT in the context of organic
photovoltaics [2], to our knowledge, it is the first time when this specific mixture was
analyzed via ternary phase diagram.

4.2.1 The ternary phase diagram

A phase behavior of a three-component mixture can be graphically depicted using two-
dimensional triangle plot, inside which each point corresponds to different component
proportions. In our case the proportions will be expressed as volume fractions of
solvent ¢, polymer ¢s, and fullerene ¢3. In the equivalent triangle a sum of such
proportions is always constant (here ¢; + ¢ + ¢35 = 1). The ternary phase diagram
is calculated from Flory-Huggins theory [79]. To construct the diagram we start with
defining a Gibbs free energy G, for a ternary blend:

G,
kT = jf[ll In ¢y + .7\2 In ¢y + j\z In @3 + x120102 + X130103 + X230203 (4.3)

where ¢; is the volume fraction of components (in presented system i = 1 solvent, 2 =
polymer (PCDTBT), 3 = fullerene (PC7BM)), N; expresses the degree of polymer-
ization and x;; is the interaction parameter between components. Table summa-
rizes x;; and NN; values for the investigated mixtures. Additionally, in the Calculation
details (at the end of Section one can find a description of how we obtained
these values. Using one can calculate the most important features like spinodal
and binodal curves or critical points. Spinodal and binodal lines separate composi-
tion space into three regions: a stable single phase region (outside the binodal); an
unstable region inside the spinodal line, where the demixing occurs; and a metastable
region located between both curves. In the metastable region the system is stable
with respect to small composition fluctuation. The critical point is a point in which a
spinodal and a binodal coincide and tie lines (red dotted lines in Figure connect
the points in binodal curve with equal chemical potential; their slope, which is driven
by the difference in x5 and xi3, informs about the preference of solvent to be in the
fullerene or polymer reach phase [20].

Figure [4.10| presents phase diagrams for PCDTBT:PC,yBM:solvent mixtures gen-
erated by dr Pawel Biernat based on the parameters from Table The bottom
left corner describes a highly diluted region, dominated by a solvent, similarly the
bottom right corner and the top corner describe regions dominated with PCDTBT
and PC;yBM respectively. Let us look how we can describe a PCDTBT:PC;,BM film
formation through a ternary phase diagram. The starting point is a low-concentration
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Figure 4.10: Ternary phase diagram of three component the system
solvent:PCDTBT:PC7;,BM calculated based on the parameter presented in Ta-
ble On the axis the volume fractions of three components (¢1, ¢ and ¢3)
are marked. The red lines represent the binodal blue lines spinodal composition.
Additionally, starting for the right corner, a direction of the solvent quench for a 2:1,
1:1, 1:3 and 1:4 PCDTBT:PC;BM ratio is marked. The simulation was performed
by dr Pawel Biernat.
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solvent X12 X13 X23
chloroform 0.431 0.610 0.387
chlorobenzene 0.178 0.631 0.350
dichlorobenzene 0.544 0.430 0.363
toluene 0.942 0.929 0.340

Table 4.1: Flory-Huggins interaction parameter y;; for ternary blend solvent (1):
PCDTBT (2): PC7BM (3). In each case an effective degree of polymerization amounts
N, =1, N, = 440, Ny = 6.

region (points close to the right corner). As it can be seen in Figure for chlo-
roform (CF), chlorobenzene (CB), o-dichlorobenzene (oDCB) the blend starts in a
stable single-phase region. When the solvent evaporates the whole system moves to-
wards the higher concentration region along a straight line until it reaches the binodal
curve. From this moment the mixture is no longer homogeneous and demixing occurs
via spinodal decomposition or nucleation-and-growth, depending on the location of
the intersection point.

Let us firstly concentrate on the results for chloroform and chlorobenzene pre-
sented in Figure and B. Their phase diagrams are very similar, differing only
slightly in a critical point position, which in both cases lies far from the centre of the
diagram. Both binodal and spinodal curves are asymmetric which is a result of the
molecular size difference between PC7;iBM and PCDTBT. The binodal composition
is visible only for the region enriched in PCDTBT with low fraction of PC7BM. One
phase region is here larger then for oDCB. If we look on ;; we can see that for both
CB and CF the interaction parameter between solvent and polymer Y15 is relatively
low (0.431 for CF and 0.178 for CB) denoting that both solvents can be treated as
good one for PCDTBT. The dashed lines starting from the right corner indicate the
direction of solvent quench for a (from bottom to top) 2:1, 1:1, 1:3, 1:4 blend ratio
of PCDTBT:PC,BM. Here for both CB and CF the system crosses the spinodal
for lower solute concentration with increasing PC7;,BM fraction. In other words for
the ratio 1:4 the least amount of solvent has to evaporate before the composition
reaches two-phase boundary and so it enters the two-phase region fastest. As Nilsson
et al. [123] observed the less time the solvent needs to evaporate to reach the phase
boundary the more likely the lateral structure will be formed.

In case of o-dichlorobenzene (Figure [£.10[C) we observed an atypical shape of
both curves, a critical point is shifted towards the more dilute region and the single
phase region is comparatively smaller. Here less solvent has to evaporate to cross the
binodal curve. This can have impact of the resulting morphology structures [123].
In case of toluene (Figure [1.10D) we did not observe a one-phase region which can
be a consequence of a large discrepancy in x;; values because toluene is a poor sol-
vent for PCDTBT and PC;yBM. As we mentioned, to our knowledge, there are no
reported phase diagram for this specific blend PCDTBT:PC;yBM:solvent. However,
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we found that our results for chloroform are similar to these presented by Michels
and Moons [120], where they examined ternary system of polyfluorene copolymer
APFO-3:PCBM:chloroform. The similarity is expected because APFO-3 has a simi-
lar chemical structure to PCDTBT.

Is it possible to predict the final morphology based on the ternary phase diagram?
As Michels and Moons [120] pointed out, the position of the critical point can tell
us what kind of final morphology, lamellar or drop-like lateral, we can expect. They
described two systems; chloroform:APFO-3:PCBM and chloroform:PFB:PCBM. In
case of APFO-3:PCBM the critical point was located in a relatively high solids con-
centration region and demixing occurs when the sum of volume fractions for APFO-3
and PCBM exceeds 0.37. In this example the lamellar structures were kinetically
frozen, preventing the transition to the drop-like lateral structures. For such system
the lamellar structures were expected with low surface roughness, which was con-
firmed by AFM measurement. Additionally, as authors of |120] suggest, in this case
the phase separation is driven by diffusion process. For chloroform:PFB:PCBM the
critical point is located in a region with high solvent fraction. In such region the mo-
bility of the components allows to break up the lamellar structures before vitrification
can take place, resulting in a drop-like lateral structures.

Going back to the phase diagrams for PCDTBT:PC7,BM (Figure we see that
the lowest position of the critical point was obtained for chloroform and chloroben-
zene. In those cases we expect the lateral structures with low surface roughness. In
case of toluene we did not observe any critical point: the system is already in the
unstable region. Here the possible break-up from lamellar to lateral profiles can take
place. For o-dichlorobenzene the critical point is placed in a high solvent concentration
region, similar as for chloroform:F8:PCBM examined by Nilsson et.al [123]. Here also
drop-like structures can be anticipate. In the next section, based on the morphology
analysis, we will see whether the foregoing predictions correspond with the results
obtain experimentally.

Calculation details

To model the ternary phase diagram following parameters are necessary: three inter-
action parameters between solvent (1), PCDTBT(2) and PC7BM (3) x12, X13, X23
and their effective degree of polymerization Ny, Ny, N3. To calculate N; we made
similar assumption as in [123]. The single aromatic ring of the solvent is treated as
the unit size resulting N; = 1. To determine N, we firstly divided the PCDTBT
molecular weight (61 600 g/mol) by weight of monomer (701 g/mol) which gives us
information about number of repeating units in the chain. Then considering a single
aromatic ring as a unit we approximated the degree of polymerization as Ny = 440.
In case of PC7yBM the molar volume approximate 600 cm?®/mol is 6 time bigger than
the volume of solvent molecules therefore N3 = 6. The values of interactions parame-
ter between the polymer PCDTBT and solvents y;2 were obtained from the swelling
experiment (see Section . As was shown in Figure the interaction parame-
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ters weren’t constant but changed with concentration. For the following analysis we
firstly concentrated on the x values obtained for low relative partial pressure p/pgu
= 0.454. Two remaining y;; parameters between solvent and fullerene PC70BM x13
and between polymer PCDTB and fullerene y23 were calculated from eq. [2.25] similar
as in [123]. All values necessary to construct a phase diagram are presented in Table

41l

4.2.2 Morphology of PCDTBT:PC,BM

The choice of solvent not only affects the phase behavior in blend systems, as was
presented in Figure [4.10] but also has an impact on the final morphology of the poly-
mer:fullerene film, which plays an important role in organic photovoltaics performance
(for comprehensive review see [14,/19]). In the context of PCDTBT and PC7yBM there
are already several studies [109,/145] in which authors examined the influence of three
solvents; chloroform (CF), chlorobenzene (CB) and dichlorobenzene (DCB) on the
film morphology and OPV performance. The purpose of this part was not only to
extend the research to another solvent — toluene (TOL) — but also check whether our
prediction about final morphology, based on the ternary phase diagrams presented in
the previous section, are correct or not.

Experimental

Sample preparation and morphology analysis Blend of PCDTBT:PC7,BM in varied
weight ratios (2:1, 1:1, 1:3, 1:4) were dissolved in four different solvents: chloroform
(CF), chlorobenzene (CB), o-dichlorobenzene (ODCB) and toluene (TOL). The solute
concentration was set to 5 mg/ml for CF, CB, ODCB. In case of TOL, due to a poor
solubility of PCDTBT in TOL, we decreased the solute concentration to 2.5 mg/ml.
We prepared thin layers on the previously cleaned silicon substrate by spin-coating
(300 rpm for 2 s, 1500 rpm 90 s). The topography of the layers was examined by
contact AFM mode and analyzed by Gwyddion software.

From lamellar to lateral structures: introduction

Before we move on to our morphology results for PCDTBT:PC;,BM film let us briefly
describe what happens during evaporation induced phase separation in a thin layer.
This topic was widely discussed by several groups [120-122,/146,147], here we concen-
trated on their most important observation for polymer:fullerene blends. The starting
point in thin film formation is a polymer:fullerene blend dissolved in a common sol-
vent. This solution is usually one—phase system with low solute concentration. During
the film formation by printing or spin—coating the solvent is evaporating, which in-
creases the solute concentration and moves the system into a two—phase region (as
depicted in a ternary phase diagram in Figure . In case of solvent quenching
the whole separation process is so fast that decomposition is dominated via spinodal
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Figure 4.11: Schema of film formation during the spin coating. a) Initial stage of spin-
coating b) vertical separation d) sinusoidal-like distortion of the interface resulting in
d) lateral phase separation.

process instead of nucleation [122] resulting in structures of different topography from
lateral to lamellar. As studies suggest , the whole process can be divided into
several steps (Figure . Initially a vertical separation is induced resulting in the
lamellar structures. This effect is related to the fact that blended components prefer-
entially wet either the substrate or an air interface. Next, the lamellar structure can
either freeze or break up into droplets due to instability caused by solvent concentra-
tion gradients within the film. Finally these droplets can merge into larger domains or
even lateral structures . Whether or not this transition from lamellar to drop-like
or lateral structures takes place depends on the mobility of blend components in the
solution, which is related to polymer concentration and evaporation rate. As experi-
mental and theoretical studies showed, by controlling the evaporation
rate and blend composition one can cause the final morphology to be either lateral or
lamellar. Below we discuss the morphology for PCDTBT:PC;BM mixture prepared
from different solvent.

Results

Figure presents AFM topography of PCDTBT:PC,BM films prepared from four
different solvents with four different polymer:fullerene mixing ratios each. As we can
see, both variables affect the final morphology. By varying a solvent we observe wide
rage of feature: distinct islands for toluene, lateral structures for chloroform, nanoscale
separation for chlorobenzene, homogeneous layer for o-dichlorobenzene, chlorobenzene
and toluene.

Let us firstly concentrate on structures formed from toluene solution. For the
mixing ratio PCDTBT:PC,oBM 2:1 the flat surface with no visible features is observed
(roughness ~0.44 nm). With increasing PC7oBM content, the islands with circle shape
became more pronounced. For ratio 1:3 the islands are 66+ 2 nm high and 543+ 10 nm
wide for 1:3 there are even higher and wider: 848+ 34 nm and 127+ 3 nm.
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The similar islands were observed by Hoppe et al. |[148] for MDMO-PVV:PCgBM
film spin coated also from a toluene solution. Their size was one order of magnitude
bigger than the size of the structures prepared with chlorobenzene solution. Here a
question comes to mind. Which material, polymer or fullerene, are the clusters made
of? Unfortunately, we cannot answer this question basing solely on AFM images.
Here the additional experimental tools would be necessary like photoluminescence
measurement [148] or a scanning transmission X-ray microscopy [149]. Indeed, with
these methods authors showed that large cluster are assigned to the bare PCBM
phase. Additionally, according to Nillson et al. [123], who examined the phase behav-
ior in polyfluorene copolymers:PCBM mixture, the islands are a result of high solvent
evaporation rate (chloroform, toluene or xylene) and strong polymer:fullerene repul-
sive interaction. Here our results partly support the first of Nillson’s observations.
For two high volatile solvents - toluene and chloroform we obtained cluster structures
only for some mixing ratio. Additionally, in our experiment the interaction between
PCDTBT and PC7yBM was relatively low (see x in Table and did not vary within
mixtures, nevertheless both cluster and flat layer, were formed. Here we favor the ex-
planation presented by Michels and Moons [120]. They demonstrated that for systems
with a critical point located in the high solvent fraction region the transition between
lamellar and lateral structures can take place. In case of toluene:PCDTBT:PC-,BM
we did not observe the critical point which means that from the beginning the system
is located within an unstable region. For low polymer concentrations the mobility of
the blend components is sufficiently high to allow to drop-like breakup.

We obtained the interesting results for chloroform and chlorobenzene. The ternary
phase diagrams, for these two solvents, are almost identical, so based only on diagram
analysis the final morphology of polymer:fullerene layer should be similar. However, as
AFM pictures depict, there are visible discrepancies in nanophase separation. Conse-
quently, these results show that the ternary phase diagram is not sufficient to predict
the final morphology. As resent studies showed |120}/122] the crucial thing is the dy-
namics of the process, which unfortunately cannot be seen in phase diagram. This
dynamics is related to the solvent evaporation rate: the faster the evaporation, the
more pronounced lateral structures are [123] which was also visible in this experiment.

At the end, the smooth final surfaces, with roughness not exceeding 0.6 nm, were
obtained for o-dichlorobenzene. The summary of the roughness measurement for all
solvents is presented in Figure .13 Our results are compatible with the values pre-
sented by Shin et al. [145], who compare the roughness for PCDTBT:PC7,BM pre-
pared with chloroform, chlorobenzene and o-dichlorobenzene. They also observed an
increase in roughness in following order, from o-DCB, CF to CB.

Morphology and OPV performance

As we showed, the solvent significantly affects the final morphology of the poly-
mer:fullerene layer. The question now is which film morphology to choose as an active
layer in organic solar cells. In this section we will summarize and apply the extensive
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Figure 4.13: Surface roughness of PCDTBT:PC;,BM layers obtained from AFM im-
ages (Figure|4.12)). The layers were prepared from solution by spin coating. We varied
component mixing ratios (2:1, 1:1, 1:3, 1:4) and solvent (chlorobenzene (CB), chloro-

form (CF), o-dichlorobenzene (ODCB), toluene (TOL))

existing results on influence of solvent on the performance of OPV [109,/145,(148] to
our particular solvents.

Park et al. [109] examined the effect of solvents — chloroform (CF), chlorobenzene
(CB) and dichlorobenzene (DCB) — on the film morphology and device performance
based on the bulk heterojunction PCDTBT:PC7BM (1:4 ratio). Based on the J-V
characteristics they demonstrated that the best performance was achieved for the
devices fabricated with active layer coated from DCB. For this solvent they obtained
a well defined nanoscale phase separation, whereas use of CF and CB result in the
large 300 nm cluster. For such large structures the mismatch between exciton diffusion
length (less then 10 nm) and the cluster size will result in recombination losses and
therefore in a decrease in photocurrent and a reduction of efficiency.

The similar research was conducted by Shin et al. [145] in which authors ex-
amined the influence of three solvent CB, CF and o-DCB and four blend ratios of
PCDTBT:PC7BM on the OPV performance. Based on AFM images they showed
that PCDTBT:PC,,BM films coated from CF and CB posses the granular domain
with a size of hundreds of nanometer. This size of the granules increases with in-
creasing ratio of PC7;BM in the mixture. For o-DCB they observed no PC; BM
aggregation only fiber-like nanostructures which according to authors indicates good
miscibility between PCDTBT and PCoBM. Similarly to |109], they obtained the best
performance for OPV with active layers casted from o-DCB with PCDTBT:PC,,BM
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in ratio 1:4.
To conclude the best performance was achieved for clearly defined fibrillar nanoscale

phase—separated structures. Therefore the layer prepared from toluene, as we see in
Figure [4.12] is not good candidate for the active layer in OPV.

4.2.3 Conclusion

We constructed ternary phase diagrams from the interaction parameters between
components to describe the possible phase behavior in the polymer:fullerene mixture.

However, the morphology analysis of the final structures can not be inferred solely
from ternary phase diagrams and other factors have to be taken into account such
as dynamics of the solvent evaporation. This is necessary because phase separation
is a dynamic process, while the phase diagrams only describe the stationary states of
the system. To predict the morphology of the film formation one has to refer to more
advanced techniques such as numerical simulations [122] or advanced experimental
methods like in situ grazing incident X-ray diffraction [21].






Chapter 5

Light trapping layer in organic solar
cells

Organic photovoltaics (OPV) are candidates for low cost solar cells; however, the
efficiency of these cells is still lower than that of their inorganic counterparts. There
are several factors determining the overall performance of photovoltaic devices to
point the two most important: light absorption and charge collection. One way to
enhance the absorption is to increase the thickness of the active layer. However,
increasing the thickness of the active layer decreases the charge collection in OPV.
Another way to improve the absorption is to add light trapping structures without
increasing the actual thickness of the layer. This strategy is commonly used in the
field of silicon photovoltaics [61,150H152] but for organic solar cells it is still in an
early development stage [44].

Inorganic light trapping layers (or anti-reflection coatings) used in silicon solar
cells are fabricated by vapor deposition, etching or photolithography. The advantages
of all of these methods are wear-resistance, size-control and high-precision but their
production is complicated and expensive. On the other hand, organic light trapping
layers can be manufactured by simple and cost effective methods such as solution
casting or printing. By applying these methods it is possible to obtain a wide range of
self-organized structures. Despite the advantages of self-organization, in the context of
light trapping layers, there is no conclusive evidence on the influence of such structures
on OPV performance. Instead, most studies have focused on the optical properties of
these structures such as reflection or transmission [49,50}54].

Non self-organized structures prepared by soft lithography or chemical etching
were recently investigated by several groups [64,65,153] . In [154] Cho et al. examined
the organic textured films attached to the front side of OPV. The authors used the
front side to avoid interfering with the insides of OPV, which simplified the process
of adding the light-trapping layer. On the other hand, the techniques they used were

71
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limited to a narrow set of commercially available masters.

The goal of this part of the doctorate project was to explore the effects of self-
organized structures as external light trapping layers on OPV performance (Fig-
ure ) We compare periodic and porous structures prepared using soft lithography
(Section and breath figure formation (Section , respectively. Additionally, in
Section [5.1.1 we tested the soft lithography technique as a method to prepare the
imprinted active layer (Figure [5.1B).

Light trapping layer
Glass
Transparent electrode

Glass
Transparent electrode

Active layer

Electrode
B)

A)

Figure 5.1: Schematic organic solar cell with A) external light trapping layer, B)
imprinted active layer

Figure 5.2: Examples of light trapping layer: A) Periodic structures with period ~
800 nm corresponding with DVD period. We used DVD as a master for PDMS stamp,
a crucial element in soft lithography. B) Porous structures were obtained by deposition
of a polymer solution either in a humid atmosphere or by adding the water into the
solution.
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5.1 Periodic structures

5.1.1 Imprinting active layer in blend solar cells
Introduction

In the last decade the imprinted organic solar cells have attracted an attention of re-
searchers (see [59] for a comprehensive review). One of the first example of using the
soft-lithography was presented by Roman et al. [68]. They reported the improvements
in External Quantum Efficiency (EQE) after patterning the active layer with 416 nm
period. Na et al. [64] investigated the influence of various periodic sub—micrometer
structures formed on an active layer on solar cells performance. They showed that
the overall device efficiency increased thanks to the improvement of photon absorp-
tion in the active layer. Park et al. [69] applied solvent-assisted soft stamp-based
nanoimprinted lithography to prepare the periodic structures. They examined organic
solar cells with the interpenetrated bilayer P3HT /PCgoBM with four different period:
1600 nm, 810 nm, 420 nm, 360 nm. They showed the increase in power conversion
efficiency, from 2.1% to 2.4%, compared to the flat reference layer. Kim et al. [155]
used two molds with period 510 nm and 700 nm to imprint the structures in a poly-
mer layer. They observed the increase in short current density as well as in efficiency
for both structures compared to the control cell.

However, even if the authors use soft lithography methods the masters were fabri-
cated by photolithography, for which expensive instruments are required. Inspired by
the results presented in [64] and [156] we proposed to use commercially available CD,
DVD and Blu-ray discs as templates for the PDMS stamps. Meanwhile, it appears
that the idea of using commercial discs attracted much attention as reflected a recent
paper by Smith et al. [157]. They showed that imprinting a quasi-random Blu-ray
pattern on an active layer leads to higher absorption and efficiency of the organic
solar cells.

Below we present the results of patterning the active layer with the structures
coming from unrecorded discs with periods ~1600 nm, 800 nm and 350 nm. Firstly,
we reported the improvement in absorption after the patterning the absorbed layer.
The biggest changes was observed for structures with period 800 nm. Based on this
observation we prepared the solar cells with the imprinted active layer as is schemat-
ically presented in Figure [5.1B. We compared the performance of solar cells with the
imprinted active layer to solar cells without the imprint and we observed an improve-
ment in the short—circuit current, however the remaining parameters like fill factor,
open current voltage or efficiency worsened.

Experimental

Elastomeric PDMS stamp preparation: As a master for the surface relief grating we
used commercially available CD, DVD and Blu-ray discs composed of a polycarbon-
ate substrate, reflective, recording and protective layer. The layers were firstly man-
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ually separated and cut into smaller pieces, from which we prepared stamps using
poly(dimethylsiloxane) PDMS (commercially known as Sylgard 184). The mixture of
polymer base and a curing agent with a ration of 10:1 was placed into the ultrasonic
cleaner for 15 min to remove trapped bubbles and then poured onto the previously
prepared disc’s polycarbonate layer and cured at 120°C for 25 minutes. After curing
the stamp was peeled off from the polycarbonate substrate and was ready to use.

Sample preparation: For the optical measurement the samples were prepared on mi-
croscope slides, previously cleaned in acetone and dried with nitrogen. One side of each
slide was cover by light absorbing thin layer prepared from poly(3-octylthiophene)
P30T dissolved in chloroform by spin-coating (1000 rpm, 30 s). After the absorption
measurement we fabricated the periodic structures using Solvent-assisted micromold-
ing (SAMIM) technique. A small amount of solvent was placed onto the stamps
surface and then brought into the contact with polymer layers. After 10 s of gentle
squeezing the image of the stamp was transferred into the polymer layer.

OPV fabrication: P3HT and PCgBM with a weight ratio of 1:0.8 was dissolved in
chlorobenzene with total concentration 20 mg/ml and stirred on a hot plate at 50°C
for 24 hours. Pre—patterned ITO (Ossila Limited) glass substrates were cleaned in
acetone and isopropanol, dried with nitrogen and placed in a plasma cleaner for
20 s. PEDOT:PSS, previously filtered through a 0.2 pm filter, was spin-coated at
4000 rpm for 30 s and annealed on hot plate at 150°C for 5 min. Then the substrates
were transferred into the glovebox were a drop of P3HT and PCgBM solution was
placed on the PEDOT:PSS and spin—coated at 3000 rpm for 60 s. To imprint the
pattern on the active layer the PDMS stamp was moisturized with chloroform and
put in contact for 10 s. After removing the PDMS stamp an 80 nm aluminium layer
was thermally evaporated on the top of active layer. After evaporation the devices
were annealed at 150°C for 15 min. Finally, all devices were encapsulated by a glued
top—glass in order to prevent the degradation of the OPV.

Characterization: The topography of the periodic structures was analyzed by atomic
force microscopy AFM (Agilent 5500) working in contact mode. The images were pre-
processed and analyzed using the Gwyddion software. The mean structures dimension
were obtained based on the line profile and the Fourier transformations of the im-
ages. The absorption and reflection of samples were measured using system built in
our laboratory |115] consisting of halogen lamp, computer-controlled monochromator
(Cornerstone 260 1/4 m, Newport), two detectors (Amplified UV-Si Photodetector,
Newport), lock-in amplifier (Stanford Research System). The current—voltage charac-
teristics of fabricated organic solar cells were measured using the source meter under
the solar simulator of 500 W/m? intensity in order to reduce degradation effect.
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Choice of the method

In recent two decades soft lithography techniques found applications in disciplines
in which the soft materials or elastic substrates are used, examples include organic—
based microelectronics, medicine or biology. This increased interest sped up the devel-
opment of new soft lithography techniques: replica molding, microcontact printing,
micromolding in capillaries, solvent—assisted micromolding (see [100}/158,/159] for a
comprehensive review). Despite the many advantages—like low cost, short time of
pattern preparation, possibility of working with a broad range of materials—the soft
lithography has also some limitations. The defects occur more often than in pho-
tolithography, the pattern in the stamp may be damaged due to swelling or shrinking
and some techniques are limited only to small surfaces [100].

To determine which techniques are most suitable for our applications we per-
formed a preliminary experiment where we compared Solvent-assisted micromolding
(SAMIM) and Microtransfer molding (¢ TM). During SAMIM the elastomeric stamp
is wetted with a solvent and next brought into contact with the polymer layer. In pTM
the stamp is inked with the polymer solution and then the pattern is transferred to
the substrate by direct contact.

Both techniques result in regular periodic structures but with differences in height
profile and period (Figure . The height and period are also widely spread among
the techniques which indicates poor reproducibility. Additionally, what is not visible in
Figure[5.3] during the printing we encountered a problem. In the case of TP pressing
the stamp resulted in a pattern covering only small random areas. These might not be
a problem in some experiments, where the position of the structures is is not crucial.
However for application in organic solar cells it is necessary to print the pattern on
the whole area of the active layer, to avoid short—circuits. The latter was the main
cause for selecting the SAMIM as our method of choice, despite its deficiencies in
reproducibility of period and height (cf. Figure . The exact experimental setup
and results is described in the following paragraphs.

Solvent-assisted micromolding (SAMIM) vs. Microtransfer molding (4 TM)  The starting
point in soft lithography is to prepare the stamps. It is made by casting the elastomeric
polymer PDMS onto the master with appropriate pattern. Generally the masters
with high quality pattern are fabricated by e-beam lithography or photolithography.
However, these techniques are time—consuming and require specialized equipment.
Inspired by Meenakshi et al. [160] we present here a different approach. As a master
we use commercially available discs: CD, DVD and Blu-ray with corresponding period
1600 £100 nm, 740 +46 nm and 335 nm [161]. It turned out that in this way we are
able to prepare the pattern on the top of elastomeric stamp with period of hundreds
nanometers which is next reproduced by different soft lithography techniques. This
approach is characterized by the advantage of simplicity and reproducibility of the
master.



76 CHAPTER 5. LIGHT TRAPPING LAYER IN ORGANIC SOLAR CELLS

175 nm
160

139 nm

120

100

A) PDMS stamp B) uTP
‘ 62 nm 125
100
50
=27
3 40 £
< 50
" wo
20 0
0 1 2 3 4 5
10 x (pm)
0 PDMS stamp =Microtransfer molding ~ =SAMIM
C) SAMIM D) Topographic profile

Figure 5.3: AFM images of A) PDMS stamp prepared from CD disc and imprinted
polymer absorbed layer poly(3-octylthiophene) obtained by two soft lithography
techniques: B) Microtransfer molding (¢TM) and C) Solvent-assisted micromolding
(SAMIM) with the examples of the depth profiles D).

To test the geometry of pattern fabricated by Solvent—assisted micromolding
(SAMIM) and Microtransfer molding (¢TM) we concentrated only on structures
made by elastomeric stamp with period corresponding to a CD disc prepared from
poly(3—octylthiophene) solution. The typical CD’s polycarbonate pattern dimensions
are : ~ 1.2 pm width, ~ 0.69 pum space between the line, ~ 110 nm height.
The elastomeric stamp prepared from CD has a negative pattern to CD disc. As it is
shown in Figure [5.3]A and D the patterns are almost sinusoidal with the line width
0.73 £0.07 pm being smaller that the space between them 0.92 £0.06 ym and height
118 +10 nm.

Using the TP and SAMIM technique we prepared two sets of samples consisting
at least 5 samples. Each sample was next characterized by AFM microscope. Examples
of surface topography are shown in Figure and C. In both cases we obtained
the regular structures however differing in size. The structures prepared by puTP are
higher and narrower compare to the pattern prepared by SAMIM, also the period
is not equal. The difference is visible in Figure [5.4] The mean period of structures
is equal to 1 570 £88 nm for TP and 1650 +93 nm for SAMIM, the mean height
amounts 87 +15 nm for xTP and 67 +14 nm for SAMIM. Moreover, the height spread
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Figure 5.4: Summarized A) period and B) height of all pattern prepared by Micro-
transfer molding (uTM) and Solvent-assisted micromolding (SAMIM) with marked
average value.

visible in the boxplot (Figure indicates a relatively poor reproducibility of tested
techniques (SAMIM and pTP).

It is worth to point out that similar difference in period and height between
SAMIM and pTP we also observed for structures prepared using PDMS stamp with
pattern corresponding to DVD disc. SAMIM techniques result in structures with
larger period 813 4 17 nm and lower height 51 4= 22 compare to these prepared by p/'TP
for which period amount 763 4+ 37 nm and height 109 + 11 nm. The increase in period
for SAMIM can be associated with swelling of PDMS stamps under the influence of
solvent, in our case chloroform. As Lee et al. |103] showed chloroform, with solubility
parameter § =9.2 (cal/cm)/2, has one of the highest swelling ability for PDMS (§ =7.3
(cal/cm)/?) resulting in increase in length up to 39%. In our experiment we didn’t
observed such expansion probably due to much shorter exposition time (less then 1
min) of PDMS to the solvent compare to the 24 h presented in [103]. In case of uTP
the PDMS stamp was inked with polymer dissolved in thiophene (with solubility
parameter § =9.8 (cal/cm)'/?). Unfortunately in [103] there are no results for this
PDMS solvent combination. However, based on authors observation solvents with
§ ~9.9 (cal/cm)/? characterize with moderate effect on PDMS with swelling about
10%. The changes in pattern size by swelling PDMS stamp was also observed by Xia
and Whitesides [162]. In their work they also reported that the swelling process is
reversible — the PDMS stamp return to the original size after solvent evaporation.

Optical properties of the imprinted pattern

After choosing the appropriate soft lithography technique, solvent—assisted micro-
molding (SAMIM), we concentrated on the the main part of the experiment: the
influence of patterning the absorbed polymer layer Poly(3-alkylthiophene) on the
their optical properties. The experiment was conducted in following steps. To get the
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Figure 5.5: Optical images of long rages order of poly(3-octylthiophene) P3OT struc-
tures prepared by SAMIM taken at a 100x magnification

flat absorbed layer on one side of a glass substrate we spin coated polymer solution of
poly(3—octylthiophene) P3OT. Then, we printed the periodic pattern on the polymer
layer using a stamp covered by a small amount of solvent (as via SAMIM). Figure
shows that this methods allows to obtain regular structures over a large area.

Topographic measurements Before optical measurement we examined the quality of
the patterning by AFM microscopy. Figure to C presents the resulting AFM
images of periodic P3OT patterns imprinted by the PDMS stamps with period cor-
responding to the CD, DVD and Blu-ray disc. The highest quality layers, with long
range order and almost sinusoidal shape, were achieved when using CD and DVD as
a master. For the Blu-ray some discontinuities were visible: the pattern is ragged at
the extrema. The periods of these structures were obtained by applying the Fourier
transform to AFM images, the heights were calculated based on line profiles.

The prepared structures characterized with three types of period: 1654 +93 nm,
813 £17 nm and 345 +36 nm (Figure and corresponding heights: 64 +£13 nm,
51 £22 nm and 13 £+5 nm. The observed difference in the height are caused by
various pit height for polycarbonate moulded discs used as the master: ~ 140 nm
(CD), ~ 133 nm (DVD) and ~ 25 nm (Blu-ray) [161].

Optical measurement To investigate the influence of periodic structures on the optical
properties we measured light absorption and reflection. Each sample was measured
twice: before and after imprinting the periodic structures, so the direct influence of the
patterning could be determined. An example of the absorption spectra is presented
in Figure 5.7A. The absorption was clearly enhanced for all of the imprinted layers
over the whole spectrum. This result is consistent with other similar measurements
reported by Smith et al. who observed the increase in absorption after patterning
an active layer with Blu—ray patterned mold.

To quantitatively describe the changes in absorption we calculated the total ab-

sorptivity in the polymer layer as the Ar = % where A(\) represents the
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Figure 5.6: Topographic AFM images with corresponding cross-sections of the struc-
tured poly(3—octylthiophene) P3OT layer with different period fabricated by soft-
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Figure 5.7: Comparison of A) absorbance and B) reflection spectra of flat and im-
printed P3OT layer for periods correspond to Blu-ray, DVD and CD disc.
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Figure 5.8: The mean values of total absorptivity in the P3OT layer with different
periodic structures.

absorbance, S()) is Solar irradiance spectrum. As is seen in Figure [5.8 all three peri-
ods have positive influence on total absorptivity in P30T layer. The highest improve-
ment up to 23% compare with the flat layer (Ar = 0.628 £0.050) was achieved for
the structures with period around 813 nm, for which the total absorptivity amounted
0.771 £0.059. For the structures with period 345 nm and 1654 nm the 14% (Ar =
0.722 £0.036) and 10% (A7 = 0.695 £0.049) increase were observed. The enhance-
ment in absorbance for layer with pattern with period 345 nm, corresponding to the
Blu-ray structures, is lower than the results presented by Smith et al. [157], who
reported 21.8% improvement. The results can not be, however, directly compared
because in [157] the authors used a different polymer and a quasi-random pattern
obtained from the recorded Blu-ray disc, whereas we examined the purely periodic
pattern produced from the unrecorded Blu-ray. In the future it would be worth to
examine which discs give better results in sense of light trapping application: un-
recorded with period structures or recorded with the quasi-random arrangement.
Also we would like to note that the results obtained by us were completely new at
the time of performing the experiments and were presented on a conference in 2012.

Apart from the absorption spectra we monitored the back—side reflection (Fig-
ure |5.7B). In the range 400 nm - 550 nm the imprinted pattern doesn’t have signifi-
cant influence on the back—side reflection, but for higher wavelength up to 650 nm we
observed a slightly drop in reflection for structures with period 813 nm. However, the
changes are relatively low, of only about 0.25%. Based on these results we concluded
that the increase in absorption is caused mainly by the scattering of the incoming
light on the periodic structures, rather than by the expense of the back—side reflection.
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Organic solar cells with blended active layer

As we have already shown in a previous paragraph the patterning of absorption layer
increases the absorption. The question now is whether the increase in the absorption
of the active layer can lead to an improvement of the overall performance of organic
solar cells. Here we concentrated on the patterns prepared from DVD, which according
to our previous study cause the highest improvement in absorbance.

The solar cells were prepared in a routine manner with one exception. After coat-
ing the active layer (composed of P3HT:PCgBM) we used the solvent—assisted mi-
cromolding to prepare the periodic structures. As reference cells we took two flat
devices without imprinted pattern with the total of 12 pixels. After the imprinting
an Al electrode was evaporated and the solar cells were encapsulated. As expected,
the imprinted devices show a visible optical grating effect, resulting in the rainbow
spectrum similar to a DVD disc. The appearance of the rainbow spectrum was the
first indicator whether the imprinted process was successful or not. To obtain the
information about the pattern topography we left one device without encapsulation.

Figure presents the AFM images of patterned active layer whereas Fig-
ure the Al electrode. Based on the AFM images the period of active layer
amounted 832 £33 nm and the mean height of the pattern 82 +8 nm. After the
aluminum evaporation the peaks are visibly thicker with period 856 £15 nm and
76 +8 nm height.

Solar cells were then characterized through current—voltage measurement under
the illumination 500 W/m?. Commonly the solar cells are examined under the il-
lumination 1000 W/m?, however, during our preliminary experiment we observed a
degradation of the devices under 1000 W/m?. Therefore to reduce the degradation we
decreased the illumination to 500 W/m?. Each set of solar cells either flat or with an
imprinted active layer consists of 12 measurements. Figure shows the example of
the best J-V characteristics we obtained. In such case imprinting an active layer led
to 20% increase in the short current (J.) from 2.63 to 3.17 mA /cm?. Unfortunately,
the imprinting causes the decrease in the remaining parameters and consequently to
a decreased efficiency.

The decrease in fill factor (FF) manifests either with decrease of shunt resistance
(Rsp) or increase in series resistance (Rs) or both of them. To check the changes in
resistance we extracted both parameters (Ry,) and (R) from the J-V characteristic
(Figure by fitted the curved described by the equation [2.2] In fact we observed
decrease in Ry, from 1150 to 520 - em? and increase in R, from 3.9 to 16.7 2 - cm?
after imprinting the active layer. In our case, we suppose, that changes in resistivities
may be explained by nonuniform metal contact of Al cathode similar as was observed
by Na et al. [64] The problem with reduction of the fill factor for pattern organic
solar cell was also reported by Nalwa et al. [71]. They observed a reduction in OPV
performance (in all parameters) for organic solar cell with pattern substrates with
periods 600 nm, 800 nm and 1 pgm and an improvement only for the period 2 pum.
Additionally, authors also showed that not only period but also height of pitch plays
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Figure 5.9: AFM images with the examples of the depth profiles: A) imprinted active
layer with period 830 nm, B) Aluminium layer evaporated on the top of imprinted
active layer.

an important role in device performance. Therefore we are aware that the better
height control is crucial for further improvements of OPV.

Apart from decrease in FF we also observed significant drop in open—circuit volt-
age V,.. In general, V,. is related to the energy difference between donor HOMO level
and acceptor LUMO level (equation so on the first sight we should not observe
such discrepancy in V. as the same donor and acceptor materials were used in flat
and imprinted solar cells. However, as studies showed there are a lot of additional
factors which directly or indirectly affect the V,. among others: defects state, mi-
cro structures, donor—acceptor interface, morphology, carrier density, recombination,
temperature, illumination intensity. Here based on the shape of J-V curves, AFM im-
ages (Figure and also , we suppose that decrease in V,. may be caused by
non homogeneous film surface with visible microstructures which can be a source of
additional traps or recombination centers and can induce local shunts. The similar de-
crease in V,. was also observed by Maier , where the author examined OPV with
imprinted periodic sinusoidal structure in PEDOT:PSS layer. The author attributes
the decrease in V. to morphological changes in PEDOT:PSS layer. Additionally, the
patterning of the active layer can change the crystallinity and molecular ordering in
polymer films and as a result modifying the charge transport properties and also
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Figure 5.10: Comparison of current density—voltage characteristics for flat and im-
printed PSHT:PCg,BM solar cell with period ~800 nm.

Layer Jse Ve FF PCE R, R,y
(mA/em?) (V) (%) (%0) (©-em?) (Q2-cm?)
Flat 2.47 £0.17 0.53 £0.03 53 +2 1.39 £0.14 5.5 £1.7 990 £180
Imprinted 2.73 +£0.28 0.41 +£0.05 42 +5 0.96 £0.25 22 £10 380 £+200

Table 5.1: Device parameters of solar cells based on the blend P3HT:PCgoBM with the
flat and imprinted active layer. Mean values and standard deviations were calculated
from 12 measurement. The period of the pattern was around 850 nm.

shift the molecular orbital level of polymers [164]. However, to determine whether in
our case the molecular reorientation or changes in crystallinity occurred the additional
measurement would be necessary (e.g. grazing incidence X-ray diffraction).

Figure and Table |5.1) summarize the performance characteristics for all mea-
surements with calculated mean values and standard deviations. We showed that
apart from the short current density, which mean values increase from 2.47 mA /cm?
to 2.73 mA /cm? resulting 10.5% improvement, the overall solar cell performance de-
crease. The reduce in quality displays also in device resistance. For the solar with the
flat active layers the value of the serial resistance amounted 30 - cm? compare to
49 Q- em? for the imprinted ones. The shunt resistance changed from 1330 Q - cm?
for flat solar cell to 470 € - em? for imprinted ones. Even if the patterning caused
the 10.5% increase in light absorption the improvement in efficiency has not been
realized.

Conclusions

The presented results show that imprinting of the active layer influences the solar cells
performance. Although we observed a decrease in the the efficiency, the improvement
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Figure 5.11: The summarized organic solar cells parameters for flat and imprinted
active layer.

in the absorption and the short circuit current indicate a potential for using DVD
stamps for patterning the active layer. Additionally, our experiment shows the cheap
commercially available disc can successfully serve as a master for elastomeric stamps
in soft lithography. We think that this idea may find many application not only in
material science but also in biology or chemistry.
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5.1.2 Periodic grating as the external light trapping structures
Introduction

In the previous section we showed that imprinting the active layer with periodic struc-
tures increases absorption and short-current density in the OPV. On the other hand,
it turned out that such structures have a negative impact on other OPV parameters
such as shunt resistance, fill factor or open circuit voltage thereby reducing the effi-
ciency of the device. Nevertheless, there are several studies [64,/155,(157,/165] which
showed that by optimizing the structure parameters or by fine tuning the preparation
techniques an OPV with an imprinted active layer can perform better then their flat
counterparts. From the commercial perspective, however, the internal light trapping
layers are not the best solution due to low throughput of the manufacturing process.

Recently, however, Myers et al. [75] proposed an alternative approach — to at-
tach an external light trapping layer on the incidence surface of an OPV device as
depicted in Figure [5.1]A. They examined microlens arrays attached to several OPVs
with different types of active layers and showed that the efficiency improves in each
case. As the authors emphasize, the main advantage of this approach is the ability
to apply the light trapping layer on top of already optimized devices without having
to interfere in their internal structures. Cho et al. [154] showed that even simple 1D
V-shaped periodic arrays (with a period of 50 pum) can enhance the performance
when attached to the external surface of an OPV.

Inspired by these results we investigated whether external periodic structures with
periods corresponding to CD and DVD discs can have positive impact on the OPV
performance. To our knowledge this is the first time CD and DVD structures were
studied as external scattering layers (other groups have studied different structures).
Below we present results for OPV devices based on two different active layers: con-
ventional P3HT:PCgBM as in [75] and PCDTBT:PC7BM as in [154]. From the
experimental design point of view, the advantage of the external light trapping layer
over the integrated structures lies in the possibility to directly measure their im-
pact on the OPV performance by comparing the device parameters before and after
attaching the light trapping layer.

Experimental

Fabrication of periodic structures The periodic structures were imprinted in the poly—
(methyl methacrylate) PMMA layer using solvent—assisted micromolding (SAMIM)
technique. As the first step PMMA (M,, = 65kD, polydispersity index 1.05) was
dissolved in toluene with total polymer concentration 20 mg/ml. Then using spin—
coating (rotation speed 1000 rpm for 30 s) an uniform PMMA layer was prepared on
a glass substrate. Next, applying SAMIM we imprinted the periodic structures with
period corresponding to CD and DVD discs. The elastomeric PDMS stamps were
prepared in the same way as described in previous Section [5.1.1]
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Absorption and topography measurement As an absorption layer we used poly(3-
hexylthiophene) PSHT cast on the back side of glass substrate with previously pre-
pared periodic structures (Figure . P3HT was prior dissolved in chloroform
(20 mg/ml) and then spin coated with rotation speed 1000 rpm for 30 s. Absorp-
tion spectra were collected using the same experimental apparatus described in Sec-
tion B.1.1]

The topography of imprinted structures was examined by atomic force microscopy
working in contact mode. The period of the structures and their height were calculated
from the Fourier transformation of images and their line profile using Gwyddion
software.

Periodic light trapping layer
Glass

Absorbance layer

Figure 5.12: Samples used for absorption and topography measurement. Periodic
structures were prepared on an glass substrate, whereas an absorption layer poly—
(3—hexylthiophene) P3HT was placed on the opposite side of glass.

OPV fabrication and characterization The first set of OPV devices was prepared
based on the mixture of poly(3-hexylthiophene) P3HT and [6,6]-Phenyl C61 bu-
tyric acid methyl ester PCgoBM. Materials were dissolved separately in chlorobenzene
(20 mg/ml) and kept on a hotplate for one day (60°C). Next, P3HT and PCgBM were
blended in a vol. ration of 1 to 0.6. For the second set we used Poly[N-9’-heptadecanyl-
2,7-carbazole-alt-5,5-(4",7’-di-2-thienyl-2’,1’,3’-benzothiadiazole)] PCDTBT as a donor
and PC;BM as an acceptor, separately dissolved in chlorobenzene (7 mg/ml) and
then blended in a vol. ration 1 to 4.

Pre-patterned ITO glass substrates (Ossila Limited) schematically presented in
Figure were cleaned by ultrasonication in acetone and isopropyl and then for
20 s treated with oxygen plasma. Next using spin coating (4000 rpm for 30 s) a thin
PEDOT:PSS layer was prepared which was then annealed on a hotplate at 150°C
for 5 min. The samples were transferred into a glove box where an active layer was
spin coated. For a mixture of P3HT:PCgBM the speed coating parameters amount
to 3000 rpm and 30 s, for PCDTBT:PC7,BM 500 rpm and 60 s. As a next step an
aluminium electrode with thickness 80 nm was thermally deposited. Devices based
on P3HT:PCgBM were additionally post annealed at 150° for 15 min. To protect the
devices against degradation all of them were encapsulated using UV curable epoxy.

For all devices the current—voltage characteristics were collected using computer—
controlled source meter units. The measurements were carried out under the irradi-
ance of 500 W/m? using a solar simulator with AM1.5G filter. Each solar cell pixel
was measured before and after adding the periodic light trapping layer.
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Figure 5.13: AFM images with the examples of the depth profiles for external peri-
odic light trapping structures prepared in poly(methyl methacrylate) PMMA layer:
structures A) with period 1620 nm corresponding to CD disc, B) and 820 nm as DVD
disc.

Results and discussion

Before we examined the impact of external periodic structures on the OPV perfor-
mance we conducted a preliminary experiment to check the quality of the imprinted
periodic structures and how they influence the light absorption in the active layer.
The test samples were prepared with two layers cast on the opposite sides of the same
glass substrate as showed in Figurem— a transparent, non—conductive poly(methyl
methacrylate) PMMA layer with imprinted periodic structures acting as light trap-
ping layer and a flat absorbing poly(3-hexylthiophene) P3HT layer.

Figure [5.13] presents the topography and profile cuts of imprinted PMMA layers
with periods corresponding to CD and DVD discs. The structures were prepared by
solvent—assisted micromolding (SAMIM) using elastomeric PDMS stamps fabricated
in the same way as in Section As the AFM images reveal, in both cases we ob-
tained well-defined periodic, sinusoidal structures with long range order similar to the
pattern formed in conductive poly(3-octylthiophene) layer (described in Section
and presented in Figure . The period of these structures equals to 1620 60 nm
and 820 £23 nm while their mean heights amount to 47 +4 nm and 45 +8 nm, re-
spectively. As can be seen using SAMIM technique one can successfully transfer the
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Figure 5.14: Comparison of absorbance spectra of P3HT with flat and imprinted
PMMA layers.

pattern from the stamp onto the conductive or non-conductive polymer layers.

In the next step we analyzed the impact of these periodic structures on the light
absorption in a P3HT layer coated on the opposite side of the glass (Figure . The
collected absorption spectra, presented in Figure [5.14] showed no visible changes in
absorbance for samples with both periodic structures 820 nm and 1620 nm. Addition-
ally, the spectra overlap with the ones received for a sample with a flat PMMA layer.
This result suggests that the analyzed external periodic structures do not change
significantly the direction of light propagation thus do not increase the optical path-
ways inside the absorbed layer and therefore the chance of photon absorption. Our
observations are consistent with the results obtained from the simulation, prepared
by Dr Haberko, which showed that periodic structures similar to DVD and CD discs
do not act well as neither the antireflection structures nor the scattering layers. In
both cases the light transmission does not exceed 96.5% and mean scattering angle
amounts to 5.4° for a period 1600 nm and 7.1° for 800 nm [77].

OPV with periodic light trapping layer Despite the discouraging preliminary results
we were interested whether the periodic structures change the parameters of an actual
OPYV as, according to the simulation, they should deflect the light, even if only by few
degrees. To investigate that claim we compared the OPV performance of the same
devices before and after attaching the periodic structures. Additionally, to explore
the effect of the degradation of our OPVs throughout repeated measurements we
prepared a control group by leaving some of the devices unmodified.

The OPV’s active layers with bulk heterojunctions were based on two mixtures;
P3HT:PCgBM and PCDTBT:PC;iBM. The external periodic structures were pre-
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Figure 5.15: The changes in short current density (Ajs.) due to external periodic light
trapping layer with two different period corresponding DVD and CD disc prepared
via soft lithography. Additionally, the results for unmodified reference devices (Ref)
are presented.

pared on the light incidence side of the device (as schematically depicted in Figure
) by SAMIM techniques. Similar to the absorption measurements, the light trap-
ping layers were made of PMMA. Each solar cell was characterized by a current-
voltage measurement under illumination of 500 W/m?. Based on at least 6 measure-
ments we calculated the mean values and standard deviations of OPV parameters
before and after patterning, the results are summarized in Table [5.2] Additionally,
for each solar cell we determined the percentage change in short—current density Ajs.
because jg. is influenced mainly by the amount of absorbed light. The results are
presented as boxplots in Figure with marked medians (lines inside the box) and
the means (diamond symbols).

Let us concentrate on the changes in js. presented in Figure [5.15] Firstly, there is
a drop in the current density observed for both types of reference samples based on
P3HT:PCgBM (median value for Aj,. = —2.3%) and PCDTBT:PC;BM ( Aj,. =
—4.0%). Even if the the drop for PCDTBT is bigger than for the P3HT the interquar-
tile range indicated the smaller spread of values. The problem with degradation and
stability of organic solar cell is widely known [24,/166-168] and it is one of the reasons
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why OPVs have so far not successfully entered the market.

As for the imprinted samples, the best results were obtained for structures with
periods corresponding to DVD discs for which, according to the simulation, we ex-
pected a slightly broader scattering angle compared to the CD structures. For solar
cells based on PCDTBT:PC,BM we observed an increase in j,. for all measured
devices with a median improvement of 3.3 % in short current density. This is not a
big change, however if we compare it with the reference samples, where degradation
after the first measurement is significant, the changes can be interpreted as up to 7%
relative increase. In case of devices based on P3HT, the changes in j,. oscillate around
zero. For OPV devices with external structures corresponding to the pattern on CD
disc (Figure we observed either no changes in median short current density (js.)
for solar cell PCDTBT:PC7iBM or decrease for PSHT:PCg,BM.

Table summarizes performance characteristics for all measured devices. Com-
pared to devices with internal light trapping layer (see Table in the previous
section) here we do not observe significant decrease in open—circuit voltage V,. and
fill factor FF. These results show that external light trapping layers do not negatively
influence the electrical properties of our OPV devices.

PCDTBT Flat Ref Flat DVD Flat CD
Jse (mA/cm?) | 1.39 £0.15 1.36 £0.12 | 1.86 +£0.20 1.93 £0.17 | 1.72 £0.17 1.74 +0.14
Ve (V) 0.76 £0.02 0.74 £0.02 | 0.77 £0.01  0.77 £0.01 | 0.72 £0.09 0.71 £0.10
FF (%) 60 +6 60 +2 50 49 51 +8 43 £10 43 £10
Efficiency(%) | 1.27 £0.16 1.21 £0.16 | 1.43 +£0.28 1.52+0.27 | 1.07 £0.21 1.06 +0.23
P3HT Flat Ref Flat DVD Flat CD
Jee mA/cm?) | 2.09 £0.22 2.04 £0.19 | 1.71 £0.41 1.77 £0.40 | 1.74 £0.31  1.684-0.30
Ve (V) 0.58 £0.02 0.57 £0.02 | 0.57 £0.01 0.55 £0.01 | 0.55 +0.02 0.53 40.02
FF (%) 54 +3 53 +3 5644 54 +4 54 +4 54 +4
Efficiency(%) | 1.31 £0.18 1.23 £0.16 | 1.09 +0.30 1.05+0.27 | 1.03 £0.26 0.96 +0.21

Table 5.2: Performance parameter of OPV before (Flat) and after assembling the
external light trapping layer with period corresponding to DVD (800 nm) and CD
disc (1600 nm) and also without any pattern (Ref). The first table presents the results
for devices based on PCDTBT:PC,,BM, the second one for PSHT:PCg,BM.

Conclusions

To our knowledge this is the first time CD and DVD structures were studied as ex-
ternal scattering layers (other groups have studied different structures). Based on the
absorption measurements and OPV characteristics we demonstrated that the external
periodic light trapping layers with periods 1600 nm and 800 nm do not significantly
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affect the performance of OPV devices. In most cases we observed no change in ab-
sorbance in active layer and short—current density with a singular exception of devices
based on PCDTBT:PC,BM with an external light trapping layer corresponding to
DVD disc where an increase in j,. for all measured samples was recorded. These ob-
servations are compatible with simulation results showing slightly higher deflection
angles for structures corresponding to DVD patterns.

To conclude, we showed that such periodic structures are not good candidates for
external light trapping structures. At the end, however, it is worth mentioning that
the adding these layers to the previously prepared and characterized OPV devices
does not degrade the solar cells. The challenge now is to explore other structures,
possibly with higher scattering angles. In the following sections we show that random
porous structures can fulfill this role.
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5.2 Breath figure structures

In this part of the thesis, we use self-organized breath figure structures as external
light trapping layers for organic solar cells. Such porous structures are formed by
deposition of a polymer solution in a humid atmosphere (Figure . Due to evap-
orative cooling during solution deposition, droplets of water condense on the surface
of polymer solution. These droplets sink into the solution and form so called breath
figure patterns after complete drying . Porous structures formed this way are
uniform over large areas and can be used as light trapping or antireflective coat-
ings [55,/97]. Light trapping behaviour is sensitive to the structures size [46]. With
the breath figure approach it is possible to control the pore size by varying relative
humidity, type of polymer, solution concentration or amount of water in the solution
(see , for a comprehensive review). In this work we extend the previous studies
on the influence of different parameters on the breath figure formation with the main
emphasis on the practical application of the structures as the light trapping layers for
organic solar cells.

Firstly, in Section [5.2.1 we discuss the influence of the breath figures prepared
under high humidity onto the optical properties. The results are compared with the
theoretical simulation prepared by dr Jakub Haberko. In Section [5.2.2] we implement
the breath figures layers as the external light trapping layer in organic solar cells and
we measure the changes in efficiency of the OPV. Finally, in Section for the
first time we present the breath figure with diameter and depth gradients prepared
by h-dipping methods.

Figure 5.16: The illustration of the breath figure mechanism. Due to evaporation of
the solvent (A) the solution surface is cooled and caused the nucleation of the droplets
(B), which then sink into the polymer solution (C). After the evaporation the porous
pattern is formed (D).
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5.2.1 Breath figure structures and optical measurement

In the first experiment we were interested how breath figure structures affect the
light absorption in a polymer layer. To test this we prepared the breath figure pat-
tern on one side of a glass slide and we placed the absorbance layer on the opposite
side (Figure [5.17). We observed that all of the breath figure patterns increase the
absorbance but the biggest improvement comes from the patterns which have their
diameter and depth distributions concentrated around 0.40 pum and 0.15 pum, respec-
tively. In fact, the more concentrated the distribution is, the higher the absorbance.
To get the structures with different depths and diameters we varied the relative hu-
midity between 40% to 90% during the breath figure creation. We also compared our
experimental results with simulations performed by dr Jakub Haberko in which the
dependence of light scattering and transmittance on holes shapes was examined.

Experimental

Fabrication of thin layers: For the preparation of the breath figure layer, poly—(methyl
methacrylate) PMMA, M,, = 58300, polydispersity index M,,/M, = 1.06, was dis-
solved in tetrahydrofuran (THF) with total polymer concentration 20 mg/ml. The
solution was spin-coated onto glass substrate using a coater(KW—4A, Chemat Tech-
nology) extended with a home—made system [171] to monitor and adjust the rela-
tive humidity (RH) in the coating bowl. Samples were prepared with rotation speed
1000 rpm under relative humidity values varying from 40% to 90%. As an absorption
layer we used poly(3—octylthiophene) P3OT spin—coated from 20 mg/ml solution in
chloroform on the back side of glass substrate with previously prepared breath figure
structures.

Breath figure pattern
Glass

Absorbance layer

Figure 5.17: Breath figures, acting as light scattering structures, were prepared on an
glass substrate, whereas an absorption layer, poly(3—-octylthiophene), was placed on
the opposite side of glass.

Morphology characteristics: The breath figure layer was characterized using atomic
force microscopy (Agilent 5500). Topographic images were analyzed by Gwyddion
software using Grain analysis [112]. Additionally, raw data from Gwyddion were ex-
ported and explored using statistical program R.

Optical spectra measurements: The absorption and reflection spectra of P3OT layer
were measured by a system built in our laboratory [115]. The entrance slit with was set
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Figure 5.18: AFM images of breath figure patterns prepared under different relative

humidity conditions varied from 45% RH to 90% RH. The structures were prepared
by spin coating (1000 rpm) of PMMA in THF.

to 40 pm, the output slit to 10 pm. The data was collected by the Silicon Detector
(Newport Model 71889) with transimpedance gain 107 and the chopper constant
75 Hz.

Results and discussion

Breath figure methods allow to prepare roughly spherical cavities of varying geometry,
differing with respect to their shapes, dimensions and the way of packing. Generally,
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however, we can divide these structures into two groups: regular array of pores in a
hexagonal lattice and irregularly packed pores with broad size distribution. As stud-
ies show, the final appearance depends on many factors: relative humidity, type of
polymer and solvent, solution concentration, polymer molecular weight, type of sub-
strate, preparation methods, temperature and many others [95]/170,/172]. In this study
we concentrated on structures formed from PMMA (molecular weight 58300 g/mol)
dissolved in THF (concentration 20 mg/ml) and spin-coated (1000 rpm) on the glass
substrate under the moist atmosphere (varying from 40% to 90% RH). For such pa-
rameters, as AFM measurement showed (see F igure, we obtained irregular pores
with relatively small dimensions. Below we present a more detailed analysis.

Topographic measurement We examined the breath figure patterns topography with
AFM microscopy, representative AFM images are shown in Figure [5.18 Under the
ambient conditions (45% RH) the layers are mostly flat with sparsely placed small
holes. With increasing humidity the irregular porous structures become more pro-
nounced, covering up to 40% of the total surface area. To quantitatively describe the
packing of the holes we used the Voronoi polygons [96,/173] and we performed the
conformation entropy analysis [174].

For the analyzed images the conformation entropy, defined as S = —Y P, In P,
where P, is the probability of pores with z nearest neighbors, varies from 1.37 to
1.49 but there seems to be no correlation between the humidity and the entropy. For
comparison, these values are much closer to 1.71 for randomly organized arrays, so
our structure seem slightly more ordered. As for the packing analysis, the structures
are dominated by pores with six neighbors (40%) with other neighbor counts closely
following: 30% of pores have five and 20% have seven neighbors. The neighbor counts
are again independent of the humidity.

According to observations [174] the growth of breath figures evolves through sev-
eral phases. In the first phase, so called initial stage, the droplets are isolated and do
not interact with each other. The surface coverage is low, the entropy remains above
1.4 and the average droplet size (R) changes with exposition time as ¢'/3. In the sec-
ond phase, crossover stage, the droplet growth rate significantly increases, the surface
coverage is high and the closed hexagonal packing is starting to dominate. In the last
stage, coalescence phase, the surface coverage is high and doesn’t change in time, (R)
grows linearly with time. The hexagonal packing still dominates and droplets with
five and seven neighbors are scarce but also visible. Comparing our entropy measure-
ments and the distribution of polygons with the results presented in [174] we see that
the geometry of our breath figures corresponds perfectly to the ends of initial stage.
This was caused by too short evaporation time, preventing the system from entering
the second stage.

To quantitatively evaluate the changes in holes depth and area we extracted pore
parameters from the AFM images with the grain analysis tool from Gwyddion soft-
ware [112]. A key element in grain analysis it to mark the structures with an appro-
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Figure 5.19: A) AFM image of breath figure with the marked pores which were subse-
quently analyzed by grain analysis tool. The threshold was picked based on the pores
height distribution B) as a value between position of two peaks.
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Figure 5.20: A) Depth and B) area distributions of breath figures structures prepared
under various humidity:.

priately selected threshold (see Figure [5.19A). In this experiment we calculated the
threshold based on the bimodal height distribution (Figure|5.19B) [175]. We pick the
threshold at a value between the positions of the peaks (the first peak correspond to
porous depth distribution and the second the boundary distribution). It is worth to
point that in this experiment all the height distributions had the two peaks signifi-
cantly separated, therefore it was relatively easy to obtain the thresholds. However,
in some other experiments we dealt with there were no visible distinctions between

the two peaks. In these cases we used different methods to mark the pores: either the
watershed or the multi level masks.

After marking the structures different quantities can be obtained like depth, vol-
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ume, area, size of each pore. Below we concentrate on two of them — area and depth.
However, instead of only calculating the mean values and standard deviation of pa-
rameters we firstly present the distribution of the values, which give us more complete
pictures of structures.

As Figures and B show the depth and area distributions of breath figures
change with humidity in which the structures where formed. For humidity 80% dis-
tributions are uniform with maximum value about 140 nm for depth and 0.1 um? for
area. With increasing humidity the maximum of the depth shifts to the higher value
and distributions become broader. In case of area there is no visible shift. However,
for the high humidity 90% we observed bimodal distributions with additional holes
smaller than 0.05 ym?.

Despite the fact that there are visible changes in holes distributions it is hard,
based only on Figures[5.20] to conclude whether there is any relation between pores
dimensions and humidity. To answer this question we propose to present holes dis-
tributions as 2D maps (Figure . Here, instead of holes areas, however, we con-
centrated on their diameters. This change was dictated by the fact that in optical
simulation, in which influence of holes dimension on transmission and light scattering
was analyzed (Figure[5.26] [5.24)), holes diameters were taken into account. In the next
part we confront these simulation with our experimental results.

In Figure each 2D map represents depth and diameter distributions for holes
prepared under different humidity (the top left map corresponds to 80% RH whereas
the last bottom map 90% RH). In the top left picture we see a localized distribution
of holes dimensions: the diameters and depths are tightly focused on values (0.35 um,
0.14 pm). With increasing humidity the distribution of dimensions becomes more
spread out. In the final picture, corresponding to the highest humidity the length—
scales seem to vanish completely, holes of large diameters coexist with holes of small
diameters.

To conclude based on the 2D maps we found that the relation between the humid-
ity and the geometry of the arising structures is involved and difficult to control. In
the next part, however, we will show that there is an interesting relationship between
these maps and the optical properties of such structures.

Light scattering The breath figure pattern can be used either as the antireflection
or light scattering layer. The functionality depends mainly on the dimensions of the
structures [48,60,/176]. In classical silicon solar cells high light reflection has negative
impact on the efficiency of devices [60]. As was recently shown by Galeotti et al. [98]
the breath figure structures reduce the reflection from the silicon wafers. However,
there is still lack of evidence of efficiency improvement for silicon solar cells due to
the presence of breath figure structures. In organic solar cells we struggle with other
problem. Due to the short diffusion times of charges the absorbing layer should be
thin, which decreases the chance of photon absorption. To overcome this issue we can
use breath figures as the scattering layer. Due to light scattering optical paths inside
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Figure 5.21: 2D map representing the distribution of holes depth and diameter with
marked on the top humidity values. The pores dimensions were received on the basis
of AFM images using grain analysis tool.
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Figure 5.23: 2D map representing the distribution of holes depth and diameter with
marked on the top total absorptivity values.

the absorbing layer increase, in consequence the chance of absorption also increases.
Below we present the changes in light absorption in poly-octylthiophene (P30T) films
due to the presence of breath figure structures. The results are also compared with
the simulation.

The absorption layer was coated on the back side of the glass substrate with
previously prepared and examined breath figure structures (Figure . The rep-
resentative absorption spectra are presented in Figure The samples with flat
PMMA layer, prepared under 45% RH and 70% (Figure [5.18A, B), have the low-
est absorption in whole spectra. The visible absorption increase is achieved through
breath figure structures with the best results for breath figure structures prepared
under 80% RH.

What piqued our interest was whether there is some relationship between pores
dimensions and absorption. To answer this question we also used 2D map representing
the distribution of depths and diameters of the holes, we labeled each plot with total
absorptivity values (Figure . Such presentation leads to interesting observations.
Compared to the previous Figure [5.21] here the 2D maps seem to form a more con-
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Figure 5.24: Calculated effective scattering angle for different hole depression (sd) and
diameter (d). The simulation and calculation was performed by dr Jakub Haberko.

sistent series. The lowest total absorptivity A7 = 0.890 corresponds to the structures
with depth centered around 0.1 pm but with large spread in diameter. The next two
samples with A = 0.916 and 0.920 have the similar shapes distribution; the pores
with broad range of diameter and with narrow depth band below 0.20 ym. The signif-
icant increase in absorptivity is evident starting from the second row in Figure [5.23]
Here the distribution of shapes is less spread out with visible concentration around
0.20 pum (depth) and 0.4 pm (diameter). The best improvement, up to 30 % (Ar =
1.156), was achieved for the narrowest distribution with median 0.15 pm in depth
and 0.35 pm in diameter.

As visible even a small changes in dimensions cause significant changes in ab-
sorbance. We confronted our results with simulation conducted by dr Jakub Haberko.
He simulated the behavior of electromagnetic waves propagating through a model of
a porous structure. The simulation analyses the deviation (in terms of angle) of the
Poynting vector from the glass normal after the wave passes through a polymer layer
with holes. The results are presented in Figure The average ¢ depends strongly
on both shape parameters: their diameter and depth. The highest deflection, exceed-
ing 22°, was observed for structures with diameter 0.42 ym and depth from 0.12 to
0.2 um. In general, however, the structures within the range of 0.38 — 0.54 pm in
diameter and 0.12 — 0.26 pm in depth also caused a significant light deflection. Such
structures are suitable for light scattering applications. In this experiment we dealt
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with holes within this optimal depth range (median values from 0.10 to 0.19 pum) but
slightly smaller median diameter values (from 0.22 to 0.45um). However, as we show
in Figure [5.23] the size distribution of holes is broad enough to contain holes with
appropriate size in the context of light deflection. In the future it would be interesting
to prepare and test the structures with slightly bigger diameters.

Reflection and transmission As we have shown the breath figure structures can be
applied as a light scattering layer. However, as simulations showed (Figure and
Figure , such structures can also improve the light transmission and therefore
can be applied as an antireflection layer. To check this we measured the back light
reflection. Figure presents the slight decrease in reflection (by roughly 0.5 %)
due to the presence of breath figures compared with uncoated glass or a flat PMMA
layer. The decrease seems independent of the breath figures dimensions which differs
from the results of the simulation.

According to the results of the simulation, in Figure [5.25] the distance between
holes (d) as well as their depression (sd) should have great impact on the transmission
of the light. The polymer layer without any holes (sd = 0 in Figure would be ex-
pected to have the transmission maximum around 500 nm; above it the transmittance
drops to value 0.9. In the simulation, the best transmission improvement was achieved
when the holes were close to each other, the distance between the holes was about
0.3 - 0.4 pm and the depression was around 0.2 - 0.25 pum. The differences between
the simulation and the experimental results might be caused by either us measuring
only the back-scattered portion of reflected light or by breath figures being randomly
distributed in contrast to regularly spaced holes in the simulation.

Conclusion

Based on the simulations and presented 2D maps (Figure and Figure there
is an overlap, in the context of pores dimension, between the high scattering region
and high transmission region. The optimal pores should be within the following size
range 0.12 — 0.26 pum (pores depth) and 0.38 — 0.54 um (diameter).

In our experiment by changing humidity we were able to vary holes depths and
diameters. We reported the highest increase in absorptivity, up to 30 %, for structures
with depth and diameter both concentrated around 0.15 pum and 0.40 pm respectively,
which is in accordance with the results obtained from simulations.

Appendix

Based on the positive influence of breath figures on absorption we made our first
attempts to apply the breath figures directly onto the organic solar cells. The prepa-
ration of the organic solar cells took place in the different laboratory with the different
set-up for humidity control. The main difference in breath figure preparation was us-
ing argon instead the nitrogen flux as a carrier of water into the chamber where high
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Figure 5.25: The simulation results for light transmission made by dr Jakub Haberko.
The graph presents the transmission spectra for holes with different depression (sd)
and the distance between the hole center (d).

humidity environment was created. This had a negative impact on the creation breath
figures. Even under high humidity no visible breath figures pattern was created as
is visible in Figure It was clear that for the next experiments we had to alter
the method of breath figure preparation: instead of working in high humidity envi-
ronment we decided on pouring small amounts of water directly into the polymer
solution. This strategy allows breath figures to develop even in low humidity.
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Figure 5.26: Simulation of transmittance prepared by dr Jakub Haberko. The 2D map
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B)

Figure 5.27: Breath figure structures prepared under high humidity A) RH = 84%,
B) RH = 90%. However, instead of using nitrogen flux as a carrier here the argon was
used.
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5.2.2 Breath figure structures as the light trapping layer in or-
ganic photovoltaic cells

As we showed in the previous section, when the light passes through a glass coated
with breath figures it is scattered in different directions and scatter angles depend
on the dimensions of breath figures. The scattering capability of breath figures can
find application in organic solar cells for which the increase in optical path inside the
absorbed polymer layer is desired.

To check whether the breath figures have a positive influence on the organic solar
cell performance we examined OPV devices with breath figures differing in depths
(from 80 to 600 nm) and diameters (from 0.5 to 1.6 pm). We reported that the changes
in short current density strongly depend on the structures dimensions. The highest
improvement, up to 6%, was observed for pores with depths smaller than 320 nm and
diameters below 1 pym. On the other hand, deeper and bigger pores turned out to
have negative influence and they caused visible decrease in solar cells performance.

Compared to the previous experiment (see Section , here we used a different
breath figure preparation strategy. This change was dictated by the fact that breath
figures prepared under high humidity characterized with low structures reproducibil-
ity and were thus difficult to control. As Park showed [97], by adding water directly
into the solution it is possible to obtain similar breath figures, even under ambient
conditions. Additionally, it is easier to control water content in the solution rather
then high humidity of the environment. As the first step we extended the previous
studies [96,97] on the influence of spin coating parameters, total polymer concentra-
tion and water content in solution on the breath figure morphology. We examined not
only the size of the pores but also their depth which is an important parameter for
light trapping [177].

Experimental

Fabrication of thin layers: For the preparation of the light trapping layer, poly—
(methyl methacrylate) (PMMA), M,, = 65000, polydispersity index M,,/M,, = 1.05,
was dissolved in tetrahydrofuran (THF), with two total polymer concentrations:
60 mg/ml and 100 mg/ml. To the prepared solutions we added water (between 2% and
10% vol.) and spin- coated the solution onto glass substrates using a coater (KW-4A,
Chemat Technology) extended with a home—made system to monitor and adjust the
relative humidity (RH) in the coating bowl. Samples were prepared with two rotation
speeds 1000 rpm and 2000 rpm under relative humidity values varying from 5% to
90%.

OPV device fabrication: Electronic grade poly 3-hexyltiophene (P3HT) (Rieke Met-
als, M,~48900 g/mol) and [6,6]-phenyl-C61-butyric acid methyl ester (PCgqBM)
(Solenne BV, purity > 99%) were dissolved separately in chlorobenzene with polymer
concentration 20 mg/ml and kept on a hot plate (at 60°C) for one day. Subsequently,
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Figure 5.28: A) Schematic solar cell structure with light trapping layer on the top:
breath figure layer/glass/ITO/PEDOT:PSS/P3HT:PCgBM/Al B) A schematic fig-
ure of light spread at the interface of air and PMMA for two holes with the same
diameter but different depth. The deeper hole is more concave and consequently the
incident ray is more divergent at the air/PMMA interface, which leads to a longer
optical path within the active layer.

the blend of PSHT and PCgBM in a vol. ratio of 1 to 0.6 was prepared and left
overnight at 60°C.

Pre—patterned ITO glass substrates, with 6 pixels per substrate (Ossila Limited),
were cleaned by ultrasonication in acetone and isopropyl and blown dry with nitro-
gen. As the next step all substrates were treated with oxygen plasma (Zepto plasma
cleaner, Diener Electronic, Germany) for 20 s.

Cleaned ITO substrates were transferred into a glove box, covered with PE-
DOT:PSS (passed through a 0.45 pum filter) spun at 4000 rpm for 30 s and then
annealed at 120°C for 20 min on a hotplate. On the top of the PEDOT:PSS a layer of
P3HT:PCgBM was spin-coated at 3000 rpm for 30 s. An aluminium electrode (80 nm
thick) was thermally deposited on the top of the active layer.

After aluminium deposition all devices were annealed (at 150°C for 15 min) and
encapsulated using UV curable epoxy (Ossila Limited) and a glass slide. The resulting
active area of one pixel of the solar cell was 6 mm?. At the end the breath figure light
trapping structures were prepared on the front side the organic solar cells (Figure
5.28A) as described above.

Characterization: The surface of the light trapping layer was characterized using
atomic force microscopy (Agilent 5500) in contact mode. Topographic images were
analyzed by Gwyddion software using Grain analysis [112]. The mean and standard
deviation of depth and area of holes were calculated from several AFM images (at
least 5). The current-voltage characteristics of the solar cells were measured with
computer-controlled source meter units (Keithley 2400) under the irradiance of a so-
lar simulator with AM1.5G filter (Newport 150 W). In most cases we used 500 W /m?
flux density to reduce the degradation of the solar cells. For each solar cell pixel the
J-V characteristics were measured before and after adding the light trapping layers
in order to determine its effect on the performance of the photovoltaic device.
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Figure 5.29: AFM images of breath figure patterns prepared under different relative
humidity conditions A) 5% RH, B) 45% RH, C) 70% RH, D) 82% RH. The structures
were prepared by spin coating (1000 rpm) of PMMA in THF mixed with 5% of water
(total polymer concentration 60 mg/ml).

Results and discussion

Breath figure formation At the beginning we were interested how adding the water
into the solution influences the porous structures prepared under high humidity and
how these structures differ from the ones prepared without additional water. The
similar experiments were conducted by Madej et al. , which obtained the pores
differing in diameters from 0.13 pum to 0.84 pum. However, the authors did not inves-
tigate the changes in porous depth which is an important parameter in the context
of light scattering, as was presented in Figure [5.24]

Figure[5.29shows AFM images of PMMA films prepared by spin coating (1000 rpm)
of PMMA solution in THF (60 mg/ml) containing 5% water under relative humidity
(RH) between 5% and 90%. If we compare these images with results discussed in
the previous section (see Figure we see the visible differences in shapes and
dimensions. Under low humidity (RH = 5%, Figure A), PMMA films exhibit
disordered porous structures with surface roughness value of 12 nm. With increasing
humidity irregular holes become separated by narrow walls (Figure [5.29) B-D). The
depth of the holes changes from 100 nm to 400 nm and the area of the holes increases
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Figure 5.30: AFM images of breath figure patterns prepared by spin coating (1000
rpm) under low humidity (40% RH) from 60 mg/ml PMMA solutions with: A) 3%,
B) 4%, C) 5%, D) 7% of water.

from 0.4 to 1.4 pum?. If the holes are approximated as disks, their average diameter
changes from 0.70 pm (45 % RH) to 1.34 um (82% RH). Here we obtained holes
with a wider range of sizes and depths, compared to the previous structures prepared
under high humidity without additional water in the solution (Figure .

Our results are consistent with the results obtained by Madej et al. , even
though they used PMMA with significantly lower molecular weight. In contrast to
previous studies on star— and block—copolymers , we did not observe any
significant impact of the molecular weight on the pore size. Additionally, for higher
humidity (RH > 55%) we observed the creation of smaller holes in the bottom of the
large holes. Such structures were previously reported for breath figure layers formed
from poly(3-hydroxyburate) [180], polyphenylene oxide , and the block copoly-
mer PMMA-co-HEMAGI and suggest the presence of additional structures
below the surface.

Another method to control the size of the pores was proposed by Park et al.
97], where the authors changed the amount of water in the polymer solution. This
approach seems to be more suitable for fabrication of light trapping layers on organic
solar cells as porous structures can be formed in a dry atmosphere reducing the risk
for OPV degradation. As Figure[5.29B shows, by adding 5% of water into the solution
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Figure 5.31: AFM images of breath figure patterns prepared by spin coating (1000
rpm) under low humidity (40% RH) from 100 mg/ml PMMA solutions with: A) 3%,
B) 4%, C) 5%, D) 7% of water.

we can form breath figure structures even under low humidity (RH = 45%).

Below we present results for two different polymer concentrations: 60 mg/ml and
100 mg/ml. Figures and show that the size of the breath figures increases
with the water content for solutions cast under ambient conditions (RH = 40%).
Unfortunately, the monotonic growth of pores collapses in films cast from solutions
with polymer concentrations of 60 mg/ml and water content higher than 4%. In this
case domains with large and small pores are visible at the surface of polymer films
and the area covered by the latter increases with the water content (see Figure[5.30C
and D). Formation of multi-scale breath figure structures in films cast from solutions
with 60 mg/ml of polymer (Figure results in a decrease of the average pore area
and depth calculated for samples with higher amounts of water. Such trend is not
observed in the case of films cast from solutions with total polymer concentration of
100 mg/ml, as seen in Figure . In the subsequent analysis we focused only on
structures prepared from 100 mg/ml solution and not 60 mg/ml.

If we look back at structures prepared under different relative humidity (Fig-
ure and with different amounts of water in the PMMA solution (Figure
we see that they seem to be similar. To quantitatively compare these porous struc-
tures we used the grain analysis approach. In parallel to the calculation of the
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Figure 5.32: Mean depth (A) and area (B) Figure 5.33: Mean depth (A) and area (B)
of holes plotted against relative humidity of holes versus water content in solution of
for two rotating speeds 1000 rpm and 2000 PMMA for concentrations 100mg/ml pre-
rpm. pared under low humidity (RH = 40%).

mean pore area, we also estimated their depth, which was not studied earlier. The
latter parameter plays an important role for light trapping as it can influence the
way light spreads [177]. A deeper hole is more concave (Figure [5.28B) so the light is
more divergent at the air/PMMA interface, which leads to a longer light path in the
active layer. Figure [5.32| shows a monotonic increase in the depth and pore area with
increasing humidity for two spin coating speeds 1000 rpm and 2000 rpm. A slight
decrease in the mean pore area for higher rotation speed visible in Figure [5.32B is in
accordance with previous reports [97]. Figures show that the depth of the pores
increases with the relative humidity and in contrast to the mean area the depth is
almost independent of the rotation speed. The area of the largest pores achieved this
way was less than 1.5 pum? and the depth ca. 400 nm. We also observed a monotonic
increase in the depth (Figure A) and area (Figure B) of the structures pre-
sented in Figure [5.31] Both measures grow linearly with the amount of water added
to the solution with polymer content 100 mg/ml.

The results presented in Figures and demonstrate that by changing the
water content in the solution we were able to create a wider range of hole geometries
than by changing the humidity. In further analysis of the influence of breath figures
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Figure 5.34: Representative J-V characteristics of PSHT:PCgoBM solar cell without
and with light trapping structures

on the performance of OPVs we used light trapping layers cast from solutions with
100 mg/ml of polymer and various amounts of water. For these conditions, the pore
area varies from 0.2 to 1.8 ym? (corresponding diameters range 0.5 — 1.5 um) and
the depth from 85 to 700 nm.

Solar cells with light trapping structures In order to evaluate the effect of porous
structures on the performance of organic solar cells we prepared the light trapping
layer on the top of the cells (Figure ) The geometry of the device consisted of the
following layers: light trapping layer, glass, transparent electrode (ITO), buffor layer
(PEDOT:PSS), active layer (P3HT:PCgBM) and electrode (Al). The advantage of
the external trapping layer is that the influence of the breath figure structures on the
cell performance could be measured directly. First we measured the current-voltage
characteristics of the cell without any light trapping layers, then the breath figure
structures were fabricated on the front size of the glass and the measurement was
repeated. Figure gives an example of the current-voltage (J-V) characteristics of
a solar cell with and without porous structures under 500 W/m? illumination.

To investigate the influence of the breath figures size on the solar cell performance,
we exploited the linear relation between the amount of water in the PMMA solution
and the pore size, presented in Figure As in experiments we previously described,
by changing the amount of water in the solution we obtained holes of varying depth
and area. Figure [5.35 presents the relative changes in short circuit current density
(A js) as a function of water content in the PMMA solution. Short-circuit current
density j,. displays two regimes depending on the water content: it increases at lower
water content but drops even below the initial performance at higher water content.
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Before we discuss the morphology of these two regimes in detail, let us look at
the leftmost point in Figure [5.35] corresponding to 0% of water content. This OPV
was covered with a uniform PMMA film, without any breath figure structures. By
comparing the results before and after PMMA fabrication we see that the j,. slightly
decreased around 1.7 £ 0.6%. This decrease of j,. could be attributed either to OPVs
degradation or to imperfect transimttance of the PMMA film.

Moving further on to water content of the order 3-5%, we see a slight increase in
jse by roughly 5-7%. The breath figures arising for this water content are roughly 0.5
1.5 pm in diameter and 0.085-0.350 wm deep. These sizes correspond to the region
in Figure representing the largest values of scattering angles.

We would like to point out that the relationship of the hole sizes with the simu-
lated scattering angle is rather weak. The simulation assumed spherical structures of
uniform sizes and distributions, while in the experiments we observed a large variety
of sizes within a single sample and the placement of the depressions is far from uni-
form. Nevertheless, the simulations give us a rough idea about the structure sizes we
should aim for to get large scattering angles and transmittance. This lack of relation
to the simulations is further demonstrated with the js. degrading for structures of
diameter 1.5 pm and 0.6 um, for which the scattering angle should be still at 10%
and similar to the smaller structures.

Based on AFM data, holes with depth above 600 nm and mean diameter larger
than 1.6 pym have a negative influence on the performance of the solar cell; an im-
provement was only achieved when the depth of holes was between 85 and 350 nm
and their area was below 1.1 ym. The presented optimal structures are much smaller
than those reported by Cho et al. [154].

Conclusions

We demonstrated that breath figure structures, as external light trapping layers, can
increase the current density by around 5 to 6%. To achieve this the diameter and
depth of the pores needs to be optimized and should not exceed 1.6 pm and 600 nm,
respectively. The largest improvement was achieved with pore depths between 85 and
350 nm and diameters below 1.1 pgm. This increase in performance could be explained
by the large scattering angles observed in simulations. However, the relation of the
simulation results to our experiments is relatively weak. This is likely due to a large
variety of breath figure structures present within each experimental sample, while
simulations were conducted for an idealized layer where all holes were of the same
dimensions. On top of that, the simulations assumed the hole packing was strictly
hexagonal, which was not the case for the experimental samples.

One way to improve the simulations would be to take into account nonuniform
structures that we obtained in our experiments. It would also be interesting to recreate
the uniform structures from the simulations experimentally to see how they actually
perform. In the end, we believe that there is a potential for further improving the
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Figure 5.35: Influence of breath figures A) diameter and B) depth on the changes in
short current density. The variation in structures’ sizes was achieved by varying the
amount of water in PMMA solution.
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Figure 5.36: The changes in short—current density Aj,. due to the presence of breath
figures attached on the top of organic solar cells.
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Water Jse Voe FF PCE AJ,. APCE
content | (mA/cm?) (V) (%) (%) (%) (%)
Ref. 1.85 £0.09 0.58 +£0.01 58.1 £1.1 1.25 £0.07
3% 1.95 £0.09 0.58 +£0.01 57.1 £1.0 1.29 £0.06 | 5.4 3.2
Ref. 1.81 £0.06 0.57 £0.01 59.5 £0.3 1.23 +0.04
4% 1.90 £0.06 0.57 £0.01 58.1 £0.2 1.26 £0.05 | 5.0 2.5
Ref. 1.79 £0.06 0.51 +£0.01 54.9 £0.9 1.00 £0.06
5% 1.90 £0.04 0.50 £0.01 54.9 £0.9 1.04 £0.06 | 6.1 4.1
Ref. 1.70 £0.05 0.50 +£0.01 53.6 £0.9 0.91 £0.08
7% 1.58 £0.03 0.49 £0.01 53.7 £0.9 0.84 £0.06 | -7.1 -8.7
Ref. 3.22 £0.09 0.49 £0.01 42.54+0.9 0.67 £0.02
10% (*) | 2.70 £0.08 0.48 +£0.01 40.6 £0.9 0.53 £0.03 | -16.1  -21.5

Table 5.3: Performance parameter of organic solar cells without (Ref.) and with
breath figure structures. The devices were prepared under ambient atmosphere using
different amounts of water in the PMMA solution (3%, 4%, 5%, 7%, 10% ). The
J-V characteristics were measured under irradiance of 500 W/m? (for 10% amount
of water under irradiance of 1000 W/m? (*)). The relative increase/decrease as a
consequence of the added breath figure is given.

OPV performance with breath figure structures, as in the simulations we definitely
see areas with large scattering angles.
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5.2.3 Breath figure with depth and diameter gradients

In the previous sections we examined breath figures prepared by spin—coating tech-
niques. We showed that by changing solution concentration, amount of water in the
solution, relative humidity it is possible to vary the scale of the structures [95,(170].
Although spin—coating is a versatile technique widely used in laboratories it is labor
intensive and inextensible to industrial scales. In this section we investigate an alter-
native technique called horizontal-dipping which can be described as a combination
of dip—coating and blade—casting. All of these techniques have so far enjoyed relatively
little attention in context of breath figure preparation [25].

Dip—coating and blade—casting are very similar to techniques used for large—scale
printing. In dip—coating a substrate is firstly soaked in a polymer solution and then
raised vertically with a certain speed. In blade—casting a blade scrapes the solution
over a substrate. Horizontal-dipping (H-dipping for short) combines both of these
ideas: the substrate is placed horizontally and a small cylinder wetted with the poly-
mer solution slides along its surface hovering slightly above it, the polymer is deposited
on the substrate in a form of a thin layer with its properties depending on the speed of
the movement. By changing the coating conditions we can manipulate the thickness
and morphology of the film.

As for the dip—coating and blade—casting there are a few existing results. Hiwatari
et al. [183] used dip—coating to prepare highly ordered breath figure structures from
graft copolymer and chloroform solution. They observed that morphology of macro-
pores is similar to that obtained by solvent—casting methods. Recently Mansouri et
al. [184] also presented isoporous polysulfone membranes combining the dip—coating
and breath figures technology. However, to our knowledge, the H-dipping has never
been studied in context of breath figures.

In this section we present the first of a kind study on H-dipping [86,,89,/185] for
breath figures preparation. This method allows to prepare not only the thin layer
with the constant thickness but also with gradient one, which is the main advantage:
the thickness gradients of the layers coming from H-dipping provides a rich sample
of different breath figures from a single experiment.

Our attention was focused not only on the preparation and morphology exami-
nation of breath figure structures but also on their practical applications as the light
trapping layers. The best breath figures, in sense of their optical properties, were
replicated by elastomeric stamps used in soft lithography. In this way we were able
to transfer an optimal light trapping structures onto organic photovoltaics and check
their influence on the devices performance.

Experimental

Sample preparation: Poly—(methylmethacrylate) PMMA, My, = 65 000, was dis-
solved in tetrahydrofuran (THF) with total concentration 60 mg/ml and next different
amount of water 5%, 8% and 10% was added into the solutions. Polymer gradient
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layers were prepared by H-dipping using a home-build system [90]. A drop of solution
was placed near the microscope slides edge, between the glass substrate and the glass
bar (Figure . Than the substrate was set in motion by a computer-controlled
linear stage (Newport UTS100) with constant acceleration a = 1 mm/s?. During this
process the gradient breath figure pattern was formed. To estimate solution drawing
velocity (v) we measured the distance between initial and final positions (s) and used
the relation: v =2 - s-a.

Soft lithography: The patterned structures on the PDMS stamp were obtained by
pouring of PDMS prepolymer (Sylgard 184) and curing agent with a ration 10:1
directly on the previously prepared breath figures films. The mixture was cured in an
oven at 70°C for 1 h. After this time the stamp was peeled off from the breath figure
substrate and ready to use. Then we transferred the breath figure pattern from the
PDMS stamp into the front side the organic solar cells with microtransfer molding.
The microtransfer molding was performed with a drop of polymer solution (PMMA
My = 65 000 dissolved in toluene with total concentration 15 mg/ml) being placed
directly into a patterned PDMS stamp and then the stamp being brought into the
contact with the substrate and press until solvent evaporates.

Organic solar cells:  OPYV devices based on heterostructure of poly 3-hexylthiophene
(P3HT) and [6,6]-Phenyl-C61-butyric acid methyl ester (PCgBM) were prepared
using the same procedure as described in Experimental Section [3.3] ITO substrates
(with 6 pixels) were cleaned by acetone and isopropanol, dried with nitrogen and than
treated with oxygen plasma for 20 s. A PEDOT:PSS was spin—coated at 4000 rpm
for 30 s and than annealed at 120°C for 20 min on a hotplate. P3HT and PCgsBM
dissolved in chlorobenzene in a vol. ration 1 to 0.6 was spin-coated at 2500 rpm for
30 s in a glove-box. After that an aluminum electrode was thermally deposited on the
top of the active layer. At the end all devices were annealed at 150°C for 15 min and
encapsulated using the curable epoxy.

Characterization: The surfaces of the gradient samples were characterized by atomic
force microscope in contact mode. Topographic images were analyzed with Gwyddion
software using Grain analysis [112]. Images of macroscopic breath figures structures
were taken through an optical microscope (Olympus BX series) and were analyzed
within integral geometry approach [186].

Results and discussion

Our first task was to prepare the breath figures of varying dimensions using H—
dipping methods. The procedure is schematically presented in Figure Like in
dip—coating a wet layer of dissolved material is formed by withdrawing a substrate
under a meniscus of the coating solution. On the other hand, as in blade—casting, the
substrate is drawn horizontally and the meniscus is kept at a constant height during
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Figure 5.37: Schematic presentation of H-dipping process. A drop of solution is placed
between the bar and the substrate. The substrate is moved either with constant
velocity or with constant acceleration resulting the fixed or thickness gradients layer.
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Figure 5.38: AFM images of breath figure patterns prepared from PMMA solutions
with 5% of water using h-dipping. The recorder position corresponding with local
velocity values of: A) 4.5 mm/s, B) 6.3 mm/s, C) 8.4 mm/s, D) 10.5 mm/s.

the substrate movement. At the beginning we examined the structures prepared from
the solution of PMMA in THF containing 5% water. A small amount of solution was
placed between the cylindrical bar and the glass substrate, which was then set in
motion with constant acceleration 1 mm/s?. The resulting structures with thickness
gradients are presented in Figure [5.38 The first centimeter of the sample, which
correspond to the the local velocity 4.5 mm/s, is illustrated in Figure . In this
region the breath figures are inhomogeneous with distinguishable large holes. With
an increasing velocity the pattern becomes more regular, for higher velocity above
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Table 5.4: Probabilities (P;) of pores with i nearest neighbors and the conformation
entropy of hole prepared under different humidity.

Diameter of holes (um)

velocity (mm/s) || P4 | P5 | P6 | P7 | P8 S
4.5 0.08 1 0.31]0.35|0.17 | 0.07 || 1.58
6.3 0.06 | 0.27 | 0.39 | 0.22 | 0.05 || 1.42
8.4 0.06 | 0.27 | 0.41 | 0.21 | 0.04 || 1.42
10.5 0.06 | 0.27 | 0.42 | 0.19 | 0.05 || 1.43
4.5mm/s 6.3mm/s 8.4mm/s
9.5mm/s 10.5mm/s 06 o4 0-2 0-0
Count
¥ 300
100
30
10
3
1
0?6 0:4 0:2 O:O 0:6 0?4 0:2 070

Depth of holes (um)

Figure 5.39: 2D map representing the distribution of holes depth and diameter with

marked on the corresponding local velocity values.

8 mm/s the breath figure structures arrange in the visible clusters.

To evaluate the degree order of breath figure packing we used the Voronoi polygon
construction [187]. A Voronoi polygon is the smallest convex polygon surrounding a
point whose sides are perpendicular bisectors of lines between a point and its neigh-
bors. To obtain the order parameter from the Voronoi polygon construction we first
determine the probabilities P; of the pores being formed with ¢ nearest neighbors.

Than the confirmation entropy of breath figures is calculated: S = —3% P, In P,,.

Table summarizes the probabilities P; of the pores with ¢ nearest neighbors
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Figure 5.40: Holes median values of diameters A) and depth B) with marked 1st —
3rd quantile.

for the different positions on the samples (Figure . The values in Table show
the highest probabilities for the pores having six nearest neighbors. However, the
difference between six and five neighbors is rather small. The highest conformation
entropy S = 1.58 was obtained for the smallest velocity. This value is close to the
1.71, which correspond to the randomly distributed pores [173]. For higher velocity
the entropy slightly decrease to value 1.42 - 1.43, however it is still close to the
randomly packed pores. Based on the Voronoi diagram analysis we concluded that
the obtained patterns are not highly ordered.

To quantitatively describe the porous structures we used grain analysis |[112]. As
in the previous section, we constructed 2D maps depicting distributions of depth and
diameter, based on the AFM images (Figure [5.38). As can be seen in Figure
for each velocity the shape of distribution differs. The top left pictures correspond to
the start of the sample where the local velocity of the substrate amounted 4.6 mm/s.
Here, apart from holes with diameter less then 1 pum, additional singular large holes
are visible. For 6.3 mm/s and 9.5 mm/s the distributions are more concentrated.
In case of 8.4 mm/s we observed bimodal structures, whereas for 10.5 mm/s the
distribution is narrow but longitudinal. To better see how distributions change with
increasing velocity of samples during breath figure formation we calculated median
values of depth and diameter. The results are presented in Figure [5.40| with additional
marked 1st to 3rd quantile. As can be seen, with increasing velocity the hole depth
also increases in a non-linear way starting from 115 nm at the beginning of the sample
and ending up at 280 nm at the end of it. Also the diameter of the holes varies with
the velocity from 0.5 um to 1.2 um.

It is worth to emphasize that H-dipping led to holes of similar areas as in our
previous experiments (see Figure [5.32] and [5.33| in the Section in which the
breath figures were prepared in high humidity atmosphere or by adding small amounts
of water into the solution. However, compared to the previous experiments the holes
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Figure 5.41: Optical micrographs illustrating the holes deposited on microscope glass
with acceleration 1 mm/s? from PMMA solutions with 10% of water. Recorded po-
sitions correspond to local velocity of: A) 4.5 mm/s, B) 6.3 mm/s, C) 8.9 mm/s, D)
10 mm/s.

Figure 5.42: AFM images of breath figure patterns obtained from PMMA solutions
with 10% of water. The A) image presents the beginning of the sample (4.5 mm/s),
the B) the end of the sample (11.8 mm/s)

presented in Figure are shallower.

The second type of structures were prepared using higher amount of water. After
adding 10% water into the solution PMMA in THF the macroscopic structures became
visible through optical microscope (Figure . The pattern resembled a random
lattice structure rather then spherical holes.

Each optical image was threasholded into black—and—white and characterized by
three morphological measures provided by the Minkowski functionals: the covered area
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Figure 5.43: Mean area of breath figures structures prepared by adding 10% of water
into the PMMA solutions. The values were calculated based on optical pictures by
using Minkowski functionals.

F, the boundary length U, and the Euler characteristic x, defined as the difference
between the number of separated white and black features. We used the Minkowski
measure as a base to calculate the average area S = % of breath figures. Figure
presents the calculated mean area of holes, for velocities smaller then 8 mm/s the
size of the structures is about 400 um?, for higher velocities the bigger structures are
obtained form 900 to 1200 um?. Compared to previous results for structures with 5%
of water, here the relation between shapes and velocity has a more discreet character.

Due to large differences in heights and a macroscopic character of the holes we
were unable to examine the topography of structures using the AFM microscopy
apart from a single case presented in Figure [5.42] In this picture we can clearly see
small hierarchical structures inside a larger hole. Based on cross—section topography
we estimated the thickness of the layers to be 1410 £140 nm at the edge of the sample
and 1461 + 131 nm in the center.

Optical properties of the structures To explore the optical properties of breath figures
prepared with h—dipping method we measured the light reflection. As it is shown
in Figure breath figures prepared from both polymer solution (containing 5%
and 10% of water) decrease the reflection of the light when compared to a bare glass
substrate. The better performance in sense of antireflection layer presents the layer
with micrometer structures (Figure [5.38). This improvement is even better then the
one obtained through breath figures prepared in a high humidity environment (see
Section . On the other hand, for the gradient sample we did not observe any
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Figure 5.44: Reflection measurement for the breath figures structures with thickness
gradients prepared from 60 mg/ml PMMA solutions with A) 5% of water, B) 10% of
water

visible relation between the reflection and the depth or area of the breath figures. The
same applies also to the macroscopic structures.

As in our previous experiments (Section for h—dipping we observed a wide
distribution of shapes which makes it difficult to directly compare our optical mea-
surements with simulations presented in Figure [2.10, However, if we restrict ourselves
to the median values and map them to simulation results we see that for all cases the
transmission should slightly increase. Compared to bare glass, for which the trans-
mission amounts 0.949, the glass with breath figures has the transmission ranging
from 0.957 (for pores prepared under 10.5 mm/s) to 0.972 (for 6.3 mm/s).

The main limitation of presented experiment was the lack of an integrating sphere
during reflection measurements. Our system detected only the specular reflection but
not the diffusive reflection. However, as reported by Ji et al. [18§] the specular reflec-
tion is not dominant in a random arrangement of structures. In [188] they observed a
decline in transmission in the short wavelength due to diffusive reflection for particles
with 200 nm diameter and height about 350 nm. Despite these results in future re-
search it would be desirable to use an integrating sphere to get complex information
about the reflective light.

Soft lithography and organic solar cells As we showed in Section the breath
figure structures can improve the performance of solar cells. However, preparing the
breath figures via various type of coating techniques has several drawbacks. Firstly,
the reproducibility of breath figures is rather low due to their high sensitivity to
external conditions like temperature, humidity. Secondly, the breath figures prepared
with spin-coating, can only cover a small area of the devices. The most effective
approach to overcome these obstacles is to use soft lithography, strictly speaking to
use the breath figures as a master for a PDMS stamp which allows to repeatably
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reproduce the pattern.

In the last decade this approach was successfully presented by several groups. To
the author’s knowledge the Yabu and Shimomura [102] were the first to demonstrate
that breath figures can be used as a templates for the fabrication of PDMS spheri-
cal microlenses. Also Connal and Quia [189] successfully obtained negative images of
honeycomb structures via replica molding technique. Since then several groups have
reported variety of structures prepared with replica molding of breath figures tem-
plates [190,/191]. Moreover, Galeotti et al. [55,]192] have shown that the elastomeric
PDMS layer with structures negative to breath figure patterns placed on the a flat
glass surface not only improve the transmission of the light and but also enhance the
light extraction from the organic light-emitting diodes (OLED) [193].

Inspired by the above results we have gone a step further. We used the PDMS
stamp and by microtransfer molding we replicated the breath figures onto the organic
solar cells. The procedure was the following. We started with breath figure layer
prepared by h-dipping (Figure [5.45A). Than the liquid PDMS was poured on top
of the structures and placed into an oven. After an hour the PDMS was pealed off
resulting in negative of the structures on the top of the stamp (Figure [5.45B). At the
end this stamp was used for microtransfer molding. The small amount of polymer
solution was placed on the top of the stamp and then the stamp was gently pressed
onto the substrate. After a while a breath figure pattern emerged (Figure[5.45C). The
dimensions of the final structures were compatible with the original matrix but the
holes turned out to be slightly shallower.

Using this method we showed that it is possible to transfer the whole pattern
previously prepared on the microscope slide (76 x 26 mm). In the next part of exper-
iment, however, we restricted ourselves to the end part of the stamps due to small
size of the tested solar cells (20 x 15 mm). We chose this part of the sample based
on our previous observation which showed that the highest increase in short-current
density was obtained for breath figure with diameter around 1 ym (Figure in
the previous section). As can be seen in Figure in the second part of the sample,
where the velocity during h—dipping exceeded 8 mm/s, the structures diameter is
around 1 um.

In the future it would be worth to take a full advantage of a larger stamp. In the
context of the tested organic solar cell it would require to enlarge OPV devices and
replace the layer preparation technique from spin—coating to printing or h—dipping.
This modification, however, was not a part of the presented work. Here, we focused
mainly on checking whether it is possible to transfer patterns on the OPV and, if yes,
we tried to answer how they influence the devices performance.

We were also interested whether we will observe the similar changes in short—
current density as was presented in the previous section. To test that we perpetuated
through two PDMS stamps the breath figure patterns prepared from PMMA solution
containing 5% and 8% of water. Based on AFM images, the structures on the first
stamp were in range 1.10 - 1.22 um large and 110 - 140 nm deep, whereas in the
second stamp the structures have diameter between 1.50 — 1.75 pum and depth 130 —
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Figure 5.45: Three steps of soft lithography. A) presents the breath figure as a master,
B) the resulted PDMS stamp and C) the final imprinted pattern.
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Figure 5.46: J-V characteristics of PSHT:PCgoBM solar cell without and with light
trapping structures prepared by soft lithography using stamps with different pores
dimensions. Structures correspond to the breath figure pattern prepared from PMMA
solution with additional A) 5% of water and B) 8% of water.

200 nm.

To investigate the influence of the breath figures on the performance of organic
solar cell we again used similar methodology as in the previous Section [5.2.2, Firstly,
we prepared and measured the performance of solar devices without any additional
light trapping layers. Then we used soft lithography to imprint the breath figures on
the same solar cells. The final geometry of the devices was as following: external light
trapping layer, glass, transparent electrode (ITO), buffor layer (PEDOT:PSS), active
layer (P3HT:PCgBM) and electrode (Al).

Figure [5.40] presents an example of the current—voltage characteristics of the solar
cells measured without and with porous pattern prepared using two stamps with
different pores dimensions. Depending on which stamps were used we observed either
an increase (Figure[5.46]A) or decrease (Figure[5.46B) in short—current density. For the
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Water Jse Voe FF PCE AJ,. APCE

content | (mA/cm?) (V) (%) (%) (%) (%)
Ref. 4.31 £0.19 0.52 £0.01 51.0 £0.9 1.14 £0.04
5% 4.60 £0.08 0.52 £0.01 51.5 0.9 1.25 £0.05 | 6.7 9.6
Ref. 4.50 £0.12 0.52 £0.01 53.3 £0.8 1.25 £0.09
8% 4.20 +£0.09 0.50 +£0.04 50.1 +£0.9 1.08 £0.09 | -6.6  -13.6

Table 5.5: Performance parameter of organic solar cells without (Ref.) and with
breath figure structures. The pattern were prepared by soft lithography using stamps
with patterns corresponding to pores obtained from PMMA solution with additional
5% and 8% of water. The J-V characteristics were measured under irradiance of 1000
W /m?. The relative increase/decrease as a consequence of the added breath figure is
given.

first set of solar cells the mean current density amounts 4.31 mA/cm?, by applying the
breath figure pattern with hole diameter 1.2 um j,. increases to 4.60 mA/cm?. For the
second set of solar cells the decrease in current density is observed from 4.50 mA/cm?
to 4.20 mA/em?. In this case the mean diameter of breath figures amounts 1.6 um.
The performance parameters of the devices are summarized in Table

If we now look back to the OPV parameter presented in the previous Section [5.2.2]
in Table5.3|we see here some similarities. In both cases either using the spin coating or
soft lithography to prepare the breath figures structures we observed depending on size
of structures increase or decrease in short—current density. In Figure we depicted
changes in j,. depending on holes diameters and depth. In both experiments for small
structures below 1.2 um the visible improvement in short current was achieved, on
the other hand the larger structures than 1.5 um have a negative influence on the
performance of the solar cells. In case of holes depth the results are less compatible
therefore we can not determine the optimal holes depth.

Conclusion

In this section we presented a first of a kind procedure to produce breath figure
patterns with thickness gradients using h—dipping. Our results show that combing
h—dipping with the soft lithography it is possible to prepare and transfer the breath
fgure structures onto solar cells in an efective way. Fabricated light trapping layers
improved performance of tested devices. We observed a relative 6.7% increase in j,.
on average, for structures whose the diameter and depth were 1.22 pum and 127 nm
on average. On top of that we observed a the noticeable decrease of -6.6% for bigger
structures with diameter 1.65 pm and depth 180 nm.

As we mentioned, due to small size of our OPV devices which we analyzed, we
were unable to fully exploit the potential of gradient breath figures as light trapping
layers. In the future research it would be interesting to use h—dipping not only for
preparation of breath figures but also to produce gradient active layers and other
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Figure 5.47: Influence of breath figures A) diameter and B) depth on the changes
in short—current density j,. of organic devices. Red circles correspond to results for
breath figures prepared by soft-lithography (Section , whereas blue triangles
represent structures prepared by spin—coating from PMMA solution with added water

(Section [5.2.2)).

parts of OPVs. Using layers with thickness gradients will enable us to find optimal
parameters of such layers more efficiently leading to further improvements in OPVs
performance.






Chapter 6

Conclusions

In the first part of the thesis our attention was paid to carbazole-based copolymer
PCDTBT, one of the conductive polymers used as a donor material in organic solar
cells. Our first aim was to experimentally determine the Flory-Huggins interaction
parameters, y, between PCDTBT and several solvents. This parameter determines
compatibility of a given solvent and polymer pair. As the active layer in OPV is com-
monly prepared from solution and the final morphology is influenced by interaction
between the solvent and polymer [22] it is important to know the value of x for a
given mixture.

We conducted a swelling experiment to determine y between PCDTBT and four
solvents: chlorobenzene, chloroform, toluene and o-dichlorobenzene. We found that
chlorobenzene and chloroform are good solvents (both had y well below 0.5 and
formed homogeneous mixtures), toluene turned out to be a bad solvent (y above 0.5),
while o-dichlorobenzene was a borderline case (x close to 0.5). To our knowledge, this
is the first study reporting y for these pairs of solvents and PCDTBT.

Next, we shifted our attention towards a ternary mixture of PCDTBT and fullerene
dissolved in a common solvent. Such mixture is a popular choice to prepare the ac-
tive layer in OPVs. We were interested whether it is possible to predict the final
morphology of a PCDTBT:PCPBM layer based on the ternary phase diagram. Our
results showed that there are incompatibilities between the final morphology and the
phase diagram. We found that despite the similarities between the ternary diagrams
for chloroform and chlorobenzene these two solvents had visible differences in the
final layer morphology. This inconsistency may have arisen from the deficiencies of
the phase diagram as a model of the layer formation: the phase diagram describes a
stationary state, whereas the layer formation is a dynamic process. We believe that
the dynamic (ternary) phase separation models could explain these discrepancies, this
would be an interesting direction for further studies.

The second part of the thesis was dedicated to polymer light trapping layers, where

127
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we focused on external layers that can be added on the incident side of existing OPVs.
As the main mechanism of such layers is to scatter the incident light (to increase the
effective light path) we studied these layers in isolation to measure that effect. We
then attached the studied layers to OPVs to measure their net influence on the OPVs
efficiency.

We studied two classes of light trapping layers coming from either periodic struc-
tures or random porous structures. For periodic structures we used the DVD and
CD tracks transferred to a polymer layer via soft lithography. Our results showed
that such structures do not improve the light absorption in polymer layer nor the effi-
ciency of OPVs. As a side—project we re—used the soft-lithography stamps to replicate
periodic structures on the active layer, where we saw some improvement in both ab-
sorption and short circuit current for the DVD stamps. As expected, such approach
was technically much more challenging then adding an external absorption layer.

In our opinion a much more interesting results were obtained for porous structures
based on breath figures. We first showed how the distribution of depths and diameters
of the pores depends on the manufacturing parameters, which extends the existing
results on breath figures. We also demonstrated the relationship between dimensions
of the pores and absorption in polymer layer. The biggest improvement in absorption
was obtained for the narrowest distribution of depths and diameters focusing around
0.15 pm and 0.35 pm respectively. These results were in accordance with a simulation
of scattering angles performed by dr Jakub Haberko. Finally we found that external
light—trapping layers based on breath figures increase the short—current density in
OPVs up to 6% for structures with diameters below 1.1 um and depths below 350
nm.

Although the results we obtained were promising, the breath figures we used were
produced with a spin—casting technique which would be difficult to apply on industrial
scale. We showed how this issue could be alleviated by replicating the breath figures
via soft lithography instead of creating them directly on the light-trapping layer. We
verified that the end results of a soft-lithography approach are comparable with spin—
casting in terms of short—circuit current and the geometric structure of the pores. On
top of that, we introduced horizontal-dipping as a method to create the matrix for
the stamps, which turned out to be a more practical alternative to spin—casting as
it allowed us to create a wide range of geometries in a single run. These geometries
could be individually studied and transferred to the OPVs.

To summarize, in our research we touched a wide range of subjects related to OPVs
including basic research on polymer—fulerene mixtures and novel light—trapping layers,
both of which can find applications outside of OPVs. In particular, the light—trapping
layers can be applied to any third—generation photovoltaic cells.
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