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ABSTRACT

NOVEL HOLE TRANSPORT, LARGE AMMONIUM CATION and
DOPANT MATERIALS FOR REALIZATION OF HIGH-PERFORMANCE
PEROVSKITE SOLAR CELLS

Bag Celik, Esra
Doctor of Philosophy, Polimer Science and Technology
Supervisor : Assoc. Prof. Dr. Gérkem Giinbag
Co-Supervisor: Assoc. Prof. Dr. Selguk Yerci

February 2023, 172 pages

Perovskite solar cells (PSCs) have been widely studied for their potential to
revolutionize the solar energy industry. Unfortunately, the commercialization of PSCs
remains challenging due to the limitation of high-performance, low-cost, and
environmentally stable organic hole-transport materials (HTMs). For this reason, the

development of a new generation HTMs is strongly anticipated.

Hole transport material (HTM) is one of the critical components in perovskite solar cells,
which is responsible for transporting positive charges (holes) from the perovskite light-
absorbing layer to the electrode. Traditional HTMs used in perovskite solar cells often
contain dopants that can cause instability issues and lower the efficiency of the solar
cells. The main emphasis of this hole-transport layer (HTL) research is on developing
both hole-transport materials and dopants to develop HTL that can provide improved
stability and excellent hole-transport properties to enhance the overall performance of

perovskite solar cells.

The research in this thesis aims to provide novel and cost-effective organic HTMs, p-

type dopants for HTM, and ammonium salts for perovskite passivation towards the



realization of high-performance PSCs. Overall, the high potential of novel organic
dopant-free HTMs, p-type dopants with enhanced stability and passivating salts for
significantly improving the efficiency and stability of perovskite solar cells makes them

a promising avenue of research towards paving the day for commercialization of PSCs.

In this thesis work, in chapter 3, a series of DPP-based polymers were investigated as
HTMs in perovskite solar cells. For these polymers, the influence of aromatic groups,
conjugated parts and alkyl chains on the performance of solar cells was systematically
investigated. After optimization studies, the cell fabricated with HTM 4B has an
efficiency of 16% and is placed well among the dopant-free polymer HTMs in the
literature. In chapter 4, a TPA-based small molecule is introduced as a low-cost, dopant-
free HTM for conventional n-i-p type PSCs, and the effect on the performance and cell
stability is examined. PSCs with PT-TPA HTM exhibit a champion PCE of 17% and a
substantively improved operational stability for unencapsulated cells tested at both
controlled and ambient conditions. With the optimized HTL, PT-TPA-based cells saved
its 96% of efficiency for 70 days under ambient conditions. In Chapter 5, through the
utilization of a novel dopant, CFF, cells with comparable efficiencies to conventional
doped HTMs, however highly stable as the cell with undoped HTMs, were developed
successfully. While the maximum PCE was recorded in cells doped with CFF at 17.77%,
CFF demonstrated excellent doping performance for HTMs, retaining 87% of its
efficiency after 90 days of measurements. In chapter 6, three novel PMAI salts were
introduced, which resulted in an increase in efficiency and enhancement of stability as a
passivating layer on perovskite. A PCE value as high as 23.15% with extreme stability
(97.8% retained cell efficiency retained after 1250 hours) was achieved with one of these
salts, TPMAL.

Keywords: Perovskite solar cell, hole transport material, polymer, dopant,

passivation
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_YUKSEK PERFORMANSLI PEROVSKIT GUNES HUCRELERI ICIN
OZGUN BOSLUK TASIMA, BUYUK AMONYUM KATYONU ve KATKI
MALZEMELERI

Bag Celik, Esra
Doktora, Polimer Bilim ve Teknolojisi
Tez Yoneticisi: Dog. Dr. Gorkem Giinbasg
Ortak Tez Yoneticisi: Dog. Dr. Selguk Yerci

Subat 2023, 172 sayfa

Perovskit gilines hiicreleri (PSC) giines enerjisi sektoriinde devrim yapma
potansiyelleri acisindan genig bir ¢alisma alania sahiptir. Ne yazik ki, yliksek
performansl, diisiik maliyetli ve ¢evresel olarak kararli organik bosluk tasiyici
malzemelerinin (BTM'ler) sinirlandirici olmasi nedeniyle PSC'lerin ticarilestirilmesi
zorlayict olmaktadir. Bu nedenle, yeni nesil HTM'lerin gelistirilmesi biiyiik bir

ilgiyle beklenmektedir.

Bosluk tastyici malzeme (BTM), perovskit 151k emici katmandan elektrota pozitif
yiiklerin (bosluk) tasinmasindan sorumlu olan, perovskit giines hiicrelerindeki kritik
bilesenlerden biridir. Perovskit giines hiicrelerinde kullanilan geleneksel BTM'ler,
genellikle kararsizlik sorunlarina neden olabilen ve giines hiicrelerinin verimliligini
azaltabilen katki maddeleri igerir. Bu bosluk tasiyic1 katman (BTK) arastirmasinin
ana vurgusu, perovskit giines hiicrelerinin genel performansini artirmak i¢in gelismis
kararlilik ve miikemmel bosluk tasima 6zellikleri saglayabilen BTK'yi gelistirmek

icin hem bosluk tagiyici malzemeleri hem de katki maddelerini gelistirmektir.

vii



Bu tez arastirmasi, yliksek performansli PSC'lerin gerceklestirilmesine yonelik
olarak yeni ve uygun maliyetli organik BTM'ler, BTM ig¢in p-tipi katki maddeleri ve
perovskit pasivasyonu i¢in amonyum tuzlar1 saglamayr amaglamaktadir. Genel
olarak, yeni organik katki maddesi icermeyen BTM'lerin, gelistirilmis kararliliga
sahip p-tipi katki maddelerinin ve perovskit giines pillerinin etkinligini ve
kararliligin1 6nemli 6l¢giide 1yilestirmek i¢in pasiflestirici tuzlarin yiiksek potansiyeli,

onlar1 PSC'lerin ticarilestirilmesi i¢in umut verici bir aragtirma yolu haline getiriyor.

Bu tez calismasinin 3. boliimiinde, bir dizi DPP bazli polimer, perovskite giines
pillerinde BTM'ler olarak incelenmistir. Bu polimerlerde aromatik gruplarin,
konjuge kisimlarin ve alkil zincirlerinin giines hiicrelerinin performansi iizerindeki
etkisi sistematik olarak arastirildi. Optimizasyon ¢alismalar1 sonucunda BTM 4B ile
tiretilen hiicre %16 verimle literatiirdeki katkisiz polimer BTM'ler arasinda iyi bir
yere sahiptir. 4. bolimde, geleneksel n-i-p tipi PSC'ler i¢in diisiik maliyetli, katki
maddesi icermeyen TPA-bazli bir kiiciik molekiilin BTM olarak performansi ve
hiicre stabilitesi lizerindeki etkisi incelenmektedir. PT-TPA BTM'ye sahip PSC'ler,
enkapsiile edilmemis olarak hem kontrollii hem de ortam kosullarinda test edilerek
%17'lik bir PCE ve 6nemli dl¢iide iyilestirilmis bir operasyonel kararlilik sergiler.
Optimize edilmis BTK ile PT-TPA tabanli hiicreler, ortam kosullarinda 70 giin
boyunca veriminin %96’sin1 korudu. Bolim S'te, yeni bir katki maddesi olan
CFF'nin kullanilmasiyla, geleneksel katkili HTM'lerle karsilastirilabilir verimlilige
sahip, ancak katkisiz BTM'ler kadar kararli olan hiicreler basariyla gelistirildi. CFF
katkili hiicrelerde maksimum verimlilik %17,77 olarak kaydedilirken, BTM'ler i¢in
CFF miikemmel doping performansi gosterdi ve 90 giinliikk 6l¢limlerden sonra
etkinliginin %87'sini korudu. 6. boliimde, perovskite iizerinde pasiflestirici bir
katman olarak verimlilikte ve stabilitede artigla sonuglanan {i¢ yeni PMAI tuzu
tanitildi. Bu tuzlardan biri olan TPMALI ile son derece kararli (1250 saat sonra
korunan %97,8 hiicre verimliligi) ile %23,15 kadar yiiksek bir PCE degeri elde
edildi.
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CHAPTER 1

INTRODUCTION

1.1 World Energy Consumption and Renewable Energy

Global energy consumption has increased over the past decades due to rising
electricity utilization which resulted in significantly increased pollution as the
majority of this energy was supplied by fossil fuels like coal, oil, and gas. It is
essential to realise that although fossil fuels still provide a significant quantity of
electricity, very efficient and reasonably low-cost green energy sources are required
to be discovered as alternatives to non-renewable resources. The transition to
renewable energy sources is being driven by a combination of factors, including the
need to reduce greenhouse gas emissions, improve energy security, and reduce
dependence on fossil fuels. In recent years, the cost of renewable energy technologies
has also fallen significantly, making them more competitive with fossil fuels.

Renewable energy refers to energy sources that are persistent or regenerates naturally
but have a limiting utilization with current technologies. They are almost unlimited
in duration but have a limited amount of energy per unit of time. Solar energy, wind
power, geothermal energy, and hydroelectric power are all examples of renewable

energy sources?.

1.2 Solar Energy and Photovoltaics

Solar energy is a sort of renewable energy produced by harnessing the energy of the
sun and its utilization is rapidly increasing in the field of renewable energy. Solar
energy can be harnessed through a variety of technologies, including concentrated

solar thermal and photovoltaics.



Photovoltaics (PV) is a technology that converts sunlight into electricity. PV cells
are made of semiconductor materials, such as silicon, that absorb sunlight and
convert it into electrical energy. The conversion of solar energy to electricity in a PV
cell is a process that involves the photoelectric effect. When sunlight strikes the
surface of a PV cell, it causes electrons in the semiconductor material to move,

creating an electrical current.

Photovoltaic technology has been steadily improving over the past few decades, and
the cost of solar energy has fallen dramatically. As a result, solar energy is becoming

an increasingly popular renewable energy source in many parts of the world.

Solar cells can be classified into three generations based on the materials used to
make them and the technologies employed in their production®3. Here is a brief

summary of the various generations of solar cells:

1. First generation (1G) solar cells: These are the earliest and most common
type of solar cells, and are made of silicon®. 1G solar cells are highly efficient
and have been the dominant technology in the solar industry for many years.
1G solar cells are durable and have a long lifespan, but they are also relatively
expensive to produce and are not as flexible or lightweight as some of the
newer solar cell technologies. Despite these limitations, 1G solar cells
continue to be an important part of the solar energy landscape and are likely
to remain so for the foreseeable future.

2. Second generation (2G) solar cells: These solar cells, also known as thin-film
solar cells, are made of thin layers of semiconductor material deposited on a
substrate*®. 2G solar cells are typically made of materials such as amorphous
silicon, cadmium telluride, and copper indium gallium selenide. 2G solar
cells are less efficient than 1G cells, but they are cheaper to produce and have
the potential to be more flexible and lightweight. 2G solar cells have been
used in a variety of applications, including small electronic devices, portable
power generators, and building-integrated photovoltaics. Despite their



potential advantages, 2G solar cells have not yet achieved widespread
adoption and are still a relatively small part of the solar energy market.

3. Third generation (3G) solar cells: These solar cells, also known as advanced
photovoltaics, use a variety of materials and technologies to improve
efficiency and reduce cost®®. Examples of 3G solar cells include perovskite
solar cells, quantum dot solar cells, and dye-sensitized solar cells. One of the
most important of them is perovskite solar cells that achieve high levels of
efficiency and have the potential to be a low-cost alternative to traditional
silicon-based solar cells. 3G solar cells are still in the research and
development stage and are not yet widely available on the market. There are
many studies about developing 3G solar cells and improving their efficiency
and stability. 3G solar cells are anticipated to play an essential role in the

future of solar energy.

1.3 Perovskite Solar Cells

Perovskite solar cell is a type of photovoltaic cell that can be used to convert sunlight
into electricity. These solar cells are based on a class of materials called perovskites,
with a unique crystal structure that allows them to convert sunlight into electricity
efficiently. Perovskite solar cells (PSCs) are a rapidly developing technology that
have the potential to revolutionize the field of renewable energy in recent years due
to their high efficiency, low cost, and ease of manufacture. In fact, the efficiency of
perovskite solar cells has increased significantly over the past decade, with some

prototypes achieving efficiencies of over 25%°.

One of the critical breakthroughs in the development of perovskite solar cells came
in 2009 when Miyasaka et al. first introduced perovskite as the ‘dye’ in dye-
sensitized solar cells (DSSCs) and obtained a PCE of 3.8% by using a mesoporous
TiO2 layer and a perovskite material based on methylammonium lead iodide
(MAPDI3)®. Hence there is a liquid corrosive electrolyte as the charge transport layer

in DSSCs, the stability of that perovskite solar cell was relatively low, which brings



a limited lifetime. However, this discovery led to a surge of interest in perovskite
solar cells, and over the next decade, researchers worldwide worked to improve their
efficiency and stability. In 2012, Park et al. used a solid-state organic molecule,
2,2°,7,7'-Tetrakis-(N,N-di-4-methoxyphenylamino)-9,9'-spirobifluorene (Spiro-
OMEeTAD), instead of the liquid electrolyte to inhibit the degradation of the
perovskite absorber layer®. 9.7% efficiency was achieved with the integration of
mesoporous TiO, and later on, 12% efficiency was achieved with a porous Al203
scaffold by Snaith et al. 1. A 15% efficient planar structure perovskite solar cell was
created in 2013. While the perovskite layer was fabricated with a solution method in
former publications, Snaith et al. fabricated the perovskite layer via the co-
evaporation method in that study. The structures for all the devices mentioned before
are named as the ‘n-i-p’ structures (normal structure), in which the solar cell is
illuminated from the electron transport layer to the perovskite layer. The first ‘p-i-n’
structure (inverted structure) perovskite solar cell was reported with 10% efficiency
in the same year. PSCs, first produced by Miyasaka and his group in 2009, have been
developed from 3.8% to 25.6%2 through those years with several improvements and
have become competitive with their strong competitors in the photovoltaic field in a

short time (Figure 1-1).
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Figure 1-1. Timeline of perovskite solar cells' efficiency development®®

The simple fabrication methods open the possibility of integrating perovskite
processing into industrial roll-to-roll manufacturing, allowing low-cost mass
production. The chemical tuning of the material's band gap makes it particularly
interesting for application in tandem solar cells. In addition, other applications such
as light emitting devices!**®, photodetectors®® and indoor applications'’ have been

successfully demonstrated in recent years.

Perovskite solar cells have several advantages over the other solar cell technologies

like their high efficiency and low cost. Some of the main advantages of PSCs
include;

1. High efficiency: Perovskite solar cells have demonstrated very high levels of
efficiency in converting sunlight into electricity. In 2023, the highest reported
efficiency for a perovskite solar cell was just over 25%. While this is still



lower than the highest reported efficiency for a silicon solar cell, perovskite
solar cells have the potential to achieve even higher efficiencies in the future.

2. Low-cost: Perovskite solar cells can be produced using low-cost, solution-
based techniques, which makes them potentially cheaper to manufacture than
silicon solar cells.

3. Thin and lightweight: Perovskite solar cells can be made using very thin
films, which makes them lightweight and flexible. This makes them well-
suited for use in portable devices, as well as for integration into building
materials and other structures.

4. High absorption coefficient: Perovskite materials have a high absorption
coefficient, which means that they can absorb a large amount of sunlight over
a wide range of wavelengths. This makes them well-suited for use in solar
cells.

5. High charge carrier mobility: Perovskites also have a high charge carrier
mobility, which means that electrons and holes can move quickly and easily
through the material. This is due to the unique crystal structure of perovskites,
which allows for the efficient transport of charge carriers through the
material.

6. Long diffusion length: Perovskites have a long diffusion length, which
means that charge carriers can travel long distances within the material before
recombining. This is important for efficiently collecting charge carriers and

generating electrical power in solar cells.

The unique properties of perovskites make them highly attractive for use in solar
cells and other optoelectronic devices, and ongoing research is focused on
developing new and improved perovskite materials for a wide range of applications.
There are several challenges that need to be addressed in order to make perovskite
solar cells a viable alternative to traditional silicon-based solar cells. Nevertheless,
perovskite solar cells show considerable promise with their features such as ease of
application, low cost of production and excellent light absorber, as well as their

maximum efficiency ratio that competes with other solar cells.



1.4 Perovskite Material

The word "perovskite” is a mineral chemical substance found in the Ural Mountains
of Russia by Gustav Rose in 1839 and was named after a Russian mineralogist L. A.
Perovski (1792-1856)8. It has a distinctive crystal structure, known as the perovskite
structure, which is characterized by a cubic arrangement of metal atoms surrounded
by oxygen atoms. Perovskite materials have attracted significant attention in the field

of solar energy due to their high photovoltaic efficiency and low cost of production®®.

Perovskite materials are a class of compounds that have a specific crystal structure
and chemical composition and are composed of an organic and metal cation and a
halide anion. Figure 1-2 demonstrates the general formula for perovskite, ABXs,
where A can be an organic (the most common methyl ammonium (MAY) or
formamidinium (FA®)) or inorganic cation (Cs*), B is a metal cation (Pb?* or Sn?*),
and X is a halide anion or a mixture of halogens (I, Br-, or CI). In the perovskite
structure, the A cation is located at the corners of the unit cell, the X anion is located
at the center of each face of the unit cell, and the B cation is located at the center of
the unit cell. The A cations and X anions form a simple cubic lattice, and the B cation

is coordinated to twelve X anions, forming a slightly distorted octahedron.

Perovskite solar cells (PSCs) are a hybrid system, a combination of organic and
inorganic components, and organic-inorganic lead halide hybrid perovskite is now
the most common perovskite material in photovoltaics. The perovskite crystal
structure can accommodate a wide variety of cations and anions, leading to the
formation of many different perovskite compounds. Generally, the most commonly

used perovskite structure is methylammonium lead iodide, MAPI.
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Figure 1-2. ABX3 perovskite unit cell. A(grey)=CH3zNHs, B(blue)=Pb or Sn, O
(violet)=I, Br or CI?°.

1.5 Perovskite Solar Cell Structure and Working Principle

Perovskite solar cells have a layered structure similar to traditional solar cells, with
some key differences in the materials used. In solar cells, perovskite materials are
used as the active layer, which is responsible for converting sunlight into electricity.
When sunlight hits the perovskite layer, it excites the electrons in the material,
causing them to jump to a higher energy level. These excited electrons are then
collected by electrodes and transported to the electrical circuit, where they can be

used to generate electricity.

A perovskite solar cell is a combination of three layers. The layers of a perovskite

solar cell can be explained basically as follows;

1. Substrate: This is the base layer on which the other layers of the solar cell are

deposited. The substrate is generally made of glass.



2. Electrode: The electrode is a layer of conducting material that is deposited
on the substrate. It serves as the connection point for the electrical current
that is generated by the solar cell.

3. Perovskite layer: This is the active layer of the solar cell that absorbs sunlight
and generates an electrical current.

4. Electron transport layer (ETL): The ETL is a layer of material that is
responsible for transporting negative charge carriers (electrons) from the
perovskite active layer to the electrodes. A material's LUMO (least
unoccupied molecular orbital) level must be compatible with the perovskite
absorber layer to be employed as an electron transport material (ETM).

5. Hole transport layer (HTL): The HTL is a layer of material that is responsible
for transporting positive charge carriers (holes) from the perovskite active
layer to the electrodes. Hole transport material (HTM) must have a slightly
higher occupied molecular orbital (HOMO) than the perovskite absorber
layer.

6. Counter electrode: The counter electrode is the second electrode of the solar

cell, and it is typically made of a material such as gold or silver.

The working principle of a perovskite solar cell is similar to that of other photovoltaic
cells where sunlight is converted into electric power. The working mechanism of a

perovskite solar cell can be explained in the following steps:

1. Absorption of sunlight: When sunlight falls on the perovskite solar cell, the
photons are absorbed by the perovskite layer.

2. Excitation of electrons: The absorbed photons cause the electrons in the
perovskite layer to get excited and move from the valence band to the
conduction band. This creates electron-hole pairs in the perovskite layer.

3. Separation of electrons and holes: The excited electrons are free to move, and
they move towards the electron transport layer. The holes move towards the

hole transport layer (HTL).



4. Collection of electrons: As the electrons move towards the electron transport
layer, they are collected by the electrodes. This generates an electric current

that can be used as a source of power.

PSCs also have some common radiation recombination mechanisms, like silicon
solar cells. It is important to prevent the recombination of the electrons and holes to
maintain the efficiency of the solar cell. The HTL is designed to transport the holes
quickly to prevent recombination with the electrons in the perovskite layer. Limiting
these charge recombination processes may improve the device efficiency in
perovskite solar cells. Figure 1-3 depicts the whole charge transport/recombination
process: Through the transparent electrode, photons excite the perovskite layer,
resulting in the photogeneration of electron-hole pairs. Electrons and holes are
separated (1) and delivered into the conduction band of the ETL (2) and the HOMO
level of the HTL (3), respectively, forward travelling to the electrodes. Due to
recombination processes that can occur between the ETL, the perovskite layer, and
the HTL, there are unwanted photovoltage losses (5, 6 and 7). Nonradiative

recombination (4) also can occur.
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Figure 1-3. Processes in PSCs involving charge transport and recombination: 1.
charge generation, 2 and 3. charge transport of the electrons and holes to the ETL
and HTL, respectively, 4, 5, 6, and 7. recombination processes.
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Overall, the structure of a perovskite solar cell is designed to optimize the absorption
of sunlight and the generation of electricity while also ensuring good charge transport

and stability.

1.6 Device Configurations of Perovskite Solar Cells

Perovskite solar cells have been fabricated using two distinct device designs, n—i—p
and p—i—n. The cell structure changes according to the direction of the light in PSCs.
The key difference between the two structures is the position of the perovskite layer
between the charge transport layers.

Normal structure (n-i-p) is adopted from dye-sensitized solar cell structure. If the
light comes from the electron transport layer (ETL) and reaches the perovskite active
layer, it is called the normal structure. The general structure of a normal perovskite
solar cell consists of a TCO layer as the bottom electrode, an ETL, a perovskite
absorber layer, a HTL, and a top electrode. If it comes from the hole transport layer
(HTL) and reaches the perovskite active area, it is called the inverted structure (p-i-
n). In contrast, the general structure of an inverted perovskite solar cell consists of a
transparent conductive oxide (TCO) layer as the bottom electrode, a hole transport
layer (HTL), a perovskite absorber layer, an electron transport layer (ETL), and a top

electrode. (Figure 1-4).
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Figure 1-4. Perovskite solar cell architecture, a) normal structure (n-i-p), b)
inverted structure (p-i-n)

1.7 Fabrication Techniques of Perovskite Solar Cells

The fabrication process of PSCs involves several steps, including the preparation of
the perovskite material, deposition of the charge transport layers, and encapsulation.
The performance and stability of PSCs are strongly influenced by the fabrication
technique used. Perovskite solar cells can be fabricated using a variety of techniques,

including solution processing and vapour deposition.
a) Solution-based Methods:

Solution-based methods are the most commonly used techniques for fabricating
PSCs due to their simplicity and low cost. The most commonly used solution-based
technique is spin-coating, which involves depositing a solution of perovskite
precursors onto a substrate and spinning it at high speed to form a thin, uniform film.

The substrate is then annealed to form the perovskite layer.

Another solution-based technique is inkjet printing, which involves depositing small
droplets of perovskite precursors onto a substrate using an inkjet printer. This
technique offers precise control over the deposition of the perovskite material and

12



can be used to create complex patterns. Other techniques that have been used
generally to fabricate large-area perovskite solar cells include blade coating, spray
coating, and doctor blading. Each of these techniques has its own advantages and
disadvantages, and the best technique for a given application will depend on the

specific requirements and constraints of the system.

Solution-based techniques offer several advantages, including low cost, scalability,
and ease of processing. However, they also suffer from poor reproducibility and can

result in non-uniform films, leading to reduced performance and stability of PSCs.
b) Vacuum-based Methods:

Vacuum-based methods, such as thermal evaporation and sputtering, are less
commonly used for fabricating PSCs due to their complexity and cost. However,
they offer several advantages over solution-based techniques, including better film
uniformity, precise control over film thickness, and the ability to deposit multiple

layers.

Thermal evaporation involves heating the charge transport materials in a vacuum
chamber, causing them to evaporate and condense onto the substrate. Sputtering
involves bombarding the charge transport materials with high-energy ions, causing

them to eject and deposit onto the substrate.

Vacuum-based methods offer better control over film thickness and uniformity,
resulting in improved performance and stability of PSCs. However, they are more

complex and expensive than solution-based techniques.

1.8 Charge Transport Layers

The photovoltaic processes include the subsequent steps: i) absorption of light, ii)
electron/hole separation, and iii) charge transport and collection. One of the key

challenges in PSCs is to achieve efficient charge transport through the device. For

13



high efficiency in PSC devices, fast charge carrier transport with a low charge

recombination rate is frequently required.

In a perovskite solar cell, the charge transport layers are responsible for transporting
charge carriers (electrons and holes) from the active layer to the electrodes, where
they can be collected as electrical current. There are two main types of charge
transport layers in a perovskite solar cell: the hole transport layer (HTL) and the
electron transport layer (ETL). A variety of materials have been used as HTL and

ETL in PSCs, including organic and inorganic materials.

The hole transport layer (HTL) is a layer of material that is responsible for
transporting positive charge carriers (holes) from the perovskite active layer to the
electrodes. The HTL plays a critical role in the overall performance of the solar cell,
as it helps to improve the efficiency of the device by facilitating the flow of charge
carriers. For HTLs, materials such as Spiro-OMeTAD?, PTAA?, PEDOT:PSS?,
and P3HT?* have been widely used.

The electron transport layer (ETL) is a layer of material that is responsible for
transporting negative charge carriers (electrons) from the perovskite active layer to
the electrodes. The ETL helps to ensure that the electrons are efficiently collected at
the electrodes, which is important for the overall performance of the solar cell. For

ETLs, materials such as Sn02?°, TiO,%, and ZnO?" have been commonly used.

There are several factors that can affect the performance of the charge transport
layers in a perovskite solar cell. These include the material used for the layers, the
thickness of the layers, and the quality of the interface between the layers and the
other layers of the solar cell. Especially in recent years, the diversification and
development of transport layers have played a significant role in achieving high-
performance perovskite solar cells. Normal solar cells are of interest because of the

structure where perovskite studies start and their high-efficiency structure.
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1.8.1 Electron Transport Layer

The electron transport layer (ETL) is an essential component of perovskite solar
cells, responsible for efficiently transporting electrons from the perovskite layer to
the cathode electrode. The ETL serves several functions in perovskite solar cells.
First, it acts as an electron-selective contact, blocking the transport of holes from the
perovskite layer to the cathode electrode. This helps to maintain a high open-circuit
voltage and prevent recombination of electron-hole pairs. Second, the ETL provides
a pathway for electrons to flow from the perovskite layer to the cathode electrode,

where they can be collected and used to power devices or stored in a battery.

The titanium dioxide (TiO2) layer has been the most widely used electron transport
layer (ETL) in normal structure perovskite cells and has helped to achieve high
efficiencies in solar cells. However, alternative electron transport layers have been
developed that can be used instead of TiO2 because it is not very stable under UV
light, its electron transport properties are not good enough, and in addition, very high
temperatures are required for its production which inclined the literature for using
new ETMs?. The tin oxide (SnO) has started to be used rather frequently instead of
TiO2 because of its advantages such as better optical and electrical properties
according to the TiO, better energy band compatibility with the perovskite layer,
and being able to be produced at low temperatures. Firstly, in 2015, 17% efficiency
value was obtained from the planar perovskite solar cell produced using SnO;
nanocrystals?® and 21% cell efficiency was reached within two years®. For these

reasons, the SnO; layer was used as the electron transport layer in this thesis work.

1.8.2 Hole Transport Layer

The HTL plays a critical role in maintaining the high efficiency of perovskite solar
cells. The hole transport from the perovskite layer to the back-contact metal electrode

takes place by HTL. The HTL plays a critical role in the overall performance of the
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solar cell, as it helps to improve the efficiency of the device by facilitating the flow

of charge carriers.

There are several factors that can affect the performance of the HTL in a perovskite
solar cell. These include the material used for the HTL, the thickness of the layer,
and the quality of the interface between the HTL and the other layers of the solar
cell.

Multiple properties of HTM have been revealed in PSCs, along with the following:
a) It functions as a barrier between the perovskite layer and the metal electrode,
which improves device stability and effectively prevents electron transmission from
the perovskite layer to the anode. b) Since HTM has high hole mobility properties,
it improves the hole transport in PSCs. ¢) HTL plays a vital role in terms of the long-
term stability of solar cells. In the normal structure (n-i-p), the HTL covers the
perovskite layer and protects the perovskite from external stimuli, like water.
Therefore, the hydrophobic hole transport layer is essential to keep the perovskite
from absorbing moisture from the air. HTM works as moisture or metal ion diffusion
barrier, mitigating PSC degradation. The literature indicates that HTM covers
perovskite more effectively than TCO/perovskite/metal®?.

The performance of hole transport layers (HTLSs) in perovskite solar cells (PSCs) is
influenced by various factors. The followings are the primary prerequisites for an
HTM to transport hole efficiently in PSCs:

a) Energy Level Alignment: The energy level alignment between the HTL and
the perovskite layer is critical for efficient hole transport in PSCs. The energy
level of the HTL should be well-matched with the valence band of the
perovskite layer to ensure efficient hole extraction (no more than 0.3 eV). If
the energy levels are not aligned properly, the holes can be trapped in the
perovskite layer, resulting in a decrease in the power conversion efficiency
(PCE) of the device.

a) Hole Mobility: The mobility of holes through the HTL is another essential
factor that affects the performance of PSCs. The HTL should have high hole
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b)

d)

mobility to facilitate efficient hole transport to the anode. The mobility of
holes depends on the structure and composition of the HTL. For instance,
inorganic materials such as CuSCN®*? and NiOx* have demonstrated high
hole mobility, while organic materials such as Spiro-OMeTAD have
relatively lower mobility. The addition of dopants may improve the low
mobility of HTM.

Conductivity: The conductivity of the HTL is also an important factor that
affects the performance of PSCs. The HTL should have a high conductivity
to facilitate efficient charge transport to the anode. High conductivity can be
achieved by optimizing the doping concentration and structure of the HTL.
Thickness: The thickness of the HTL can also affect the performance of
PSCs. The HTL should be thin enough to allow efficient charge extraction
but thick enough to prevent shunting or shorting between the anode and
cathode. An optimal thickness can be determined experimentally by varying
the thickness of the HTL and measuring the performance of the device.
Stability: The stability of the HTL is also an important factor that affects the
performance of PSCs. The thermal, photochemical, and environmental
stability of HTM s crucial. The HTL should be stable under ambient
conditions to ensure long-term device stability.

Solubility: The HTM needs to be soluble in a solvent that can be used to
prepare a uniform and defect-free thin film on the surface of the perovskite
layer. The solvent should have a high boiling point to enable slow
evaporation and sufficient time for the HTM molecules to rearrange and form
a dense, continuous film. The solvent should also be compatible with the
perovskite layer and not cause any damage or degradation.

Film forming: The HTM should have high charge mobility and conductivity
to facilitate efficient charge transport and extraction from the perovskite layer
to the electrode. This is important for achieving high device efficiency and

stability.
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Some common materials that are used for the HTL in perovskite solar cells include
spiro-OMeTAD, which is a conductive organic material, and inorganic materials
such as titanium dioxide (TiO2) and zinc oxide (ZnO). Figure 1-5 is a schematic of a
"efficiency tree" that illustrates the HTMs applied to PSCs with the highest levels of
efficiency (>21%)%.

Spiro-OMeTAD

255 %

Cu,0 NiO
23.03 % 22.95 %
’ PBTFO
224 % 21 %
ADAHI modified
spiro-OMeTAD NiO,/Spiro-OMcTAD
219 % 21.66 %
WO,4/Spiro-OMeTAD PEPPY: Spiro-OMeTAD
2144 % it

2138 %

MCz-Cz-BTI

2135 %

DTP-C6Th

21.04 %

Perovskite solar cells

Figure 1-5. Schematic of the hole transport layers with the highest efficiency*

A distinct problem with hybrid organic/inorganic PSCs is that the perovskite cannot
tolerate aggressive processing throughout subsequent layer deposition. For instance,
various inorganic materials, including copper iodide, nickel oxide, and copper oxide,
have been investigated as alternatives to PSC for HTLs®. While these materials may
provide better durability, they frequently need incompatible or high processing
temperatures, making oxide-based HTLs only attractive for devices with p-i-n
architecture (which requires substrate/HTL/perovskite/ETL), not treated on top of

the fragile perovskite film®®-3°, For this reason, the vast bulk of perovskite solar cell
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research, particularly record-breaking efficiency, has been based on organic-based
HTL PSC designs.
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Figure 1-6. Energy levels of various common HTMs together with iodide and
bromide based halide-perovskites®.

Organic polymers, such as poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine
(PTAA), poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS),
and poly(3-hexylthiophene) (P3HT), have been reported to be efficient HTLs due to
their comparatively high intrinsic conductivities and mobilities*. With the exception
of PEDOT:PSS, which has been proven to be hydrophilic, organic polymers are

solution-processable, exhibit good thermal stability, and are hydrophobic®°.

Small molecule-based HTLs also are highly adaptable in terms of property tuning
(e.g., energy tuning, hydrophobicity, film morphology, etc.) and exhibit excellent
batch-to-batch consistency in not only synthesis and purification but also device

manufacturing because organic small molecule (OSM) HTLs are often amorphous*®-
52
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1.8.2.1 Spiro-OMeTAD and Doping of HTM

Spiro-OMeTAD was discovered and authorized by Merck almost twenty years
ago®>*. Kim et al. first utilized Spiro-MeOTAD as the HTL in the mesoporous
structured MAPDbIz PSCs with an efficiency of around 10%. Since then, spiro-
OMeTAD remains the most studied HTM for n-i-p perovskite solar cells due to its

potential to produce devices with higher performance.

The LUMO and HOMO of spiro-OMeTAD align favorably with the conduction
band minimum (CBM) and valence band maximum (VBM) of perovskite,
respectively, in PSCs. Dopants and additives to organic HTMs and derivatives of the
HTMs thus have the potential to enhance the performance of PSCs significantly.
However, pristine spiro-MeOTAD has limited conductivity and hole mobility. Noh
et al. have doped spiro-OMeTAD with bis(trifluoromethylsulfonyl) amine lithium
salt (Li-TFSI), 4-tert-butylpyridine (TBP), and tris(2-(1H-pyrazol-1-yl)-4-tert-
butylpyridine)cobalt(l11) tri[bis(trifluoromethane)sulfonimide] (FK209) to minimize
the charge transport resistance in 2013 (Figure 1-7). The combined use of LiTFSI
and TBP in Spiro-OMeTAD enhanced its conductivity by two orders of magnitude,
from 2.5x107 Scm™ to 2.5x10° Scm™, and the incorporation of FK209 enhanced
conductivity further, resulting in a drop in series resistance from 94.7Q to 65.8 Q%67
In addition, these additives or dopants decreased the fermi level and carrier
recombination of Spiro-OMeTAD.
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Figure 1-7. Chemical structures of conventional spiro-OMeTAD dopants.
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Doping is a method for enhancing the conductivity of semiconductors, in which an
impurity is added to the semiconductor to elevate the concentration of majority
charge carriers and raise conductivity®®. The doping mechanism of Spiro-OMeTAD
involves the introduction of impurities into the material that alter its energy levels
and electrical conductivity. The doping process involves adding the dopant molecule
to a solution of Spiro-OMeTAD in a solvent such as chlorobenzene. The solution is
then spin-coated onto the perovskite layer, forming a thin layer of doped Spiro-
OMeTAD as the hole transport layer (HTL). The dopant molecules can improve the
conductivity of the Spiro-OMeTAD layer, resulting in improved device
performance. Spiro-OMeTAD is p-doped by oxidation to spiro-OMeTAD*°. This
also deepens its HOMO, which may improve the energy alignment at the interface
between Spiro-OMeTAD and perovskite®®. Despite the fact that Spiro-OMeTAD
oxidation was observed even in the absence of p-dopants, the rate was too low to
appreciably alter conductivity®:. Even though the electrical characteristics of doped
Spiro-OMeTAD provide for high-efficiency devices in a research context, its

stability poses a significant obstacle.

1.9 Challenges of Perovskite Solar Cells

Despite those advantages, there are a couple of challenges that need to be overcome.
One of the major challenges is the stability problem. Perovskite solar cells tend to
degrade over time, particularly when exposed to moisture or heat. This limits their
lifetime and makes them less reliable than silicon solar cells. Complexity of the
fabrication processes is another one. The process of fabricating perovskite solar cells
is relatively complex and requires specialized equipment and expertise. This makes
it more difficult to scale up production compared to silicon solar cells. Additionally,
there can be significant losses at the interface between the perovskite layer and the
charge transport layers, which can reduce the overall efficiency of the cell. Lastly,
perovskite solar cells are not yet widely available commercially, and it will likely
take some time before they are mass-produced and widely adopted.
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1.9.1 Hysteresis

Hysteresis is a phenomenon that can occur in perovskite solar cells, in which the
current-voltage (J-V) curve of the device exhibits a loop or hysteresis when the
voltage is swept back and forth under constant illumination. This can be a problem

for perovskite solar cells, as it can lead to reduced efficiency and stability.

Although the origin of hysteresis in PSCs is still not fully understood, it is related to
the complex interplay between charge transport, recombination, and ion migration
within the device. One proposed mechanism is that hysteresis is caused by the
accumulation of mobile ions, such as lead iodide (Pbl2) and/or methylammonium
lead iodide (MAPDI3), in the perovskite layer. These ions can move under the
influence of the applied electric field and affect the band alignment at the interfaces,
resulting in changes in the current flow and device performance. Another proposed
mechanism is that hysteresis is caused by slow charge accumulation and release
processes in the perovskite layer, which can result in different transient current
responses during the voltage sweep. This can lead to a delay in the response of the

device to changes in the applied voltage, resulting in hysteresis.

Significant hysteresis can occur in the current-voltage curves of perovskite solar cells
measured at specific scan settings. As demonstrated in Figure 1-8, the photocurrent
of the reverse scan is always higher than the photocurrent of the forward scan. Due
to this occurrence, reporting the device performance is more challenging: The device

performance cannot be accurately represented by any scan direction.

22



—a—FB-SC
20-Q SC-FB
Scan rate:
o 0.15Vis
% 10} |
=
g 0
© Direction Jsc n (%) Voc FF
5 (mAJecm2) V)
E-10F . 1
3 FB-SC 229 1551.05 0.66
SCFB 228 102097 04§
-20 L L 1

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Applied Bias (V)

Figure 1-8. Hysteresis in PSCs: forward and reverse scan of a device with different
J-V curves®?,

There are several factors that can contribute to hysteresis in perovskite solar cells.
The main reasons of hysteresis can be ascribed as; the ion migration in the perovskite
film%3, the ferroelectricity of the perovskite compound® and the ion diffusion across
the hole transport layer and perovskite films®®. Even though there are many studies
about the hysteresis problems in perovskite solar cells, relatively little work has been
done to establish a synergistic knowledge of the interaction between the structure-

property relationship of perovskite and the origin of hysteresis.
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1.9.2 Stability

Although PSCs are quite good at converting photon energy into electrical energy,
there are still challenges to overcome before this technology can be commercialized.
Stability is an important consideration for perovskite solar cells, as the performance
of these devices can degrade over time due to various factors such as exposure to

light and heat, and the presence of defects or impurities in the perovskite material.

The stability of the perovskite devices is the main limitation in that way. Perovskite
is structurally unstable when exposed to oxygen, heat (thermal instability), humidity

(moisture and air), and light for an extended period (Figure 1-9).

Oxygen Moisture

Temperature

Figure 1-9. Components affect the stability of perovskite

There are several ways in which researchers are trying to improve the stability of
perovskite solar cells. One approach is to optimize the layers of the perovskite solar
cells to reduce the number of defects and improve its stability. Another approach is
to use protective coatings or encapsulation techniques to shield the perovskite

material from the environment and prevent degradation.

Development of more stable PSCs is a conspicuous area of research as well as
achieving high efficiency solar cells. In recent years, there are quite a lot work on

ways to improve the long-term stability of PSCs.
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1.9.3 Defects and Charge Traps

One of the main challenges that limit the performance and stability of PSCs is the
presence of defects and charge traps in the perovskite layer. Defects in the perovskite
material can negatively impact the performance of the solar cell by reducing the

efficiency and stability of the cell.

Defects in the perovskite layer can arise from various sources, such as crystal defects,
grain boundaries, surface defects, and impurities. These defects can act as trapping
centers for charge carriers, leading to a reduction in the carrier mobility and
lifetime®. The presence of defects can also increase the density of trap states,
resulting in a reduction of the open-circuit voltage (Voc) and fill factor (FF). Charge
traps can be created in PSCs due to the presence of interface states between the
perovskite layer and the charge transport layers. Charge traps, which are regions
within the material where charge carriers become trapped and cannot contribute to
the current, can reduce the performance of the cell®”%8, Uncoordinated ions such as
Pb?" and the accompanying dangling bonds at grain boundaries and surfaces are

assumed as the significant causes of charge traps®®©.

Passivation is a technique used to reduce the effects of defects and charge traps in
perovskite solar cells’. This can be achieved by using passivating layers or by
introducing passivating agents into the perovskite material. The passivating layers or
agents help to reduce the number of defects and charge traps in the material, which

in turn improves the performance of the solar cell.

Additive engineering has been applied to control crystal growth and grain size,
passivate defects, improve charge transport, and develop a moisture barrier with the
purpose of enhancing PCE and stability.

Additive engineering is a technique used to enhance the stability and efficiency of
perovskite solar cells. It involves the addition of various materials to the perovskite
layer to enhance its properties. Some examples of additive engineering techniques

used in perovskite solar cells include:
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e Doping: Doping is explained as introducing impurities into the perovskite
layer to change its electrical properties. For example, by introducing a small
amount of iodine or bromine into the perovskite layer, the bandgap of the
material can be adjusted to improve its light-absorption efficiency.

e Interfacial engineering: Interfacial engineering involves the modification of
the interlayer between the perovskite layer and the electrodes.

e Surface modification: Surface modification of the perovskite layer can also
improve its performance and stability. For example, by adding small amounts
of hydrophobic molecules to the perovskite surface, the material becomes

more stable against moisture and humidity.

As a result, additive engineering is a powerful tool for improving the performance
and stability of perovskite solar cells, and it is an active area of research in the field.
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1.10 Aim of the Thesis

The aim of this thesis is to investigate new materials and methods for improving the
performance of perovskite solar cells by developing HTLs with improved properties.
The thesis would also aim to investigate the relationship between the properties of
the HTLs and the performance of the solar cells and identify the optimal conditions
for using these novel HTLs in perovskite solar cells. The research methodology
would include the design and synthesis of novel HTL materials and their
characterization using various techniques. The performance of perovskite solar cells
incorporating these HTLs would be evaluated and compared to reference cells with
commonly used HTLs. The results and findings of the research are presented and
discussed in the thesis, highlighting the properties of the novel HTLs and their impact
on the performance of perovskite solar cells. The thesis is concluded with a

discussion of the implications of the research and suggestions for future work.

The introduction of the thesis would provide a background of the current state of
perovskite solar cell technology, highlighting the importance of the HTLs and the
current limitations of the existing materials. In chapter 2, fabrication methods and
characterization techniques were explained. Chapter 3 focuses on DPP-based
polymers as a hole transport layer. Chapter 4 includes a small organic molecule as
hole transport material in the perovskite solar cell system. In Chapter 5, a new p-type
dopant for the Spiro-OMeTAD hole transport layer is presented. In Chapter 6 the
passivation of the perovskite active layer via ammonium salts in perovskite solar
cells is introduced. Chapter 7 summarizes the whole study in this thesis and discusses

future work.

In summary, the aim of this thesis is to investigate new materials and methods for
improving the performance of perovskite solar cells by developing HTLs with
improved properties and to identify the optimal conditions for using these novel

HTLs in perovskite solar cells.
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2.1

CHAPTER 2

EXPERIMENTAL METHODS

Device Performance Parameters

The performance of perovskite solar cells is often evaluated using several key

parameters. Some of the most essential device performance parameters of perovskite

solar cells include:

Power conversion efficiency (PCE): This is the most commonly used
parameter to evaluate the performance of solar cells. It is defined as the ratio
of the electrical power output to the incident light power. PCE is calculated
from the below equation:

N = Vup X Jup) + Woc X Jsc)

N = Voe X Js¢ X FF) + (Pyp)

Fill factor (FF): This parameter describes how well the current-voltage (I-V)
characteristics of the solar cell match the ideal characteristics. A fill factor of
1 indicates a perfect match, while a fill factor of less than 1 indicates that the
I-V characteristics deviate from the ideal. FF is calculated from the below

equation:
FF = (Viup X Jup) = (Vo X Jse)

Open circuit voltage (Voc): This parameter is the voltage at which the solar
cell generates no current. The higher the open-circuit voltage, the more
energy can be harvested from the solar cell.

Short circuit current (3sc): This parameter is the current generated by the solar
cell when a short circuit is applied across the electrodes. The higher the short-

circuit current, the more energy that can be harvested from the solar cell.
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Another important parameter is incident photon-to-current efficiency (IPCE). ICPE
is a measure of the efficiency of a solar cell in converting incident light into electrical
current. In perovskite solar cells, IPCE is a valuable metric that gives insight into the
device's performance under different light conditions. It is defined as the ratio of the
photocurrent density to the incident photon flux density and is typically measured as

a function of the wavelength of the incident light.

The IPCE spectrum allows researchers to identify the range of wavelengths for which
the solar cell is most efficient and can help to identify the underlying mechanisms

responsible for light absorption and charge generation in the device.

The IPCE of perovskite solar cells can reach above 80% in a wide range of
wavelengths, which allows the cells to efficiently convert a wide range of light into
electrical energy. However, the IPCE also depends on the device configuration and
the quality of the perovskite layer, and it's affected by factors such as recombination,

trap states, and interface defects.

2.2 Device Fabrication Procedure

This thesis's device construction is based on the typical materials used in n-i-p
perovskite solar cells, as described in Chapter 1: ITO/SnO/Perovskite/HTL/Au.
However, in Chapters 4 and 5, an electron-blocking MoOs layer with a thickness
from 0 to 20 nm is introduced after the HTL deposition and evaporated before metal

contact. Schematics of different device structures were given in Figure 2-1.
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Figure 2-1. Schematics of device structures of a) DPP Polymers HTLs, b) PT-TPA
HTL, c) Salt passivated PSC and d) CFF-doped PSC

The perovskite solar cell fabrication for Chapter 3, 4 and 5 is as follows;

Indium tin oxide (ITO) coated glass substrates were washed with Hellmanex (2%),
deionized water, acetone and isopropanol (IPA) for 10 minutes, respectively. Then
UV-ozone was applied for 10 minutes to remove organic residues on the surface.
Then, the tin oxide (SnO2) solution was spin-coated at 4000 rpm for 30 seconds and
annealed at 150 C for 30 minutes. The perovskite absorbing layer and hole transport
layer are deposited within a glove box containing a nitrogen (N2) atmosphere under
vacuum conditions. For the perovskite layer, 1.3 M of lead iodide (Pbl.) dissolved
in DMF:DMSO = 9.5:0.5; on the other hand, 60 mg:6mg:6 mg of formamidinium
lodide (FAI), methylammonium bromide (MABr) and methylammonium chloride

(MACI), respectively, was dissolved in 1 ml of IPA. The precursor solution was
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coated for 45 seconds at 3000 rpm and annealed at 125°C for 5 minutes. Then, for
reference cells, 54.2 mg of Spiro-OMeTAD was dissolved in 750 uL of
chlorobenzene and supplemented with 21.6 uL of TBP and 13.12 pl of Li-TFSI. The
solution was coated by spinning at 3000 rpm for 30 seconds. The novel hole transport
materials were dissolved with the appropriate concentration and coated on the
perovskite layer instead of Spiro-OMeTAD. Then, 80 nm gold (Au) was coated by

the evaporation method (Figure 2-2).
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Figure 2-2. Schematic of fabrication of perovskite solar cell

The following is the perovskite solar cell fabrication procedure for Chapter 6:

Fluorine-doped tin oxide (FTO) substrates were washed with Hellmanex (2%),
deionized water, acetone and isopropanol (IPA) for 10 minutes, respectively. Then
UV-ozone was applied for 15 minutes to remove organic residues on the surface.
Then, titanium diisopropoxide bis-(acetylacetonate) solution diluted in IPA ata 1:15
volume ratio to form a compact TiO> film was coated by spray pyrolysis method and

annealed at 450°C for 30 minutes. Mesoporous TiO2 (mp- TiO2) solution was
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prepared by dissolving 1 g TiO> paste in ethanol at a volume ratio of 1:10 and was
coated on the compact TiO- layer by rotating at 4500 rpm for 20 seconds. For the
annealing process, samples were first annealed at 125°C for 30 minutes, then the
temperature was gradually increased to 500°C and annealed at this temperature for
another 20 minutes. Then, the SnO. layer was produced by spinning the 0.1 M SnCl4
solution at 3000 rpm for 20 seconds and annealing at 150°C for 10 minutes and then
at 190°C for 1 hour. Before coating the perovskite solution, the pre-coated film was
treated with UV-ozone for 30 minutes. The perovskite absorbing layer and hole
transport layer are deposited within a glove box containing a nitrogen (N2)
atmosphere under vacuum conditions. The perovskite precursor solution was
prepared by dissolving the lead iodide (Pbl2) (1.19 M), formamidinium iodide (FAI)
(1.04 M), methylammonium bromide (MABTr) (0.15 M), cesium iodide (Csl) (0.10
M) and lead bromide (PbBr2) (0.15 M) in N,N-dimethylformamide:dimethyl
sulfoxide (DMF:DMSO) (4:1 volume ratio). The prepared solution was first coated
at 1000 rpm for 10 seconds and then at 5000 rpm for 30 seconds, and 100 uL of
chlorobenzene was dropped onto the film surface 15 seconds before the end of the
coating process. The film was annealed at 100 °C for 1 hour. Then 10 mg of TPMALI,
SPMAI and FPMAI salts were dissolved in 1 mL of IPA. The salt solutions were
coated by the spin-coating method at 4000 rpm for 30 seconds. Spiro OMeTAD: Co
FK209: Li-TFSI: TBP was mixed at molar ratios of 1:0.03:0.5:3.3 and coated by
spinning at 4000 rpm for 20 seconds. Finally, a 70 nm thick gold layer was deposited

as the counter electrode with the evaporation method.

2.3 Characterization Techniques

There are several techniques that we used during the thesis studies to characterize

perovskite solar cells, including:

1. Current-Voltage (I-V) Measurements: JV measurements, or current-
voltage measurements, are a common way to characterize the performance

of perovskite solar cells. In a JV measurement, a solar cell is placed in a
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circuit, and the current and voltage are measured as the cell is illuminated
with light. The resulting curve, known as the JV curve, can provide important
information about the solar cell's performance, including its efficiency and
fill factor. The J-V measurements were conducted using a Keithley 2400
source meter and a Pico G2V LED solar simulator with an AM 1.5G
illumination intensity and a scan rate of 100 mV/s. The active regions of
metal contacts were determined to be 3 mm?,

External Quantum Efficiency (EQE): A solar cell's EQE (external
quantum efficiency) measures the efficiency with which the cell converts
incident photons into electrical current. It is typically measured under
standardized test conditions and is expressed as a percentage. These
measurements are used to determine the efficiency of the cell at converting
light into electricity and can provide information about the performance of
different layers within the cell. The EQE was measured using a PV
characterization system (Bentham Instruments, PVVE300) equipped with a
light source and monochromator to calculate integrated Jsc values.

X-ray Diffraction (XRD): This technique is used to determine the crystal
structure of the perovskite material, which can provide information about its
optoelectronic properties. XRD patterns were obtained (Rigaku Ultima-1V
X-Ray diffractometer) with Cu Ka radiation at 30 kV and 40 mA operation
conditions and a grazing angle of 0.5 ° at a scan rate of 2 °/min.

Scanning Electron Microscopy (SEM): This technigue is used to study the
surface morphology of the cell and its various layers, which can provide
insights into the processing conditions used to fabricate the cell. SEM using
the model QUANTA 400F Field Emission is used to observe and record the
top view of the perovskite films with/without HTMs, as well as the cross-
sectional image of the devices.

Contact Angle: To assess the surface wettability of the produced films, i.e.

the hydrophobicity of the HTMs, the contact angles were recorded using the

34



Attension Theta Lite instrument. In the studies, a drop of water was placed
on the film surfaces, and the resulting images were captured instantaneously.
Ultraviolet-visible (UV-Vis) Spectroscopy: UV-vis spectroscopy is a
technique that can be used to study the optical properties of perovskite
materials, including their absorption and emission of light. Ultraviolet-visible
(UV-Vis) absorption spectra were recorded on a Agilent Technologies 8453
UV-Vis Spectrophotometer.

Photoluminescence (PL): PL spectra were recorded on a fluorescence
spectrophotometer we designed for our research group. There are two Ocean
Insight Tungsten Halogen light sources, two Ocean Insight flame
visible/near-infrared spectrometers, UV-visible bifurcated fibers, which are
high OH fibers that transmit the light (300-1100 nm) efficiently, UV-visible
33 patch cords, and two collimating lenses in the PL setup. The films were
excited with an excitation wavelength of 430-435 nm with a UV-LED lamp.
The reflection probe detected the radiation of the excited sample.
Conductivity: Two-probe electrical conductivity measurements were
performed to determine the electrical conductivity of HTM films with a
device structure of glass’fHTMs/Au (Figure 2-3). The conductivity (c) was
then calculated using the following equation (Eqn 1):

w

7= RLD

Eqn.1
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Figure 2-3. Schematic illustration of the fabricated device for conductivity
measurements

2.4 Synthesis Procedures

The general procedure in Figure 2-4 was used for all DPP polymer synthesis.
Aliekber Karabag, Figen Varlioglu Yaylali and Mustafa Yasa synthesized all of the

materials used in this thesis.
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Figure 2-4. Schematics of DPP Polymer synthesis
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Figure 2-5. Schematics of PT-TPA synthesis
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CHAPTER 3

DIKETO PYRROLOPYRROLE (DPP) - BASED POLYMERS
as HTMs in PSCs

One of the primary components of perovskite solar cells is hole transport materials
(HTMs). As noted in Chapter 1, in order for HTM to be suitable for PSCs, it must
possess the following characteristics: a) a HOMO level suitable for the perovskite
material, b) high hole mobility, ¢) good film-forming capabilities, and d)
photochemical stability. In contrast to small molecules and inorganic HTMs,

polymer HTMs exhibit excellent stability and solution processability -7,

Conductive polymers are one of the most effective HTMs used in PSCs. Contrary to
other small molecules, charge transport in polymers occurs via two distinct
pathways: intramolecular and intermolecular charge transport. Generally,
conducting polymers generate significantly longer conjugated systems, facilitating
rapid charge transport. Furthermore, intramolecular charge transport is considerably
faster than intermolecular charge transport, highly dependent on the distance
between molecules. Consequently, these polymers often provide high charge carrier
mobility. Moreover, the relatively flexible conducting polymers may be coated in

thinner layers than small molecules, which enables charge transport in HTM.

In relation to organic small molecule and inorganic HTMs, conjugated polymer
HTMs exhibit better stability and solution operability. They are typically easier to
process than inorganic materials, and they can be deposited using a variety of
solution processing techniques, which are generally low-cost and scalable methods.
Additionally, polymer-based solar cells became increasingly popular due to their
simple synthesis and purification processes, as well as their enhanced processability.
Polymer HTLs can also be engineered to have specific properties, such as specific
energy levels solubility and conductivity, which can be useful for optimizing the

performance of the solar cells.
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Researchers investigated polymer-based HTMs as HTLs for PSCs because of their

high hole mobility and superior film-forming capabilities.

DPP (diketopyrrolopyrrole) polymers, are a class of conjugated polymers that are
characterized by the presence of diketopyrrolopyrrole (DPP) units in their backbone.
DPP polymers are known for their good electrical conductivity, which makes them
attractive for use in a variety of electronic and optoelectronic applications.

The first report of dopant-free polymeric HTM employed in a perovskite solar cell
in 2013 was a DPP-based polymer, PCBTDPP’®, Cai et al. successfully fabricated
solid-state hybrid solar cells with p-type polymer PCBTDPP as the hole carrying
material. This polymer comprises carbazole, thiophene, and 2,5-
dihydropyrrolo[3,4]pyrrole-1,4-dione (DPP) units with alkyl chains that enhance its
solution processability. Although efficiencies were not on par with the leading
materials at the time, the study was substantial from the perspective of demonstrating
the ability of polymeric HTMs to work in PSC cells which has been and greatly

improved over the years.

Diketopyrrolopyrrole (DPP)-based polymers have drawn a great deal of attention for
photovoltaics during past years due to their excellent optoelectronic properties, such

as high hole mobility, good thermal and photostability, high hydrophobicity.

Strong - interactions, a relatively high electron affinity, and strength of the
optoelectronic characteristics are all critical qualities of the DPP core unit, and they
have been the primary drivers in their utilization in solar cell applications. In addition
to being a strong electron-withdrawing group thus enabling realization of donor-
acceptor type polymer for energy level allignment, the diketopyrrole group
strengthens the crystallization tendency in diketopyrrole-based polymers due to its
polar structure. Diketopyrrole-based (DPP) polymers are also gained attention due
to their simple synthesis mechanism and absorption in the near-infrared region. With
all these properties, DPP polymers are great candidates as transport layers in

perovskite solar cells.
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DPP Polymers have four main components (Figure 3-1), which are; i) the DPP unit,
ii) alkyl chains, iii) aromatic substituent and lastly, iii) 7-conjugated segment. DPP
polymers' optical and electronic properties can be adjusted by changing aromatic
substituents or m-conjugated segments. The alkyl chains on the DPP unit help to
improve the solubility of polymer for solution processing and are essential in terms

of the crystallization of the polymer during thin film deposition.

aromatic n —conjugated
substituent systems
n

aromatic
substituent

R

Figure 3-1. The basic structure of DPP polymers includes the four principal parts:
the DPP unit, the alkyl chains, the aromatic substituent, and the n-conjugated
segment.

The amide groups of an unsubstituted DPP unit form intermolecular hydrogen bonds,
which results in very poor solubility in organic solvents. To impart solubility on the
DPP polymers and facilitate the fabrication of solar cells by solution processing, it
is mandatory to introduce (alkyl) side chains on these positions. In practice, linear
side chains are often not enough to solubilize DPP polymers, but alkyl chains, with
branching on the 2-position, have proven to be an effective way of providing

sufficient solubility.

The aromatic substituents are introduced during the formation of the DPP unit and
strongly influence the optical and electrical properties. The optical band gap can be
more finely tuned by variation of the electron donating properties of the m-conjugated
segment. By introduction of stronger electron donating m-conjugated segments, the
optical band gap can be reduced. Photovoltaic parameters of DPP-based polymer as

HTMs in perovskite solar cells in the literature are presented in Table 3-1.
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Table 3-1. Photovoltaic parameters of DPP-based polymer HTMs in the literature

Device Polymer  Polymer Structure Voc  Jsc FF PCE Ref
Configuration  Name V) (@mA/ (%) (%)

cm?)

FTO/TiIO/MAP  PDPP3T
bls/HTM/Ag

FTO/TIiO2/MAP PDVT-10 s 0.99 20.9 65 134 80
bls/HTM/Au °*°“**JWN )
g U g
s A o
W
1oH21
FTO/TiO2/CsM DPP-P4 CaHir 1.01 19.7 72 14.2 il
AFAPb ™
(Brl)sHTM/Au o™, S
FTO/SnO2/ PBDTP- 1.08 194 69 14.7 82
Csoos(MAo.17FA0.  DTDPP
83)0.95Pb
(lo.83Bro.17)3
/HTM/Au
FTO/TiO2/CsPbl  DPP-DTT T 1.29 15.0 78 15.1 &
2Br/HTM/Au e
j
CaHir
CroHaq
FTO/TiO2/PCB PDPPT- Grekizt 1.04 22.6 69 16.2 84
M/MAIFAPBI  TT o)
3xCI/HTM/Ag <7 Ly s
B
CeHyz
CioHay
FTO/TiO2/RbCs DPP-P4 Catlrr 1.05 20.6 75 16.3 il
MAFAPb(Br1)a/ e
HTM/Au o ) \5 )
o]
%GeHn
sHar
FTO/TiO2/PCB PDPPT- Cubtan 1.07 22.8 72 17.8 84
M/MAIFAPBI  TT C-Hw)] .
axCL/HTM/Ag  (solv. vap. m
anneal.) krw
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ITO/SNO2/(MAo.  P25NH 0.99 222 82 18.1 &

8
FA0.2)Pb(l0.93Clo.o
N/HTM/Ag

ITO/SnO2/(MAos.  P5NH 1.04 21.0 83 18.1 86
8
FA0.2)Pb(l0.93Clo.o
N/HTM/Ag

ITO/C60- pDPP5T-2 1.15 215 76 18.9 g
SAM/SnO2/PCso
BM/FAMA/HT

M/ Ta-WOx/Au

ITO/SNO2 2DP-TDB

/FA0.8sMAo.15Pbl

116 241 769 215 88

3
JHTM/MoO3/Ag

ITO/SNO2 2DP-O 118 249 816 241 &

/FA0.8sMAo.15Pbl

3
IHTM/MoO3/Ag

Thiophene-substituted DPP polymers are used for photovoltaic applications of their
appropriate optoelectronic properties. Absorption of DPP polymers can be shifted to
the near-infrared region with the thiophene substitution. Also, they exhibit high hole

mobility above 1 cm? V-t s™.

Recent studies indicate that the polymer containing sulphur and selenium can be
applied as the hole transport layer in perovskite solar cells. Its photoluminescence
and light-induced absorption properties make it a better material for charge transport.
According to the thiophene group, the selenophene group in DPP polymers indicates
a correspondingly lower band gap. Sulfur substitution with selenium reduces
interring bond lengths with a greater contribution from quinoidal resonance
structures in the ground state, making polyselenophene backbones rigid and difficult

to twist®®*!, The improved photostability of selenophene-substituted polymer films
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was attributed to the deeper LUMO and p-type behaviour. Furthermore, the
incorporation of selenophene into the polymer backbone decreased solubility but
increased the crystallinity of films, typically resulting in improved charge transport
in devices due to strong intermolecular selenophene-selenophene — interactions®,
With the combination of the low band gap, good film morphology, and great
stability, selenophene-incorporated DPP polymers are a promising donor material

candidate for photovoltaic applications.

3.1 Results and Discussions

Here we demonstrate our results for utilization of various DPP-based polymer as
hole transport materials into the perovskite solar cells to realize a structure-activity
realationship. Polymers were used as hole transport layer instead of Spiro-OMeTAD
in normal (n-i-p) structured perovskite solar cells. The efficiencies of cells in which
the synthesized polymers are used as HTL are fairly similar to the DPP-based
polymers in the literature, and a great improvement in cell stability has been

demonstrated.

In this context, a group of DPP-based polymers were synthesized and named as HTM
4B, HTM 4C, HTM 6A, HTM 6B, HTM 6D, HTM 7A, HTM 7B, HTM 7C, HTM
9A, HTM 9B, HTM 9D, HTM 10B, and HTM 10C. The structures and naming of
DPP-based polymers with different aromatic substituents (furan, thiophene, and

selenophene), different n-conjugated units and different alkyl groups are listed in the

C4Hg
CgH CioH
%C gH17 10H21 >—C2H5
18H37 ( C4aH
C1oH21 Ci2Ha2s 137726
Code A Code B Code C Code D

Figure 3-2 in an orderly fashion.
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Figure 3-2. Polymer nomenclature scheme

HTMX layout was created based on the aromatic substituent (furan or thiophene) on
DPP wunit and the donor unit (selenophene, 2-2’-biselenophene, (E)-1,2-
di(selenophene-2-il)ethane and thieno(3,4-b)thiophene). According to the alkyl
chain differences, it is divided into addition four groups labelled by letters a, b, c,
and d.

Table 3-2 demonstrates the chemical structures, molecular weights, and band gap
values of all synthesized polymers and photovoltaic studies. GPC results could not
be obtained due to the solubility problems of HTM 6D, HTM 9A, HTM 9B, HTM
9D, and HTM 10B polymers.

The optical absorption of the DPP-based polymer hole transport materials as thin
films was measured by ultraviolet-visible (UV-vis) spectroscopy. The optical band
gap values of the polymers were obtained from the UV absorbance spectrum, and
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are given in Table 3-2. Figure 3-3 displays images of polymer films coated on glass.

Polymers with solubility problems can be easily identified from film quality.

Table 3-2. Chemical structures, molecular weights and band gaps of synthesized
DPP-based polymers

Chemical Structure GPC Result Eg (eV)
HTM
CH)C;HT Mw: 41.4 kDa
4B m Mn: 16.0 kDa 1.28
S,
L Kr PDI: 2.59
Qs Mw: 48.5 kDa
4C ° 'mY e Mn: 30.1 kDa 1.23
S,
A ™ PDI: 1.61
“6A e e ) Mw: 5.2 kDa 1.36
'RYRYERY
o[ Mn: 4.0 kDa
A/ Vi)
Cref PDI: 1.3
6B j\ Mw: 28.5 kDa 1.40
O’ Mn: 8.60 kDa
PDI: 3.3
6D CHj::TH ) 1.47
o hl.l Q Se i\
VR B
o i
i\ |~|: 0
) g Mw: 8.05 kDa
7A ol Sl Mn: 6.03 kDa 1.45
at PDI: 1.33
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7B . j\“ Mw: 36.2 kDa 1.39
' Mn: 23.0 kDa
PDI: 1.57
o Mw: 362 kDa
7C Mn: 156 kDa 1.40
PDI: 2.32
9A - 1.42
9B qroter - 1.41
9D o G ) - 1.37
. <™
) rlq 0
10B <4 1.37
) JfM o
\\gjfﬂ
™ Mw: 316 kDa
10C Mn: 151 kDa
PDI: 2.09
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HTM 10B HTM 120C

Figure 3-3 Thin film state of DPP-based polymers on glass

3.1.1 Optimization Studies of HTM 4B

Hole transport layer optimization of DPP-based polymers studies were performed
with HTM 4B polymer and promising results were achieved. HTM 4B polymer
dissolves well in chlorobenzene and was coated on perovskite by spin coating
method. It was observed that the film was homogeneously coated on the surface
(Figure 3-4).
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Figure 3-4. At 10 mg/mL concentration a) HTM 4B solution, b) HTM 4B thin film
coated on glass, c) HTM 4B layer coated on perovskite

Compared to reference HTM Spiro-OMeTAD, DPP-based polymer HTMs are more
cost-effective materials. While Spiro-OMeTAD is coated with a concentration of
72.3 mg/mL, DPP-based polymers perform remarkably well with a concentration of
only 10 mg/mL or less without using dopants. As seen in Figure 3-5, almost similar
efficiency values were achieved with the polymer film coated with a thickness of
almost one-third of the reference cell. The thin and homogeneous film produced by
HTM 4B draws attention.
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Reference — Spiro-OMeTAD HTM 4B

RCYET

Figure 3-5. Cross-section SEM images of reference and HTM 4B perovskite solar
cells with a device structure of ITO/SnO2/Perovskite/HTL

3.1.1.1 Concentration Optimization

Firstly, 5 mg, 10 mg, 15 mg, and 20 mg of polymers were dissolved in 1 mL of
chlorobenzene, and cell performances were measured (Table 3-3). The highest
efficiency was obtained as 13.57 % at 10 mg/mL concentration. The short circuit
current density (Jsc) value of the cell was measured as 18.60 mA/cm?, the open circuit
voltage (Voc) was 1.02 V, and the fill factor (FF%) value was 71.50. Looking at the
mean values, the values of 10.61%, 12.86%, 12.52%, and 12.34% were measured
for 5 mg/mL, 10 mg/mL, 15 mg/mL and 20 mg/mL, respectively. As a result of the

average values, 10 mg/mL concentration was chosen as the best one.
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Table 3-3. Photovoltaic parameters of cells including HTM 4B hole transport layer

prepared at different concentrations

HTM Voo (V) [ Jsc (MAICM2) [ FF (%) PCE (%)

5mg/mL | Average | 0.91 +0.03 | 18.69+0.42 | 62.67 £6.20 | 10.61 = 0.91
Highest 0.97 18.31 67.53 11.99

10 mg/mL | Average | 0.99+0.04 | 18.21+0.51 | 71.01 =1.48 | 12.86 £ 0.79
Highest 1.02 18.60 71.5 13.57

15 mg/mL | Average | 1.00+£0.02 | 17.47+0.63 | 71.33 £1.92 | 12.52 £ 0.83
Highest 1.02 18.25 72.72 13.53

20 mg/mL | Average | 1.01 £0.03 | 17.30+0.45 | 70.81 £2.35 | 12.34 £ 0.61
Highest 1.00 17.94 74.23 13.32

The JV plot of the cells produced at different concentrations with the best efficiencies

is shown in Figure 3-6.
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Figure 3-6. JV plot of best cells including HTM 4B hole transport layer prepared at
different concentrations

Box charts of all cells are given in Figure 3-7. As seen from the box charts graphs,
although the best average Jsc value was obtained with 5 mg/mL, Vo and FF values
were measured relatively low according to the other concentration devices. Although
the films coated with 5 mg/mL solution are suitable in terms of thickness, their Voc
and FF values are low due to lack of uniform surface coating. For this reason, studies
were continued with 10 mg/mL HTM 4B concentration, considering the average and

highest results.
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Figure 3-7. Box charts of HTM 4B hole transport layer prepared at different
concentrations (Voc, Jsc, FF% and PCE%)

3.1.1.2 Spin-speed Optimization

The subsequent study aimed to decide the correct spin speed, and HTM 4B polymer
film was coated at different spin speeds between 1000 rpm and 4000 rpm. The
concentration of all solutions for film fabrication was fixed 10 mg/mL based on
previous set results. Homogeneous film quality was observed at all rotation speeds,
and efficiency values close to each other were observed. The doped Spiro-OMeTAD

material was used as the hole transport layer in the reference cell.

While the perovskite cell coated with 2000 rpm worked on average at 14.22%, the
highest efficiency for that spin speed was seen at 15.76%. The short circuit current
density (Jsc) value of the cell was measured as 20.34 mA/cm?, the open circuit voltage
(Moc) was 1.02 V, and the fill factor (FF%) value was 75.96. Efficiency values

53



obtained with the undoped HTM 4B polymer were comparable to the reference cell

(Table 3-4).
Table 3-4. Photovoltaic parameters of cells containing HTM 4B hole transport
layer prepared at different spin speeds
HTM Voo (V) | Jsc (MA/cm?) | FF (%) PCE (%)
Reference | Average | 1.13+0.01 | 20.10+0.66 | 78.19+1.63 | 17.70 = 0.71
Highest 1.13 21.18 79.67 19.07
1000 rpm | Average | 0.98 +0.01 | 19.87+0.79 | 72.76 £ 1.74 | 14.18 + 0.67
Highest 0.99 20.33 75.29 15.15
2000 rpm | Average | 0.99 +0.01 | 1996 £0.74 | 71.68 +3.49 | 14.22+0.93
Highest 1.02 20.34 75.96 15.76
3000 rpm | Average | 0.98 £0.01 | 20.09+0.85 | 71.64 +£3.18 | 14.05 £0.67
Highest 0.98 21.05 72.52 14.96
4000 rpm | Average | 1.00 £0.02 | 19.97 +0.71 | 72.95+1.53 | 14.51 £0.74
Highest 1.01 20.84 74.5 15.68

The JV graph of the cells with the best efficiency, produced at different rotation

speeds, is shown in Figure 3-8.
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Figure 3-8. JV plot of perovskite solar cells prepared with HTM 4B hole transport
material coated at different spin speeds

Box charts of all cells measured are given in Figure 3-9. As demonstrated in the box
charts, successful and comparable results were obtained on average at all spin

speeds; nonetheless, the study continued with the optimal speed of 2000 rpm.
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Figure 3-9. Box charts of cells containing HTM 4B hole transport material
fabricated at different spin speeds (Voc, Jsc, FF% and PCE%)

3.1.1.3 Addition of electron blocking layer

HTM 4B devices exhibited lower FF values than reference cells, which resulted in
lower final efficiency values compared to the reference. HTM 10C is one of the DPP-
based polymers with a very similar chemical structure to HTM 4B that was
synthesized in our labs. The integrated Jsc values of solar cells were calculated to be
20.31 mA/cm? and 17.60 mA/cm? for reference and HTM 10C, respectively. The
external quantum efficiency (EQE) graph of HTM 10C was analyzed in order to

determine the cause of this observation.
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Cells containing Spiro-OMeTAD and HTM 10C as hole transport layers were
compared in the external quantum efficiency (EQE) graph in Figure 3-10. When the
external quantum efficiency (EQE) graph of HTM 10C is examined, it is seen that
there is a current loss on the side of the hole transport layer. We believe this loss is
observed due to the low band gap of these polymers which in turn results in low lying
LUMO levels thus ineffective electron blocking. Since a similar effect is predicted
for HTM 4B, MoOg3, a well-known electron blocking layer, was coated between the
hole transport layer and the metal electrode to prevent this current loss. The MoOs3

layer was coated with a thickness of 10 nm by thermal evaporation.
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Figure 3-10. External quantum efficiency (EQE) graph of the reference and HTM
10C cells

The highest efficiency in the reference cell is measured as 15.16%, with a Jsc of 19.64
mA/cm?, Vo of 1.09 V, and FF of 70.81%. In cells coated with the MoOs layer on
HTM 4B polymer, the highest efficiency is 11.47%, with a Jsc of 20.49 mA/cm?, V.
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of 1.02 V and FF of 54.87%. The average and highest efficiency values of cells are
given in Table 3-5.

Table 3-5. Photovoltaic parameters of cells containing HTM 4B and HTM
4B+Mo0O3 layer

HTM Voo (V) | Jsc (MA/CM?) | FF (%) PCE (%)
Reference | Average | 1.08 £ 0.01 | 18.64+0.73 | 69.74+1.06 | 13.98 £ 0.68
-HTM 4B | Highest 1.09 19.64 70.81 15.16
HTM 4B | Average | 1.00+0.01 | 20.06 £0.51 | 52.67 £3.15 | 10.59 £ 0.61

+ MoOs | Highest 1.02 20.49 54.87 11.47

While introducing the MoOg layer, we expected that it will lead to an increase in the
FF values by blocking electrons. Nevertheless, contrary to our predictions, even
though the average short-circuit current increased in the cells with the MoOs3 layer,
the open-circuit voltage and fill factor values decreased dramatically. The JV plot of
the cells with the highest efficiency and the box charts of the HTM 4B reference and
HTM 4B+MoOs cells are below, Figure 3-11 and Figure 3-12, respectively. For this

reason, development studies with MoOs were not pursued further.
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Figure 3-11. JV plot of perovskite solar cells with HTM 4B reference and HTM 4B
+ MoOs layer
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Figure 3-12. Box charts of HTM 4B reference cells and HTM 4B + MoO3 layer
cells (Voc, Jsc, FF% and PCE%)

A thin Cul layer, another known electron blocking layer, has been applied to the
HTM 4B polymer layer as a second approach to prevent the current loss seen on the
EQE graph®*®4. Cul solution was prepared by dissolving 2.5 mg, 5.0 mg and 7.5 mg
Cul in 1 mL acetonitrile solvent and coated between the hole transport layer and the
metal electrode by the spin coating method with a rotation speed of 3000 rpm.
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Table 3-6. Photovoltaic parameters of reference cell and cells containing different
concentrations of Cul

HTM Ve (V) Jsc FF (%) PCE (%)
(mA/cm?)

Reference Average | 1.13+0.01 | 21.64+0.70 | 76.28 +1.37 | 18.65 + 0.60
(Spiro) Highest 1.13 21.61 78.81 19.25

Reference — | Average | 1.03+0.02 | 19.47+0.68 | 66.83 +2.37 | 13.35+0.87
(HTM 4B) Highest 1.04 20.64 67.77 1455

HTM 4B + 2.5 | Average | 1.03+0.02 | 19.66+0.85 | 67.06 =2.34 | 13.53 + 1.06
mg/mL Cul Highest 1.03 20.76 69.34 14.83

HTM 4B + 5.0 | Average | 1.00+0.01 | 19.48+0.74 | 64.96+2.28 | 12.60 + 0.62
mg/mL Cul Highest 1.00 20.05 67.42 13.52

HTM 4B + 7.5 | Average | 1.01+0.02 | 19.72+0.52 | 67.46+2.64 | 13.45+0.82
mg/mL Cul Highest 1.01 19.73 70.53 14.05

As seen in Table 3-6, the highest efficiency in the reference cell containing HTM 4B
is 14.55% with Jsc of 20.64 mA/cm?, Vo of 1.04 V, and FF of 67.77%. In cells coated
with Cul layer on HTM 4B polymer, the highest efficiency was obtained as 14.83%
for 2.5 mg/mL Cul, 13.52% for 5.0 mg/mL Cul, and 14.05% for 7.5 mg/mL Cul,
respectively. The average efficiency values of the cells are also given in the table
above. Adding the Cul layer did not show the expected increase in terms of
photovoltaic parameters of the cells. JV plot of the highest efficiency cells and box
charts containing all cells produced are given in Figure 3-13 and Figure 3-14,

respectively.
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Figure 3-13. JV plot of reference cell and perovskite solar cells containing different
concentrations of Cul
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Figure 3-14. Box charts of the reference cell and perovskite solar cells containing
different concentrations of Cul (Voc, Jsc, FF% ve PCE%)

3.1.1.4 Reproducibility and Hysteresis

Reproducibility is one of the essential features of perovskite solar cells. A histogram,
which displays the statistical results of the fabricated cells®®, shows the PCE
distribution for the reference and HTM 4B perovskite solar cells, which is given in
Figure 3-15. Notably, the statistical results were derived from over 20 perovskite
solar cell devices from multiple batches, indicating that our studies are repeatable.
An average PCE of 14.27% was achieved over 20 devices with HTM 4B, and 65%
of the fabricated devices have a PCE of >14%.
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Figure 3-15. Histogram of reference and HTM 4B perovskite solar cells, over 20
devices.

Spiro-OMeTAD based reference cells and cells containing optimized and highest
value HTM 4B polymer are given in Table 3-7. The highest efficiency was measured
as 15.76% in the cells with the HTM 4B hole transport layer. Js is 20.34 mA/cm?,
Voc 15 1.02 V and FF is 75.96% for that cell.
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Table 3-7. Reverse and forward scans of best devices of reference and HTM 4B

cells
HTM Voc (V) | Jsc (MAIcM?) | FF (%) | PCE (%)
Reference — | Reverse 1.13 21.18 79.67 19.07
(Spiro) Forward 1.1 21.23 67.3 15.72
HTM 4B | Reverse 1.02 20.34 75.96 15.76
Forward 0.98 20.26 68.95 13.69

HTM 4B polymer layer has a very good film quality and is compatible with the

perovskite material. Compared with the doped Spiro-OMeTAD layer, the result

obtained with the undoped HTM 4B polymer is quite promising according to the

literature. The JV plot of the best cells with reverse and forward measurements cells

fabricated is shown in Figure 3-16.
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Figure 3-16. Reverse and forward scans of best devices of reference and HTM 4B
cells

When evaluated in terms of hysteresis, the HTM 4B polymer shows good
performance. The hysteresis values of the cells were calculated with the formula
given as Equation 1. The hysteresis value for cells containing Spiro-OMeTAD was
17.57, while the hysteresis value for cells containing HTM 4B was calculated as
13.31. Addition of HTM 4B as a hole transport layer to the device structure instead
of Spiro-OMeTAD decreased the hysteresis regarding to forward and reverse voltage
scans significantly. As a result, the use of HTM 4B polymer as a hole transport layer
gives a better result to solve the hysteresis problem experienced in normal structured
perovskite solar cells.

Hysteresis Index = HI Index = KBreverse™ PClorward 10, (Egn 1)

PCETEUETSE
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3.1.2 Device performances of all synthesized DPP-based polymers

Other DPP-based polymers synthesized in our group were utilized as a hole transport
layer were prepared with an optimized device structure of HTM 4B. Cell efficiencies
were measure and results are detailed in Table 3-8. HTM 7C, HTM 10B, and HTM
10C polymers were prepared at a concentration of 7.5 mg/mL instead of 10 mg/mL
(optimized concentration for HTM 4B) due to the high viscosities of the solutions at

higher concentration.

Table 3-8. Device and photovoltaic parameters of all synthesized DPP-based

polymers
Spin Voc (V) Jsc FF (%) PCE
HTM Rate (mA/cm2) (%)
10 2000 | Average 0.99 + 19.96 + 71.68 + 1422 +
4B | mg/mL | rpm 0.01 0.74 3.49 0.93
inCB Highest 1.02 20.34 75.96 15.76
10 2000 | Average 1.06 £ 19.02 + 60.77 + 12.29 +
AC | mg/mL | rpm 0.01 0.42 3.45 0.90
inCB Highest 1.06 19.78 63.56 13.33
10 2000 | Average | 0.88+ 1412 + 4791+ 5.98 +
6A | mg/mL | rpm 0.02 0.71 2.56 0.50
in CB Highest 0.89 14.89 49.82 6.60
10 2000 | Average 0.90 + 14.65 + 43.63 577+
6B | mg/mL | rpm 0.09 0.73 4.09 0.80
inCB Highest 0.91 15.07 49.23 6.75
10 2000 | Average 0.94 + 16.60 + 48.64 + 7.62 +
6D | mg/mL | rpm 0.02 0.69 2.89 0.77
in CB Highest 0.97 17.06 51.68 8.55
10 2000 | Average | 093+ 16.93 + 61.63 + 9.75 +
7A | mg/mL | rpm 0.01 0.64 3.25 0.75
inCB Highest 0.96 17.17 67.89 11.19
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10 2000 | Average | 0.99 + 18.72 57.73 10.70 +
7B | mg/mL | rpm 0.01 0.61 2.66 0.63
in CB Highest 1.00 19.73 59.81 11.80

7.5 3000 | Average 1.06 + 20.25 + 65.61 + 14.04 +
7C | mg/mL | rpm 0.02 0.55 1.91 0.79
inCB Highest 1.08 20.68 68.71 15.35

10 2000 | Average | 0.87+ 13.48 £ 41.58 £ 4.88 +
9A | mg/mL | rpm 0.01 0.60 1.52 0.28
inCB Highest 0.88 13.96 42.28 5.19

10 2000 | Average | 0.88 + 18.90 + 49.76 + 8.33+
OB | mg/mL | rpm 0.02 0.54 1.74 0.42
in CB Highest 0.91 19.95 51.35 9.32

10 2000 | Average | 1.00 =+ 16.11 £ 4991 + 8.05 +
oD | mg/mL | rpm 0.02 1.05 3.04 0.91
inCB Highest 1.01 17.23 52.14 9.07

8 2000 | Average 1.01 £ 18.67 65.59 + 1241 +
10B | mg/mL | rpm 0.01 0.50 1.06 0.63
in Highest 1.02 19.17 66.75 13.05

CB:CF

7.5 3000 | Average | 1.08 + 2037 + 67.05 + 14.71 £
10C | mg/mL | rpm 0.01 0.65 0.82 0.69
inCB Highest 1.09 21.12 67.73 15.59

When the table above was investigated, it was seen that the highest efficiency values
were obtained in cells produced with HTM 4B, HTM 4C, HTM 7C, and HTM 10C
polymers. While the highest efficiency of 20.06% was obtained in the reference cell
(doped spiro), cells containing HTM 4B, HTM 4C, HTM 7C, and HTM 10C hole
transport layers (undoped) worked with 15.76%, 13.33%, 15.35%, and 15.59%

power conversion efficiencies, respectively (Table 3-9).
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Table 3-9. Photovoltaic parameters of cells including reference and HTM 4B, HTM

4C,HTM 7C, HTM 10C

HTM Voo (V) [ Jsc (MA/ICmM2) | FF (%) PCE (%)
Reference | Average | 1.15+0.02 | 22.14+0.63 | 73.56 £3.63 | 18.77 £ 1.17
Highest 1.16 22.99 75.24 20.06
HTM 4B | Average | 0.99+£0.01 | 19.96+0.74 | 71.68 +3.49 | 14.22 £0.93
Highest 1.02 20.34 75.96 15.76
HTM 4C | Average | 1.06 £ 0.01 | 19.02+0.42 | 60.77 +£3.45 | 12.29 £ 0.90
Highest 1.06 19.78 63.56 13.33
HTM 7C | Average | 1.06 +£0.02 | 20.25+0.55 | 65.61 +1.91 | 14.04£0.79
Highest 1.08 20.68 68.71 15.35
HTM 10C | Average | 1.08 £0.01 | 20.37+0.65 | 67.05+0.82 | 14.71 + 0.69
Highest 1.09 21.12 67.73 15.59

Figure 3-17 displays the JV plot of the highest efficiency values of the cells
containing the reference and HTM 4B, HTM 4C, HTM 7C and HTM 10C hole
transport layers, and the box charts of all the cells produced are shown in Figure
3-18.
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3.1.2.1 Stability

In order to observe the stability performances of the cells prepared with different
polymer hole transport layers and Spiro-OMeTAD, the cells were kept at room
temperature, 15% humidity, in the dark, and in an oxygen-containing environment
for four months (approximately 3000 hours). When the efficiency values were
measured at the end of four months, it was observed that the stability level obtained
with the polymers was significantly better compared to Spiro-OMeTAD. At the end
of four months, reference cells retained an average of 56% of efficiency, while HTM
4B retained 89%, HTM 7C 86%, HTM 10C 68%, and with the best performance,
HTM 4C retained 93%. Other photovoltaic parameters can be found in Table 3-10.
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Table 3-10. Photovoltaic parameters of cells including reference and HTM 4B,
HTM 4C, HTM 7C, HTM 10C after four months

HTM Voc (V) Jsc FF (%) | PCE (%) | SPO

(mA/cm?) (%)

Reference | Average | 1.01+ 61.03 + 10.52 + 56.0
0.04 17.16 £1.73 3.15 1.26

Highest 1.10 17.75 63.60 12.42 61.9

HTM 4B | Average | 0.99 =+ 68.60 + 12.63 + 88.8
0.02 18.65+ 0.46 2.95 0.73

Highest | 1.00 18.72 73.17 13.70 86.9

HTM 4C | Average | 0.99 + 61.70 + 1143+ 93.0
0.01 18.66 + 0.50 5.70 1.43

Highest | 1.00 19.47 70.14 13.66 100

HTM 7C | Average | 1.04= 64.63 + 12.09 + 86.1
0.01 1791 £1.19 3.38 1.12

Highest | 1.06 19.08 68.37 13.83 90.1

HTM Average | 1.03+ 55.13 + 10.07 + 68.5
10C 0.01 | 17.68+1.26 2.61 1.24

Highest 1.04 19.31 57.48 11.55 74.1

Bar graphs of the best devices in the measurements at the end of four months is given
in comparison with fresh cells in Figure 3-19. When we look at the JV graphs of the
best devices, we see that there was a severe loss of Jsc and FF in the reference cell
compared to the cells containing polymer in the measurements after four months.
Solar cells were containing polymer hole transport layers almost entirely preserved

their efficiency during this time.
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Figure 3-19. Bar graphs of best devices of aged and fresh reference and HTM 4B,
HTM 4C, HTM 7C, HTM 10C cells

The contact angle images of the polymers coated as a hole transport layer on the
perovskite layer are given in Figure 3-20. Looking at the images, the angle of the
water with the perovskite film is 70.2°, while the angle measured in the reference
cell containing Spiro-OMeTAD on perovskite is 85.9°. In films of a polymer layer
on perovskite, this angle was measured as 87.4° for HTM 4B, 104.0° for HTM 4C,
101.8° for HTM 7C, and 99.8° for HTM 10C. It is seen that all polymer-containing
films have a higher contact angle compared to the perovskite film and the reference
sample. The measurement results prove that the polymer films have a highly
hydrophobic surface, and according to the JV results, these results also positively
affect cell stability. As a result, much more stable solar cells were produced with
DPP-based polymers compared to pristine Spiro-OMeTAD perovskite solar cells.
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Figure 3-20. Water contact angle images of perovskite, reference and HTM 4B,
HTM 4C, HTM 7C and HTM 10C coated layers on perovskite

3.2 Outlook of the Chapter

As mentioned, this chapter focuses on dopant-free organic DPP polymers because of
their interest to researchers and applicability in the most recent generation of
photovoltaic systems®-%, As explained in the previous section, HTM is an essential
element in creating more efficient and stable PSCs. Besides providing high stability,
the most significant advantage of polymer HTMs is that they can be optimized by
synthesis for the desired performance. The doping phenomenon involves introducing
one or more chemicals that can donate or remove electrons into the conductive
material so that the material becomes negatively or positively charged; that is, it
behaves like an n-doped or p-doped material, respectively. However, while doping
generally increases hole mobility, it affects cell efficiency adversely. Since LiTFSI
is a very hygroscopic salt, it causes the absorption of moisture into the HTM film or
can generate pinholes in the film®®. The aforementioned factors moved researchers
towards the notion of dopant-free HTMs.
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This chapter introduced DPP polymers with different aromatic groups and alkyl
chains as HTMs in PSCs. First, we noticed that the branched alkyl chain group
performed better than the linear alkyl chain group in the thiophene aromatic group-
containing DPP polymer. Conversely, those with linear alkyl chains performed better
in DPP polymers containing an aromatic furan group. However, despite
experimenting with other alky chains and donor groups, we could not overcome the
solubility issue in polymers containing furan. This resulted in the manufacture of
low-quality films, leading to low cell efficiencies.

DPP polymers were synthesized according to a specific order, and it was planned to
be compared and evaluated according to different donor groups and different alkyl
chains. However, it is challenging to classify polymers and establish an association
between them due to varying molecular weights and solubility issues. Furthermore,
polymer solubility and film characteristics varied between different batches,
resulting in fluctuations in device performance from batch to batch. Additionally,
perovskite performance fluctuates throughout the year, it is inaccurate to draw a

correlation between cells manufactured with polymer from various time periods.

In order to solve this problem, MoOz and Cul layers were coated between the HTM
and Au layers and the device performances were examined, but the desired efficiency
increase was not observed. Optimization studies will be carried out with other

electron-blocking layer coatings in order to obtain better results.

As a result, it will be attempted to find an appropriate electron-blocking material to
develop the device's efficiency. Furthermore, DPP polymers with good solubility and
performance in various trials will be grouped, and simultaneous experiments will be

conducted to compare device performance as a future work.
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CHAPTER 4

PT-TPA as HTM in PSCs

In this chapter, a novel hole transport material, PT-TPA, (4.4'.4".4"-(pyrazine-
2.3.5.6-tetrayl)tetrakis(N.N-bis(4-methoxyphenylaniline))  (Figure  4-1), is
introduced as an alternative to Spiro-OMeTAD. Overall PT-TPA revealed
appropriate characteristics as an HTL candidate in the n-i-p structure with promising
photovoltaic performance, the most remarkable being remarkable stability compared
to Spiro-OMeTAD. Chemical structure of PT-TPA molecule is given in Figure 4-1.
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Figure 4-1. Chemical Structure of PT-TPA

It is important to note here that PT-TPA studies were carried out throughout in
different periods of the year, and changes were observed in the photovoltaic
parameters of the reference perovskite solar cells at different seasons of the year
between periods. Therefore, different efficiency values were measured in different
sets for the same reference cell due to this issue. Additionally, while the work of on

the PT-TPA hole transport layer was continuing in progress, the material produced
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was synthesized with again 4 different batches was used. Due to the fact that,
minimal efficiency changes arising from the differences between batches are seen in

the study results.

41 Results and Discussions

Our initial studies started with cyclic voltammetry (CV) and the UV-Vis absorbance
measurements to determine the band gap of PT-TPA. Exomo is calculated as -5.40
eV from the CV measurement (Figure 4-2a). Using the ultraviolet—visible (UV-vis)
absorption spectra and Tauc plots, the optical bandgap (Eg) of the perovskite films
was calculated as 2.61 eV as shown in Figure 4-2b. Related band energy levels for
PT-TPA film is given in Table 4-1.

o
—

[—
0.0025 |- PT-TPA b) 10
0.0020 |-

0.0015

0.0010 F onset_oxi=0.65

Absorbance

0.0005 05F

0.0000

-0.0005 -\/

-0.0010

Current Density (mA/ecm?)

1 1 0.0 1 1
0.0 0.5 1.0 300 400 500 600

Pot. (V) Wavelength (nm)

Figure 4-2. a) Cyclic voltammogram and b) UV-Vis absorbance spectrum of PT-
TPA film

Table 4-1. Electrochemical data of PT-TPA

Eg (eV) HOMO (eV) LUMO (eV)
PT-TPA 2.61 -5.40% -2.79°

a: Experimental values (HOMO levels are measured by cyclic voltammetry).

b: Theoretical calculation values; ELumo = Enomo + Eg.
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Figure 4-3. Energy level diagram of the corresponding materials used in perovskite
solar cells

A very clear solution is obtained by dissolving it in dichlorobenzene with PT-TPA
hole transport material (Figure 4-4a) and the film-forming capability of the solution
is likewise excellent, since it covers the perovskite surface entirely and without

aggregation (Figure 4-4b).
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Figure 4-4. a) PT-TPA solution, b) device images coated with PT-TPA

SEM images clearly demonstrated that like spiro-OMeTAD, pin-hole free surface
coating is obtained with PT-TPA. Since we aimed to achieve a dopant free HTM
with PT-TPA, lower concentrations compared to Spiro-OMeTAD were used
throughout our studies which resulted in thinner films and the thickness of the film
was measured as 169 nm vs 240 nm for the reference. (PT-PA coated films viewed

backwards)
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Figure 4-5. Top-view and cross-section SEM images of a) Spiro-OMeTAD and b)
PT-TPA films with a device structure of ITO/SnO./Perovskite/HTM

PL spectra of the perovskite only, Spiro-OMeTAD coated and PT-TPA coated films
are displayed in Figure 4-6. PT-TPA film was determined to have a slightly higher
but comparable PL intensity compared to Spiro-OMeTAD, which demonstrated that
PT-TPA can minimize radiation-free recombination and passivate the perovskite

surface effectively.
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Figure 4-6. PL spectra of the perovskite, Spiro-OMeTAD and PT-TPA films

4.2  Device Optimizations

4.2.1 Concentration Optimization

The first study with the PT-TPA material was concentration optimization. Spiro-
OMEeTAD, the reference material for the hole transport layer, is commonly prepared
at a 72.3 mg/mL concentration for the pristine perovskite solar cells in the literature.
Since we are aiming dopant free hole transport layers, lower concentrations were
aimed towards having thinner films to prevent hole conductivity issues. Hence while
preparing PT-TPA solutions 34, 12 and 1/4 mass ratio with respect to Spiro-
OMeTAD were calculated and solutions were prepared according to these quantities.
When we look at the cell performances of the solutions prepared by dissolving 18
mg, 36 mg, and 54 mg of PT-TPA in 1 mL of dichlorobenzene, it was observed that
the photovoltaic performances decreased as the amount of PT-TPA in the solution
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increased. As the concentration increased and layer thickness increased, significant

decrease in short circuit current and fill factor was observed. The mean efficiency

value for the 18 mg/mL concentration was 13.78%, while it was 10.15% for 36

mg/mL and 6.90% for 54 mg/mL concentrations. Detailed photovoltaic parameters

can be seen in Table 4-2. The efficiency of the cell working best at 18 mg/mL

concentration was 15.35%, and with short circuit current (Jsc) of 19.86 mA/cm?, open
circuit voltage (Voc) of 1.04 V and fill factor FF of 69.18%.

Table 4-2 Photovoltaic parameters of refererence cell and different concentrations

of PT-TPA
HTM Voe (V) | Jsc (MA/cm?) FF (%) PCE (%)

Reference | Average | 1.07 £0.03 | 20.00 +£0.61 | 68.21 £4.47 | 14.69 + 1.20
Highest 1.11 20.24 73.87 16.54

18 mg/mL | Average | 1.04+0.02 | 19.73+£0.37 | 67.44+4.24 | 13.78 + 0.90
Highest 1.04 19.86 74.51 15.35

36 mg/mL | Average | 1.04 +0.01 | 19.13+0.43 | 50.86 +=3.87 | 10.15+0.70
Highest 1.04 18.92 58.71 11.52

54 mg/mL | Average | 1.01 £0.02 | 17.29+1.44 | 39.40+4.25 | 6.90+ 1.06
Highest 1.03 17.54 45.49 8.19

Box charts of all cells are shown in Figure 4-7. Efficiencies very close to the

reference were obtained with 18 mg/mL, and studies were continued to optimize the

concentration even further.
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Figure 4-7. Box charts of different concentrations of PT-TPA (Voc, Jsc, FF% and
PCE%)

Four solutions were prepared at 12, 15, 18, and 21 mg/mL concentrations in the
following study. Although very close results were obtained, the best efficiency
values were obtained with PT-TPA solution at a 15 mg/mL concentration (Table
4-3). The efficiency of the cell working best at this concentration was 14.56%, and
the parameters were measured as Jsc 20.29 mA/cm?, Voc 1.04 V, and FF 69.18%,

respectively.
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Table 4-3. Photovoltaic parameters of cells including reference and PT-TPA hole
transport layer prepared at different concentrations.

HTM Voc (V) | Jc(MA/cm?) [ FF (%) PCE (%)

Reference | Average | 1.13+0.01 | 20.70£0.52 | 78.42+1.07 | 18.40 +0.76
Highest 1.16 21.15 80.70 19.75

12 mg/mL | Average | 1.02+0.01 | 19.06 £0.45 | 60.25+3.93 | 11.66 + 0.85
Highest 1.02 19.30 66.28 13.05

15 mg/mL | Average | 1.04 £0.01 | 19.98 £0.26 | 64.96 +2.32 | 13.41 £0.58
Highest 1.04 20.29 69.18 14.56

18 mg/mL | Average | 1.04 +£0.01 | 19.46 £0.51 | 63.93+2.81 | 12.87 +0.91
Highest 1.05 19.92 67.44 14.05

21 mg/mL | Average | 1.04 £0.02 | 19.32+£0.68 | 63.23 £3.47 | 12.70 £ 0.81
Highest 1.04 20.37 64.72 13.67

Box charts of all cells produced are given in Figure 4-8. In the films prepared with
12 mg/mL, uniformity and coverage was an issue which is the main reason for the
lower number of data points for 12 mg/mL seen in box charts. When considering the
average values, the concentration with the best results was 15 mg/mL, and the

remaining optimization studies were conducted at this concentration.
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Figure 4-8. Box charts of cells including reference and PT-TPA hole transport layer

prepared at different concentrations (Voc, Jsc, FF% and PCE%)

4.2.1.1  Spin rate optimization

An optimization study for the spin rate was pursued after determining the optimal
concentration for the PT-TPA. The samples were prepared at spin rates of 1000,
2000, 3000, 4000, and 5000 rpm, corresponding to the reference cell's spin rate of
3000 rpm. As spin rate was increased and thinner films were attained, the Vo and
FF values of the cells decreased, resulting in a slight drop in cell efficiency. This

minimal decrease is attributed to lower uniformity and coverage at these spin rates.

Table 4-4 demonstrates that the best cell of this set was at 17.01% with spin rate of

1000 rpm. The cell other parameters were as follows: Jsc 21.68 mA/cm?, Voc 1.05V,

86



and FF 75.79%. Figure 4-9 depicts the JV plot best cells achieved at all spin

speeds in this set.

Table 4-4. Photovoltaic parameters of cells including PT-TPA hole transport layer
prepared at different spin speeds between 1000-5000 rpm

HTM

Voc (V)

Jsc (mA/cmZ)

FF (%)

PCE (%)

1000 rpm

Average
Highest

1.04 £ 0.01
1.05

20.58 £ 0.66
21.68

73.66 £ 1.27
74.67

15.81+0.77
17.01

2000 rpm

Average
Highest

1.02 £ 0.01
1.04

20.94 £ 0.53
21.19

7451 +1.42
75.79

15.92 + 0.56
16.70

3000 rpm

Average
Highest

1.00+£0.01
1.01

21.19+£0.52
21.52

74.41 +1.88
75.68

15.81 + 0.60
16.45

4000 rpm

Average
Highest

1.00 +0.02
1.02

20.98 £ 0.37
21.27

72.80 £ 1.82
72.95

15.21+0.32
15.83

5000 rpm

Average
Highest

0.99 +0.02
0.99

20.65+£0.79
21.74

71.82 +1.86
73.29

14.67 £ 0.75
15.77
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Figure 4-9 JV plot of best devices including PT-TPA hole transport layer at
different spin speeds between 1000-5000 rpm

However, based on the average data, 15.81% efficiency was obtained with 1000 rpm,
while 15.92% efficiency was obtained with 2000 rpm. In Figure 4-10, box charts of
all of the cells fabricated are given. Considering these values, which are very close
to each other, a more detailed optimization study was initiated.
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Figure 4-10. Box charts of cells including PT-TPA hole transport layer prepared at
spin speeds 1000-5000 rpm (Voc, Jsc, FF% and PCE%)

In the next run, PT-TPA was coated with different spin speeds of 500, 1000, 1500,
and 2000 rpm to find the optimal spin rate. In samples coated at 500 rpm, the PT-
TPA layer was extraordinarily thick and hindered charge transmission. The best cell
in this set was obtained with a spin speed of 2000 rpm and an efficiency of 16.65%
(Jsc : 22.62 mA/cm?, Vo : 1.01 V, and FF : 72.88%). As shown in Table 4-5, the
average value of Jsc increased from 500 rpm to 2000 rpm, and the maximum Js value
was observed in the cells with 2000 rpm. The integrated Jsc values of solar cells were
calculated to be 20.42 mA/cm?, 20.63 mA/cm?, 20.92 mA/cm?, and 20.80 mA/cm?
for 500, 1000, 1500, and 2000 rpm PT-TPA, respectively. They support the
conclusions obtained from the J-V measurements. The graph in Figure 4-11

depicting external quantum efficiency (EQE) also confirms this Jsc improvement.
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Figure 4-12 displays the JV plot of the best cells achieved at all spin speeds in this

set.

Table 4-5. Photovoltaic parameters of cells including reference and PT-TPA hole
transport layer prepared at different spin speeds between 500-2000 rpm

HTM Voo (V) | Jc(MA/cm?) | FF (%) PCE (%)
Reference | Average | 1.12+0.01 | 20.41+0.63 | 76.36 £ 1.58 | 17.46 + 0.86
Highest 1.14 21.17 77.93 18.81
500 rpm | Average | 1.03+£0.01 | 19.61 £0.54 | 64.81 £2.75 | 13.04 £0.74
Highest 1.03 20.51 68.53 14.48
1000 rpm | Average | 1.03 £0.01 | 20.79 £0.52 | 68.33 +2.67 | 14.58 + 0.88
Highest 1.03 21.34 73.65 16.19
1500 rpm | Average | 1.02 £ 0.01 | 20.62+0.66 | 69.50 + 1.05 | 14.67 + 0.60
Highest 1.03 21.59 69.58 15.47
2000 rpm | Average | 1.01 £0.01 | 21.23£0.71 | 72.58 £2.38 | 15.61 £0.61
Highest 1.01 22.62 72.88 16.65

90




100
80 |
$ e0f
w
(e ]
w
40 |
— 500 rpm
——— 1000 rpm
20 — 1500 rpm
— 2000 rpm
O " 1 n [l " 1 " 1 1
300 400 500 600 700 800

Wavelength (nm)

Figure 4-11. External quantum efficiency (EQE) graph of the PT-TPA hole
transport layer with different spin speeds 500-2000 rpm
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Figure 4-12. JV plot of best devices including reference and PT-TPA hole transport
layer at different spin speeds between 500-2000 rpm

Considering the average values, the samples produced at 2000 rpm performed better
than the others and had an efficiency of 15.61% on average. Other parameters of the
cells are as follows Jsc 21.23 mA/cm?, Vo 1.01 V, and FF 72.58%, respectively. Box

charts containing all the cells are depicted in the following Figure 4-13.
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Figure 4-13. Box charts of cells including reference and PT-TPA hole transport
layer prepared at spin speeds 500-2000 rpm (Voc, Jsc, FF% and PCE%)

4.2.2

MoOs Layer on HTL

During the optimization studies, MoO3s was coated by evaporation method and its

thickness was 20 nm. In order to determine the optimal thickness of MoO3 layer,

samples were coated at 0, 5, 10, 20, and 30 nm in the set established for this purpose.
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Table 4-6. Photovoltaic parameters of cells including MoOs layer on PT-TPA hole
transport layer with different thicknesses

HTM Voc (V) | Jsc(MA/cm?) [ FF (%) PCE (%)
No MoOs | Average | 0.98 £0.02 | 19.21+0.95 | 59.83 +2.94 | 11.28 + 1.06
Highest 0.97 20.09 64.85 12.64
5nm Average | 1.04+0.01 | 20.80+0.44 | 74.20+ 0.96 | 16,00 + 0.49
MoOs Highest 1.04 21.44 75.64 16.87
10nm | Average | 1.02+0.02 | 20.69+0.44 | 72.01+1.94 | 15.16 + 1.94
MoOs3 Highest 1.03 21.27 73.57 16.12
20 nm Average | 0.98+0.02 | 20.95+0.56 | 68.13+2.50 | 13.93+£0.88
MoOs Highest 1.00 20.74 71.19 14.77
30 nm Average | 0.87 +£0.04 | 19.13+1.07 | 46.74+6.09 | 8.19+0.95
MoOs Highest 0.90 20.05 53.04 9.57

The most efficient cell was obtained with a 5 nm thick MoOs layer, as shown in the
Table 4-6, and its efficiency was measured at 16.87%. This cell's other properties are
as follows: Jsc 21.44 mA/cm?, Voc 1.04 V, and FF 75.64%. The best efficiencies
obtained in other thicknesses were measured as 12.64% for no MoOs, 16.12% for 10
nm MoQz, 14.77% for 20 nm MoOs and 9.57% for 30 nm, respectively. The best cell
graph in the corresponding JV plot is in Figure 4-14.
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Figure 4-14. JV plot of cells including MoOs layer on PT-TPA hole transport layer
with different thicknesses

As seen from the box chart in Figure 4-15, the MoOg layer with a thickness of 5 nm
generated the best results for all parameters. The thickness of 30 nm MoOs acted as

an insulating layer and number of functioning cells were low.
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EQE was performed on the cells with the highest efficiencies, and the cell containing
MoO3 with a thickness of 5 nm had the best performance, as predicted (Figure 4-16).
The integrated Jsc results were calculated for no MoO3z, 5 nm MoO3z, 10 nm MoOs
and 20 nm MoOs coated solar cells as 17.54 mA/cm?, 21.31 mA/cm?, 20.44 mA/cm?,
and 18.72 mA/cm?, respectively which are consistent with the JV measurements.
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Figure 4-16. External quantum efficiency (EQE) graph of cells including MoOs
layer on PT-TPA hole transport layer with different thicknesses

4.2.3 Reproducibility

As it is mentioned in Chapter 3, reproducibility is one of the key challenges of
perovskite solar cells. A histogram graph in Figure 4-17, shows the PCE distribution
for the reference and PT-TPA perovskite solar cells. Notably, the statistical results
were derived from around 20 perovskite solar cell devices from multiple batches,
indicates high reproducibility of cells produced with PT-TPA. An averaged PCE of
15.91% was achieved over 20 devices with HTM 4B, and the highest PCE is

recorded as 17%.
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Figure 4-17. Histogram of reference and PT-TPA perovskite solar cells, around 20
devices.

Table 4-7. Photovoltaic parameters of cells including the statistical data of PT-
TPA-based devices recorded from different batches of synthesis

HTM Voo (V) [ Jc(MA/ICmM?) [ FF (%) PCE (%)
Reference | Average 1.12 20.93 80.77 18.93
(Spiro) | Highest 1.12 21.84 81.03 19.82
PT-TPA | Average 1.03 20.82 74.25 15.91
Highest 1.05 21.09 77.06 17.00

98



L ik
$»’o’£§@
1 |
» el
AR A ] *
s %00.:‘.0 § s o :..
=10 R g X
> w70
65
09
60 |
08 \ \ 55 L L
Spiro-OMeTAD PT-TPA Spiro-OMeTAD PT-TPA
24
- 20 ;
z2F % 2
i K :
- e BN
E 20k it t - *
] B a0t
< w15
E o
418 o
=
16
10}
14

L
Spiro-OMeTAD

\
PT-TPA

1
Spire-OMeTAD

.
PT-TPA

Figure 4-18. Box charts of the statistical data of PT-TPA-based devices recorded
from different batches of synthesis.

The reverse-forward graph of the best Spiro-OMeTAD and PT-TPA coated cells is

given in the Figure 4-19. Photovoltaic parameters are shown in the table Table 4-8.
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Table 4-8. Photovoltaic parameters of cells including reverse and forward
measurements of best devices of regular doped Spiro-OMeTAD (Reference) and

PT-TPA

HTM Voo (V) | Jsc(MAIcm?) | FF (%) PCE (%)
Reference Rev 1.12 21.84 81.03 19.82
(Spiro) Forw. 1.10 21.88 60.04 14.45
PT-TPA Rev 1.05 21.09 77.06 17.00
Forw. 0.94 21.65 49.78 10.13
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Figure 4-19. JV curves of reverse and forward measurements of best devices of
regular doped Spiro-OMeTAD (Reference) and PT-TPA
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4.2.4 Stability Tests of PT-TPA

Stability is one of the most critical factors for the development of perovskite solar
cells as commercial products. Although Spiro-OMeTAD is appreciated in high-
efficiency cell fabrications, it is a well-known fact that it is not an effective HTM in
terms of cell stability. In order to compensate for the limited hole mobility of spiro-
OMEeTAD, it is necessary to use LiTFSI as a dopant, which is typically used in
combination with tBP that both contribute to its solubility and improves the
interfacial contacts, by taking into account the loss of stability!®. It has been
demonstrated that unoxidized Li* ions in the spiro-OMeTAD layer resulting from
LiTFSI doping penetrate through the device into the perovskite layer. Li* can diffuse
even more rapidly than the intrinsic perovskite ions due to its small size and strong
diffusion tendency!®. Another accepted stability problem for PSCs with doped
spiro-OMeTAD HTLs is the hygroscopicity of LiTFSI*%21%, For these reasons,
stability studies were conducted to evaluate the performance of undoped PT-TPA as

a hole transport layer.

To evaluate the stability of cells fabricated using PT-TPA, the cells were initially
examined at ambient conditions, in the dark, at 85°C degrees. During the 5-hour
tests, photovoltaic measurements of the cells were recorded, which are displayed in
the Table 4-. The Figure 4-20 depicts the time-dependent PCE decrease of Spiro-
OMeTAD-coated reference and PT-TPA HTM-coated cells.

Upon looking into the data, it was determined that the reference cell lost
approximately 65% of its efficiency after one hour, whereas the PT-TPA-coated cell

preserved 53.5% of its efficiency at the end of the five hours.
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Table 4-9. Photovoltaic parameters of cells including ambient heat test
measurements of Spiro-OMeTAD and PT-TPA based cells

Time Voc Jsc FF PCE SPO
V) | maem) | ) | @) | %)
Spiro- Start 1.13 21.18 72.89 17.44 100
OMeTAD 1 Hour 1.01 20.48 30.93 6.40 36.7
3 Hours 1.12 9.00 0.37 0.04 -
5 Hours - - - - -
PT-TPA Start 1.02 21.60 72.86 16.05 100
1 Hour 0.97 21.47 52.30 10.89 67.9
3 Hours 0.92 20.86 53.93 10.35 64.5
5 Hours 0.90 20.73 46.03 8.59 535

—a— Reference
—eo— PT-TPA

0 1 hour 3 hours 5 hours

Time (h)

Figure 4-20. Time dependence of PCE(%) measurements of reference and PT-TPA
cells under heat treatment
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The 85 °C test was also conducted within a glovebox to eliminate the impact of
environmental factors. The tests proceeded until the end of the fifth day, as the
glovebox-tested cells were more resilient. Throughout the temperature test, the cell
efficiencies were monitored at regular intervals and are detailed in the Table 4-. The
JV graphs of the reference and PT-TPA cells are derived from measurements

performed at these time intervals and displayed in the Figure 4-21.

Table 4-10. Photovoltaic parameters of cells including glovebox heat test
measurements of Spiro-OMeTAD and PT-TPA based cells

Time Voc Jsc FF PCE SPO
V) | (mAlem?) | (%) (%) (%)

Start 0.99 21.21 66.6 | 13.98 100

1 Hour 0.98 20.71 66.59 | 13.52 96.7

3Hours | 0.95 19.94 61.06 | 11.57 82.3

PT-TPA 5Hours | 0.93 20.34 58.05 | 10.98 78.5
7Hours | 0.90 19.32 56.34 | 9.80 70.1

24 Hours | 0.90 20.41 50.68 9.31 66.6

Day 5 0.83 18.05 49.02 7.35 52.6

Start 1.14 20.86 78.2 18.6 100
1 Hour 1.04 17.11 61.44 | 10.94 58.8
3 Hours 1.02 16.93 52.19 9.01 48.4
Spiro-
5 Hours 1.04 17.15 53.89 9.61 517
OMeTAD

7 Hours 1.04 17.35 54.62 9.85 53.0
24 Hours | 1.04 17.02 53.79 9.52 51.2

Day 5 0.14 1.98 47.62 0.13 -
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Figure 4-21. JV curves of reference and PT-TPA cells under heat treatment at
glovebox

Observing the test results, it was discovered that the reference cell coated with Spiro-
OMeTAD could only keep 58.8% of its efficiency after 1 hour, whereas the cell
coated with PT-TPA kept 52.6% of its efficiency even after five days. According to
the findings of the temperature testing, the PT-TPA HTL-produced cells exhibited

much more excellent stability than the reference cells.

ITO/SnOx/perovskite/Spiro-OMeTAD and 1TO/SnOz/perovskite/PT-TPA films
were created and XRD measurements were conducted to investigate the heating test
results further (Figure 4-22). In the heat-exposed Spiro-OMeTAD films, the intensity
of the perovskite peak decreased while the intensity of the Pbl> peak increased, as
shown by XRD data. It is predicted that Spiro-OMeTAD-containing films will

deteriorate, resulting in lower cell efficiencies.
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Figure 4-22. The XRD pattern of perovskite thin films with Spiro-OMeTAD and

The photovoltaic performance of cells produced with Spiro-OMeTAD, as a reference
and PT-TPA was monitored over a 70-day period at room temperature and 15%
humidity (Figure 4-23). Cells prepared with Spiro-OMeTAD retained just 14.93%
of their PCE% after 28 days, whilst there is no efficiency loss at PT-TPA-coated
cells. At the end of 70 days, PT-TPA-coated cells maintained an efficiency of 96%,
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while Spiro-OMeTAD-coated cells were degraded.

105



120

Reference (Spiro)
PT-TPA

100

o]
o

Normalized PCE (%)
(S 3

20

Day 1 Day 28 Day 70
Time (days)

Figure 4-23. Time dependence of PCE(%) measurements of reference and PT-TPA
cells at ambient conditions

Contact angle measurements were carried out since this remarkable stability
performance could be attributed to the hydrophobic nature of PT-TPA. Considering
the contact angle of PT-TPA-coated films, an angle of 92.04 degrees is measured. A
hydrophobic surface was obtained with the PT-TPA material, positively affecting
the stability of the cell (Figure 4-24).
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Figure 4-24. Contact angle images of perovskite and PT-TPA films

The J-V system was used to monitor maximum power point tracking (MPPT) for the
light stability test. During the MPPT measurement, devices were set in ambient
conditions (RH 20-40% and at room temperature) under continuous illumination of
1 sun. The cell efficiency, which started at 11.31% at the end of the 1800s, dropped
to 10.15%. The stability of the PT-TPA-containing cell, which was studied under
light for 1800s, was similarly quite good, with 86.5% efficiency saving detected after
1800 s (Figure 4-25).
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Figure 4-25. Time dependence of PCE(%) measurement of PT-TPA cell under
light treatment

4.2.5 Encapsulation Tests

Encapsulation is essential in order to maintain the stable operation of solar cells in
environmental conditions. For the encapsulation process, cells containing Spiro-
OMEeTAD and PT-TPA were laminated with Suryln material for 23 minutes at 100
°C. However, severe degradation occurred in the cells containing Spiro-OMeTAD
due to the heat treatment, and the cell performance could not be measured.

Consequently, JV measurements of the cell were not possible.

In PT-TPA solar cells, on the other hand, lamination was carried out successfully,

and no performance degradation was observed in the 1-month measurement results.
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Figure 4-26 depicts the JV measurement curves both before and after encapsulation.

Table 4- displays the 1-month measurement parameters.
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Figure 4-26. JV curves of PT-TPA cell before and after encapsulation

Table 4-11. Photovoltaic parameters of PT-TPA based cells with encapsulation

PT-TPA Voc (V) | Jsc (MAIcm?) | FF (%) | PCE (%)
Before Enc 0.90 21.82 62.47 12.27
After Enc (Day 1) 0.98 21.70 65.84 14.00
After Enc (Day 13) 0.94 22.10 64.42 13.44
After Enc (Day 35) 0.92 22.79 62.77 13.16
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Cells performance loss after heat treatment was reported in cells utilizing Spiro-
OMEeTAD as the hole transport layer due to deformation. It has been noted in the
literature that the creation of voids in the Spiro-OMeTAD layer, and not the
perovskite layer, is responsible for the high-temperature deformationi®1%, The
creation of voids is fundamentally linked to the release of doping components by
spiro-OMeTAD at elevated temperatures. The size of the voids grew with the
temperature beginning at 80 degrees, resulting in the cells' distortion. Another study
claims that, even though spiro-OMeTAD has a melting point of 245 °C, even pristine
Spiro-OMeTAD is prone to crystallization when subjected to 100 °C thermal stress,
which disrupts interface contact 1°%. The presence of p-dopants makes thermal
stability poorer and was shown to reduce the stability of the amorphous Spiro-
OMeTAD phase because the oxidized form of the material has a lower glass
transition temperature!?’. The efficiency of PSCs including doped spiro-OMeTAD
HTLs decreases fast at temperatures as low as 85 °C, although the vast majority of
perovskites and other PSC components are thermally durable in this temperature

range’®®,

4.3  Outlook of the Chapter

HTMs are employed to transport positive charges (holes) from the perovskite light-
absorbing layer to the electrode in perovskite solar cells. As mentioned before,
traditional HTMs used in perovskite solar cells are often based on organic materials,
such as Spiro-OMeTAD, that contain electron-withdrawing dopants, such as Li-
TFSI and tbP. However, these dopants can cause instability issues and lower the
efficiency of solar cells. There has been growing interest in recently creating dopant-

free HTMs as an alternative to traditional HTMs.

TPA-based hole transport materials (HTMSs) are a promising alternative to traditional

HTMs in perovskite solar cells due to their excellent hole transport properties and
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improved stability. They can improve the long-term stability of the perovskite
material since TPA-based materials are more resistant to thermal and light-induced

degradation, reducing the risk of performance degradation over time.

As a TPA-based hole transport material, PT-TPA has also shown high success in
long-term stability. With the effect of being a dopant-free HTL, no efficiency loss

was observed under heat and light treatment.

However, it should be noted that the performance of PT-TPA can still be further
optimized, particularly regarding the compatibility with other device components
like the perovskite layer.
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CHAPTER 5

NOVEL P-TYPE DOPANT for HOLE TRANSPORT LAYER

The vast majority of p-type semiconductors used in HTLs have inherently
insufficient conductivity and low hole mobility. As indicated, the hole mobility for
undoped spiro-OMeTAD is about 10° — 107 cm? Vs, which is insufficient to
extract photogenerated holes from the perovskite layer and inhibit non-radioactive

charge recombination.

Thus, the HOMO levels of pristine undoped organic HTMs are frequently high (4.9
to 5.1 eV), generating an energy gap between the HOMO levels of perovskites (5.4
to 5.6 eV), resulting in a barrier for hole transport and loss at open-circuit voltage.

Commonly, additive engineering is used to improve the electrical properties of
HTMs and develop HTMs for n—i—p PSCs in terms of hole mobility and energy level

alignment in order to avoid these limitations.

P-type dopants are impurities introduced to the bulk matrix of HTMs to modify their
electronic status and semiconductor properties; p-doping approach for HTMs
(mainly for organic HTMs) are often employed to boost the PCE of n—i—p devices
by improving hole extraction and transport. The roles of p-type dopants in HTLs for
PSCs are as follows; a) enhance the hole concentration of HTM, resulting in several
times higher hole mobility than the undoped one, b) decrease the HOMO level of
HTM toward the valence band of perovskites which expedite hole transport from

perovskite layers to HTLs.

The doping process occurs indirectly and it is non-quantitative. There is a complex
reaction pathway involving a two-step redox process where the oxidation of spiro-
OMEeTAD is promoted by Li-TFSI, as shown in egn (1) and (2).
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This reaction is slow and environment dependent, which often takes one night or

even longer and is susceptible to water, oxygen, and light.

In the initial oxidation of spiro-OMeTAD by dioxygen, oxygen radicals could form.
Subsequently, these oxygen radicals are removed by Li-TFSI. The remaining Li*
cation forms a LixOy species, and the TFSI anion traps/stabilizes the oxidized spiro-
OMEeTAD (spiro-OMeTAD*").

Spiro-OMeTAD + O; < Spiro-OMeTAD** 0> @

Spiro-OMeTAD**O,* + Li-TFSI «» Spiro-OMeTAD**TFSI" * LixOy, @

LiTFSI tends to absorb water from air and aggregate in the spiro-OMeTAD film,
affecting the interfacial energy level, adhesion, and morphology. Moreover, Li* ions
in the spiro- OMeTAD layer can migrate across the perovskite layer and accumulate
in the ETL, which has an impact on the efficiency, hysteresis, and degradation of
PSCs. The factors above fail to meet the performance and stability demands of

commercial PSCs.
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Figure 5-1. Schematic of chemical structure of 3,5-Bistrifluoromethyl-
Phenylammonium iodide (CFF)

5.1 Results and Discussions

This chapter includes the incorporation of a novel p-type dopant, CFF, into
perovskite solar cells by doping spiro-OMeTAD. In this context, concentration, spin
rate optimization was performed, and cell efficiencies and stability was evaluated in
detail.

Standard doped HTM (spiro-OMeTAD with LiTFSI), the undoped HTM (spiro-
OMeTAD with no additives) and novel dopant utilized HTM (spiro-OMeTAD with
CFF) were prepared to compare the film characteristics. The standard doped HTM
solution was prepared by dissolving 72.3 mg of Spiro-OMeTAD in 1 mL
chlorobenzene followed by addition 28.8 uL of 4-tert-butylpyridine (tBP) and 17.5
uL  from a  stock  solution of 520 mg/mL  of lithium
bis(trifluoromethylsulphonyl)imide (Li-TFSI) in acetonitrile (ACN). The CFF
solution was prepared by dissolving 30 mg CFF in 1 mL ACN. For undoped HTM;
the spiro was dissolved in CB and stored in the glovebox. Standard doped spiro-
OMeTAD was kept in glovebox for 2-3 h before spin coating and CFF doped spiro-
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OMeTAD was kept in glovebox for 10-15 min before spin coating. The image of the
solution doped with CFF is given in the Figure 5-2.

CFF Doped Spiro

CFF Doped | Undoped
Spiro Spiro

— e

Figure 5-2. Photos of 3% CFF-doped and undoped-spiro solutions.
5.1.1 Concentration Optimization

As a first study, spiro-OMeTAD was doped with 1.0, 2.5, 5.0 and 7.5% CFF solution
to optimize the amount of dopant used. The highest efficiency was obtained as 15.37
% with 2.5% CFF doped device. The short circuit current density (Jsc) value of the
cell was measured as 21.25 mA/cm?, the open circuit voltage (Voc) was 1.08 V, and
the fill factor (FF%) value was 66.97. Looking at the mean values, the values of
13.19%, 14.26%, 14.38%, and 12.99% were measured for 1.0, 2.5, 5.0 and 7.5%
CFF doped devices, respectively (

Table 5-1). As a result of the average values, 2.5% CFF doping concentration was
chosen as the optimum. JV curves of best devices with the doping concentrations of
1.0, 2.5, 5.0 and 7.5% CFF were given at Figure 5-3.
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Table 5-1. Photovoltaic parameters of different concentrations between 1.0% and
7.5% of CFF in HTM

HTM Voc (V) | Jsc (MA/cm?) | FF (%) | PCE (%)

Undoped Average | (.72 14.43 28.20 2.89
Spiro-OMeTAD | Highest | (91 18.17 27.59 4.56
1.0% CFF Doped | Average | 1.7 20.80 59.13 13.19
Highest | 107 21.47 63.34 14.56

2.5% CFF Doped | Average | 108 20.18 65.52 14.26
Highest | 108 21.25 66.97 15.37

5.0% CFF Doped | Average | 1.7 20.90 64.32 14.38
Highest | 108 21.3 65.07 14.97

7.5% CFF Doped | Average | 1.6 20.53 59.40 12.99
Highest | 107 21.62 62.37 14.43

N
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o

[ |——1.0% CFF Doped
—— 2.5% CFF Doped
= 5.0% CFF Doped
[ |——7.5% CFF Doped

0 . 1 . ] . 1 A ] . 1
0.0 0.2 0.4 0.6 0.8 1.0

Voltage (V)

Current Density (mA/cm?)

(&)
I

Figure 5-3. JV curve of different concentrations between 1.0% and 7.5% of CFF in
HTM
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Next, a more comprehensive concentration analysis was conducted. The highest
efficiency was obtained as 17.77 % with 3% CFF doped device. The short circuit
current density (Jsc) value of the cell was measured as 23.23 mA/cm?, the open circuit
voltage (Voc) was 1.09 V, and the fill factor (FF%) value was 70.16. Looking at the
mean values, the values of 15.88%, 15.57%, 15.23%, and 13.74% were measured
for 3, 4, 5, and 6% CFF doped devices, respectively (Table 5-2). As a result of the
average values, 3% CFF doping concentration was chosen as the optimum
concentration. JV curves of best devices with the doping concentrations of 3, 4, 5,

and 6% CFF weren given at Figure 5-3.

Table 5-2. Photovoltaic parameters of different concentrations between 3% and
6% of CFF in HTM

HTM Voc (V) | Jsc (MA/ecm2) | FF (%) | PCE (%)
3% CFF Doped | Average | 1 9 21.74 66.79 15.88
Highest | 109 23.23 70.16 17.77
4% CFF Doped | Average | 110 21.62 65.42 15.57
Highest | 1 11 23.09 67.50 17.30
5% CFF Doped | Average | 1 19 21.56 64.28 15.23
Highest | 111 22.24 69.87 17.25
6% CFF Doped | Average | 108 21.70 58.45 13.74
Highest | 109 22.04 63.19 15.18
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Figure 5-4. JV curve of different concentrations between 3% and 6% of CFF in
HTM

5.1.2 Spin-Rate Optimization

In the final stage of the optimization, films with different spin speeds were prepared
in order to optimize the thickness of the film further. Since the regular spiro-
OMeTAD solution was coated at 3000 rpm, the spin speed range of the CFF-doped

films was selected between 2000 rpm and 5000 rpm.

The highest efficiency was obtained as 16.77 % with 3000 rpm. The short circuit
current density (Jsc) value of the cell was measured as 22.11 mA/cm?, the open circuit
voltage (Voc) was 1.10 V, and the fill factor (FF%) value was 68.91. Looking at the
mean values, the values of 14.89%, 15.64%, 15.18%, and 14.87% were measured
for CFF doped devices with a spin rates at 2000, 3000, 4000 and 5000 rpm,

respectively (Table 5-3). As a result of the average values, 3000 rpm spin rate was
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chosen as the optimum. JV curves of best devices with the differen spin rates are

given at Figure 5-4.

Table 5-3. Photovoltaic parameters of different spin rates of CFF doped HTM
between 2000 and 5000 rpm

HTM Voe (V) | Jsc (MA/ecm?) | FF (%) | PCE (%)
Regular doped | Average | |07 21.53 76.48 17.69
Spiro-OMeTAD | Highest
(Spiro Reference) 1.10 22.94 74.73 18.86
2000 rpm CFF | Average | 19 22.06 62.04 14.89
Doped Highest | 110 23.12 62.51 15.90
3000 rpm CFF | Average | 1 9 21.65 65.99 15.64
Doped Highest | 110 22.11 68.91 16.77
4000 rpm CFF | Average | 110 21.57 64.21 15.18
Doped Highest | 110 22.39 66.02 16.26
5000 rom CFF | Average | 1 0g 21.56 63.73 14.87
Doped Highest | 109 23.14 63.97 16.14
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Figure 5-5. JV curves of reference and CFF-doped HTMS with different spin
speeds between 2000 and 5000 rpm

The optimal coating rate and rotation speed for the CFF-doped hole transport
solution, according to the optimization studies, were determined to be 3% and 3000

rpm, respectively.
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Table 5-4. Photovoltaic parameters of best devices of reference and CFF-Doped

cells
HTM Voc (V) | Jsc (MA/cm?) | FF (%) | PCE (%)
Reference Reverse 1.10 22.94 74.73 18.86
Spiro- Forward
OMeTAD 1.08 23.00 70.08 17.41
3% CFF Doped | Reverse 1.09 23.23 70.16 17.77
Spiro- Forward
OMETAD 1.02 23.25 61.40 14.56

When the best efficient cell obtained with CFF-doped solution with these ratios is

compared with the cell containing regular doped Spiro-OMeTAD, and it was

observed that comparable performance were achieved. Photovoltaic parameters of

the cells are given in Table 5-4. The JV curve of reverse and forward measurements

of cells can be seen in Figure 5-6.
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Figure 5-6. JV curves of reverse and forward measurements of reference and CFF-
doped champion devices

Perovskites exhibit strong light emission intensity due to the radiative recombination
of photogenerated electrons and holes'®®. Commonly, when coated with HTMs, a
significant decrease in the emission signals was observed due to extraction of holes.
When PL intensities of standard and CFF doped spiro-OMeTAD are compared, the
PL intensity of standard doped Spiro-OMETAD film is relatively low according to
CFF doped films indicating highly efficient hole transport efficiencies between the
perovskite films and the HTMs (Figure 5-7). Although the film doped with 3% CFF
has a lower density than other ratios, the fact that it is pretty high compared to the

regular doped spiro film indicates that there is no effective hole transport.

123



7000

Undoped Spiro
— Spiro Ref
6000 |- 3% CFF
4% CFF
5% CFF
= 0 6% CFF
g s
> 4000
‘®
o=
o)
© 3000
—
o
2000
1000
0 PN : " e y
700 800 900

Wavelength (nm)

Figure 5-7. PL spectra of ITO/SnO2/FAMA Perovskite covered by doped- and
undoped- Spiro-OMeTAD samples at an excitation wavelength of 530 nm.

In order to confirm that CFF is an appropriate p-type dopant for Spiro-OMeTAD,
the conductivities of pristine, regular and CFF-doped Spiro-OMeTAD with different
concentrations were investigated. Increasing trend of conductivity of the Spiro-

OMEeTAD film at different doping ratios of CFF dopant is given in Figure 5-8.
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Figure 5-8. Current—voltage plot with the structure of ITO/doped- and un-doped
spiro-OMeTAD/Au.

HTM Conductivity (S-cm-l)
Undoped Spiro 1.5 56_8
1% CFF Doped 1.23¢
2.5% CFF Doped 1.33¢
5% CFF Doped 1.35¢"
10% CFF Doped 155"
Regular Doped Spiro 8.03¢"

The film conductivity of spiro-OMeTAD is enhanced after CFF doping which was
calculated by testing hole-only diodes with top Au electrodes. For CFF dopant-based
HTLs, the conductivity was improved an order of magnitude, with the highest
conductivity of 1.55 x 10" S-cm™* was achieved 10% CFF doping. In the literature,
there are studies showing a successful doping example with an increase in
conductivity at similar magnitudes''®*'', CFF doping increases the hole mobility of

spiro-OMeTAD, which contributes to the effective transport and extraction of holes
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in solar cells. It is clear that the doping intensity was quite lower compared to Li
based doping of spiro-OMeTAD. However, apparently from device performance
data the level of doping achieved with LiTFSI is not required for high performance
and is the main reason for the instability observed in these devices. Studies related
to stability of devices with different dopants was investigated in details and results

are summarized in next section.

5.1.3 Stability

As mentioned in the sections above, the Spiro-OMeTAD stability problem issues
stands as an important problem on the way to the commercialization and
development of perovskite solar cells. Since the efficiency of cells produced with
undoped Spiro is very low, Spiro-OMeTAD hole transport material is used together
with Li-TFSI and tBP dopants to produce highly efficient solar cells. These dopants
very negatively affect the stability of cells produced with Spiro-OMeTAD. In order
to solve this problem, We have achieved very high comparable efficiencies with the
CFF as a doping material we introduced. Even in terms of stability, CFF-doped cells
are quite ahead of regular-doped Spiro-OMeTAD and here we investigated the effect
on stability in resulting PSCs. Devices prepared with both CFF and LiTFSI were
measured as they are fabricated and kept in ambient conditions (room temperature

and 15% moisture).
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Table 5-5. Photovoltaic parameters of fresh and aged devices of reference and

CFF-doped
Voc (V) Jsc FF (%) PCE SPO
(mA/cm?) (%) (%)
Regular Fresh 1.14 20.99 79.70 19.07 100

Doped Day 20 1.00 18.89 29.41 5.57 29.2
Spiro Day 60 - - - -

(Reference) | Day 90 - - - -
CFF Doped Fresh 1.02 19.81 77.07 15.58 100
Spiro Day 20 1.05 20.25 76.63 16.23 104.2
Day 60 1.05 20.10 69.89 14.69 94.3
Day 90 1.04 19.91 65.19 13.50 86.6

Looking at the measurement results given in detail in Table 5-5, it is seen that; While
the reference cells lost about 70% of its efficiency at the end of 20 days, no results
were obtained in the 60 and 90 day measurements. While no efficiency loss was
observed at the end of 20 days with CFF-doped cell, it was observed that 86.6% of
the cell efficiency was kept at the end of 90 days. The bar graph where you can see

the time dependent cell efficiencies comparatively is given in Figure 5-9.
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Figure 5-9. Bar graphs of best devices of aged and fresh reference and CFF-doped
devices

Contact angle measurements were carried out to inspect the surface of the film. As a
consequence of these studies, it was determined that CFF-doped films were slightly
higher than undoped Spiro and the regular-doped Spiro. This shows that the surface
of CFF-doped films is more hydrophobic. Contact angle images are given at Figure
5-10.
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Figure 5-10. Contact angle images of perovskite, undoped Spiro, reference Spiro
and 3%CFF-doped Spiro
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5.2 Outlook of the Chapter

In this part of the thesis, a novel p-type dopant, CFF, was introduced with promising
results. While CFF-doped devices were highly efficient as regular doped devices,
they were also as stable as undoped devices. As a result of conductivity data, it is
observed that CFF material doped Spiro-OMeTAD less than regular dopants.
However, it is enough to improve the hole transport properties of Spiro-OMeTAD
material. As a result, it can be claimed that there is no need for regular dopants to get
highly efficient solar cells. Additionally, CFF dopant material optimization studies
will continue regarding solution concentration and film thickness for further
improvement. Also, more appropriate perovskite structures will be tried to improve
cell efficiency. Lastly, more conductive alternatives of the CFF molecule will be
synthesized and integrated into HTM for the doping process to observe the

development.
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CHAPTER 6

LARGE CATION BASED 2D PASSIVATION of 3D PEROVSKITE

The passivation of perovskite layers has become increasingly important in the field
of photovoltaic research. The need for passivation arises from surface defects that
creates an environment for the electron-hole recombination, thus decreasing the
efficiency of the solar cells. Passivation can increase the efficiency of solar cells by
reducing the number of defects that can lead to recombination occurring at the
interface between the active layer and the hole-transporting material.

Surface passivation involves applying a thin layer of passivating molecules to the
surface of a perovskite film, which modifies the defect centers. This technique has
been successfully implemented and demonstrated to improve the efficiency and
lifetime of perovskite-based solar cells. Structural deformities such as grain
boundary defects or crystallographic defects are observed during the formation of
solution-processed perovskite films. In any solar cell, the passivation of the surface
defects is always the most crucial task since deficiencies (in other words presence of
dangling bonds) are often generated on the surface'?™3 It is known that the
recombination of defects in the bulk or on the surface of the perovskite absorber
layer strongly impacts the Vo of the solar cellst!#114-116,

Among different materials used for surface passivation of perovskite films, organic
ammonium halide salts have shown promising results™*’-*1°, Ammonium cations in
organic halide salts passivate negatively charged defects on the surface by
electrostatic interactions such as ionic and hydrogen bonding.
Phenylmethylammonium iodide (PMAI) salts can passivate the perovskite material,
thereby increasing its photovoltaic efficiency. PMAI salts can be used in perovskite
solar cells to improve their performance by reducing surface defects, creating an
efficient and stable planar structure and scavenging deep-level traps'?°. Passivation

of the perovskite material using PMAI salts involves introducing the PMAI layer on
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the perovskite material to form a stable interface between the perovskite material and
the hole transport layer. This layer helps to reduce the rate of charge recombination,
increasing the cell's overall stability. The ammonium cation in PMAI helps to
passivate the charged traps at the surface of perovskite films, whilst the hydrophobic
aromatic phenyl group helps to improve environmental stability by covering

perovskite layer!?!

. As aresult, nonradiative charge recombination is minimized, and
the open-circuit voltage (Voc) of perovskite solar cells is increased'?212% In this part
of the thesis, 3 novel PMAI based ammonium cations have been utilized for
passivation perovskite solar cells and improved performance compared to that of
unpassivated cells, with an increase in Vo, efficiency and stability was

demonstrated.

Phenylmethylammonium iodide (PMAI) salts linked to different aromatic functional
groups ((4-(thiophene-2-yl)phenyl)methanaminium iodide, (4-(selenophene-2-
yl)phenyl)methanaminium iodide and (4-(furan-2-) yl)phenyl)methanaminium
iodide) were synthesized, and the effects of these salts on cell performance and the
stability of cells were investigated by various characterization methods. Salts are
indicated by the abbreviations TPMAI, SPMAI, and FPMALI, respectively (Figure
6-1a). Perovskite solar cells were fabricated in the n-i-p configuration with the
structure of Glass/FTO/c-TiO2/m-TiO2/SnOz/Perovskite/PMAI-based salts/Spiro-
OMeTAD/Au (Figure 6-1b).
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FPMAI

Figure 6-1. a) Molecular structures of TPMAI, SPMAI and FPMAI salts b)
Schematic of the device structure

6.1 Preliminary Studies

The preliminary studies of the organic ammonium salts presented in this chapter
were conducted in the ODTU-GUNAM laboratory, and highly encouraging results
were obtained with the (4-(thiophen-2-yl)phenyl)methanaminium iodide (TPMAI)
salt.

First the concentration optimization was conducted. The average and highest device
parameters were listed in the Table 6-1 below. The highest average PCE was
obtained with 5 mg/mL TPMAI as 21.24% with J at 24.1 mA/cm? EQE
measurements revealed an integrated Ji of 22.8 mA/cm? which is within the
acceptable 5% difference range. Increasing the concentration even further (6 mg/mL
TPMAI) led to a decrease in average PCE due to lower FF. Independent of the
concentration a noticeable enhancement was achieved in V. Detailed cell

measurements can be found in the box charts in Figure 6-2.
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Table 6-1. Photovoltaic parameters of reference, 3 mg/mL, 4 mg/mL, 5 mg/mL, and
6 mg/mL TPMAI cells

HTM Voe (V) | Jsc (MA/ecm?) | FF (%) | PCE (%)

Spiro Reference | Average | 119 22.19 81.34 19.78
Highest | 109 22.67 82.78 20.46

3mg/mL TPMALI | Average | 1 14 22.50 80.21 20.63
Highest | 1 14 22.48 81.76 21.33

4 mg/mL TPMAI | Average | | 15 21.68 80.84 20.12
Highest | 115 22.75 80.98 21.19

5mg/mL TPMAI | Average | 1 16 23.00 79.75 21.24
Highest | 116 24.15 80.06 22.43

6 mg/mL TPMAI | Average | 115 23.01 75.00 19.86
Highest | 1 16 22.45 77.13 20.09

For the reference device highest PCE was 20.46% with a Jsc of 22.67 mA/cm?, and
its integrated Jsc was calculated as 21.65 mA/cm? from the EQE measurements.
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Figure 6-3. a) JV curves and b) EQE spectra of the reference and TPMAI, SPMAI
and FMAI champion devices and calculated photocurrent values
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TPMAI has shown to have significant potential as a passivation material which
enabled cells with efficiencies exceeding 22%. FPMAI and SPMAI salts, which are
derivatives of TPMAI, were synthesized after these initial promising results and
further studies as a set were conducted with a collaboration with Prof. Nazeeruddin’s

group at EPFL.

6.2 Results and Discussion

Firstly, X-ray diffraction (XRD) analysis was performed to demonstrate whether
these salts resulted in formation of a 2D perovskite layer on the 3D perovskite. It was
observed that although the salts reduced the amount of Pbl, on the perovskite surface,
they did not form a 2D layer. As mentioned earlier, the formation of the 2D layer is
associated with formation of new peaks below 10°. Looking at the XRD models in

Figure 6-4, no new peak formation was observed below 10°.
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Figure 6-4. XRD pattern of reference 3D perovskite, TPMAI, SPMAI, and FPMAI-
treated perovskite films. The * symbol represents the Pbl, diffraction peak.
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Then, SEM images were taken to observe the changes caused by TPMAI, SPMAI
and FPMAI salts on the 3D perovskite surface. As seen in the surface SEM images
in Figure 6-5, all three salts caused significant change in the 3D perovskite surface.
Itis clear from in the SEM images that the Pbl. crystals (shiny point in the reference
SEM) on the reference film are considerably reduced in the salt-treated films, and

these images match the XRD analysis results.
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Figure 6-5. Top view SEM images of reference, TPMAI, SPMAI and FPMAI
films.

The graph given in Figure 6-6a shows the absorption spectra of the reference and
salt-coated films. As seen from the graph, the salts do not contribute to the absorption
of the reference film. The photoluminescence (PL) spectra of pristine and salt-treated
films are displayed in Figure 6-6a. The PL measurements were performed with the
intention of determining the passivation effects upon salt treatment. The films were
excited at 450 nm.
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Figure 6-6. a) Absorption spectra of reference, TPMAI, SPMAI and FPMALI films.
b) PL spectra of reference, TPMAI, SPMAI and FPMAI films, c) Energy level
diagram of reference perovskite and PMAI salts, d) TRPL spectra of reference,

TPMAI, SPMAI and FPMAI films

A significant increasing trend in PL intensity was observed for all three salts. These
results show that the salts reduce radiation-free recombination and passivate pin
holes found in the 3D perovskite or on its surface. When the salts were compared
among themselves, it was observed that the organic salt of TPMAI containing the
thiophene group had a much higher PL intensity than the other salts. The reason for
the difference in increase among these salts from a chemical perspective is under
investigation using DFT calculations. According to the TRPL data (Figure 6-6d), the
highest lifetime is observed with TPMALI salt, which is in line with the hypothesis
about the passivation of iodine traps and the consequent reduction of trap

concentration as compared to the reference, SPMAI, and FPMAI salts.
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The ionization energies of the reference and salt coated 3D films were determined
via ultraviolet photoelectron spectroscopy (UPS) to be -5.51, -6.03, -6.10, and -5.90
eV for the reference, TPMAI, SPMAI, and FPMAI films, respectively. The
schematic of energy level diagram of reference and TPMAI, SPMAI, FPMAI treated
films is displayed in Figure 6-6¢. UPS spectra of reference and TPMAI, SPMAI,
FPMAI treated films were given in Figure 6-7.
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Figure 6-7. UPS spectra of the reference and TPMAI, SPMAI and FPMAI films
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In the box charts shown in Figure 6-8, the average open-circuit voltage (Voc), short-
circuit current density (Jsc), fill factor (FF), and power conversion efficiencies (PCE)
of the reference and solar cells treated with TPMAI, SPMAI and FPMAI salts are
given. While the average open-circuit voltages were 1.08 V for the reference cell,
this value was measured as 1.13, 1.11 and 1.12 V for salts, respectively. While these
results are consistent with the PL spectrum and confirmed that organic ammonium
salts passivate the reference perovskite film surface and reduce the defects. When
the short-circuit current densities are examined, it has been observed that there is no
significant difference between the salt-passivated cells and the reference cells. These
results are also consistent with the absorption spectrum. The reference cell has an
average PCE of 20.63%, while it is 22.93% for TPMAI, 21.45% for SPMAI and
21.87% for FPMAI.
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Figure 6-8. Box charts of reference solar cells treated with PMAI salts with
different functional groups; a) Voc, b) Jsc, ¢) FF, and d) PCE.

141



Looking at the current-voltage graphs in Figure 6-9, the highest efficiency of the
reference cell was measured as 20.91%, while the highest cell efficiency was 23.15%
for TPMAI, 21.65% for SPMAI and 22.18% for FPMAI. The photovoltaic cell
parameters shown in Table 6-2 show that promising results were obtained with salt-
containing cells. Looking at the results, it was observed that the cells produced with
selenophene salts had lower efficiency than the others. One reason behind this

decrease is believed to arise from the relatively poor solubility of selenophene salt.
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Figure 6-9. J-V curves of the reference and TPMAI, SPMAI and FMAI champion
devices simulated under one sun illumination
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Table 6-2. Reverse and forward measurement J-V parameters of champion
reference, TPMAI, SPMAI and FPMAI cells.

Voc | Jse(mA/cm?) | FF | PCE % (the Hysteresis
V) % highest) Index (%)
Reference— | 1.08 24.98 77.5 20.91 7.75
reverse
Reference — 1.09 24.83 71.4 19.29
forward
TPMAI - 1.13 25.69 79.6 23.15 -
reverse
TPMAI - 1.11 25.66 78.5 22.37 3.37
forward
SPMAI - 1.12 24.73 78.5 21.65 -
reverse
SPMAI - 1.10 24.87 73.4 20.09 7.20
forward
FPMAI - 1.12 25.13 78.7 22.18 -
reverse
FPMAI - 1.11 25.04 76.0 21.12 4.78
forward

Further measurements of these cells were performed, and percent hysteresis indices
were calculated. These values were calculated as 7.75% for the reference cell, 3.37%
for TPMAI, 7.20% for SPMAI and 4.78% for FPMAI cells. These results show that
ion migration slows down in cells containing salt layers, thus increasing intracellular

stability.
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The integrated current values of the champion cells were measured by external
quantum efficiency analysis. The values are shown in Figure 6-10, and the results

obtained are consistent with the current density results from the J-V measurements.
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Figure 6-10. EQE spectra of the reference and TPMAI, SPMAI and FMAI
champion devices and calculated photocurrent values

Aside from surface characterization and cell measurements, research was carried out
to determine the impact of TPMAI, SPMALI, and FPMAI salts on cell stability. In
order to determine the stability of the devices, a 1250-hour stability test was
conducted, and the results were recorded (Figure 6-11a). The reference cell had a
50% loss of efficiency after 1250 hours, whereas PMAI-salt-treated cells performed
excellently. TPMAI-treated cell retained nearly all the cell efficiency after 1250
hours, placing it among the best cells in the literature in terms of both stability and

cell efficiency. Contact angle measurements were conducted to the reference and
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salt-treated films to understand the films' water resistance (Figure 6-11b). As a result
of this analysis, it was observed that the film treated with thiophene had the highest
angle (79.3°) and the most hydrophobic surface. The film containing the furan
aromatic group also has a higher angle than the reference cell. However, it was
observed that the film containing selenophene group salt was not as resistant to water
which clearly correlated with stability studies.
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Figure 6-11. a) Comparative operational stability of perovskite devices with and
without salt treatment. The devices were measured under a nitrogen environment at
room temperature under constant illumination (LED source, =1 Sun) at a maximum

power point for 1250 h. b) Contact angle images of reference, TPMAI, SPMAI ve
FPMAI films
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CHAPTER 7

CONCLUSION

This thesis focused on developing hole transport layers and passivation of perovskite
layer to enhance charge collections, stability and photovoltaic performance of
perovskite solar cells. A wide range of polymeric and small molecule hole transport
materials were investigated and their performance was evaluated. Effective doping
of spiro-OMeTAD with a novel dopant and successful large cation passivation of 3D

perovskite were also demonstrated.
The general finding in this work can be summarized as follows:

1) High performance perovskite solar cells can be achieved by
implementation of appropriate dopant-free hole transport materials.

i) It is possible to obtain good efficiencies by using a novel dopant in
smaller amounts than dopants in standard recipes and achieve excellent
cell stability.

iii)  The interfaces in perovskite solar cells play a very important role in
device performance and novel salts introduced in this thesis demonstrate
effective passivation materials and enabled realization of highly efficient

and extremely stable perovskite solar cells.
In more detail:

In Chapter 3, a systematical investigation of the effect of different aromatic groups
and alkyl chains on the optical and electrochemical properties as well as solar cell
performance of DPP-based HTMs was discussed. Even though these HTMs were
designed and synthesized in a systematical order, differences in molecular weights
and film morphologies showed significant influence on cell parameters, thus

preventing us from drawing clear conclusions. In future work, the cell performances
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will be compared by conducting simultaneous experimental sets with the best-
performing polymers, and the relationship between the efficiencies and the chemical

structure of the polymers will be explored.

In Chapter 4, dopant-free PT-TPA molecule was introduced an efficient hole
transport layer in perovskite solar cells and the effect on the performance and cell
stability is investigated. Although a low efficiency has been obtained according to
the results of TPA-based molecules in recent years, the 17% efficiency of PT-TPA
HTM is still significantly relevant among undoped HTMs. One envisioned reason
Since the reason for the relatively low efficiency is the surface compatibility between
the HTM and perovskite layers, PT-TPA material will be tested with other perovskite
formulations and their photovoltaic performances will be observed. It is important to
note here that the most substantial aspect of PT-TPA HTM was its contribution to
cell stability. PT-TPA-based cells, which perform very well under temperature and
light, showed a very satisfactory performance with almost no loss of efficiency at the
end of 70 days under ambient conditions.

In Chapter 5, the incorporation of CFF as a p-type dopant to Spiro-OMeTAD
demonstrated great doping ability with improved PSC device efficiency high as
17.8%. Furthermore, it had no unfavourable impact on cell stability like traditional
dopant molecules. At the end of the 90-day measurement, while the regular doped
cell had no response, it was observed that 87% of the efficiency of the CFF-doped
cell was retained. These results provide new insight into HTM doping for
applications in PSCs. Related derivates of CFF are currently being synthesized in

our labs and their performance with respect to CFF will be evaluated in the future.

In Chapter 6, PMAI based salts have been successfully used to improve the
performance of perovskite solar cells, with increased efficiency, stability and
reduced surface defects. PMAI-passivated perovskite solar cells displayed improved
performance compared to that of unpassivated cells, with an increase of up to 16%
in average efficiency and up to 50% in cell stability.
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