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ABSTRACT

RATIONAL MOLECULAR DESIGN ENABLES EFFICIENT ORGANIC
SOLAR CELLS AND ORGANIC LIGHT EMITTING DEVICES

Alemdar Yilmaz, Eda
Doctor of Philosophy, Chemistry
Supervisor : Prof. Dr. Ali Cirpan
Co-Supervisor: Prof. Dr. Levent Toppare

December 2022, 149 pages

Organic conjugated polymers and organic small molecules have great potential to
meet one of the world's most critical challenges, clean energy production, in the
following decades. Owing to their semiconducting properties, organic conjugated
molecules are promising candidates for clean energy applications such as organic
solar cells (OSCs) and organic light-emitting diodes (OLEDS) due to their low cost,
lightweight, and flexibility. This study covers the rational molecular design for
efficient OLEDs and OSCs.

The first chapter covers the effect of mono-fluorine substitution of
benzothiadiazole and replacing the alkoxy group with alkylthienyl on the
performance of bulk-heterojunction (BHJ) OSCs. Among three benzodithiophene
(BDT) and thieno[3,4-c]pyrrole-4,6-dione (TPD) bearing random polymers, the
best-performing device (P-FBDT) exhibits a power conversion efficiency (PCE) of
9.21% with a fill factor (FF) of 60%, and 15.4 mA/cm? short circuit current density
(Jsc). The second chapter includes the observation of thermally activated delayed
fluorescence (TADF) in conjugated systems. The effect of spin orbit coupling was

demonstrated with the incorporation of a Selenium atom into the donor unit. In this



study, three different OLEDs were produced using three different emitters (SeDF-
G, SeDF-B, and SeDF-YG) with green, blue, and yellowish-green colors,
respectively. The maximum external quantum efficiency (EQE) is 30.8%, and the
maximum lumen is 17000 cd/m? with SeDF-G based TADF OLEDs. In the third
part, ternary OSCs were produced by using two polymer donors (P1 and PTB7-Th)
whose absorption spectra were complementary in UV-VIS in the photoactive layer.

Increasing Jsc with increased absorption caused an increase in device efficiency.

Keywords: organic light emitting diodes, organic solar cells, ternary solar cells,

thermally activated delayed fluorescence

Vi



0z

VERIMLI ORGANIK GUNES PiLLERi VE ORGANIK ISIK YAYAN
CIHAZLAR iCIN AKILCI MOLEKULERIN TASARIMI

Alemdar Yilmaz, Eda
Doktora, Kimya
Tez Yoneticisi: Prof. Dr. Ali Cirpan
Ortak Tez Yoneticisi: Prof. Dr. Levent Toppare

Aralik 2022, 149 sayfa

Organik konjuge polimerler ve organik kiigiik molekiiller, 6niimiizdeki yillarda
diinyanin en kritik zorluklarindan biri olan temiz enerji iiretimini karsilama
konusunda biiyiik bir potansiyele sahiptir. Yari iletken 6zellikleri nedeniyle organik
konjuge molekiiller, diisiik maliyetli, hafif ve esnek olmalari nedeniyle organik
giines pilleri (OSC'ler) ve organik 1s1k yayan diyotlar (OLED'ler) gibi temiz enerji
uygulamalari i¢in umut verici adaylardir. Bu ¢alisma, verimli OLED'ler ve OSC'ler

icin akilct molekiiler tasarimi kapsar.

IIk boliim, benzotiyadiazoliin mono-flor eklenmesinin ve alkoksi grubunun
alkiltienil ile degistirilmesinin yiginsal heteroeklem (BHJ) OSC'lerin performansi
tizerindeki etkisini kapsar. Random polimerler tasiyan ii¢ benzoditiyofen (BDT) ve
tieno[3,4-c]pirol-4,6-dion (TPD) arasinda, en iyi performans gosteren cihaz (P-
FBDT), %9,21'lik bir giic doniistiirme verimliligi (PCE) sergiler: %60'lik bir
doldurma faktorii (FF) ve 15,4 mA/cm? kisa devre akim yogunlugu (Jsc). fkinci
boliim, konjuge sistemlerde termal olarak aktive edilmis gecikmeli fliioresansin
(TADF) gozlemlenmesini igerir. Spin-orbital eslesme sabitinin etkisi, donor

iinitesine Selenyum atomunun dahil edilmesiyle gosterilmistir. Bu calismada,
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sirasiyla yesil, mavi ve sarimsi yesil renklerde ti¢ farkli 151k yayan malzemeler
(SeDF-G, SeDF-B ve SeDF-YG) kullanilarak ii¢ farkli OLED iiretilmistir. SeDF-G
tabanlit TADF OLED'ler ile maksimum harici kuantum verimliligi (EQE) %30,8 ve
maksimum limen 17000 cd/m?dir. Ugiincii boliimde, fotoaktif katmanda UV-
VIS'de 15181 sogurma spektrumlari tamamlayici olan iki polimer elektron verici (P1
ve PTB7-Th) olarak kullanilarak ¢ok eklemli OSC'ler {iretildi. Isigin daha fazla
sogurulmasi ile artan kisa devre akim yogunlugu (Jsc), cihaz verimliliginde bir

artisa yol agmustir.

Anahtar Kelimeler: organik 151k yayan diyotlar, organik giines pilleri, ¢ok eklemli

giines pilleri, termal olarak aktiflestirilmis gecikmeli floresan
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CHAPTER 1

INTRODUCTION

Organic Optoelectronics for Renewable Energy

Due to the multifunctionality, affordable cost, simple and solution
processability, applicability on the large areas and flexibility of organic
materials, the field of organic optoelectronics has seen a rise in the importance
of multifunctional devices made of organic materials. This is because organic
materials may be handled in several different ways. As a direct result, organic
optoelectronics has produced a number of remarkable advancements. Exciting
new breakthroughs in organic semiconductors with high mobility, with broad-
spectrum absorption, and organic luminescent materials have enabled the
construction of high-performance organic optoelectronic devices. Organic
Solar Cells (OSCs),*® and organic light-emitting diodes (OLEDs),*® and
organic field-effect transistors (OFETs)® are examples of these technologies.
Organic electronics and their application areas were illustrated in Figure
1.1. Researchers in the fields of chemistry, physics, and microelectronics are
making constant advancements in the creation of these devices via their
collaborative efforts. Some of these technologies, such as OLEDSs, are now in
commercial usage. In recent years, research on integrated and multifunctional
optoelectronic devices has gained popularity in response to the growing need
for smaller and intelligent electronics. Optoelectronic material is usually
thought to be related to the conversion of light into electrical energy in the form
of current flow through semiconductors and vice versa. Organic optoelectronic
materials have been studied for their optical and electronic properties since the
1910s.” In the mid-1960s, when electroluminescence in molecular crystals and
conducting polymers were found, people became more interested in these kinds

of materials. Indeed, interest in organic optoelectronics has exploded over the
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past two decades as a result of considerable advancements in material design
and purification that have led to a substantial improvement in the performance

of the materials.

This thesis talks about two main types of organic semiconductors: Organic
small molecules and Photoconductive polymers with advanced optoelectronic
performance. Organic small molecules are promising because they can be
purified easily, and their ability to form ordered structures has made it possible
for charge carriers to move around quickly.® They have also been used as
models for a wide range of basic studies of the movement of excitons and
charge carriers. On the other hand, polymers are favorable for making large-
area devices. They have made it possible to make both high-performance
single-component devices and bulk heterojunction (BHJ) solar cells, which use

a mix of different components with different functions.

The field of organic optoelectronics has experienced a significant growth in the
past 10 years, with more than 16000 papers published on the subject in the year
2022.

Luminescence is a bright, limitless source of light in nature that has been used
to meet a variety of human needs. Almost 20% of global electricity usage and
6% of global CO> emissions are attributable to lighting. The International
Energy Agency (IEA) estimates that lighting accounts for around 3% of world
oil demand. Unless immediate action is taken, the global energy consumption
for lighting will increase by 60% by 2030.° OLEDs derived from organic
materials are known to utilize significantly less energy than their inorganic
counterparts, LEDs. This thesis mainly includes efficient OSCs and OLED:s,
which are two types of optoelectronic devices that will help solve the problem

of the rapidly rising energy demand in recent years.
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Figure 1.1 Organic electronics and application regions

1.2 The Necessity of Using Renewable Energy

Energy consumption has increased exponentially as a result of the fast growth
of the world's population and technological progresses. Despite the fact that
fossil fuels are not sustainable and cause serious environmental and health

issues!® they remain the largest contributor to the energy industry.

Renewable energy is energy obtained from natural resources that are renewed
at a rate greater than their consumption. Renewable energy sources are
abundant and accessible. In contrast, fossil fuels, including coal, oil, and gas,
are nonrenewable resources that need hundreds of millions of years to create.
When fossil fuels are used to produce energy, they emit dangerous greenhouse

gases like carbon dioxide.

Renewables are currently less expensive in the majority of countries and
produce three times as many employment as fossil fuels.’?> Renewable energy is
the energy obtained from an natural source. The proper usage of renewable
energy resources (solar, bioenergy, wind, hydropower, ocean and geothermal

energy) is currently a topic of heated dispute. It is crucial to decide which
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energy source should be utilized with rational reasoning. The majority of
aspects, including environmental impact, cleanliness, stability, effectiveness,
and, affordability must be considered. It is an unfortunate reality that many
sectors worldwide continue to rely on fossil fuels for energy generation.
Without a doubt, these fuels are highly successful in terms of power generation
quality, however they are not favorable in the long term. Fossil fuels will
eventually run out; thus industry must quickly transition to sustainable energy
sources. Furthermore, these fossil fuels constitute a significant danger to

environmental equilibrium and are the source of several ecological risks.

The most important characteristic of renewable energy is its abundance. It is
limitless. Renewable energy sources are clean energy sources that have a far
smaller negative impact on the environment than traditional fossil energy
technologies. The majority of renewable energy investments is spent on the
construction and maintenance of facilities, rather than on expensive energy

imports.

1.3 Organic Semiconductors

On the basis of their molecular weight, known organic semiconductors may be
roughly categorized into two groups: conjugated polycyclic compounds with a
molecular weight less than 1000 and polymers with a molecular weight larger than
1000. As the primary classes of organic semiconducting materials, conjugated
polymers and small molecules enable the fabrication of flexible and inexpensive
electronic devices. Polymers are advantageous for usage in semiconductors due to
their ability to generate thin films with a high surface area. Researchers are
investigating the use of small molecules as semiconductors, despite their low
solubility in organic solvents and loss of mobility upon functionalization to
improve solubility. An advantage of using small molecules is that charge transfer
may be more easily controlled by altering substituents. In contrast to polymeric
semiconductors, the ability of these molecules to pack into well-organized

polycrystalline films results in greater mobility. Small molecules, however, exhibit
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more crystallinity than polymers and produce excessively large crystalline

domains, which are unfavorable to charge separation.*3

Organic electronics are currently competitive with conventional technologies and
are contributing to meeting the demands of industry, the consumer market, and
society in a variety of disciplines, including photovoltaics, information processing,
data storage, display technologies, solid-state lighting, and semiconductor devices.

1.3.1 Conjugated Polymers

One of the first studies revealing photophysical effects and band like structures of
an organic material was published in 1946 in which it was shown that
illumination improved the light driven conductivity of colored protein films. It was
claimed in 1948 that = - = stacking (overlap of =m-orbitals) between nearby
molecules would generate crystals with band-like electrical behavior, similar to that
of inorganic semiconductors®®. In 1954, it was shown that conjugated polymers
may be doped and that the polymer conjugation length is crucial for optimum
conductivity®®. In 1977, it was discovered that polymers could be doped to the
point that they acted like conductors; as recently as the mid-1970s, everyone
assumed that polymers acted as insulators. Then, in a stroke of luck, Shirakawa
introduced too much catalyst to a batch of a plastic called polyacetylene that he
was producing. The result of this procedure was a silvery film made from the
previously powdery polyacetylene. Shirakawa, MacDiarmid, and Heeger wasted no
time in altering and testing the polymers after making this discovery. They found
that by adding more charges to the polyacetylene, the conductivity could be raised
by a factor of 12 million. This finding hastened the development of organic
electronics. The Nobel Prize in Chemistry was awarded for this discovery in 2000.
Y(Figure 1.2)

A polymer is a material or substance composed of macromolecules, which are large
molecules that consist up of several repeating subunits. In order for a polymer to be

electrically conductive, it must imitate a metal, meaning that its electrons must be

5



free to migrate. The first criteria is that the polymer consists of conjugated double

bonds, which are single and double bonds that alternate.

Having conjugated double bonds is not sufficient, though. Plastic must be altered to
become electrically conductive, either by taking electrons from (oxidation) or
adding them to (reduction) the material. The term for this practice is doping. The
pieces cannot move unless at least one "hole" is empty. Each fragment of the
polymer is an electron that jumps to a vacancy left by another. This results in a
flow of electricity along the molecule. When an external voltage is applied, an
electric current occurs from the ordered movement of charges in a material as a
consequence of forces acting upon them. Positive charges migrate in the direction
of the applied electric field, whereas negative charges flow in the opposite
direction. In the majority of materials, the flow of electrons results in a current

known as electrical conduction.



a)

Figure 1.2 (a) Left to right: Hideki Shirakawa, Alan MacDiarmid and Alan Heeger

and (b) powdery and silvery polyacetylene (before and after doping process)

The electrical and optical properties of a conjugated carbon chain are determined
by its highly delocalized, polarized, electron-dense n bonds. Polyacetylene (PA),
polypyrrole (PPy), polyaniline (PANI), poly(para-phenylene) (PPP), polythiophene
(PTH), polyfuran (PF), and polyphenylenevinylene (PPV) are typical conducting
polymers. The structures of abovementioned conductive polymers are listed in

Figure 1.3.
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Figure 1.3 Structures of typical conducting polymers
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1.3.2 Conjugated Organic Small Molecules

Polymer donors with polymer acceptors (all-polymer OSCs), polymer donors with
small-molecule (SM) acceptors, SM donor with polymer acceptors, and SM donors
with SM acceptors (all-SM OSCs) are the types of BHJ OSCs. Small molecules
have potential benefits over polymers, including a known molecular weight, mass-
scale synthesis, a defined molecular structure, simple purification, and excellent
batch-to-batch repeatability.'® This is promising for the future of small molecules,
because the effect of a moiety in the molecular structure can be observed in more
detail. However, the restricted solubility and high crystallinity of vapor-deposited
small molecules makes their application in solution-processed BHJ OSCs

undesirable.r®

Currently, both small-molecule emitters and polymeric emitters may be used in
OLEDs; however, small-molecule emitters often play a crucial function and
provide active units to their polymeric counterparts; hence, it is crucial to research
small-molecule emitters. One of the most important advantages of small molecules
is that they can be deposited homogeneously on the substrates in thermal
evaporators. New donor-acceptor compounds that combine aggregation-induced
emission with delayed fluorescence are hot topics in OLED research. For thermally
activated delayed fluorescence (TADF), the energy levels in the charge transfer
state of a donor-acceptor molecule regulate the singlet-triplet energy gap, which

may be accurately controlled for highly efficient device operation.

Recent interest in non-fullerene acceptors has grown due to the inherent drawbacks
of fullerene derivatives such as fullerene-based OSCs, such as restricted tunability
of absorption and energy level, expensive manufacture and purification, and poor
stability. In this regard, small molecule acceptors and small molecule donors are
utilized frequently in OSC fabrication.

A few examples of high-efficiency small molecules now employed in OLEDs and
OSCs are shown below. (Figure 1.4) The crystallinity and crystalline packing of

SM donors have been demonstrated to have a significant influence on the

8



development of an ideal microstructure that results in excellent power conversion
efficiency in SM BHJ OSCs.?’ Conjugated organic small molecules are very
effective for the fabrication of OLEDs because they do not require solvent drying
processes and multi-layer device architecture can be easily accessible.
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Figure 1.4 High efficiency small molecules employed in the field of

optoelectronics®!
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1.4  Organic Solar Cells

1.4.1 History of Organic Solar Cells

The photovoltaic effect was originally identified in 1839 by a young French
scientist named Alexandre Edmond Becquerel. He was doing electrochemical
experiments when he saw this effect happening on silver and platinum electrodes
exposed to sunshine. He conducted his experiment by combining silver chloride
with an acidic solution and shining light on it through platinum electrodes.
Consequently, it produced voltage and current. Initially, the photovoltaic effect was
sometimes referred to as the "Becquerel effect”. After a century, Russell Ohl
developed the first modern solar cell shortly following development of the
transistor. Ohl developed the "p-n junction™ in 1939, which relates to the impact of
impurities within electrical resistor crystals. Russell Ohl found that it was the
impurities inside these crystals that made certain portions more resistive to
electrical flow than others, and that it was the "barrier" between these areas of
varying purity that allowed the crystal to function. Ohl subsequently discovered
that super-purifying germanium was the key to producing reproducible and useable
semiconductor material for diodes. Several patents were issued in the late 19™"
century for various solar energy inventions, leading some to believe that these
individuals are the true inventors. However, early solar cells had energy conversion
efficiencies of less than one percent, proving that energy could be generated from
the electromagnetic radiation, but not efficiently enough for any practical

application.

1.4.2 Organic Solar Cells - Today and Tomorrow

Global energy consumption is increasing, while main energy sources such as fossil

fuels are rapidly reducing. By producing greenhouse gases such as CO, and other

air pollutants, fossil fuels also harm air quality and public health. Taking into

account current economic growth projections, the globe will require 28 TW of
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energy in 2050 and 46 TW in 2100.?> Renewable energy should supply much of
this energy. Thus, new energy sources for renewable and sustainable energy
technologies must be investigated. Solar cells are the safest, cleanest, and most
abundant energy source for future renewable and sustainable energy technologies,

making them the most promising solutions for world energy demands.

Solar energy contributes 11.5% of the world's renewable energy. The main
renewable source is now hydropower (57.7%) followed by wind (21.4%),
according to the BP Renewable Energy Review. However, solar capacity is
developing at a considerably greater rate than that of any other renewable energy
source, suggesting that its proportion will rise in the future. If we look at the energy
produced from solar energy in more detail, in 2021 about 4.4% of the total global

energy came from solar energy.
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Figure 1.5 National Renewable Energy Laboratory certified solar cell efficiency
chart. Orange indicates record efficiencies for developing PV technologies (Dye

cells, Perovskites, OSC, CZTS, and quantum dot solar cells) (from www.nrel.gov)
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A worldwide effort to increase the amount of energy that can be generated from
solar cells is ongoing. The National Renewable Energy Laboratory (NREL)
continually revises its chart of the most efficient solar cells. The up-to-date graph is
shown in Figure 1.5. Liu et al. reported the highest power conversion efficiency
(PCE) for OSCs to date as 18.2%. In the mentioned study, it was introduced
quaternary devices including an extra donor PM7 and acceptor PC71:BM to the
PM6:Y6 donor:acceptor pair, in their paper presented in the Nature
Communication in 2021. # According to the study, PM7 has a comparable
molecular structure to that of PM6, but a lower HOMO energy level. Additionally,
PC7:.BM demonstrated greater LUMO energy levels than Y6. Adding a donor and
an acceptor to a device results in a stepwise alignment of energy levels and
prolonged exciton diffusion periods. The study found that the mixing of PM6 and
PM7 (Figure 1.4) adds to a fibrillary network and optimizes the packing of Y6 due
to the differential interaction of PM7 with Y6 compared to PM6. (see Fig 1.4) It
has also been found that the addition of PC7:BM does not impact host morphology.
In addition, the quaternary compound displayed outstanding photostability and
storage stability. (After 1000 hours of illumination, the device retains 81% of its
initial PCE, according to reports.) As a result, the PM6:PM7:Y6:PC71BM based
quaternary device achieved an excellent PCE.

1.4.3 Solar Cell Generations

1431 First Generation Cells

This generation of solar cells consists of both single- and multi-crystalline silicon
cells. These are the oldest, and Bell Laboratories introduced them. These cells are
famous for their effectiveness. Solar Modules/Panels are composed of solar cells to

boost their power and producing of these cells is a costly process.
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1.4.3.2 Second Generation Cells

Thin Film Cells, which include amorphous silicon-based thin-film solar cells,
cadmium telluride/cadmium sulphide solar cells, and copper indium gallium
selenide solar cells, are known as second generation cells. Their efficiency is lower
than that of the first-generation cells, but they are inexpensive to manufacture.
These cells are composed of consecutive layers ranging in thickness from 1 to 4 m
and are formed on glass, polymer, or metal substrates. They are aesthetically
pleasing and adaptable. Calculators employ cells made of amorphous silicon.

1.4.3.3 Third Generation

The Third Generation of Cells contains exciting new and emerging technologies.
The primary purpose of the generation is to develop the most efficient and cost-
effective solar cells. Third generation solar cells are also searching for cells free of
toxic. Polymer-based solar cells, organic—inorganic halide perovskite cells,
nanocrystal-based solar cells and dye-sensitized cells are examples of third-

generation cells. Research on polymer solar cells was conducted for this thesis.

1.5  Organic Polymer Solar Cells

Organic polymer solar cells in which the photoactive layers are comprised of bulk-
heterojunction (BHJ) blends of p-type polymer donors and n-type acceptor
materials (small molecule or polymer acceptors), are potential electric utilities for

flexible electronics.

In order for conjugated polymers to be utilized in OSCs, they should have low
HOMO energy levels to, suitable LUMO energy levels for efficient electron
transfer to the fullerene moieties, low bandgaps to increase the absorption range,

and crystalline characteristics to ensure good charge mobility.
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The dielectric constant measures a substance's capacity to store electrical energy in
an electric field. The link between the exciton binding force and the dielectric
constant "r" will be discussed in the next section. Excitons dissociate
spontaneously in inorganic materials when "r" is extremely high (> 10), however
excitons are strongly linked in organic materials where "r" is very small (<4).
Excitons diffuses in the organic semiconductor until the majority of excitons finally

recombine, resulting in a very low photocurrent output.

Consequently, a different method is often utilized to separate excitons. By selecting
an acceptor with an energy offset relative to donor semiconductors, it is possible to
create a charge transfer state by transferring the electron from the donor to the
acceptor. Most of the time, fullerenes are used as acceptors because they can accept
electrons better than polymers or small molecules. On the basis of the discovery of
a synthetic approach to phenyl-C61-butyric acid methyl ester, Sariciftci et al.
demonstrated that charge transfer from a semiconductor polymer to
buckminsterfullerene (C60) is achievable upon photon excitation in the polymer.2*
This material is also PCBM, a C60 derivative that is solution-processable. Poly(2-
methoxy, 5-(2'-ethylhexyloxy)-1,4-phenylene vinylene) (MEH-PPV) was
combined with C60 and its derivatives to produce the first polymer solar cell with a
high power conversion efficiency of 2.9% under 20 mW/cm? light in 1995.2° By far
the most researched material system for organic solar cells is P3HT combined with
PCBM. [6,6]-phenyl-C71-butyric acid methyl ester (PC71BM) is a fullerene
electron acceptor that is often used in the most efficient organic photovoltaic
systems. PC7:BM's non-symmetrical C70 cage permits energy transitions that are
limited in C60, hence enhancing the visible solar spectrum absorption properties
above PCgBM.?® The molecular structures of P3HT and PC71.BM were given in
Figure 1.6. Polymer solar cells are composed of an electron-rich polymer donor
and an electron-weak acceptor.
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Figure 1.6 Molecular structures of P3HT and PC7:BM

There are three different types of polymer solar cells described in this thesis;
binary, tandem and ternary polymer solar cells. Structural differences are given in

Figure 1.7.

Binary OSCs Tandem OSCs Ternary OSCs

B MW Dorors W Acceptor

Figure 1.7 Structures of binary, tandem and ternary polymer solar cells

1.5.1 Binary Organic Solar Cells

As stated in the previous chapter, polymer solar cells require at least one donor and
one acceptor to operate. According to the distribution of the donor and acceptor
materials in the active layer, binary solar cells are classified as either bilayer or

17



bulk heterojunction (BHJ) solar cells. These two variations are displayed in Figure
1.8.

Bilayer Heterojunction Bulk Heterojunction

Figure 1.8 (a) bilayer heterojunction and (b) bulk heterojunction device structures

The two-layer heterojunction design is the simplest organic solar cell that uses a
heterojunction. In this design, the interface between the donor and acceptor is
created, and when charge carriers separate at this interface, they can move to their
respective electrodes (anode and cathode). Nevertheless, such a bilayer architecture
is restricted by the short exciton diffusion lengths (~10 nm) in polymers and the
extremely narrow interface between the two materials. Therefore, in order to
accomplish enhanced charge separation, the thickness of the active layer must be
very thin in order to allow the majority of excitons to reach the donor-acceptor
contact.?” The thin active layer leads in reduced absorption and, thus, decreased

device performance.

By blending the donor and acceptor molecules in the same solution, an alternate
device structure is formed, and when this solution is coated as a single layer, a bulk
heterojunction (BHJ) is obtained with the donor and acceptor molecules forming an
interpenetrating network. The bulk heterojunction provides a very large
donor/acceptor interface, enabling the free production of carriers and resulting in

more efficient devices. Because this interface is long and covers the entirety of the
18



device, the possibility of recombination is significantly increased. To achieve high
device efficiency, it is essential to extract free charge carriers as rapidly as possible.
Additionally, thicker active layer can be coated to boost absorption compared to
bilayer devices.?®

1.5.2 Tandem Organic Solar Cells

Stacking multiple photoactive layers with complementary absorption spectra in
series to create a tandem OSC is an effective method for optimizing solar radiation
utilization.?®3® Tandem solar cells are designed to overcome limited absorption of
polymers as well (by stacking components with complementary absorption),
however the manufacturing process for these cells is typically more difficult than
that of ternary cells.3! This would obviously increase the cost, restricting their
future capacity for mass manufacture. Organic tandem solar cells have reached a

record efficiency of 19.6%.%

1.5.3 Ternary Organic Solar Cells

In the last decade, ternary blend organic solar cells (TB-OSCs) have garnered
significant interest as an elegantly alternative approach.®*3%> TB-OSCs generally
consist of two donors and one acceptor (D1/D2/A) or one donor and two acceptors
(D/A1/A2) with diverse absorption ranges in a single-junction device, which
improves light harvesting capability equivalent to tandem devices but retains easy
manufacturing. The ternary idea may utilize the enormous existing pool of
resources to their maximum potential. The major photovoltaic properties of short
circuit current density (Jsc), open circuit voltage (Voc), and fill factor (FF) may be
concurrently or separately enhanced by selecting the right third component and
modifying its composition ratio to promote exciton dissociation, charge transfer,
and blend morphological manipulation. Alternatively, device stability can be
enhanced by morphological tuning.® In addition, TB-OSCs can benefit from all the
techniques utilized to optimize the morphology of binary blend OSCs, including
19



mixed solvent, solvent additive, thermal annealing (TA), solvent vapor annealing
(SVA), and hot spin-coating. With the fast advancement of donor and acceptor
materials, their applications in TB-OSCs have increased PCEs to 19%, indicating a
promising future.3” The history of ternary organic solar cells is given in Figure 1.9.
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Figure 1.9 Efficiency evolution of ternary organic solar cells from 1.9% in 2009 to
18.9% in 2021.38

1.5.4 Working Principle of BHJ Organic Solar Cells

Following is a summary of the stages that govern the OSC function:
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1541 Light Absorption and Exciton Formation
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Figure 1.10. Schematically light absorption and exciton formation

To begin with, and most importantly, the photoactive layer must absorb as much
sunlight as possible. Donor portion of the BHJ OSC photoactive layer typically
absorbs light (Figure 1.10). Due to the high absorption coefficient of conjugated
polymers, they may successfully absorb light at the maximum of their absorption
spectrum with a relatively thin photoactive layer in contrast to its inorganic silicon

based counterparts, which need thicknesses of hundreds of microns.

The exciton, which consists of a pair of coulombically bound electrons and holes;
-can then recombine radiatively and produce light

-can recombine non-radiatively and generate heat

-can dissociate and transform into free charge carriers that can move to their

respective electrodes by generating current.
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The intensity of the electric field (Fe-n) between an electron and a hole determines
whether an exciton dissociates spontaneously. The following is a description of the

force that results from the strength of this field:

1 qg.9;
Fa—h = 4 Eg
ME.Eq T

&r: the dielectric constant

€o: the vacuum permittivity

ge and gn: the electron and hole elementary charges, respectively.
r: the distance between the electron and hole

The formula states that force is inversely proportional to the dielectric constant.
Since the dielectric constant of inorganic materials is very high, the bonding energy
between electron and hole is very weak, and excitons generally dissociate
spontaneously; however, in organic materials, additional driving force is required

for exciton dissociation due to the relatively low dielectric constant.

In addition, the thickness of the polymer-based photoactive layer can only be up to
100 nm due to the low charge-carrier mobilities that are present in the majority of
polymers. This results in the polymers being able to absorb no more than 60% of
the incident light when the absorption maximum is reached. The inorganic
semiconductors, on the other hand, are able to efficiently absorb the whole visible
sun spectrum. Therefore, the creation of a photocurrent in conjugated polymers is
poor because of their poor absorption. Reducing the band gap of donor polymers
increases light absorption, which in turn maximizes the number of photons

absorbed and hence the PCEs are achieved.

The efficiency at which a solar cell absorbs light from the sun is determined by the
degree to which its absorption spectrum overlaps with that of the sun's radiation
(Figure 1.11). Air Mass 0 (AMO) radiation from the sun is a flux of photons
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emitted with an energy distribution similar to that of a black body at 5960 K; at the
Earth's surface, after passing through the atmosphere, the radiation is filtered but
retains many of the same spectral features, though some wavelength regions are
suppressed (Air Mass 1.5, or AML1.5).

As can be observed, about 50% of the total light output is located in the infrared
area, which corresponds to the range of low energy radiations. Reducing the band
gaps of semiconductors is another method for increasing absorption, since the
amount of solar radiation absorbed by the active layer is dictated by the amount of
overlap between the solar photons flux and the absorption coefficient summed
across energies greater than Eg. Consequently, materials with a smaller band gap
are required to maximize photon harvesting. For instance, a material having a band
gap of less than 2 eV is regarded to have a low band gap, which can increase the
efficiency of OSCs by a greater overlap with the solar spectrum. A band gap of 1.1
eV, for instance, can cover 77% of the AM1.5 sun photon flux, but a band gap of
1.9 eV can only cover 30% of the air mass 1.5 global (AM1.5 G) photon flux. 3°
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Figure 1.11 Standard Solar Spectra (AM1.5G) for use in space and on Earth.
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When a photon is absorbed by the material, an electron is stimulated from the
HOMO to the LUMO states when illuminated from the transparent electrode side.
It is analogous to inorganic semiconductors in which electrons are stimulated from
the valence band to the conduction band. A pair of electrons and holes, known as
an exciton, is produced as a consequence of this process. The binding energy of

excitons is typically in the range of 0.1 to1.4 eV.

1.54.2 Exciton Diffusion and Charge Separation at the
Donor/Acceptor interface
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Figure 1.12 Schematically exciton diffusion and charge separation at the

donor/acceptor interface

The difference in energy levels between the donor and acceptor materials in the
LUMO region ultimately led the excitons to separate from one another because it
breaks the Coulomb attraction. Since the excitons in the majority of conjugated
polymers have a shorter lifetime, the diffusion lengths are restricted to a few
nanometers (less than 20 nm), which is a significantly shorter distance than the
optical absorption pass length (100-200 nm). In order to create charges in an
effective manner, excitons have to be produced within their respective diffusion

lengths. The distance that an exciton travels before recombining is referred to as its
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"diffusion length”. The reported excitons diffusion length for various conjugated
polymers ranges from 5 to 20 nm. There is a large amount of variation across this
range. Therefore, the depth of the photoactive layer is one of the most important
factors that determines how effectively charge is generated. At the donor/acceptor
interface in organic semiconductors, photogenerated holes and electrons are
subjected to a high Coulomb binding energy (Figure 1.12). In order to get free
charge carriers, it is necessary to separate these Coulomb-bound electron-hole
pairs. When they break free of their mutual Coulomb affinity, however, they either
reunite or dissociate into free charge carriers. Dissociation of excitons at the
contact is crucial for fast charge transmission. Electrostatic forces are generated at
the interface due to the dissimilarity in HOMO and LUMO levels of the donor and
acceptor layers. Due to the electric field created by these differences, excitons are
efficiently dissociated into electrons and holes when the right materials are used.
The substance with a greater LUMO level accepts the free electrons, while the
substance with a lower HOMO level accepts the holes. Unfortunately, on their way
to the electrodes, these free charge carriers might undergo recombination or be

trapped in a disordered interpenetrating organic substance.

1543 Charge Transport in the Donor and Acceptor Phases
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Figure 1.13 Schematically charge transport at the donor/acceptor interface
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In order to reach their corresponding electrodes, the charges created when excitons
dissociate into free charge carriers must first be transferred (Figure 1.13). In
organic semiconductors, charge carriers often arrive from one localized state to the
next. Because of the difference in Fermi levels between the electrodes, an internal
electric field causes transport of free charge carriers towards the electrodes. The
Voc of a cell is established by the internal electric field produced by the cell's
anode and cathode. Both carrier diffusion and electric field induced drift contribute

to the movement of free charge carriers.

Recombination of free charge carriers in the interstitial space between the anode
and cathode is the primary limiting factor in the efficiency of their passage to the
electrodes. The photoactive layer's charge carrier mobility controls not only the
transit of charge carriers but also the losses brought on by their recombination. For
low mobility materials, the Coulomb potential continues to hold electrons and
holes in place. Thus, they are unable to resist their mutual attraction and reform
prior to charge collection at the electrodes. As a result, there is a drastic reduction
in photocurrent generated by the solar cell. The photo-generated electrons and
holes have a route length that is proportional to the thickness of the photoactive
layer. Device performance degrades dramatically with increasing photoactive layer
thickness due to charge carrier recombination. Therefore, the major challenges for
high-efficiency devices are to overcome carrier sweep-out by the internal field and

the loss of photo-generated carriers by recombination.
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1544 Charge Collection at the Electrodes
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Figure 1.14 Schematically charge collection at the electrodes

Charge carriers produced by photoexcitation are removed from the photoactive
layer and sent to their corresponding electrodes if they do not recombine (Figure
1.14). In order to get the most charges out of the photoactive layer, the potential
barrier between the layer and the electrodes needs to be minimized. The work
function (WF) of the anode should be in phase with the HOMO of the donor
material, and the work function (WF) of the cathode should be in phase with the
LUMO of the acceptor material. If the WFs line up as specified, the contacts are
called Ohmic contacts. In contrast, no Ohmic connections would form if the donor
HOMO and acceptor LUMO energies were mismatched at the anode and cathode.

The efficiency of the solar cells will degrade over time.

1.5.5 Photovoltaic Characteristics of a Solar Cell

1551 Power Conversion Efficiency (PCE)

A solar cell's power conversion efficiency (PCE) is defined as its maximum power
output divided by the total power input (Pinc) from the sun. This value may be

thought of as the theoretical maximum efficiency of a solar cell. However, in order
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to completely comprehend the idea of PCE, it is necessary to specify a number of
additional characteristics associated with the performance of a solar cell. After
current-voltage evaluation of a solar cell under AM1.5G light, the PCE is
determined. The PCE can be calculated with the help of the following relation

using all the parameters shown in Figure 1.14.

FF.V,-.
PCE — oc-Jsc

Voc: the open-circuit voltage;

Jsc: the short-circuit current density;

FF: the fill factor

Voltage (V) =y ,.7/\
] L v, T v, L Y, T J ] v o
- v X Voc
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Current Density (J

] Jmax
3/ -~

Figure 1.15 Example of a J-V curve of a solar cell device
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1.5.5.2 Short Circuit Current Density (Jsc)

While there is no external voltage, this is how much current flows through a solar
cell when it is exposed to sunlight. The greatest current that can flow through a
device is called its short-circuit current. For any given voltage, the current density

will always be lower than Jsc.

Jsc 1s another crucial factor that impacts the effectiveness of an OPV device. By
reducing the bandgap of the materials, the standard method for getting a high Jsc is
to expand the absorption to include more solar radiation. Unfortunately, bandgap
cannot be drastically reduced since Voc is also affected by energy levels.
Consequently, a bandgap between 1.3 and 1.8 eV is predicted. If the charges cannot
reach the electrodes within the carrier life period, they will not contribute to the
photocurrent.*®4! In this instance, charge mobility of the material is also crucial for

achieving more Jsc.

1.55.3 Open Circuit Voltage (Voc)

The open circuit voltage is the highest voltage that the solar panel is capable of
producing when there is no external voltage applied. Experimentally can be
calculated and graphically it was indicated on the Figure 1.14, it is a voltage

when the current density is zero.

The theoretical calculations of Voc have been researched for many years, but
basically it can be explained. Scharber studied a series of OSC devices* (26
polymer donor materials with different HOMO levels blended with a common
acceptor) in depth in 2006 and proposed an empirical equation to express Voc,

where q is the elementary charge, EZ“M2 js the HOMO level energy of the

donor

donor, and EZZN%. . is the LUMO level energy of the acceptor. It should be

emphasized that the Voc loss of 0.3 eV is empirical and might be higher or less.

Typically, Voc is calculated by comparing the work functions of the electrodes.

29



However, with recently evolved OSC designs, Voc levels are increased in the
device architecture's interfacial layers, namely the active layer. As indicated
earlier, in order to reduce losses from Voc, the HOMO levels of conjugated
polymers in OSCs should not be increased significantly to create a narrow band
gap. Use of non-fullerene acceptors with variable LUMO levels is a further way

for increasing Voc in OSCs.

VOC= [1 .:"r E][lEHGMG _ ELUMG D — 03V

donor geceptor

1554 Fill Factor

Fill factor (FF) is the ratio of the actual maximum obtainable power to the product

of short circuit current Jsc and open circuit voltage Voc.

Vmﬂx-fmrzx

VDL"I_‘.‘C

Fill Factor =

1555 External Quantum Efficiency (EQE)

Light harvesting capacity in OSCs is represented by the external quantum
efficiency (EQE) (or the incident-photon-to-converted-current efficiency, IPCE),
which is the ratio of collected photogenerated charges to the number of incident
photons of a particular wavelength. Notably, the peak EQE in the vast number of
single-junction OSCs constructed of binary or ternary donor/acceptor bulk-
heterojunction is never equal to 100% due to limited light absorption in a thin
active layer and intense monomolecular and/or bimolecular charge recombination
loss induced by low carrier mobility of organic materials and poor interface contact
for charge collection. In this regard, boosting charge collection and light absorption

become crucial factors in further improving the efficiency of OSCs.

Jsc is an important measurable statistic for studying all existing solar cell

technologies. Interpolation (for matching EQE data with AM 1.5G spectra) and
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integration must be conducted precisely for this calculation to be accurate. For the
calculation of Jsc, the EQE is measured under short circuit circumstances. Since Jsc
may also be estimated from J-V measurements, EQE has the benefit of being
independent of both the spectral structure of the light source and the cell area. In
contrast to PCE, EQE measures the ratio of the number of extracted electrons and
holes to the total photon flux incident on the device. In the case of internal quantum
efficiency (IQE), the amount of light absorbed by the semiconductor layer at

certain wavelengths is measured.

gxcitons

EQE =

B photons

excitons

IQE =

absorbed photons

1.5.6 Effect of Imbalance of Mobility and Traps on the Device Performance

The Jsc, and the FF, are the organic solar cell parameters that are most heavily
impacted by the magnitude and imbalance of the mobilities. There will be a
significant effect brought about by the competition between non-geminate
recombination and the collection of free charge carriers. (Figure 1.15) For instance,
if the electron and hole mobilities of the material to form the active layer are too
limited, recombination will take place over charge collection. Likewise, if there is a
significant imbalance in the charge carrier mobilities of the materials, this will
result in space charge build-up, which will lead to a greater degree of
recombination. Both the Jsc and FF are susceptible to the effects of the presence of
traps as well as the electrodes that are used. Because traps reduce the total density
of free charge carriers in the device, extra losses result can be observed. This is
because trapped charges increase the rate of non-radiative recombination, which is
a process that does not involve radiation. Therefore, in order to probe these
quantities in order to work towards limiting losses, it is convenient to use a charge

transport method that can probe the charge carrier mobility, the trap characteristics,
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and the injection properties. This is because such a method can probe the charge

carrier mobility, the trap characteristics, and the injection properties.
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Figure 1.16 Typical recombination pathways in organic solar cells

1.5.7 Challenges of Organic Solar Cells

Organic solar cells (OSCs) have been identified as having enormous promise as
alternatives to their inorganic counterparts, with devices that are low-cost,
lightweight and have a lower environmental impact. Despite the tremendous
progress made in OSCs in recent years, there are still several challenges to
overcome. There are now several methods for boosting the performance and
stability of OSCs. Stability is the capacity of an organic solar cell to sustain its

performance over time when subjected to a variety of environmental factors, such
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as temperature, humidity, and light. The kind of materials employed, the layout of
the device, and the manufacturing method may all influence the stability of organic
solar cells. Using more stable materials, such as conjugated polymers or small
molecule compounds, can enhance the cell's stability. In addition, correct device
design, such as the use of an encapsulating layer to shield the cell from moisture
and oxygen, can enhance stability. Maintaining the cells' stability over time also
requires proper storage and handling procedures. However, the challenge of
controlling the morphology of the active layer in OSCs when scaling to larger areas
remains an issue. This makes it difficult to create high-quality active layer thin
films, therefore, to fine-tune the efficacy of the device. OSCs in the real world are
susceptible to instability due to a number of reasons, as opposed to the laboratory
environment. The metastable morphology may restrict the OSCs' stability during
their whole lifespan due to diffusion of electrodes and buffer layers, oxygen and
water, heating, mechanical strain and irradiation. Encapsulation inhibits the
oxygen-induced degradation response by preventing the diffusion of oxygen into
the device. However, encapsulation significantly raises manufacturing costs, hence
diminishing commercialization possibilities. For this reason, it is essential to
comprehend the deterioration processes of the solar cell components. The biggest
obstacle for small molecule OSCs is the difficulty in producing spin-coated thin
films, despite the batch-to-batch control of their structures.

1.6 Organic Light Emitting Diodes (OLEDs)

OLEDs (Organic Light Emitting Diodes) consist of materials that emit light when
an external voltage is applied. When compared to other display technologies,
OLED displays provide benefits such as reduced power consumption while
retaining a very high contrast ratio and broad viewing angles. In addition, OLED
displays are small, lightweight, and may even be manufactured on flexible
substrates, allowing for the development of novel and interesting applications. By
vacuum thermal evaporation or inkjet printing, OLEDs may be manufactured

utilizing small molecules or polymers. The color emitted by organic materials
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changes based on their chemical structure. OLEDs are expected to be utilized in the
future generation of lighting and displays. Because it comes in a variety of colors,
forms, and sizes, it offers more design versatility for a variety of spaces and
applications. General considerations must be considered while selecting materials
for OLEDs:

- The HOMO-LUMO energy levels of each layer must be ideally aligned according
to their unique role in the device.

- Materials must be morphologically stable and produce homogenous vacuum-

sublimed films.

- The charge carrier mobility of each layer must be regulated appropriately for

optimal performance.

-To avoid exciton quenching, the triplet energy of the layers must be studied,
particularly in layers close to the emissive layer; balance by optimizing the

thickness of each layer.

1.6.1 Emitter Generations

Some features of the OLED concept should be carefully explained in order to
comprehend clearly. Displays and future lighting should benefit greatly from
OLEDs; however, until 2012, the only two feasible emission methods for these
light-emitting devices were fluorescence and phosphorescence, both of which had
drawbacks in terms of efficiency, cost, and instability. This situation changed in
2012 with the development of the efficient Thermally Activated Delayed
Fluorescence (TADF) mechanism by Adachi et al. 43

Excitons generated electrically either at singlets or triplets states, with around 25%
being singlets and 75% being triplets. Due to the fact that only excitons in the
singlet excited state produce light, the efficiency of the first generation of organic
light-emitting diodes (OLEDSs) was limited (Figure 1.16).
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Emitters that effectively generate light from triplets were developed for the next
generation (2nd generation OLED). By incorporating heavy metal into the
molecule and converting singlets to triplets, phosphorescence occurs.
Phosphorescent materials may generate light from all of their excitons, however the
heavy metal, which is often a rare earth element such as iridium or platinum, limits

chemical design flexibility and raises costs.

TADF allows for outstanding efficiency without the usage of a heavy metal. In
OLEDs of the third generation, 100% internal quantum efficiency (IQE) is also
achievable. According to the mechanism, singlet excitons first transfer to the triplet
excited state through ISC. Then, with reverse intersystem crossing (RISC), all of
the excitons return to the singlet excited state and undergo a radiative decay as they
return to the ground state. The primary property of substances that release TADF is
a small AEst. By absorbing tiny amounts of thermal energy at room temperature,
triplets in TADF materials can easily overcome the small AEst and convert into
singlets. This thermally activated conversion of triplets to singlets results in

delayed fluorescence when the up-converted singlets release their energy as light.

Hsp
AEc

A=

» )\ is the first-order mixing coefficient
* AEst: the energy gap between the S and T states under consideration

* Hso: the spin-orbit coupling (SOC) value
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Figure 1.17 Mechanism of 1%, 2" and 3" Generation OLEDSs, respectively.

16.1.1 Design of TADF Molecules

It has been observed that aromatic compounds such as nitrogen-containing
carbazole, diphenyl amine, and phenoxazine, as well as their derivatives, are often
employed as donors in the few number of TADF-type materials that have been
published so far. Strong electron repulsion ability and stable, high-energy triplet
states are the most significant factors in this selection.

On the other hand, several structures have been used as acceptors, and it has been
noted that the variations between these structures impact the emission power, color,
and performance of the device. As stated before, cyano (CN)-linked benzene
derivatives were utilized as acceptors in the first ground-breaking publication on
TADF emission.** The reason that these structures function as acceptors is owing
to the CN group's great electron attraction. In addition to electron attraction, the
presence of the -CN group has significant impact. The CN group inhibits non-
radiative relaxations as well as changes in the excited state geometry of the
material, resulting in a significant boost in photoluminescence efficiency. As
shown in the structures depicted in Scheme 2, it is feasible to alter the color of the
irradiation by varying the quantity and location of the donor group. Heterocyclic
structures containing nitrogen are electron-poor because of the electronegative
nature of nitrogen. Some of these structures have therefore been used as acceptors

in TADF-type materials. Triazine*, oxadiazole and triazole*®, heptazine*’, and 1,4-
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diazatriphenylene®® are significant cases. As acceptor groups, high-efficiency
TADF-type materials were designed by incorporating of diphenyl sulfone*® and

diphenyl ketone® structures.

1.6.2 Working Principle of TADF OLEDs

Anode and cathode are the contacts in OLED devices, and at least one of them
must be transparent for light output. ETL is the electron transport layer while HTL
is the hole transport layer. The emissive layer is where the emission process
happens. For the arrangement of energy barriers, additional layers, such as hole
injection layer (HIL), hole blocking layer (HBL), electron injection layer (EIL),
and electron blocking layer (EBL), can be added.
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Figure 1.18 Device architecture and working principle of OLEDs

When an external voltage is introduced to an OLED, positive and negative charges
are injected into the device, which is followed by charge transfer via the ETL and
HTL. Certain energy levels are crucial while designing the architecture of an
OLED. Due to a large energy barrier, electrons cannot leap from emissive layer
(EL) to HTL, for instance. Finally, before light is released, a positive and negative

charge on the same molecule combine to produce an exciton, an energetic state.
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To improve the device's efficiency and stability, TADF emitters (guest) are often
doped into an appropriate host material to counteract quenching phenomena such
as concentration quenching, triplet-triplet annihilation, singlet-triplet annihilation
(STA), and triplet-polaron annihilation (TPA).>X>* The most significant is a
theoretical 100% internal quantum efficiency (IQE) that may be obtained for
electroluminescence (EL), that is, conversion into light of all excitons created by
electron-hole recombination.® IQE is calculated using the formula IQE=p x y x
®p, where B is the exciton production factor resulting in photons, vy is the hole-to-
electron carrier balance ratio, and ®p_ is the photoluminescence (PL) quantum
yield (PLQY). Electronic stimulation theoretically generates singlet and triplet
excitons in a 1:3 ratio.>® Typically, triplet excitons evaporate as heat as opposed to
being transformed into photons. Due to the fact that only singlet excitons create
photons, the IQE of fluorescent OLEDs is restricted to 25%. Even PLQY is 100%,
the theoretical maximum EQE of the resultant OLED is just 5-7.5%. 25% of
singlet excitons are capable of producing prompt fluorescence (PF; t, ns), while
75% of triplet excitons rehouse the singlet energy level by an endothermic RISC
before deactivating via delayed fluorescence (DF; t, us). As the TADF process
requires more stages than the PF mechanism, the measured emission decay time (1)
of TADF emitters is greater than that of PF emitters, but shorter than that of
phosphorescent molecules.>’

Several features must be considered when selecting a host molecule for a particular
guest emitter, such as a higher energy triplet state for the host than the emitter in
order to prevent the quenching of the emitter triplet state, which quenches TADF.
When selecting a molecule to operate as a host, the probability of energy transfer
from host to guest and the bipolar charge transport capabilities must be taken into
consideration.>®>° Figure 1.19 depicts the working mechanism of TADF OLEDs

and the components of the emissive layer.
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Figure 1.19 Host-Guest mechanism for TADF OLEDs

1.6.3 Measuring the efficiency of OLEDs

The external quantum efficiency (EQE) is the ratio of the number of photons
produced in the focal plane by the OLED to the number of electrons injected. EQE

and IQE have the following relationships.

EQE = numbers of output photons [ number of input electron

EQE = IQE'ncou'p!ing

where 1,151 the out-coupling efficiency (i.e. the proportion of photons

radiated from the device's front surface). Assuming homogeneous emission in the
organic layer and a completely reflecting cathode, the following equation describes

the proportion of produced light that escapes the substrate.

1

E gl
‘—_'nor‘g

ncowp!ing =
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where 5, represents the refractive index of the organic layers and £ is a constant

that varies depending on the orientation of the radiative exciton dipole and the
geometry of the OLED device.

The current efficiency CE, measured in candelas per amp (Cd/A), is the same as
EQE, except that CE weighs the photons based on how the eye responds to
photopic light.

L%

current density (

Current ef ficiency(CE) = =cd/fA

mEj

The most often used efficiency unit is the lumens per watt power efficiency (PE).
PE is the ratio between the luminous power output in the forward direction, L [Im],

and the total electrical power needed to operate the OLEDs at a certain voltage, V.

(L (;d: ) .device area(mz:].?r}
i(4).V

Power ef ficiency (PE) = =Ilm/W
Turn on voltage (Von) is the operating voltage at a brightness of 1 cd/m? and
electroluminescence (EL) corresponds the luminescence produced electrically by

the application of a voltage.

Two approaches are used in the literature to determine the color of the light emitted
by OLED devices. One is the Commission International de 1’Eclairage CIELAB (X,
y, z) scale, while the other is the Hunter L, a, b (Figure 1.20). The use of these
color scales facilitates the comprehension and reporting of color values. According
to the CIELAB scale, each color has unique coordinates, which are shown on the
diagram as illustrated. L indicates brightness, with values ranging from 0 to 100; a
represents greenness to redness with values ranging from -128 to +127; and b

represents blueness to yellowness with values similarly ranging from -128 to +127.
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Figure 1.20 CIELAB (X, Yy, z) and Hunter L, a, b color scales

1.6.4 Challenges of OLEDs

One of the greatest obstacles faced by OLED technology is their relatively high
production cost. Commonly utilized thermal vacuum evaporation techniques are
inefficient in terms of resource use, scalability, equipment costs, and process

complexity.

Large-scale production, as well as the durability and efficacy of materials, provide
the industry's greatest obstacles. The utilization of vacuum deposition methods for
small-molecule OLEDs in the mass production of larger panels is not practical. The
most prevalent panel size is 15 inches; however, industry players are working on

screens bigger than 15 inches.

The host material for blue phosphorescent emitters has especially high
requirements. Moreover, blue phosphors have issues with color purity and stability,
which is why deep blue fluorescent emitters are still used in OLEDs despite their

poor maximum IQE.

Using a TADF emitter, which does not include heavy atoms inside the organic
material, allows for an IQE of 100%. Nonetheless, the high triplet energy and
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extended triplet lifespan continue to be a source of trouble for blue-OLEDs, which
limits their useful lifetime. It was suggested that RISC might occur at a more
excited state through hybridized local and charge transfer (HLCT) emission, which
could lead to both high efficiency and a short exciton lifetime (key for a long

operation lifetime).%° Primary researches are still being conducted.
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CHAPTER 2

EXPERIMENTAL

2.1 Materials

Indium tin oxide (ITO) was used on the glass substrate as a substrate in the OSC
and OLED devices mentioned in this thesis, and it was purchased from Visiontek.
The chemicals used in the etching and cleaning stages of ITO coated glass
substrates were supplied from Sigma Aldrich. The acceptor PC7:BM used in the
active layer in OSC fabrication was supplied from Ossila. The donor and acceptor
materials were blended and anhydrous solvents (1,2-Dichlorobenzene,

chlorobenzene, chloroform, etc.) were used in the active layer solutions.

For OLED fabrication; TPBI is used as ETL, NPB is used as HTL and mCBP is
acted as host in emissive layer were taken from Lumtec. These materials are
deposited by using the thermal evaporator. Boron nitride (BN) crucible was used in

the evaporation of organic materials and was purchased from Nanovak.

LiF and Al were used as a top contact in three chapters and they were coated on the
devices with deposition controller in metal evaporator. The purchase of high-purity
metals from Kurt J. Lesker. R.D. Mathis Company provided the tungsten boats
used for evaporation. Using QCM sensors, the thicknesses of the coated metals

were controlled.

Delta Technologies supplied coated glass slides (8 ohm/square) for electrochemical
characterizations. Sigma Aldrich supplied the supporting electrolytes and solvents
(acetonitrile, nitromethane, dichloromethane). Sigma Aldrich glass slides were

utilized for UV-Vis and photoluminescence analyses.
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2.2 Solar Cell Fabrication

Figure 2.1 Schematic representation of the experimental sequence of solar cell

fabrication

Solar cell fabrication involves multiple steps from beginning to end. Among these
are the selection of layers discussed in the chapter of the working principle, the
optimization of the active layer, and the selection of the proper top electrode. Since
conjugated polymers are adversely impacted by oxygen and moisture in the air,
numerous stages are carried out in gloveboxes filled with nitrogen. The selection
and cleaning of the substrate is crucial following the selection of the proper
substrate. Glass was used as the substrate and ITO as the anode in this thesis. First
of all, ITO coated glasses are etched with Zn powder and dilute HCI. The purpose
of the etch is to have the desired device area. After this process, 15 minutes of
ultrasonication is performed with Hellmanex, distilled water, acetone and IPA,
respectively. Oxygen plasma is applied to remove residual organic impurities, to
reduce the surface tension of ITO and to increase the work function of ITO. Then

the required layers are coated using a spin coater. For organic solar cells, PEDOT:
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PSS is used for the hole-transport layer. As a cathode, the metal is evaporated at
low pressure in the metal evaporator (Figure 2.1). All photovoltaic measurements
are made with a device that simulates sunlight and a Keithley. The main distinction
between binary and ternary devices' preparation is the active layer composition. In
Binary BHJ solar cells, the active layer consists of a donor and an acceptor,
however in this work, two polymer donors and an acceptor were employed to

construct the ternary solar cell.

The sequence described above applies to both binary and ternary solar cells. There
is only one difference in the preparation stage, and that is the preparation of the
blend to be used in the active layer. In binary solar cells, a blend which contains the
donor and acceptor material is dissolved in the appropriate solvent and coated in
the desired thickness using a spin coater. In ternary solar cell fabrication, the active
layer contains two donors and an acceptor, and the preparation stage of this blend is
quite challenging. These three materials must be dissolved and matched in the same
solvent. Organic solar cell fabrication has many active layer optimizations; these

are;
- solvent optimization

- donor: acceptor ratio optimization

- concentration optimization

- thickness optimization

- adding solvent additives and optimizing their effects

- thermal annealing effects and optimization
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2.3  TADF OLED Fabrication

Figure 2.2 Schematic representation of the experimental sequence of solar cell

fabrication

ITO coated glasses are firstly etched by using Zn powder and dilute HCI. Then,
etched substrates are washed with Hellmanex detergent, distilled water, acetone
and IPA, respectively, for 15 minutes in ultrasonic bath. In the manufacturing of
OLED, unlike the production of solar cells, oxygen plasma is applied for a longer
duration. This is because ITO and LUMO of alpha-NPD have a large energy
barrier between them. As the duration of the oxygen plasma extended, the work

function value of ITO increased and the energy barrier lowered.

Because of small molecules can be evaporated easily under the low pressure,
organic evaporator was preferred as it does not require any solvent, provides a
more homogeneous coating and consumes much less material than solution

processing.
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LiF and Al is deposited under the low pressure, approx. 107 torr. Measurements

and depositions are made in the N filled glovebox system. Then, OLED

measurements are taken by using Keithley source meter and integrating sphere.

There are some common optimizations during TADF-OLED fabrication, which

are;

Thickness optimizations: As it was mentioned previously, OLEDs have
some layers to complete the electron and hole transportation to the emissive
layer. These layers are ETL, HTL, EIL, HIL, EBL and HBL. The number of
layers can be optimized in order to align energy levels. Because of the
mobility of electrons and holes are different, the thickness of layers is so
critical to achieve the best efficient OLED. During the fabrication, the
thicknesses of layers should be optimized.

Host-Guest ratio optimizations: The emissive layer contains two
components in emissive layer: host and guest. The host must have a higher
triplet energy than the TADF emitter (guest) to prohibit a reverse energy
transfer. By contrast, when a low-triplet energy host is used, the triplet
excitons are quenched, resulting in low EQE in the TADF-OLEDs. Then a
high triplet energy host is employed, all singlet and triplet excitons are
harvested, leading to a high EQE in the TADF-OLEDs. However, the large
contribution of triplet excitons generally shortens the device lifetime of the
devices, as does the poor device stability of the high triplet energy host. In
order to solve the problems with conventional TADF devices,

The choice of host material: The EML usually consists of a wide-energy-
gap host material doped with a TADF guest. This enables the effective
transfer of Forster and Dexter energy from the host to the guest, as well as
the confinement of both singlet and triplet excitons to the guest.®*®2 Hole-
transporting (p-type), electron-transporting (n-type), and ambipolar host
materials are the three basic kinds of materials based on their charge
transport capabilities.

Host-guest ratio in the emissive layer

Proper top contact optimization
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24 Characterizations

Numerous characterizations are performed from beginning to end throughout the
fabrication of optoelectronic devices, providing crucial information regarding
device performance. Optoelectronic devices were characterized using the following

instruments.

2.4.1 UV-VIS Spectroscopy

Absorption of thin films and polymer and/or small molecule solutions was
investigated using Perkin EImer Lambda 25 UV-Vis spectrophotometer in all three
chapters studied in this thesis. UV-VIS spectroscopy is a form of absorption
spectroscopy in which the molecule absorbs light in the ultraviolet and visible areas
(200-400 nm and 400-700 nm, respectively).

UV-VIS spectroscopy may be used to determine the degree of conjugation,
functional groups, the arrangement of geometric isormers, and the substance's
purity. This method, which is used in many fields, is in both the OLED and OSC
sections of this thesis.

2.4.2 Photoluminescence Spectroscopy

Solution (in chloroform) and thin film PL spectra of synthesized small molecules in
the OLED part of this thesis were taken from Perkin Elmer spectrophotometer.
Photoluminescence spectroscopy, often known as PL, occurs when photons or light
energy trigger the emission of a photon from any substance. It is a non-contact and
non-destructive technique for material inspection. Light is essentially focused onto
a sample, where it is absorbed and where photo-excitation might occur. The photo-
excitation causes the material to jump to a higher electronic state, and when it
relaxes and returns to a lower energy level, it releases energy (photons). PL is the

emission of light or luminescence that results from this process.
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2.4.3 Time-Resolved Photoluminescence

As previously indicated, TADF molecules exhibit delayed fluorescence because the
energy gap between their singlet and triplet excited states is small. Time-resolved
photoluminescence is a crucial tool for characterizing TADF molecules (TRPL).
Many different TADF molecules have been published in the literature with the goal
of increasing the efficiency of OLEDs by converting non-emissive triplet states
into emissive singlet states. Due to the reverse intersystem crossing process that is
thermally engaged to enable up-conversion of low energy triplet states to the
emissive singlet level, TADF emitters may collect both singlets and triplets by

fluorescence (prompt and delayed).

The fluorescence (or, more commonly, photoluminescence) lifespan is an inherent
property of a luminous species that may shed light on the excited state dynamics of
the species. TRPL is the technique of choice for investigating fluorescence, the
emission of photons caused by the rapid deactivation of electrons. Typically, the
lifetime of a molecule in its lowest excited singlet state spans between a few
picoseconds and a few nanoseconds. This fluorescence lifetime is affected by the
molecular environment (e.g., solvent, presence of quenchers (O2), or temperature)
and interactions with other molecules. The decay kinetics are additionally affected
by processes such as Forster Resonance Energy Transfer (FRET), quenching,
solvation dynamics, and molecule rotation. Consequently, variations during a
lifetime may reveal information about the local chemical environment or insights

into reaction processes.

2.4.4 Cyclic Voltammetry

CV, or cyclic voltammetry, is a method of electrochemistry that measures the
current that flows in an electrochemical cell when the voltage in the cell is greater
than what would be expected according to the Nernst equation. CV is accomplished
by repeatedly cycling the voltage of a working electrode and then measuring the

resultant current.
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Cyclic voltammetry investigations were also performed for the purpose of
electrochemical characterization of chemically produced polymers. The polymers
were filtered through a 0.45m PTFE filter after being dissolved in CHCI3 at a
weight concentration of 1mg/ml. The ITO glass electrodes were then coated with a
polymer solution using a spray gun. The voltage was applied between the working
and reference electrodes with the use of a Gamry potentiostat (Reference 600),
which also has counter and reference electrodes attached. For its neutrality
throughout a broad potential range, acetonitrile was chosen as the solvent.

2.4.5 Atomic Force Microscopy

Atomic Force Microscopy (AFM) was used to obtain topographic properties,
surface smoothness and thickness information of fabricated OSCs. The device used
is Veeco MultiMode V and this information was accessed by tapping mode. With
the Tapping mode, it is possible to obtain the results with high resolution while

observing the minimum damage to the sample.

2.4.6 Transmission Electron Microscopy

Transmission E lectron Microscopy (TEM) was used to observe the morphological
properties of the active layers of fabricated OSCs. The device used is the FEI
Tecnai G2 Spirit BioTwin CTEM, and it is possible to conduct examinations at the

nano-scale with this instrument.

2.4.7 OSC Characterization

Using a Keithley 2400 source measurement unit and an AM 1.5 solar simulator, the

current  density-voltage (J-V) characteristics were determined. Current

measurements were taken from 8 cells in each device produced, in the voltage

range from -0.2 V to 1.0 V. The calculated Jsc values were then verified with the

incident photon to current / charge carrier efficiency (IPCE). IPCE is a measure of
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how absorbed photos are efficiently converted to charge carriers and collected at
electrodes. Under illumination, the photocurrent response of the cell was measured
using a calibrated Si photodiode (Newport) as the standard. The IPCE curve
resembles the polymer PCBM absorption spectrum. It is possible to estimate the

Jsc values of the solar cells based on the curve.

2.4.8 OLED Characterization

As with OSC characterization, voltage vs current values are measured for OLED
characterization, together with voltage versus luminescence measurements. The
Maya spectrophotometer combined with a 100 m diameter fiber optic detects
luminance. The software SpectraSuit processes data and using an integrating

sphere, the EQE data of OLEDs was collected, simultaneously.

51



52



CHAPTER 3

AIM OF THE THESIS

The aim of this thesis is to improve the performance of optoelectronic devices,
specifically organic solar cells (OSCs) and organic light-emitting diodes (OLEDS).
The efficiency of these devices refers to their ability to convert absorbed light or

electrical energy into useful output.

For OSCs, increasing efficiency means increasing the ability of the device to
convert light energy into electrical energy. This can be achieved by using more
efficient materials, improving the device architecture, and optimizing the

manufacturing process.

For OLEDs, increasing efficiency means increasing the ability of the device to
convert electrical energy into light. This can be achieved by using more efficient
light-emitting materials, improving the device architecture, and optimizing the

manufacturing process.

In summary, the main objective of the thesis is to increase the efficiency of both
OSCs and OLEDs by exploring new materials, device architectures, and
manufacturing techniques to make them more efficient in converting energy into

useful output.
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CHAPTER 4

EFFECT OF FLUORINATION STRATEGY AND SIDE CHAIN
ENGINEERING

This study has been patented by the Turkish Patent and Trademark Office (Turkish
Patent Institute Application Number: PCT/TR2022/050835)

4.1 Introduction

Due to its low cost, ease of fabrication, applicability on flexible substrates, good
film-forming properties, high morphological stability, and light weight, many
scientists have been studying organic thin-film photovoltaics (PV) over the past
two decades. Organic polymer one of the most popular third-generation PV cells,
provide lower energy requirements, and the most efficient bulk heterojunction
(BHJ) polymer solar cell has recently achieved 18% power conversion efficiency
(PCE).%* Nowadays, considerable efforts in materials engineering®8, morphology
control ®"* and optimize the structure of the devices ">7* have been expended to

achieve the abovementioned record.

All BHJ OSCs contain n-type acceptor and p-type conjugated polymer donor. In
this study, the acceptor was the PC7:BM, and the donors were the P-HTBDT, P-
FTBDT, and P-FBDT, random polymers. The PCE value depends on basically
three parameters, which are open-circuit voltage (Voc), short circuit current density
(Jsc), and the fill factor (FF). The lower the HOMO level of the conjugated
polymer, the higher the Voc value, and thus the PCE value.”® To obtain a high
Jsc value, the absorption region of the conjugated polymer should be as broad as
possible, and/or its bandgap should be close to the optimum level. Due to the
"internal™ nature of BHJ, it is challenging to improve FF in BHJ devices

continuously. Some intrinsic variables in BHJ, including randomly mixed
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morphology, imbalanced donor and acceptor mobility, and bimolecular

recombination, are well recognized to influence FF.”’

The D-A copolymers are characterized by their narrow bandgap, a wide range of
light absorption wavelengths, controllable energy level, and photon absorption
characteristics. They have an alternating electron-rich unit (D) and an electron-
deficient unit (A). ’® In 2010, after the promising PCE (5.5%) obtained from the
use of PBDTTPD polymer in solar cells, the interest in polymers containing TPD
and BDT had increased considerably. ’® The random D-A copolymers containing
TPD and benzothiadiazole as acceptors and BDT as donors in the backbone of the
polymers discussed in this article. Because of its planar structure, which is
beneficial for the electron delocalization, TPD can stabilize excited state energy;
hence TPD-bearing conjugated polymers are expected to have high Voc values.
Moreover, TPD has a strong electron-withdrawing characteristic, significantly

lowering the lowest unoccupied molecular orbital (LUMO).%8:80

In this chapter of the dissertation, the impact of mono-fluorine substitution of
benzothiadiazole will be investigated, and a comparison will be conducted between
mono-fluorination and di-fluorination substitution of benzothiadiazole. According
to Cevher et al., the addition of fluorine reduces the HOMO level and raises the
VOC value. In addition to deepening the HOMO level, the F substitution modifies
interactions with neighboring rings, boosting planarity and inducing strong
intermolecular interactions between chains, which can influence nanoscale
morphology. Increased planarity of the polymer backbones facilitates the charge
transfer mechanism, allowing for larger PCE values. 8 The fluorine substitution is
a very effective way to lower the HOMO and LUMO energy levels of the polymer,
resulting in higher Voc.®? Second, the effect of replacing the alkoxy group with
alkylthienyl on the performance of BHJ OSCs is discussed. Since the introduction
of 2-alkylthienyl as the conjugated side group in benzo[1,2-b:4,5-b']dithiophene
(BDT) units,®® alkylthienyl substituted BDT (BDT-T) units have been widely
employed to design innovative photovoltaic polymers, enhancing power conversion
efficiencies (PCEs) to new levels in the field of OSCs.8*° In 2013, Chen et al.
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introduced a photovoltaic polymer (PTB7-Th) with improved photovoltaic
characteristics by inserting a 2-(2-ethylhexyl)-thienyl group into the BDT unit of
the well-known photovoltaic polymer, PTB7.% Because of the extended
conjugation of the polymer, the resultant polymers exhibited narrower bandgaps
and enhanced charge transport characteristics when the typically utilized alkyl- or
alkoxyl-based side chain on the benzodithiophene unit was replaced with an
alkylthiophene unit. It's worth noting that this modification also leads to increased
Voc value by deepening the polymer's HOMO level. & To sum up, although the
effects of different units are explored one by one, finding high Vo, increased Jsc,
and superior morphology all at the same time remains a significant issue in the

literature.

4.2  Experimental

4.2.1 Synthesis

Chemicals used synthesis of polymers are purchased from Sigma-Aldrich and used
without further purification unless otherwise noted. Toluene and tetrahydrofuran
(THF) freshly distilled over sodium/benzophenone. BDTT was purchased from
Solarmer (recently closed firm) and used as it is. BT-H, BT-F was synthesized
according to the previously published methodologies®®®. Synthetic pathway of
polymer synthesis was illustrated in Figure 4.1. Nuclear magnetic resonance
spectra were recorded by Bruker Spectrospin Avance DPX-400 Spectrometer, Uv-
Vis spectra were taken by Jasco V-770 spectrophotometer, gel permeation
chromatography studies were performed by Shimadzu RID-20A electrochemical

studies were investigated by Gamry 600 potentiostat.

57



\_/ O
7' s 7N Br " Toluene ~ \'S S S
/‘ F N m

\)/\ON P-FBDT

go

Figure 4.1 Synthetic pathway of polymers.

The polymer syntheses in this chapter were conducted by Sevki Can Cevher.
Synthesis of BT-H with minor changes as follows; benzothiadiazole was
brominated in hydrobromic acid (37%) with bromine under refluxed overnight.
After cooling the reaction mixture to the room temperature excess bromine was
treated with saturated sodium bisulfide solution. Clear/almost transparent mixture
was filtered and washed with excessive amount of water then with diethyl ether and
the final product was recrystallized in ethanol.

Synthesis of BT-F with minor changes as follows; 4-fluorobenzene-1,2-diamine
was reacted with thionyl chloride in triethylamine to obtain the 5-
fluorobenzolc][1,2,5]thiadiazole core. 5-fluorobenzo[c][1,2,5]thiadiazole was
brominated with molecular bromine in HBr solution at reflux temperature. After
workup, obtained solid was recrystallized from ethanol to give the desired product
4,7-dibromo-5-fluorobenzolc][1,2,5]thiadiazole.
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Synthesis of PH-TBDT: 337 mg (0.378 mmol) TBDT, 56 mg (0.189 mmol) BT-H,
80 mg (0.189 mmol) TPD were added in two ways round bottom flask and toluene
was added via syringe needle under inert atmosphere (N2) and the solution was
bubbled for 20 minutes. After that, palladium catalyst was added and temperature
was set to reflux for two days. Next, 5 mol % palladium catalyst added with end
gapper stannylated thiophene (0.756 mmol) and refluxed for 5 hours and then
1.512 mmol bromothiophene was added and refluxed overnight. Next day, the
polymerization reaction mixture was cooled down and the solvent was evaporated
to obtain dense liquid. This liquid was added into methanol drop wise to obtain
solid polymer. Solid polymer was filtered and dried. Further purification was
performed with Soxhlet extraction with methanol, acetone, hexane and the polymer
solution was obtained from chloroform portion. To this chloroform portion 35 mg
Quadrasil was added and stirred at room temperature for 1 hour. After filtering the
chloroform portion, evaporation of chloroform solvent was performed to obtain
dense liquid which was later dropped wise added into a methanol gave the desired
polymer PH-TBDT was obtained as dark blue/black solid (257 mg 89% yield). *H
NMR of the polymer did not give an informative spectrum yet intense and broad
aliphatic hydrogens were observed. GPC results gave Mw: 76kDa, Mn: 44 kDa and
PDI: 1.73.

Synthesis of PF-TBDT: Similar methodology was followed with 337 mg (0.378
mmol) TBDT, 59 mg (0.189 mmol) BT-F, 80 mg (0.189 mmol) TPD. Desired
polymer was obtained as dark blue/black solid (245 mg, 84% yield). *H NMR of
the polymer did not give an informative spectrum yet intense and broad aliphatic
hydrogens were observed. GPC results gave Mw: 120 kDa, Mn: 46 kDa and PDI:
2.5.

Synthesis of PF-BDT: Similar methodology was followed with 286 mg (0.378
mmol) BDT, 59 mg (0.189 mmol) BT-F, 80 mg (0.189 mmol) TPD. Desired
polymer was obtained as dark blue/black solid (213mg, 88 % vyield). *H NMR of
the polymer did not give an informative spectrum yet intense and broad aliphatic
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hydrogens were observed. GPC results gave Mw: 220 kDa, Mn: 59 kDa and PDI:
3.7.

Cyclic voltammetry technique was employed via three electrode systems to
observe redox characteristics of conjugated polymers. Platinum wire, silver wire
and polymer coated indium tin oxide (ITO) coated glass were chosen as CE, RE
and working electrode, respectively. For preparation of working electrode,
polymers were dissolved in chloroform (1 mg/ml) and coated on ITO surface via
spray gun. The electrodes were immersed in 0.1 M TBAPFs/ACN electrolyte
solution and their cyclic voltammograms were recorded at 100 mV s™* scan rate by
using Gamry 600 potentiostat. Polymer coated indium tin oxide (ITO) coated glass
was also used as a thin film in optical characterization which was carried by Varian

Cary 5,000 UV-Vis spectrophotometer.

4.2.2 Device Fabrication

In this study, OSCs were fabricated with the device architecture of ITO/PEDOT:
PSS/Donor: PC7:BM/LIiF/Al. The thickness of photoactive layer was determined
with AFM. Etched ITO-coated glasses were ultrasonicated with Hellmanex,
distilled water, acetone, and water, respectively, for 15 mins. Then oxygen plasma
was applied to regulate the work function and clean from the organic impurities.
After cleaning processes, PEDOT: PSS was coated and annealed at 135 °C for 15
mins. The optimized weight concentration was 24 mg/ml for polymer P-FBDT, P-
FTBDT, and P-HTBDT, and 1,2-dichlorobenzene (o-dcb) was chosen as a solvent.
LiF and Al were deposited under low pressure at the top of the device. The IV
characterizations of generated OSCs were performed with Keithley 2400 under
simulated AM 1.5 G solar irradiation (100 mW/cm?) between -0.2 V and 1.0 V.
The external quantum efficiency (EQE) is measured using a grating

monochromator setup. The energy level diagram was given in Figure 4.2.
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Figure 4.2 The energy level diagram of the fabricated P-HTBDT, P-FTDBT and P-
FBDT based OSCs.

4.3 Results and Discussion

4.3.1 Characterization of Optical and Electronic Properties

Some critical parameters such as band gap, HOMO and LUMO energy levels for
organic solar cell applications were calculated by using cyclic voltammogram and
following equations: Eg ® = - (HOMO-LUMO), HOMO = —(4.75 + E® onset) and
LUMO = —(4.75 + E™ oneet). As shown in Figure 4.3, all polymers exhibited p-type
and n-type doping behavior (ambipolar character). When electrochemical
properties of polymers were compared as shown in Table 4.1, P-FTBDT has higher
oxidation potential with respect to P-HTBDT. Same behavior was valid for mono
fluorinated P-FBDT which has lower oxidation potential from two fluorinated PF
given in our previous study.®’ These observations were resulted from different
electron densities because electron withdrawing nature of fluorine atom causes to
lower electron densities and lowering oxidation potential. HOMO levels of P-
FTBDT and P-HTBDT were -5.65 and -5.57 eV, respectively. On the other hand,
HOMO levels of mono fluorinated P-FBDT and two fluorinated PF were -5.51 and
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-5.78 eV, respectively. Deeper HOMO level caused by fluorine addition to

backbone was also observed in literature, 889091
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Figure 4.3 a) Cyclic voltammetry curves of polymers P-HTBDT, P-FTBDT and P-
FBDT and b) absorption spectra of corresponding polymers (solid and thin film
state) in UV-VIS region

Besides HOMO and LUMO energy levels, the absorption behavior of polymers in

the UV-Vis region is also critical information for organic solar cell applications.
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From UV-Vis absorption spectrum (Figure 4.3b), maximum absorption

wavelengths ( Amax ), onset of maximum absorption wavelengths ( A225=® ), and

optical band gaps ( E¢® ) the polymers were given in Table 4.1. The Amax values
were determined as 635 nm, 640 nm and 605 nm for P-HTBDT, P-FBDT and P-
FTBDT, respectively. This value was 703 nm for PF. Moreover, optical band gaps
were 1.67, 1.71, 1.77, 1.79 eV for P-HTBDT, P-FBDT and P-FTBDT and PF,
respectively. Increasing band gap with fluorine substituent was compatible with
literature studies.®>%® When compared to solution spectrum, thin film spectrum
showed red-shift which was resulted from aggregation in thin film; because of the

intermolecular n—m interactions, its absorption peaks were widened and red-shifted.
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Table 4.1 Summary of electrochemical and optical studies of P-HTBDT, P-FBDT
and P-FTBDT.

red

Eox  Ered Egr™  E2(V) HOMO LUMO E(ev)

V) (V) V) (eV) (eV)
P-HTBDT 1.15 -1.20 0.82 -0.80 -5.57 -3.95 1.62
P-FTBDT 125 -1.13 0.76 -0.90 -5.51 -3.85 1.66
P-FBDT 1.20 -1.30 0.90 -0.88 -5.65 -3.87 1.78
PF* 1.29 -152 1.03 -1.15 -5.78 -3.60 2.18

Amax M max E % (eV)

(nm)  (nm)

P-HTBDT 635 745 1.67

P-FTBDT 640 725 1.71

P-FBDT 605 700 1.77

4.3.2 Photovoltaic Properties

BHJ OSCs were fabricated with a conventional device architecture based on
ITO/PEDOT: PSS/Active Layer/LiF/Al. Details of device fabrication are
emphasized in the experimental part. Donor-acceptor ratio, active layer thickness,
solvent additives (CN, DIO, and DPE), and thermal annealing were performed
during the device fabrication process to obtain the optimum morphology. The best
working solvent was 1,2-dichlorobenzene (o-dcb) for all devices. Photovoltaic
performances of the devices completed by using three polymers as donors were

given in Table 4.2.
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Before beginning the optimization studies, the given equation was used to calculate
the theoretical Voc from the HOMO values of the donor materials (P-HTBDT, P-
FTBDT, and P-FBDT) and the LUMO value of the acceptor PCBM. The 0.3 V
value in the formula, which is described by the Shockey-Queisser (SQ) theory for
an idealized solar cell, represents the energy losses within the material or at the
organic-electrode contacts. *** Theoretical Vocs are determined as follows: 0.91
V, 0.89 V, and 0.94 V. Theoretical Voc values are nearly identical to experimental
Voc values, elucidating that the optimizations were completed successfully and that
there were no other losses beyond theoretical losses. Theoretical Voc or P-FBDT is
higher than the experimental Voc which is the evidence of emergence of a charge
transfer state forming at the donor: acceptor interface.®® A high Voc observed in P-
FBDT based OSC can be expected from the low-lying HOMO energy level of P-
FBDT (-5.65 eV).
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Table 4.2 Photovoltaic properties of fabricated solar cells.

Polymers Polymer: PCE FF Voc(V) Jsc(mA/cm?)  Treatment

PCBM ratio

P-HTBDT 1:2 551 58.17 0.91 10.2 -
P-HTBDT 1:2 735 6311 0.90 12.8 (12.7) 2%DIO

P-FTDBT 1:2 6.72 60.14 0.89 12.3 -
P-FTDBT 1:2 7.76  59.46 0.92 13.9 (13.6) 2%DIO

P-FBDT 1:2 7.17 57.83 0.95 12.3 -
P-FBDT 1:2 9.21 60.33 0.95 15.4 (15.3) 6% DPE

PF* 1:2 7.32 57.76 0.88 14.40 -

Among all polymers, P-FBDT based OSCs with the 6% DPE solvent addition has
delivered PCE of 9.21% together with 60% FF and 15.4 mA/cm? Jsc. The
increased PCE can be attributed from the improved polymer morphology, probably
because of the high solubility and high molecular weight of P-FBDT. The
crystalline link tends to be excellent as the My increases, which is advantageous for

carrier transport.%’

Although DPE was tested for P-HTBDT and P-FTDBT based OSCs, the addition
of 2% DIO improved the morphology of these devices more effectively. While the
highest PCE achieved without using any solvent additives for P-HTBDT was
5.51%, the PCE value has reached 7.35% at the use of 2% DIO. On the other hand,
while the highest efficiency obtained without using DIO for P-FTDBT was 6.72%,
this value increased to 7.76% at the use of DIO. Treatment with the addition of
DPE and DIO enhanced the device performance up to 25% due to a simultaneous
increase in all the photovoltaic parameters. As it is well known, DIO dissolves
PCBM aggregates selectively in the BHJ film, allowing PCBM molecules to be

intercalated into the polymer domains.®® Moreover, DIO as an additive allows for a
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slower crystallization process during spin-coating, resulting in improved
morphology due to improved intermolecular ordering and phase separation.®® DPE
works as a theta solvent for photovoltaic polymers, assisting in the formation of
optimal bulk-heterojunction film morphologies and reducing bimolecular charge

recombination.®

In comparisons of alkoxy and alkylthienyl attached to the BDT unit in previous
studies, it has been reported in the literature that the PCE value increased with the
addition of the alkylthienyl group; however, in this study, the polymer P-FBDT
with the alkylthienyl group had the highest PCE value. It should be noted that the
polymeric backbone planarity, molecular packing, and film shape all significantly
impact the performance of OSC devices; as a result, altering the side chain is a
challenging subject. This study shows that polymer structure is not the only factor
affecting PCE value; molecular weight and morphology also play an important
role. Morphological analyzes will be processed with TEM images in the next
section. The EQE measurement was performed to verify the value of the current
density on the J-V curve and is shown in Figure 4.4 b. The integration of the EQE
curves which are specified in the parentheses agrees with the Jsc value in Table
4.2.
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Figure 4.4 J-V curves and EQE characteristics that summarize photovoltaic
performance of P-HTBDT, P-FTBDT and P-FBDT.
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In order to describe the charge-recombination kinetics of the OSCs, the Jsc of each
device was measured as a function of the illumination intensity Piignt (Figure 4.5).
In theory, the Jsc values of OSCs are proportional to the light intensity Pjign. 0%
Weak bimolecular recombination in the devices might provide a linear relationship
between Jsc and Piight; the slope o is almost equal to 1. P-FBDT-based OSC
exhibits the least bimolecular recombination compared to P-HTBDT-based OSC.
P-HTBDT-based OSC exhibits the highest bimolecular recombination.

Equation y=a+bx
Weight No Weighting
Residual Sum of 0.01639  8.70869E-4 0.00204
Squares
Pearson's r 0.98809 0.99931 0.9983
Adj. R-Square 097335 0.99844 0.99617
QO 10 7 Value Standard Error
E h R Intercept -0.7329 0.09094
Slope 0.9727 0.05357
2 Intercept -0.74205 0.02096
C
< Slope 0.93863 0.01235
b Intercept -0.72012 0.03208
E Slope 0.91406 0.01889
~
>
=
[%2]
c
§
)
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Figure 4.5 Natural logarithm of current density vs. light intensity characteristics for
devices based on P-HTBDT, P-FTBDT and P-FBDT based OSCs

An expression for the open-circuit voltage Voc is obtained by setting the current to
zero in the Shockley equation®:

k.T j
Vo = niﬂiln ?—h+ 1)
q Iz

g the unit charge, T the temperature, ks the Boltzmann constant, nia_ is the light
ideality factor, jon the photocurrent and js the dark saturation current.
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The slope of the Voc vs logarithm of light intensity graph allows to assess the
degree of trap-assisted recombination in the devices (Figure 4.6). Where kg is
Boltzmann's constant, T is absolute temperature, and g is elementary charge, the
slope of kgsT/q indicates whether or not trap-assisted recombination is the
predominant process. Voc is highly sensitive on light intensity for trap-assisted or
Shockley-Read-Hall recombination, with a slope of 2.k T/q.10%192104 Sjope values
that are closer to “1” suggest that there is more ideal recombination, while slope
values that are larger than “1” indicate that there is more trap-assisted
recombination occurring in the device.'®1% While the same slope (1.58 kT/q) was
observed for P-FBDT and P-FTBDT-based OSCs, the Voc value of P-HTBDT-
based OSCs was more reliant on light intensity than that of the others. The high
slope value obtained from the P-HTBDT-based OSC (2.04 kT/q) indicates that
monomolecular or trap-based recombination occurs more frequently in this device.

This finding may explain why P-HTBDT underperformed.
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Figure 4.6 Open-circuit voltage vs. natural logarithm of light intensity
characteristics for devices based on P-HTBDT, P-FTBDT and P-FBDT based
OSCs.

4.3.3 Morphological Studies

For morphological and topographical examinations of active layers of P-HTBDT,
P-FTBDT, and P-FBDT based OSCs, transmission electron microscopy (TEM) and

atomic force microscopy (AFM) were utilized.

Figures 4.7a and 4.7b show TEM images of the optimized active layer of P-
HTBDT and P-FTBDT, respectively, when the additive DIO is not used. The dark
areas correspond to PCBM-rich regions, whereas the bright regions correspond to
polymer-rich areas. These images have PCBM aggregations when viewed at the 50
nm scale. Diiodooctane (DIO) preferentially dissolves PCBM aggregates,
according to the literature. The films created with the addition of 2% DIO, as

shown in Figures 4.7d and 4.7e, underwent a drastic change due to the additive
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inclusion. The interpenetrating bicontinuous network was seen after DIO was
added, and the interpenetrated network shape allows superior exciton separation
and charge transport, resulting in greater Js.. When the polymer P-FBDT was
utilized in the active layer, it was discovered that DPE, as compared to DIO,
enhanced the film formed by this polymer. Figure 4.7f depicts the film obtained
when the solvent additive DPE is used, while Figure 4.7c shows the film
morphology without DPE. DPE is a well-known theta solvent; the enthalpy of
mixing is equal to zero, making the solution perfect. A considerably more
homogenous distribution between the donor and acceptor was observed when DPE
was utilized. Ultimately, the polymer donor materials formed the ideal nano-scaled

morphology with the acceptor in the blend.

Figure 4.7 TEM images of a) P-HTBDT : PC7:.BM processed from o-dcb b) P-
FTBDT :PC7:BM processed from o-dcb with 2% DIO, c) P-FBDT :PC7:BM
processed from o-dcb d) P-HTBDT :PC7:BM processed from o-dcb with 2% DIO
e) P-FTBDT: PC7:BM processed from o-dcb with 2% DIO f) ) P-FBDT :PC7:BM
processed from o-dcb with 6% DPE
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The AFM images of the films are shown in Figure 4.8. The root mean square
values of the films are located at the left bottom of each image. P-FBDT: PCBM
with 6% DPE has the highest RMS value of 2.28 in Figure 4.8f, explaining why
film P-FBDT based OSCs have the highest Jsc. Increased surface roughness in the
active layer may increase the surface area of the device, internal reflection and
light collecting, enhancing device efficiency.l%1% The addition of the solvent
additive causes the roughness values to increase or decrease, and there is no clear
association between the roughness value and PCE. For all three polymers, the
thickness of the film increased with the addition of an additive without any
significant change in the roughness value. Thickening the film generates more
significant absorption, resulting in a higher Jsc value. It is not unexpected that a
thicker film is formed because the donor-acceptor blend is viscous due to the
additives. It is believed that the active layer morphology of the solar cells
fabricated for this study has almost reached its ideal based on the results of the
AFM and TEM.

a)

1.97nm 1.31nm 1.12nm

1.74nm 2.07nm 2.28nm

Figure 4.8 AFM images of a) P-HTBDT :PC7:BM processed from o-dcb b) P-
FTBDT :PC71.BM processed from o-dcb with 2% DIO, c) P-FBDT :PC71BM
processed from o-dcb d) P-HTBDT :PC7:BM processed from o-dcb with 2% DIO
e) P-FTBDT: PC71BM processed from o-dcbh with 2% DIO f) ) P-FBDT :PC7:BM
processed from o-dcb with 6% DPE.

73



4.4 Conclusion

The electrochemical, optical and photovoltaic properties of BDT and TPD
containing three different polymers P-HTBDT, P-FTBDT and P-FBDT were
investigated in this study. Beginning to end, the effects of fluorine groups attached
to benzothiadiazole groups and alkoxy and alkylthienyl groups attached to
benzodithiophene groups were examined in the study. In completed devices, P-
FTBDT and P-FBDT yielded deeper HOMOs and higher Voc’s than P-HTBDT,
which lacks fluorine atoms, according to the scientific literature. This study also
compares monofluorinated P-FBDT to its difluorinated counterpart, PF. P-FBDT,
with values of 9.21% PCE, 60.33 FF, and 0.95V Voc, exhibited the greatest
photovoltaic performance among the synthesized polymers. Morphological and
topographic examinations confirmed the reliability of the data. This study
demonstrates that molecular weight and morphology are significant contributors to

PCE value in addition to polymer structure.
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CHAPTER 5

RATIONAL MOLECULAR DESIGN ENABLES EFFICIENT BLUE TADF-
OLEDS WITH FLEXIBLE GRAPHENE SUBSTRATE

This study has been published in Advanced Functional Materials.

Eda Alemdar*, Parisa Sharif*, Soner Ozturk, Omer Caylan, Tugba
Haciefendioglu, Goknur Buke, Murat Aydemir, Andrew Danos, Andrew P.
Monkman, Erol Yildirim, Gorkem Gunbas, Ali Cirpan, Ahmet Oral, 2022. Rational
Molecular Design Enables Efficient Blue TADF—OLEDs with Flexible Graphene
Substrate. Adv. Funct. Mater., 32, 2207324.

*The authors are equally contributed in this work

5.1 Introduction

Due to their processability, flexibility, pure color emission, low cost, low turn-on
voltages, and high efficiency, organic conjugated molecules are excellent
candidates for replacing their inorganic counterparts in color display technology. 1%
Optoelectronic performance of highly effective OLEDs relies on the efficient
exploitation of electrically produced non-emitting triplet excitons. Phosphorescent
materials using heavy metals such as Ir and Pt enhance Hso to permit direct triplet
emission, while thermally active delayed fluorescence (TADF) enabled by an
efficient Risc turns triplets back into emissive singlet excitons.''® Appropriate
heavy metals for use in efficient OLEDs have a number of disadvantages, including
their unsuality and increased cost, their potential as pollutants, and the short

operational lifetimes of blue emitters due to their weak metal-ligand bonds, all of
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which hinder their widespread industrial application and prompted the development
of TADF materials.!* In addition to high efficiencies, one of the distinctive
characteristics of OLEDs compared to other illumination sources is the ability to
create flexible devices; thus, the OLED community has paid considerable attention

to alternate flexible anodes and substrates in recent years,'2113

In this chapter, a new TADF emitter family with donor-incorporated selenium
vertically connected to a number of acceptor units was developed and fabricated to
concurrently boost Hso and reduce AEst. The method yielded increased EQES in
comparison to TADF emitters without heavy atom use. Notably, one of the variants

resulted in near 20% pure blue emission EQEs.
5.2  Experimental

5.2.1 Molecular Design of TADF Molecules

The design approach suggests that increasing Hso while retaining AEst should

increase A, hence speeding RISC rate.

_ Hsp

A

A is the first-order mixing coefficient, AEst is the energy gap between the Sand T
states that are being considered, and Hso is the value of the spin-orbit coupling
(SOC).

Therefore, we meticulously chose high-performance phenoxazine-based TADF
materials already described in the literature and replaced the oxygen atoms in D
units with selenium atoms, which have much higher Hso than oxygen. 4 The
structures and the synthetic pathway of synthesized three small molecules, SeDF-
G, SeDF-YG and SeDF-B, containing phenoselenazine, are given in Figure 5.1.
The use of large chalcogens was considered out since prior research has shown that

the long-term buildup of the corresponding anions of the chalcogens at metal
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contacts has a negative effect on OLED performance.''® The literature emphasizes
that the effects of heavy chalcogens in OLEDs are still not fully understood due to
the lack of device-centered studies.!'®!" In 2019, Monkman et al. synthesized a D-
A-D type TADF molecule using the same donor group used in this study and
replaced the sulfur in the donor unit of the molecule with selenium,'!8!1° causing
dual emission. ?° In the above-mentioned study, it was observed that there was not
much heavy atom effect on TADF as the Se atom allowed for more significant
structural changes that opened up the CT emission from a different axial/ equatorial
conformer. However, using selenium atom in this study significantly improved the

TADF properties, and the heavy atom effect was revealed.
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Figure 5.1 Structures and the synthetic pathway of synthesized TADF molecules,
SeDF-G, SeDF-B and SeDF-YG, respectively.
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5.3 Results and Discussion

5.3.1 Optical and Photoluminescence Properties

Ultraviolet-visible (UV-Vis) absorption and photoluminescence (PL) spectra of
SeDF-G, SeDF-B, and SeDF-YG are given in chloroform solution (Figure 5.2),

with various emission bands due to the different acceptor strengths.
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Figure 5.2 Luminescence images of SeDF-G, SeDF-B, and SeDF-YG in

chloroform recorded under UV irradiation at Aex=365 nm (above), normalized

absorption (dashed line) and photoluminescence (PL, solid line) spectra of SeDF-

G, SeDF-B and SeDF-YG in chloroform at room temperature (below).

Figure 5.3 shows the PL and phosphorescence (PH) spectra of the molecules in

drop-cast films at room temperature (RT) and 80 K (10% w/w loading in mCBP
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host), respectively. The blueshifted PH spectra for all three materials are nearly
identical, and so most likely arise from the common D unit. The PL spectra occur
at longer wavelengths than time-resolved PH (80 K, 80 ms delay) in the films, so
we attribute the PH to a higher LE triplet state while the PL comes from a lower
energy charge transfer (CT) state. Se-B has a weaker A unit, which results in
blueshifted emission (Es=2.84 eV), but Se-G and Se-YG have approximately
comparable Es values (Es=2.71 eV). From the onsets of the PL and PH spectra,
AEst is smaller for Se-B (Est=0.08 eV) and larger for Se-G and Se-YG molecules
(Est=0.15eV).

The time-resolved emission spectra and intensity decays for the films were
recorded as previously described!?® and are shown in Figure 5.3b, with
representative individual spectra (and contours of the normalized time-resolved
spectra) shown in Figure 5.4. Similar spectra and decays at 80 K are shown in
appendix, revealing the phosphorescence spectrum, with significantly suppressed
delayed fluorescence observed at lower temperatures. The decays were also fit
entirely using a kinetic model,'?? as well as with double exponentials across the
separate prompt fluorescence (PF) and delayed fluorescence (DF) time regimes,

with fitting parameters given in Table 5.1.
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Figure 5.3 Normalized photoluminescence spectra of Se-B, Se-G and Se-YG

molecules in 10% mCBP drop-cast films at RT. Phosphorescence spectra were

taken at 80 K at >80 ms delay after pulsed excitation. (above) Photoluminescence

decay kinetics of the same films at RT (under vacuum) and at 80 K (under dry

nitrogen). (below)
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Table 5.1 Decay parameters ki, kisc, knsc and lifetimes from kinetic fitting of

decays

ke (x 107/s) | kisc (x 107/s) | krisc (x 10%/S) | Torompt (NS) B | Tdelayed (ps) B

11=2.47 11=6.45

SeDF-B 1.98 9.88 0.59 12=8.6 12=133
Tave=3.0 Tave=18.5

11=1.44 11=3.1

SeDF-G 0.49 9.22 5.69 1,=18.8 12=90
Tave=1.5 Tave=3.9

11=6.46 11=3.6

SeDF-YG 0.27 9.7 10.6 12=38.7 12=95
Tave=9.7 Tave=4.6

4] |_ifetimes, and their weighted averages from double exponential fitting of either
PF or DF regions.
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Figure 5.4 Normalized time-resolved spectra at RT (left), with contour plots of
normalized time-resolved spectra (right). The emission spectra change from Se-

1LE- dominated at early times, to redshifted CT-dominated emission at later times
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Similar to the steady-state spectra in Figure 5.2, the time-resolved spectra and
decays reveal similar TADF performance for SeDF-G and SeDF-YG (with
strongly analogous acceptor units), but significantly different behavior in SeDF-B.
In SeDF-B the PF spectra are in the near-UV region (~350 nm), corresponding to
strong LE emission from the D unit. This UV emission decays rapidly, eventually
being replaced with strongly redshifted CT emission (~500 nm). The rapid decay of
the D emission contributes to the much larger value of ks in the fitted decays of the
blue emitter, as well as the seemingly lower DF contribution in the normalized
decay (Figure 5.4). The same D emission is also observed in the PF of the other
two materials, but to a significantly lower extent. Instead for these materials the LE
and CT emission occur simultaneously at first, with the CT emission dominating
throughout. At intermediate times we also observe an additional CT emission peak
at ~425 nm. We suggest that this arises from the higher energy axial conformer in
the as-deposited films. This emission is short-lived though, as both energy transfer
to nearby axial conformers as well as geometry relaxation in individual molecules

will quench this emission band while transferring energy to the equatorial band.

Amongst the other decay parameters, the intersystem crossing rates (kisc) are noted
to be rather high in all three materials. In Se-G and Se-YG this is likely due to the
impact of the heteroatom ketone, which is able to generate triplet states efficiently,
leading to large DF contributions. Although the ISC is also fast in Se-B -possibly
due to spin conversion as charges separate from the PF-emissive LE state to form
the CT state responsible for DF emission - its lower rate of RISC leads to a lower
overall DF contribution. This slower RISC in Se-B, despite its smaller AEsr,
further demonstrates that this energy gap is not the sole determining factor in

predicting TADF performance. 123124
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5.3.2 Computational Studies

Assist. Prof. Dr. Erol Yildirim performed the computational studies for this section
of the thesis. Planar or orthogonal conformations correspond to quasi-axial (a) and
quasi-equatorial (e) conformers, respectively, among the two lowest energy
structures determined for the proposed TADF materials. Although quasi-axial
conformers have a lower energy than quasi-equatorial conformers by 0.1-0.2 eV,
both structures have been found experimentally, as evidenced by prior

researches, 125128

This suggests that TADF materials with selenium-substituted phenoxazine (Se-
PXZ) derivatives may exhibit multiple conformations owing to the variation in C-N
and C-Se bond lengths in the D group, as previously reported for the difference
between P-N and P-Se bond lengths in P-N and P-TZ. The almost orthogonal
equatorial conformers caused the lower energy excited states to have a smaller
EST, whereas the axial conformers had a greater singlet state energy level, a
stronger oscillator frequency, and more traditional fluorescence properties. In
addition, axial conformations possess deeper HOMO and greater LUMO levels
than the other two structures, resulting in more energetic So-S1 and Si-Ti

transitions.

Beneficial to TADF materials, equatorial conformations have reduced So-S1 and S:-
T1 (AEsr) transition energies. AEst was predicted to be less for SeDF-Be than for
SeDF-Ba due to the fact that the singlet-triplet gap increases with increased overlap
of the frontier orbitals. Due to electron delocalization, the axial conformations
exhibit extensive -delocalization with high HOMO-LUMO overlap. As expected
for TADF materials, highly localized HOMO and LUMO orbitals and a significant
charge density differential between D and A were instead reported for the

equatorial conformers.
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Table 5.2 The electrical and structural characteristics of SeDF-G, SeDF-B, and
SeDF-YG, as well as the influence of phenoxazine (ODF) and phenothiazine (SDF)
replacements, as calculated by DFT. Calculations for dipole and polarizability are
expressed in Debye and a.u., respectively. In parentheses are calculations based on
the Perdew—Burke—Ernzerhof (PBEO) functional.

HOMO | LUMO AEso-s1 AEso-11 | AET1s1 | AET2-s1 | AET2s2 | AET1-T2

SeDE-Ga | 564 | -153 3.33 285 | 048 | 033 | 056 0.15
(-5.85) | (-1.35) | (3.31) | (2.85) | (0.46) | (0.30) | (0.69) | (0.16)

SeDE-Be | 554 | -2.21 2.79 2.76 003 | -027 | 031 0.30
(-5.74) | (-2.10) | (2.93) | 287) | (0.06) | (-0.12) | (0.47) | (0.13)

SeDE-Ba | 573 | -1.30 3.47 320 | 027 | 013 | 046 0.14
(-5.94) | (-1.14) | (3.38) | (3.15) | (0.23) | (0.10) | (0.65) | (0.13)

SDE-Be | 553 | -2.25 2.73 271 | 002 | 027 | 031 0.30
(-5.94) | (-213) | (289) | (2.84) | (0.04) | (-0.10) | (0.50) | (0.50)

SDF-Ba | 574 | -1.30 3.47 3.19 028 | 014 | 047 0.14
(5.98) | (-1.14) | (338) | (3.15) | (0.24) | (0.11) | (0.65) | (0.13)

ODE-Be | -5.33 |[-230 (| 246 2.45 001 | -037 | 023 0.38
(-6.31) | -215) | (246) | (2.62) | (0.02) | (-0.19) | (0.43) | (0.21)

-5.82 -2.09 3.01 2.45 0.29 0.26 0.56 0.03

SeDF-YG (-6.03) | (-1.93) | (3.02) | (262) | (0.28) | (0.23) [ (0.69) | (0.04)

86




n a '.'} )\.hole AlIP VIP VEA 6acceptor

SeDF-G | 414 | 538.00 | 2519.67 | 0.13 660 | 6.67 | -044 | 044

SeDF-Be 329 | 527552 | 111.80 0.39 6.35 6.54 -1.00 0.93

SeDF-Ba | 692 | 52821 | 1136.02 | 0.15 6.68 6.76 -0.36 0.27

SDF-Ba 6.72 | 514.47 | 136242 | 0.16 6.68 6.78 -0.36 0.24

SDF-Be 298 | 513.78 25.33 0.41 6.33 6.53 -1.03 0.76

ODF-Be 280 | 48346 | 24.95 0.17 6.24 6.34 -1.05 0.07

SeDF-YG | 0.00 | 643.96 1.00 0.13 6.65 6.71 -0.95 0.39

As a consequence of theoretical calculations, we identified two major discrepancies
resulting from the heavy ion impact while utilizing phenoxazine (PXZ),
phenothiazine (S-PXZ or PTZ), and phenoselenazine (Se-PXZ or PSeZ) derivatives
for the blue OLED TADF material. First is the structural difference, where it has
been observed that whereas phenoxazine prefers equatorial conformation,
phenothiazine and phenoselenazine derivatives have multiple conformations,
resulting in dual emission owing to energy transfer between conformations.
125126129 |n addition to the axial and equatorial variations, sulfur and selenium
atoms favor to position significantly out of the aromatic plane compared to the
planar phenoxazine, which increases the number of possible conformations with
energy differences as small as the thermal energy of the room temperature, which

are depicted as two distinct axial conformations in appendix.

The second contribution provided by the heavy atom effect is sourced from
electronic effects. The percentage of HOMO on the acceptor center increases,
while percentage of the LUMO on the acceptor decreases with the heavy atom
effect. Dipole moment, polarizability and hyperpolarizability increase generally in

the order of O, S, Se. Positive atomic charges based on the electrostatic potential
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fitting is increased on the acceptor center and negative charge on the donor that
means stronger electron density donating potential by sulfur and selenium
substitution. The most significant enhancement is improvement in theoretically
calculated krisc especially for the equatorial conformation of the phenothiazine and
phenoselenazine substituted TADF materials determined for different Am values for
T1—S; transition. The origin of this enhancement is determined mainly as the
enhancement of Hso, spin orbit coupling matrix element, that show more than
tenfold increase by the replacement of O with Se atom.® Our results presented
that structures only with equatorial conformations show significant improvement
for krisc leading to the TADF properties (Table 5.3). krisc is significantly lower for
the more stable axial conformations. This indicates multi-conformational structure
by heavy atom substitution leading to the classical fluorescence by axial
conformations and TADF type emission by equatorial conformations that enhance
EQE. Although percentage of the equatorial conformation responsible for the
TADF properties decreases by PSeZ substitution, the efficiency is much higher due
to the tremendous enhancement in the spin orbit coupling and dual emission by
energy transfer between conformations. Table 5.3 krisc for T1—S: transitions and

the AEsi1-t1and Hso parameters used for the calculation of krisc.

AEsi-11 (eV) Hso (cm™) Krise Krise
(A=0.1¢eV) (A=0.2 eV)
O-DF-Be 0.01 9.2 2.13E+10 5.72E+09
S-DF-Be 0.02 21.4 9.22E+10 2.51E+10
S-DF-Ba 0.28 3.1 6.21E+03 7.52E+04
Se-DF-Be 0.03 90 2.35E+12 6.56E+11
Se-DF-Ba 0.27 3.6 1.74E+04 1.61E+05
Se-DF-Ge 0.01 110 4.42E+12 1.21E+12
Se-DF-Ga 0.48 4.1 8.35E-05 1.65E+00
Se-DF-YGe 0.02 52 1.10E+12 3.00E+11
Se-DF-YGa 0.29 2.9 2.57E+03 4.11E+04
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According to theoretical calculations, all three materials would possess dual
conformations including a quasi-axial conformer with classical fluorescence
emission behavior and a quasi-equatorial conformer with TADF characteristics that
was further supported by the natural transition orbitals for the first singlet and
triplet excitations. Improved planarity of the donor unit was observed for these
excitations. Among equatorial conformers, SeDF-Ge exhibits higher molar

absorptivity 125126

We concluded that similar to the previous studies conducted for PTZ, 4381 having
a nonplanar six-membered phenothiazine ring leading to a high EQE due to the
presence of sulfur atom; efficient OLED materials can also be designed by
selenium substitution in PTZ to utilize control of dual conformations. Dual
emission and energy transfer between these two conformations could combine due
to the structural and electronic heavy atom effect by the selenium atom leading to

enhanced performance in TADF-OLED materials. **!

5.3.3 Fabrication and Characterizations of TADF OLEDs

The ITO coated glass substrate is used as the anode, and the device architecture is
Glass/ITO/ a-NPD (40nm)/EML(20nm)/TPBI(40nm)/LiF(0.6nm) /Al(100nm). ITO
coated glass substrates were first washed in an ultrasonic bath for 15 minutes with
Hellmanex detergent, distilled water, isopropyl alcohol and acetone. Afterwards,
oxygen plasma was applied for 15 minutes in order to overcome the energy barrier
between ITO's work function and a-NPD. Oxygen plasma is applied to remove
residual organic impurities, to reduce the surface tension of ITO and to increase the
work function of ITO. The applied oxygen plasma time has been optimized and the
times used during the optimization are given in Figure 5.5. The 15-minute oxygen
plasma was chosen because it had a significantly lower turn-on voltage than other

durations, which indicates a successful hole injection.
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Figure 5.5 The duration of applied oxygen plasma. After the oxygen plasma
treatment, the substrates were transferred to the thermal evaporator, where each
layer's thickness was optimized (HTL, EML and ETL). Due to its high triplet
energy of 2.9 eV, aligned HOMO and LUMO energy levels, broad energy
bandgap, and good morphological stability, m-CBP was chosen as the host material

for all systems.1%2
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Table 5.4 Summary of OLED characteristics of champion devices, (average in

parenthesis

Device | Dopant Lmax INc Next | Voo | CIE
cd/m?)? | (cd/A)® | (%)° | (V)¢
( )| (cdlA)® | (%)° | (V) X y)°

A SeDF-G 17007 | 64.0 30.8 | 4.3 |(0.31,0.53)
(16896)

C SeDF-B 9662 27.3 25.6 | 5.8 |(0.17,0.14)
(9641)

E SeDF-YG | 16833 | 73.5 18.8 | 5.4 | (0.33,0.48)
(16697)

Refl!1®l | px2BP* | 86100 | 35.9 10.7 [ 3.2 | (0.37,0.58)

Refl116] | p- 57120 |20.1 6.9 |3.6 |(0.49,0.51)
PXBBP**

d((Peak luminance)); P((Peak current efficiency)); ©((Peak external quantum
efficiency (%) )); 9((The operating voltage at a brightness of 1cd/m?));

®)((Commission International L Eclairage coordinates at ~1000cd/m?));

o] 0 ,~ 0
e N - == N s _ N\ rd N — ‘N _
e | | T o fh} //—\( d
o, o =/ N
**

* Px2BP p-Px2BBP

Figure 5.6 depicts the EQE-current efficiency against VVoltage and I-V-J graphs for
the constructed devices, while Table 5.4 provides a summary of the major findings.
10% (v/v) of emitter dopant was scattered in order to avoid exciton annihilation
and high current density, and to provide a direct comparison to the photophysical

data obtained with the same host and doping ratio.
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Figure 5.6 a) Current efficiency vs. luminance and EQE(%) vs. luminance
characteristics of fabricated OLEDs, b) Current density—voltage—luminance (J-V-—
L) characteristics of ITO-based OLEDs.
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Photographs of the operational devices are depicted in Figure 5.7a, while the color
coordinates (x,y) are indicated on the chromaticity diagram in Figure 5.7b. Among
all device designs, SeDF-G-based OLEDs had the highest measured EQE value
(30.8% maximum). This study demonstrates the influence of spin orbit coupling
via EQE values, since the greatest EQE values for sulfur-substituted compounds
could not surpass 20% EQE.'>'% This discovery correlates with the reduced
current density values reported for the aforementioned device design when it is in
operation. In addition, better hole injection from the anode to the emissive layer in
SeDF-G/ITO may be another cause for the lower turn-on voltage of SeDF-G/ITO.
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Figure 5.7 (a) Photographs, (b) color coordinates on chromaticity diagram and (c)

electroluminescence spectrum of fabricated OLEDs
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According to Figures 5.6 and 5.4, when SeDF-B is utilized as the emitting dopant,
the EQE values of OLEDs deteriorate fast once they reach high luminance. This
efficient decrease at high current density is mostly attributable to the accumulation
of excessive T1 excitons in the emitting layer, which produces exciton quenching
through triplet-triplet and/or singlet-triplet annihilation.t%3

The stability of all devices is evaluated with an initial luminance (Lo), 1000 cd/m?
to determine the operational lifetime (Figure 5.8). For ITO-based devices LT80
values were determined to be 283 h for SeDF-G, 29 h for SeDF-B and 289 h for
SeDF-YG where for graphene-based devices LT80s were recorded as 178 h, 10 h,
114 h for SeDF-G, SeDF-B and SeDF-YG respectively. For green and yellow-
green emitters LT80 values between 200-500 h were commonly demonstrated in
literature which is consistent with our results. However much higher performances
have also been realized (over 15000 h) with lower operational Lo. For blue emitters
stabilities are generally much lower with a commonly observed range between 20
and 100 h. Even though significantly high device performance was observed with
materials introduced in this work, stability of the devices could still be improved
through interface engineering and our work along these lines is currently
underway. One important point to note here is the fact that although high doped
flexible graphene electrodes were utilized, the stabilities observed for these devices
are quite compatible to ITO-based counterparts which is quite encouraging for

utilization of these flexible devices in future relevant applications. 129134137
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Figure 5.8 Operation lifetime plot of ITO-SeDF-G, ITO-SeDF-YG, ITO-SeDF-B,

devices. Lifetime was measured at an initial luminance of 1000 cd m2.

To further support our device results, PLQYs of equivalent films (10% TADF
emitter in m-CBP host, under nitrogen in integrating sphere with 330 nm
excitation) were investigated. The measured values are surprisingly low
considering the efficiency of the devices, at only 2.6%, 7.6%, and 8.5% for SeDF-
B, SeDF-G, and SeDF-YG, respectively (Table 5.5). A strong correlation between
PLQY and device EQE has been clearly demonstrated in the literature.**® We
believe the possible explanation is that the evaporation of the films causes a
difference in the contribution of axial/equatorial conformers, with the more
efficient and narrower conformer dominating in the evaporated films. To the best
of our knowledge this is the first example where a high energy conformer has been
exclusively stabilized in evaporated films. This exclusivity is evident by
considering that if a mixture of conformers were present, then FRET would quench
all the high energy states. 139140 We suggest that precisely this occurs in the drop-

cast films and in solution, where the efficiency is lower, and the emission band is
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lower-energy and broader than the EL of the devices (Figure 5.2 and 5.7c). Further
work to determine the conformer differences in the evaporated and drop-cast films

is currently underway in our laboratories.

Last but not least, EQEs observed from OLEDs utilizing SeDF-G and SeDF-YG
(ITO/Glass) are almost three times higher than devices using their selenium free
analogs (Px2BP and p-Px2BBP) with practically the same device structures (Table
5.4). This clearly demonstrates the success of the rational design approach
introduced in this work, and the efficiency improvements that can be accessed

using the heavy-atom effect to improve Hso.

5.4 Conclusion

In TADF systems, the effectiveness of Risc is proportional to Hso and inversely
proportional to Est. Although numerous strategies for decreasing Est have been
attempted with great success, the impact is not as straightforward to examine. In
this study, TADF materials with heavy-atom selenium inclusion (SeDF-G, SeDF-
B, and SeDF-YG) were developed and fabricated. The materials demonstrated
outstanding performance, with EQEs exceeding 30% and SeDF-G outperforming
both oxygen- and sulfur-based compounds. OLEDs containing SeDF-G and SeDF-
YG are about three times efficient than devices containing their selenium-free

phenoxazine analogs, while having nearly identical device architectures.
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CHAPTER 6

TWO COMPATIBLE POLYMER DONORS ENABLING HIGH EFFICIENCY
TERNARY ORGANIC SOLAR CELLS

6.1 Introduction

Due to the rising worldwide use of fossil fuels and the severity of energy scarcity
issues, the utilization of renewable and ecologically friendly energy resources has
become an important global concern. Solar energy is regarded as the ideal
alternative source of energy owing to its limitless reserves and clean nature.
Numerous techniques, including the discovery of new materials and modifications
to the device's mechanics, have been used to create OSCs with greater power

conversion efficiencies (PCEs).141142

To boost the PCEs of OSCs, it is also possible to construct cells with tandem and
ternary architectures.’*%° Due to the comparatively limited absorption site (100
nm) of organic materials, single-junction binary OSCs with one donor and one
acceptor material capture insufficient photons from their active layers.}*® Thus,
multi-junction designs, notably tandem OSCs, have been created to produce solar
cells with a greater PCE and a larger absorption spectrum than their single-junction
binary counterparts. However, tandem OSCs have complicated device architectures
that need sophisticated manufacturing procedures, which may hinder their
industrialization potential. OSCs may be constructed using ternary structures in
order to build high-performance materials that display both increased photon
harvesting of multiple organic materials, as seen in tandem OSCs, and the
simplicity of the fabrication conditions utilized to fabricate single-junction BHJ
OSCs. In general, the first concern when inserting a third component into OSCs is
the increase or complementarity of the active layer's absorption capabilities.
Ternary OSCs are extremely straightforward to fabricate because of their single-
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junction device layout and lack of numerous stacks. In addition to photon energy
harvesting, however, energy levels and nano-morphology should also be addressed
when choosing a third component. In addition, the influence of the third component
of OSCs might present itself in a variety of qualities. Compared to binary OSCs,
the mechanism behind the photovoltaic process in ternary OSCs is drastically
different. Adding a third component to a binary mix involves far more than the

simple combination of the separate components.

The active layer of the OSCs fabricated in this study consists of two donors and an
acceptor. (D1/D2/A) P1, one of the materials used as a donor, is a random
conjugated polymer containing benzotriazole, bistriphenylamine and
benzodithiophene. This polymer absorbs in the red region of the UV-VIS spectrum
(Amax: 488nm) and a maximum of 3.5% PCE was obtained when binary OSC was
fabricated with the PC7:BM acceptor. As the second donor in this study, the widely
known and utilized PTB7-Th was incorporated. PTB7-Th has a small optical band
gap (Eg) of 1.58 eV despite its extensive absorption (600—800 nm) in the visible
spectrum. Moreover, the intermolecular interaction and hole mobility can be
significantly enhanced thanks to the incorporation of two conjugated thiophene
side chains. With an open-circuit voltage (Voc) of 0.83 volts, the PTB7-
Th:PC7:BM combination that has been used the most frequently was able to
achieve a power conversion efficiency (PCE) of 9.21%.%4" As a result, PTB7-Th is
widely acknowledged as being among the most traditional donor polymers for the
production of OPV. This polymer donor's absorption region and polymer P1's
absorption region are complementary. Thanks to these complementary absorption
ranges, nearly the entire visible spectrum will absorb when combined. PC7:BM was
used as an acceptor in this study because its HOMO-LUMO energy values are

suitable with two polymers.
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6.2  Experimental

6.2.1 Optical Properties

The absorption of light in this layer is crucial for the device's performance. The
photoactive layer absorbs light, and the energy from the absorbed light excites
electrons to a higher energy level, creating a flow of electrical current known as the

Jsc.

When the absorption of light in the photoactive layer increases, it means that more
photons are being absorbed by the organic compounds in the layer. This in turn
leads to an increase in the number of excited electrons, which results in an increase
in the Jsc. This is because JSC is directly proportional to the number of photons
absorbed by the photoactive layer.

In other words, when the absorption of light in the photoactive layer increases, the
TBOSC device will have more electrons flowing through it, which means that the
Jsc will increase. This is an important factor to consider when designing and
optimizing TBOSCs, as increasing the Jsc can help to improve the overall
efficiency of the device. Figure 6.1 displays the thin film absorption spectra of P1
and PTB7-Th, which were utilized to determine the compatibility of these two

donors in the UV-VIS spectrum.
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Figure 6.1 UV-VIS spectra of P1, PTB7-Th and P1:PTB7-Th-PC7:.BM

100



The molecular structures of polymer P1 and PTB7-Th are shown in Figure 6.2.
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Figure 6.2 Structures of P1 and PTB7-Th

6.2.2 Device Fabrication and Characterization

Due to its transparency and low surface resistance, ITO coated glass substrates are
utilized in solar cell applications. Ternary Organic Solar Cells (TB-OSCs) were
manufactured in a nitrogen-filled glove box system with the ITO/PEDOT:
PSS/(D1/D2/A)/LiF/Al configuration. In an ultrasonic bath, ITO-coated glass
substrates (10-20 Q /cm?) were washed with Hellmanex detergent, distilled water,
acetone, and isopropy! alcohol. After the ITOs were dried using a nitrogen gun, the

surface of the ITOs were treated with oxygen plasma for 5 minutes to eliminate any
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organic contaminants. After the oxygen plasma was applied, the PEDOT: PSS was
filtered with a 0.45 um polyether sulfone (PES) filter and spincoated to serve as an
intermediary layer in the transfer of positively charged ions to the ITO surface.
PEDOT: PSS-coated ITO substrates were annealed at 135 °C for 15 minutes on a
hot plate. The active layer containing D1/D2/A was applied to the surface by spin-
coating at 2700 rpm. In the last stage, metal connections were fabricated via
thermal evaporation under extremely low pressure (107 mbar). Device architecture

and energy level diagram were given in Figure 6.3
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Figure 6.3 Device architecture and energy level diagram of fabricated TB-OSCs

6.3 Results and Discussion

The production of TB-OSC includes two donors and an acceptor. Architecture of
the device is ITO/PEDOT: PSS/Active layer/LiF/Al. By maintaining a constant
ratio of 1:1.5 between PTB7-Th and PC7:BM, the weight content of polymer P1
was changed from 0% to 20%. The binary inverted OSCs based on PTB7-Th:
PC7:BM have a PCE of 7.12%, a Jsc of 14.41 mA/cm?, a Voc of 0.76 V, and an FF
of 65.0%. In Table 6.1, the device parameters are summarized. In comparison to
the binary inverted OSCs, the addition of 7% polymer P1 to the ternary blend
layers dramatically enhanced the values of the following parameters: Jsc from
14.41 mA/cm? to 19.80 mA/cm?, Voc from 0.76 V to 0.78 V, and therefore, the
PCE from 7.12% to 9.26%. Even while the Jsc value increased as the number of
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photons absorbed increased with a further increase in the P1 content, the FF value
declined substantially, which decreased the PCE. Figure 6.4 depicts the current-
density—voltage (J-V) curves of the TB-OSCs based on PTB7-Th:PC7:BM and
PTB7-Th:P1:PC71BM that exhibit excellent photovoltaic performance.
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Figure 6.4 J-V curves of PTB7-Th:PC7:BM and PTB7-Th:P1:PC7:BM

The doping of second donor P1 is primarily responsible for the increase in EQE in
the band. This was done in order to allow the ternary active layer to achieve
complementary absorption in the visible light. EQE vs. wavelength graph was

shown in Figure 6.5.
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Table 6.1 Key performance parameters of TB-OSCs comprising PTB7-
Th:P1:PC71BM

Ratio(PTB7-Th-P1-PCBM70) PCE FF (%) c“'(’:,":,gz?]sw Voc (V)
0:1:2 3.50° 47 9.45 0.79
1:0:1.5 7.12 65 14.41 0.76
1:0.15:1.5 7.29 65 14.44 0.77
1:0.2:1.5 9.26 60 19.80 0.78
1:0.3:1.5 7.14 46 21.33 0.73

Images from TEM and AFM were analyzed for morphology and topography.
Figure 6.6 shows 100 nm-scale TEM images of the active layer containing PTB7-
Th, P1, and PTB7-Th:P1. The bright regions are regions rich in polymers, while the
dark regions are regions rich in PCBM. The film image produced by PTB7-Th, a
commercial polymer that is frequently used in literature, is almost perfect.
Interpenetrating networks for a homogeneous film are clearly visible in Figure
6.6a. For polymer P1, on the other hand, this cannot be said because aggregated
polymers damage the film's homogeneity and may result in reduced charge

separation and diffusion. Fortunately, polymer P1 and PTB7-Th could dissolve in
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the same solvent and matched well. It can be seen that when compared to PTB7-
Th, the morphology did not deteriorate with the TB-OSC film shown in Figure
6.6c. Roughness values are shown below while AFM images are provided in
Figure 6.7. The fact that the roughness value does not vary significantly within the

TB-OSC structure is further evidence that the donors used are compatible.

Figure 6.6 TEM images of light-harvesting layers of PTB7-Th, P1 and PTB7-
Th:P1

3

1.22 nm 0.54 nm 1.31 nm

Figure 6.7 AFM images of light-harvesting layers of PTB7-Th, P1 and PTB7-
Th:P1

6.4 Conclusion

In summary, high-performance D1:D2:A ternary OSCs were developed to improve
Jsc by incorporating the polymer donor P1 into a binary blend film consisting of a
PTB7-Th and a fullerene acceptor PC7:BM. The device comprised of a ternary mix
with a 1:0.2:1.5 ratio has a PCE of 9.26% and a Jsc of 19.80 mA/cm?. Given that
the absorption ranges of P1 and PTB7-Th are 350-600 nm and 550-750 nm,

respectively, the increase in Jsc is mostly due to the complementing absorption of
105



two donors. The improvement in the performance parameters has been explained
on the basis of the TEM and AFM studies.
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CHAPTER 7

CONCLUSIONS

Using conjugated polymers or small molecules, optoelectronic devices were
designed and fabricated in the three chapters of this thesis. The purpose of these
three studies is to build optoelectronic devices with greater efficiency with a

rational molecular design.

In the first chapter, electrochemical, optical and photovoltaic properties of three
conjugated polymers comprising BDT and TPD and the effect of mono-
fluorination substitution of benzothiadiazole was examined. The effect of
substituting the alkoxy group with alkylthienyl on the performance of BHJ OSCs
was also discussed. Additionally, morphological and topographical analyses were
performed to validate the findings. This chapter is also concerned with the
molecular weights of polymers; hence, the GPC analysis has been accomplished.
With values of 9.21% PCE, 60.33 FF, and 0.95V Voc, P-FBDT displayed the
highest photovoltaic performance among the synthesized polymers. This study
reveals that in addition to polymer structure, molecular weight and morphology are

major factors to PCE value.

In the second chapter, three different small molecules (SeDF-G, SeDF-B and
SeDF-YG) were designed in the D-A-D structure and selenium was used in the
donor unit to examine the spin orbit coupling effect. In this study, optoelectronic,
photophysical, theoretical and device properties were examined. A comparison was
made with the devices obtained by using phenoxazine instead of phenoselenazine
in the donor unit of SeDF-G and SeDF-YG molecules, and it was observed that the
spin-orbit coupling effect increased the device performance. Theoretical studies
revealed that the difference between singlet and triplet energy levels is sufficient
for RISC, that the molecules have dual conformation, and that the equatorial
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conformer shows TADF property, while the axial conformer shows clasical
fluorescence emission. Since TADF approach is very new in terms of literature,
synthesizing new molecules with this feature, performing material
characterizations, developing device applications and characterizing these
molecules have filled an important knowledge gap on this subject. In this study, it
was observed that the heavy atom effect increased the device efficiency up to three

times.

The third and final chapter covers TBOSCs, two polymer donors (P1 and PTB7-
Th) complementary in the UV-VIS spectrum were used in this study. In TBOSC
logic, when absorption increases in photoactive layer in device, it will increase in
Jsc. TBOSCs require a blend of three different organic compounds, which can be
difficult to optimize in terms of their absorption spectra and charge transport
properties. The best working device was obtained when suitable solvent and
optimum conditions were provided. Thanks to the complementary absorptions of
the polymers used, the Jsc value increased (from 14.41 mA/cm?) to 19.80
mA/cm?), resulting in a higher PCE value (from 7.12% to 9.26%). In order to
strengthen and support the findings obtained in this chapter, AFM and TEM

analyzes were performed.
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CHAPTER 8

OUTLOOK

This PhD thesis includes three chapters and the aim of all three studies is to obtain
more efficient optoelectronic devices, OSCs and OLEDs. Under this heading, there

are directions about how the studies in this thesis can be developed.

-In the first chapter, the results of using random polymers containing BDT and
TPD in OSCs are presented. This work was patented by the Turkish Patent
Institute. The intramolecular interactions of sulfur and oxygen or hydrogen and
oxygen atoms on TPD boost intramolecular charge transfer (ICT) and improve
molecular geometry (planarity).}*® Studies of polymers containing TPD with
nonfullerene acceptor have been reported recently in the literature.'*® Combining
the polymers in this study with non-fullerene acceptors may give promising results.
At the same time, performing stability and electron-hole mobility in the first

chapter will enrich the study.

-In the second chapter, it was reported that increasing spin orbit coupling increases
device efficiency. This work has been published in Advanced Functional Materials.
Since the TADF OLED concept is a very new topic, there are still very few studies
in the literature in this field. The phenoselenazine donor used in this study can also
be tested with different acceptors and an outstanding contribution to the literature
can be made. As a contribution to this study, different materials in HTL and ETL

can be used and their effect on the device can be examined.

-The third chapter of the study explores the use of a photoactive layer that contains
two different polymer donors and one acceptor. The goal is to increase the PCE by
expanding the absorption region. Stability and hole and/or electron mobility are
two important factors that are often investigated in order to further understand the
performance of TBOSCs systems. Stability refers to the ability of the TBOSC
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device to maintain its performance over time, despite being exposed to
environmental factors such as light and heat. Researchers often conduct long-term
stability tests to see how well the TBOSC device holds up over time. Hole and/or
electron mobility refer to the ability of the TBOSC device to transport electrical
charges, specifically holes and electrons. High hole and electron mobility is
important for efficient charge collection and thus, high device efficiency.
Researchers often use a technique called time-of-flight (TOF) to measure the
mobility of holes and electrons in the TBOSC device.

Investigating stability and hole and/or electron mobility in TBOSCs can help
researchers to better understand the underlying mechanisms that govern the
device's performance. For example, a low stability value may indicate that the
device is particularly sensitive to environmental factors, while a low hole or
electron mobility value may indicate that the device is not efficiently transporting
charges. By understanding these factors, researchers can work to improve the

performance of TOSCs and make them more viable for commercial use.
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APPENDICES

A. Synthesis, Materials and Characterization

All chemicals and solvents were supplied by Tokyo Chemical Industry and Sigma
Aldrich Chemical Co. Ltd. Toluene was dried over Na/benzophenone. N,N-
dimethylformamide (DMF) was dried over barium oxides overnight followed by
vacuum distillation. All reactions were carried out under nitrogen atmosphere
unless otherwise specified. Merck Silica Gel 60 was used for purification of
synthesized materials. Structural characterizations were performed by a Bruker
Spectro Spin Avance DPX-400 spectrometer using trimethyl silane (TMS) as an
internal reference in deuterated chloroform (CDCIs) and deuterated dimethyl
sulfoxide (DMSO). High resolution mass spectra (HRMS) data were taken by
Waters SYNAPT G1 with ESI-TOF-MS.
10H-Phenoselenazine (1)

Se Diphenyl amine (10.00 g, 59.09 mmol), selenium dioxide (3.93
©:N© g, 35.5 mmol) and iodine (0.749 g, 2.95 mmol) were taken in a

H schlenk tube under inert atmosphere. The reaction medium was

1 taken under inert atmosphere via nitrogen/vacuum cycles. A
colloidal mixture of powdered selenium (2.33 g, 29.6 mmol) and sulfolene (10 mL)
was added dropwise to the schlenk tube via a cannula. The reaction mixture was
then stirred at 180 °C for 16 hours. Upon cooling to room temperature, the mixture
was filtered through celite. The residue was washed sequentially with ethyl acetate
(EtOAC), dichloromethane (DCM) and tetrahydrofuran (THF). The washings were
combined, and the solvent was evaporated under reduced pressure. The crude
product was purified by using column chromatography (Hexane:5/EtOAc:1,
Rf:0.43) followed by diffusion crystallization (chloroform-hexane) to yield the
target compound as a gray powder (yield: 6.90 g, 48%). 'H NMR (400 MHz,
DMSO) & (ppm) (ppm) 8.59 (s, 1H), 7.13 — 7.06 (m, 2H), 7.06 — 6.99 (m, 2H), 6.84
—6.72 (m, 4H). 3C NMR (100 MHz, DMSO) & (ppm) (ppm) 142.0, 128.8, 127.8,
122.2,115.1, 111.5.
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1,4-Bis (4-bromobenzoyl)-benzene (2)

Br Br Terephthaloyl chloride (2.60 g, 2.00 mmol) and
O O bromobenzene (10 mL) were added to a Schlenk tube
under inert atmosphere. Then, AICl; (2.00 g, 14.9

0] @) mmol) was added portion wise to the mixture at

2 room temperature. The reaction mixture was stirred

for 9 hours and then heated to 90 °C for 2 hours. Then the mixture was cooled to
room temperature and MeOH (100 mL) was added. The precipitates were collected
by filtration and washed with MeOH. The attained white solids (yield: 2.90 g) were

used without further purification.

Bis(4-(10H-Phenoselenazin-10-yl)-phenyl)-methanone (SeDF-G)

O Bis(4-bromophenyl)methanone (173 mg,
“ 147 pmol), 10H-phenoselenazine (250 mg,
©\N NQ 1.02 mmol), sodium tertbutoxide (245 mg,
Se@ @/Se 2.54 mmol),
tris(dibenzylideneacetone)dipalladium(0)

SeDF-G (279 mg, 30.5 pmol) and tritert-
butylphosphine (16.5 mg, 81.3 pmol) were introduced to a Schlenk tube under
argon and dry toluene (7 mL) was added. The reaction temperature was raised to
125 °C and the reaction was followed using thin film chromatography. After 46
hours, the reaction mixture was cooled to room temperature and precipitated into
50 mL of cold MeOH. The yellow solid formed was filtered and was washed with
cold MeOH. The crude product purified by using column chromatography
(CHCI3/EtOAc/Petroleum ether, (1:1:2, Rf:0.51) in silica and the crude product
was recrystallized from (chloroform-methanol) to give the title compound as a
yellow solid (90 mg, 82%). *H NMR (400 MHz, CDCls) § (ppm) 7.58 (d, J = 8.8
Hz, 4H), 7.53 (dd, J = 7.7, 1.1 Hz, 4H), 7.38 (d, J = 7.8 Hz, 4H), 7.28 (t, J = 7.3
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Hz, 4H), 7.12 (t, J = 7.4 Hz, 4H), 6.88 (d, J = 8.8 Hz, 4H). *C NMR (100 MHz,
CDCI3) 6 (ppm) 193.9, 148.9, 141.5, 131.8, 131.40, 130.7, 130.5, 127.7, 127.5,
126.3, 114.6. HRMS calcd. for (C37H2sN20Sez) [M + H]® : 673.0297; Found:
673.0297.

10,10 (sulfonylbis(4,1-phenylene))bis(10s-Phenoselenazine) (SeDF-B)

10H-Phenoselenazine (145 mg, 590 umol)

O\\S,/O
@\ /‘/ \‘\ and NaH (47 mg, 1.2 mmol) were added to
N N
e

J q a Schlenk tube under argon and dry DMF
© ©/ (3 mL) was added. The mixture was stirred
at room temperature for 1 hour. Then, a
SeDF-B solution of bis-(4-fluorophenyl)sulfone (75
mg, 295 umol) in dry DMF (1 mL) was added to the reaction via a canula and the
temperature was raised to 60 °C. The reaction was followed by using thin film
chromatography. After 6 hours the reaction mixture was cooled to room
temperature and diluted with water (200 mL). The mixture was extracted with
chloroform (3x50 mL) and the combined organic phases were washed with brine
(10x50 mL) and was dried over Na2SO4. The solvent was evaporated, and the crude
product was purified using crystallization (chloroform-diethyl ether) followed by
column chromatography (EtOAc/Hexane (2:3), Rf:0.62), and the product was
obtained as a purple solid (yield:60 mg 28%). *H NMR (400 MHz, CDCls) & (ppm)
7.57 —7.50 (m, 8H), 7.41 (d, J = 7.5 Hz, 4H), 7.32 — 7.27 (m, 4H), 7.14 (dd, J =
16.2, 8.7 Hz, 4H), 6.78 (d, J = 8.9 Hz, 4H). 3C NMR (100 MHz, CDCl3) & (ppm)
149.60, 140.8, 132.7, 132.3, 131.7, 128.8, 128.40, 127.9, 126.9, 113.4. HRMS
calcd. for (CssH24N202SSez) [M + H]* : 707.9889; Found: 707.9889.
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1,4-Phenylenebis((4-(10H-phenoselenazin-10-yl)phenyl)methanone) (SeDF-

YG)

SeDF-YG

1,4-Bis(4-bromobenzoyl)benzene (226
mg, 508 umol), 10H-phenoselenazine
(250 mg, 1.02 mmol), sodium
tertbutoxide (245 mg, 2.54 mmol), tris
(dibenzylideneacetone)dipalladium(0)

(27.9 mg, 30.5 pmol) and tritert-
butylphosphine (16.5 mg, 81.3 umol)

were introduced to a Schlenk tube under argon and dry toluene (7 mL) was added.

The reaction temperature was raised to 125 °C and the reaction was followed using

thin film chromatography. After 46 hours, the reaction mixture was cooled to room

temperature and precipitated into 50 mL of cold MeOH. The yellow solid formed

was filtered and was washed with cold MeOH. The crude product purified by using
column chromatography (CHCI3/EtOAc/Petroleum ether, (1:1:1, Rf:0.50) in silica
and the crude product was recrystallized from (chloroform-diethyl ether) to give
the title compound as a yellow solid (32 mg, 82%). *H NMR (400 MHz, CDCls) &
(ppm) 8.12 (d, J = 8.5 Hz, 4H), 7.77 (d, J = 8.5 Hz, 4H), 7.68 (d, J = 9.1 Hz, 8H),
7.59 (dd, J =79, 1.2 Hz, 4H), 7.43 (td, J = 7.5, 1.4 Hz, 4H), 7.26 (td, J = 7.6, 1.3
Hz, 4H), 6.95 (d, J = 9.1 Hz, 4H). *C NMR (100 MHz, CDCls) & (ppm) 194.1,
166.3, 150.0, 142.4, 140.8, 132.1, 131.5, 129.2, 129.1, 128.3, 127.7, 126.7, 112.8.
HRMS calcd. for (CasH2sN202Se2) [M + H]+ : 776.0486; Found: 776.0486.
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B. Computational Studies
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Figure Al. Total energy comparison for (O-S-Se)-DF-B structures in equatorial
and axial conformation at B3LYP/6-311+(d,p). PBEO functional based calculation

results were given in parenthesis.
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Equatorial

SeDF-YG

Figure A2. Dihedral angles between donor and acceptor units for two lowest
energy conformations of SeDF-G, SeDF-B and SeDF-YG TADF materials.
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SDF-Be SeDF-Be
. 21.47°

Figure A3. The dihedral angle of O-S-Se atoms with respect to the aromatic plane

for equatorial and axial conformations.

Table Al. The percentage of LUMO and HOMO on acceptor unit at the center

calculated by Mulliken molecular orbital composition method.

HOMO % LUMO %
O-DF-Be 0.25 98.46
S-DF-Be 2.67 97.45
S-DF-Ba 45.37 48.34
Se-DF-Be 3.61 96.33
Se-DF-Ba 47.29 44.03
Se-DF-G 45.90 83.37
Se-DF-YG 43.94 95.90
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Table A2. HOMO and LUMO energy levels, first vertical singlet and triplet
excitations, S1-T1 intersystem crossing energy values calculated by using B3LYP,
PBEO and CAM-B3LYP functionals and different basis sets.

B3LYP
6-311g(d,p)
HOMO LUMO So-S1 So-T1 ISC (S1-T1)
SeDF-Ge -5.34 -2.36 251 2.49 0.01
SeDF-Ga -5.54 -1.38 3.59 2.85 0.74
SeDF-B -5.45 -2.10 2.81 2.78 0.03
SeDF-YG -5.55 -2.71 2.27 2.27 0.01
PBE
6-311g(d,p)
SeDF-Ge -5.56 -2.23 2.72 2.69 0.02
SeDF-Ga -5.76 -1.26 3.73 2.83 0.86
SeDF-B -5.67 -1.98 2.99 291 0.08
SeDF-YG -5.57 -2.58 2.52 251 0.01
B3LYP
6-311+g(d,p)
SeDF-Ge -5.44 -2.50 2.46 2.45 0.01
SeDF-Ga -5.64 -1.52 3.33 2.85 0.48
SeDF-Be -5.54 -2.21 2.79 2.76 0.03
SeDF-B -5.73 -1.30 3.47 3.20 0.27
SeDF-YG -5.53 -2.25 2.73 2.71 0.02
PBEO
6-311+g(d,p)
SeDF-Ge -5.64 -2.35 2.67 2.65 0.02
SeDF-Ga -5.85 -1.35 3.31 2.85 0.46
SeDF-Be -5.74 -2.10 2.93 2.87 0.06
SeDF-Ba -5.94 -1.14 3.38 3.15 0.23
SeDF-YG -5.98 -1.14 3.38 3.15 0.24
B3LYP
6-311++g(d,p)
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SeDF-Ge 5.44 -2.50 2.46 2.45 0.01
SeDF-Ga -5.63 155 3.53 2.84 0.68
SeDF-B 554 2.21 2.79 2.76 0.03
SeDF-YG -5.45 2.85 2.23 2.23 0.01
PBEO

6-311++g(d,p)
SeDF-Ge -5.64 2.35 2.67 2.65 0.02
SeDF-Ga -5.84 -1.40 3.68 2.82 0.85
SeDF-B 5.74 -2.08 2.97 2.89 0.08
SeDF-YG -5.65 2.71 2.47 2.46 0.01

CAM-B3LYP

6-311++g(d,p)
SeDF-Ge -6.77 -1.28 3.69 3.02 0.67
SeDF-Ga -6.97 -0.40 4.13 2.92 1.21
SeDF-B -6.88 -1.03 3.80 3.07 0.74
SeDF-YG -6.78 -1.65 3.63 2.87 0.76

98% .09
LY

f) Electron 5
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Figure A4. Natural transition orbitals (NTO) from HOMO to LUMO corresponding
to the first singlet transition S0-S1 (a) and first triplet transition SO-T1 of equatorial
SeDF-G (b) and first singlet SO-S1 excitation for axial SeDF-G (c). Hole refers to
the highest occupied natural transition orbital and electron refers to the lowest
unoccupied natural transition orbital. Similar results are valid for SeDF-B and
SeDF-YG.

Figure A5. Improved planarity of the of the side group in the first singlet excited
state optimized geometry observed for equatorial conformer.
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Figure A6. UV-Vis plot that demonstrated higher oscillator strength and molar
absorption coefficient (¢) for the SeDF-G for both equatorial and axial

conformations.

C. Device Fabrication and Characterization

Table S4: PLQYSs of equivalent films (10% TADF emitter in m-CBP host, under

nitrogen in integrating sphere with 330 nm excitation)

Emitter PLQY (%)
SeDF-G 7.6
SeDF-YG 8.5
SeDF-B 2.6
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Device Performance
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Figure A7. Electroluminescence vs wavelength graph for different ETL thicknesses
with a device structure of ITO/NPD/m-CBP:SeDF-G/TPBI/LiF/Al.
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Figure A9. *C-NMR Spectrum of Compound 1.
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Figure A17. Normalized time-resolved spectral evolution of the molecules at 80K
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