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ABSTRACT

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

Baj ¢bBsrhi k
Doctor of PhilosophyPolimer Science and Technology

SupervisorAs s 0 C . Prof . Dr. G°rkem G¢nb
Co-SupervisorAs s o C . Prof . Dr. Sel-uk Ye]
February 2023172 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 higérformance, lowost, and
environmentally stable organic heteansport 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 faransporting 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 mai emphasis of this holgansport layer (HTL) research is on developing
both holetransport materials and dopants to develop HTL that can provide improved
stability and excellent holansport properties to enhance the overall performance of

perovskite star cells.

The research in this thesis aims to provide novel andeftesitive organic HTMs,

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



realization of highperformance PSCs. Overall, the high potential of novel acgan
dopantfree HTMs, ptype 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 commercializatis@Cef P

In this thesis work, in chapter 3, a series of ElfRBBed 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 wasaticstiyn
investigated. After optimization studies, the cell fabricated with HTM 4B has an
efficiency of 16% and is placed well among the dogese polymer HTMs in the
literature. In chapter 4, a TRBased small molecule is introduced as atwst, dopat:

free HTM for conventional 4i-p type PSCs, and the effect on the performance and cell
stability is examined. PSCs with PIIPA HTM exhibit a champion PCE of 17% and a
substantively improved operational stability for unencapsulated cells tested at both
cortrolled and ambient conditions. With the optimized HTL; PHA-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, dereloped
successfullyWhile 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 after90 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% retaird cell efficiency retained after 1250 hours) was achieved with one of these
salts, TPMAL.

Keywords: Perovskite solar cell, hole transport material, polyntspant,

passivation
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Perovskit g ¢ n e K h¢creleri (PSC) géneck enerji
potansiyell eri a-eéséendan genik bir -al e
performansl e, d¢e¢kek maliyetl ve -evres:

mal zemel eri ni ndgmBdadé | elrpmas@ needeami yl e PSC
zorl ayecée ol maktadeér. Bu nedenl e, yeni

ilgiyle beklenmektedir.

Bokl uk takéyécé mal zeme (BTM), perovskit
y ¢ kl er i nmak(ébnonkalsuekn)d atn s or uml u ol an, perovs
bil ekxenlerden biridir. Perovskit ge¢nek h
genel l i kle kararsézl ék sorunl aréna neden
azaltabil ehekatkhéemadd Bu bokluk takeéeyeéec
ana vurgusu, perovskit g¢nek hegcrelerinior
kararl el ek ve m¢gkemmel bokl uk takéma °ze

i -in hem bokdm«&«l draik Elyeem éd enak &t ké maddel er
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Bu tez arakteéer maseée, yé¢ksek performansl & PS
ol arak yeni ve uygun mal ityiepgil ik aotrkgé nmakd dBellMe r

perovski:t pasivasyonyl d@amayé aama-yluaimatku zaldaérr é

ol ar ak, yeni organi k katké maddesi I - er mey e
sahip pt i pi kat ke maddel erinin vV e perovskit [
kararl él éjéne °nemli ©°I|-¢,dpr yykbektpomaRrkRsiy:i
onlarée PSC'lerin ticarilexxtiril mesi i -1 n um
Bu tez -alékmaséneén 3. bol ¢m¢nde, bir di zi
pillerinde BTM' | er ol ar ak i kc ed renpni xrté&rm,. E
konjuge kéesémlarén ve al kil zincirlerinin g
etkisi sistematik ol arak araxkteéréldée. Optim
cretilen h¢gcre %16 verimle | iteiyibit ¢r deki k a

yere sahiptir. 4-i-p btil gpimdR S C'gled re niekise | d oK ¢ K

maddesi I - eboramdyenbi TPA ¢ - ¢k mol ek¢gl ¢n BTM ol
h¢cre stabilitesi ¢ Z er-TRABEMYe sabig RSC'ler| i ncel en
enkdppsedi |l memi k ol arak hem kontroll ¢ hem de
%17' 1l ik bir PCE ve °neml.i °]l -¢de Tyilexktiri
Optimize edil-mPAk tBalKanlle hPglcrel er, ortam K¢
boyunca veriminin %9% s éné kor udu. Bel ¢m 5'te, yeni k
CFF'"'nin kullanél maseéyl a, gel eneksel kat kel e
sahip, ancak katkéséz BTM' | er kadar kararl e

katkelé& h¢gcretemdel mh k%L mpum7vel arak kaydedi
CFF m¢kemmel doping performansé g°sterdi %
etkinlijinin %87"'sini korudu. 6 . b°l ¢ mde,

kat man ol arak verimlihuxlta@anar ¢-tapehi teWmal

tanéet él deé. Bu twuzlardan biri ol an TPMAI i
korunan %97,8 hg¢gcre verimlili]i) Il e %23, 1!
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 increasgallution as the
majority of this energy was supplied by fossil fuels like coal, oil, and gas. It is
essential taealise that although fossil fuels still provide a significant quantity of
electricity, very efficient and reasonably lmest green energy sources are required

to be discoveed asalternatives to nomenewable resourcedhe transition to
renewable energsources 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 signifantly, making them more competitive with fossil fuels.
Renewable energy refers to energy sourcestegiersistent or regenerategurally

but have a limitingutilization with current technologie3hey are almost unlimited

in duration but have lmited amount of energy per unit of time. Solar energy, wind
power, geothermal energy, and hydroelectric power are all examples of renewable

energy sourceés

1.2 Solar Energy and Photovoltaics

Solar energy is a sort of renewable energy produced by hampéssianergy of the
sun andts utilization israpidly increasingn the field of renewable energy. Solar
energy can be harnessed through a variety of technologies, inctahngntrated

solarthermaland photovoltaics.



Photovoltaics (PV) is a technologdiyat converts sunlight into electricitiPV 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 theoptelectric 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 glar 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 tecologies employed in their productfoh 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 silitdrG solar cells are ginly 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 star 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-&brthi
solar cells, are made of thin layers of semiconductor material deposited on a
substrat&®. 2G solar cells are typically made of materials such as amorphous
silicon, cadmium telluride, and copper indium gallium selenide. 2G solar
cells are less &tient 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 buildimgfegated 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 cd&t. Examples of 3G solar cells include perovskite
solar cells, guantum dot solar cells, and-dgasitized solar cells. One of the
most importanbf them isperovskite solar cellhatachieve high levels of
efficiency and have the potential to be a {owst alternative to traditional
silicon-based solar cells. 3G solar cells are still in the research and
development stage and are not yet widely availabh@market. There are
many studies about developing 3G solar cells and improving their efficiency
and stability. 3G solar cells are anticipated to playessentialole in the

future of solar energy.

1.3 Perovskite Solar Cells

Perovskite solar cell is a typé 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 (PSCade a rapidly developing technology that
have the potential to revolutionize the field of renewable energscent 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 thecritical breakthroughs in #hdevelopment of pevskite solar cells came

in 2009 when Miyasakaet al. first i ntroduced perinndyesski te a
sensitized solar cells (DSSCand obtained a PCE of 3.88% using a mesoporous

TiO2 layer and a perovskite material based on methylamum lead iodide

(MAPDI3)8. 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 imiterest in perovskite

solar cells, and over the next decade, researarmtdwideworked to improve their

efficiency and stabilityln 2012, Parket al. used a soliétate organic molecule,

2 , 2 GTetrakis{N,N-di-4-methoxyplenylamino)9,9-spirobifluorene  (Spiro

OMeTAD), instead of the liquid electrolyte to inhibit the degradation of the

perovskite absorber layér 9.7% efficiency was achieved with the integration of

mesoporous Tig) and later on, 12% efficiency was achieved with a porou®aAl

scaffold by Snaitlet al.11. 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, Snaitlet al. fabricated the perovskite layer via the- co

evaporation method in that study. The structures for all the devices mentioned before

are namedi-pds sthecovomres (nor mal structure),
il luminated from the electron tram&port | ay
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%hrough those years with several improvements and

have become competitive with their strong competitors in the photovoltaic field in a

short time Figurel-1).
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The simple fabrication methods open the possibility of integrating perovskite

processing into industrial retb-roll manufacturing, allowing lovcost 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 devicé$'® photodetectof§ andindoor 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 solaells have demonstrated very high levels of

efficiency in converting sunlight into electricity. In 282he highest reported

efficiency for a perovskite solar cell was just over 25%. While this is still



lower than the highest reported efficiency for &eih 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 usingctmst; solution
based techniques, which makes them potentially cheaper to manufaature th
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 ad 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-sweted for use in solar
cells.

5. High charge carrier mobilityPerovskites 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 effi@nt 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 dtecting 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 severahallenges that need to be addressed in order to make perovskite
solar cells a viable alternative to traditional silideased solar cells. Nevertheless,
perovskite solar cells show considerable promise with their features such as ease of
application, lowcost 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 Roge 1839 and was named after a Russian mineralogist L. A.
Perovski (17921856)%. It has a distinctive crystal structure, known as the perovskite
structure, which is characterized by a cubic arrangement of metal atoms surrounded
by oxygen atom$?erovskie materials have attracted significant attention in the field

of solar energy due to their high photovoltaic efficiency and low cost of prodtfction

Perovskite materials are a class of compounds that have a specific crystal structure
and chemical congsition and are composed of an organic and metal cation and a
halide anionFigure 1-2 demonstrates the general formula for perovskite, ABX
where A can be an organic (the most common methyl ammonium “{Mk
formamidinium (FA)) or inorganic cation (C3%, B is a metal cation (Pbor Srf™),

and X is a halide anion or a mixture of halogensBHi, or CI). In the perovskite
structure, the Aation 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 orgamorganic lead halide hybrid perovskite is now

the most common perovisék material in photovadics. The perovskite crystal
structure can accommodate a wide variety of cations and anions, leading to the
formation of many different perovskite compoun@gnerally, the most commonly

used perovskite structure is methylammonlead iodide, MAPI.
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Figurel-2. ABX3 perovskite unit cell. A(grey)=C#NHs, B(blue)=Pb or Sn, O
(violet)=I, Br or CF°.

1.5 Perovskite Solar Cell Structure and Working Principle

Perovskite solar cells havdayered structure similar to traditional solar cells, with
some key differences in the materials udedsolar cells, perovskite materials are
used as the active layer, which is responsible for converting sunlight into electricity.
When sunlight hits theerovskite 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 generallydmaf 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 sleéar 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 eledes. A material's LUMO (least
unoccupied macular orbital) level must be compatibigth 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 caien 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 gthetovoltaic
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 sunligt: 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
conducton band. This creates electrbale pairs in the perovskite layer.

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

hole transport layer (HTL)



4. Collecion of electrons: As the electrons move towards the elettiosport
layer, they are collected by the electraddss generates an electric current

that can be used as a source of power.

PSCs also have some common radiation recombination mechanisensilitkn

solar cellslt is important to prevent the recombination of the electrons and twles
maintain the efficiency of the solar cellhe HTL is designed to transport the holes
quickly to prevent recombination with the electrons in the perovskiés.laimiting

these charge recombination processes may improve the device efficiency in
perovskite solar celldzigure1-3 depicts the whole charge trgust'recombiration
process: Through the transparent electrode, photons excite the perovskite layer,
resulting in the photogeneration of electtmrie pairs. Electrons and holes are
separated (1) and delivered into the conduction band of the ETL (2) and the HOMO
level o the HTL (3), respectively, forwarttavelling 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 oabccur.
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Figurel-3. Processes in PSCs involving charge fpansand recombination: 1.
charge generation, 2 and 3. charge transport of the electrons and holes to the ETL
and HTL, respectively, 4, 5, Gnd 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 Perovske Solar Cells

and pii n. The cell structure changes according to the direction of the light in PSCs.
The key difference between the two structures is the position petiogskite layer

between the charge transport layers.

Normal structure (1-p) is adopted from dysensitized solar cell structure. If the
light comes from the electron transport layer (ETL) and reaches the perovskite active
layer, it is called the norrhatructure. 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 perovekactive area, it is called the inverted structure (p

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 perovskitabsorber layer, an electron transport layer (ETL), and a top

electrode(Figurel1-4).

11



a) ' - b)

Figurel-4. Perovskite solaratl architecture, a) normal structurei¢p), b)
inverted structure (p-n)

1.7 Fabrication Techniques of Perovskite Solar Cells

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

including solution processngandvapaur deposition
a) Solutionbased Methods:

Solutionbased methods are the most commonly used techniques for fabricating
PSCs due to their simplicity and low cost. The most commonly used seh#sau
technique is sphtoating, which involves degiting 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 solutiorbased technique is inkjet printing, which involves degpagismall
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 pattether techniques that have been used
gererally to fabricate largrarea 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 rguirements and constraints of the system.

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

result in noruniform films, leadingto redued performance and stability of PSCs.
b) Vacuumbased Methods:

Vacuumbased 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 ogeiutionbased 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 evaporatel condense onto the substrate. Sputtering
involves bombarding the charge transport materials with-éigdrgy ions, causing

them to eject and deposit onto the substrate.

Vacuumbased methods offer better control over film thickness and uniformity,
resuting in improved performance and stability of PSCs. However, they are more

complex and expensive than solutioaised techniques

1.8 Charge Transport Layers

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

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

13



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

recombination rate is fregutly 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 ma&s tyf charge
transport layers in a perovskite solar cell: the hole transport layer (HTL) and the
electron transport layer (ETLA variety of materials have been usedHd. and

ETL in PSCs, including organic and inorganic materials.

The hole transport Yeer (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 éhefficiency of the device by facilitating the flow of charge
carriers.For HTLs, materials such as Spi@MeTAD?!, PTAA?2, PEDOT:PS&,

and P3HT* have been widely used.

The electron transport layer (ETL) is a layer of material that is resperibl
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 thecgdlaFor

ETLs, materials such as Ssf) TiO»?%, andZnCO?’ 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 celEspecially 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

structue where perovskite studies start and their f@ffitiency structure.

14



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 perovsle to

the cathode electrod&he ETL serves several functions in perovskite solar cells.
First, it acts as an electr@elective contact, blocking the transport of holes from the
perovskite layer to the cathode electrode. This helps to maintain agegiciccuit
voltage and prevent recombination of electhae 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 (TiQ) 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
develged that can be used instead of J@cause 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 (Sng) has started to be used rather frequently instead of
TiO2 because of its advantages such as better optical and electrical properties
according to the Tig) better energy band compatibility with the perovskite layer,
and being ale to be produced at low temperatures. Firstly, in 2015, 17% efficiency
value was obtained from the planar perovskite solar cell produced using SnO
nanocrystaf and 21% cell efficiency was reached within two y&arSor these

reasons, the Snaye was used as the electrtvansport 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 fmackact metal electred

takes place by HTLThe HTL plays a critical role in the overall performance of the

15



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 performartbe fTL 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 PSGs)alwvith 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 holditpgiooperties,

it improves the hole transport in PSCs. c) HTL plays a vital role in terms of the long
term stability of solar cells. In the normal structurei-), the HTL covers the
perovskite layer and protects the perovskite from external stirdikei, 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 (HTLS) in perovskite solar cells (PSCs) is
influenced by various factor3he followings are the primary prerequisites for an
HTM to transport holefficiently 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 wethatched with the valence band of the
perovskite Iger to ensure efficient hole extractiémo more than 0.3 eV)f
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 anothessential
factor that affects the performamnof PSCs. The HTL should hakigh hole
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b)

d)

f)

mobility to facilitate efficient hole transport to the anode. The mobility of
holesdependson the structure and compositiof the HTL. For instance,
inorganic materials such as CuS€Nnd NiG33 have demonstrated high
hole mobility, while organic materials such as SyfdwleTAD have
relatively lower mobility. The addition of dopantsay 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 gong 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 betweerativele 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 PSCsThe thermal photochemical,and environmental
stability of HTM is crucial. The HTL should be stable under ambient
conditions to enge longterm device stability.

Solubility: The HTM needs to be soluble in a solvent that can be used to
prepare a uniformral defectfree 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 densgcontinuous 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 ftbenperovskite 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
spirooOMeTAD, which is a conductive organic material, and inolganaterials

such as titanium dioxide (T&pand zinc oxide (ZnO¥igurel-5is a schematic of a
"efficiency tree" that illustrates the HTMs applied to PSCs withhtgkest levels of
efficiency (>21%j3*

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

DTP-C6Th
LA _ 21.04 %

Perovskite solar cells

Figure1-5. Schematic of the hole transport layers with the highest efficiéncy

A distinct problem with hybrid organic/inorganic PSCs is thap#revskite 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 HTWhile these materials may
provide better durability, they frequently need incompatible or high processing
temperatures, making oxidmsed HTLs only attractive for devices withi-p
architecture (whichequiressubstrate/HTL/perovskite/ETL), not treated on tdp o

the fragile perovskite fili#? *°. For this reason, the vast bulk of perovskite solar cell

18



research, particularly recotuteaking efficiency, has been based on orghased
HTL PSC designs.

3.8
(@)
Al, Ag (4.3) 'g,
>
«Q
3 o
' vy}
52 5, -
35, o
. ’ g . Inorganic Electron
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HTM HTM HTM 5.9 transport layer
h + Perovskite

Figurel-6. Energy levels of various common HTMs together with iodide and
bromide based halidgerovskite®.

Organic polymers, such as poly[biggdenyl)(2,4,6trimethylphenyl)amine
(PTAA), poly(3,4ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS),
and wly(3-hexylthiophene) (P3HT), have been reported to be efficient HTLs due to
their comparatively high intrinsic conductivities and mobilitte®vith the exception

of PEDOT:PSS, which has been proven to be hydrophilic, organic polymers are

solutionprocessable, exhibit good thermal stability, and are hydropR®bic

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

manufacturing because organic small molecule (OSM) HTLs are often amdtphous
52

19



1.8.2.1 Spiro-OMeTAD and Doping of HTM

SpiroOMeTAD was discovered and authorized by Merck almost twenty years
ago®> Kim et al. first utilized SpireMeOTAD as the HTL in the mesoporous
structured MAPKd PSCs with an efficiency of around 10%. Since then, spiro
OMeTAD remains the most studied HTM foti4p perovskite solar cells due to its

potential to produce devices with higher performance.

The LUMO and HOMO of spir@®MeTAD align favorably with the conattion

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 9p-MeOTAD has limited conductivity and hole mobility. Noh

et al. have doped spir®@MeTAD with bis(trifluoromethylsulfonyl) amine lithium

salt (L-TFSI), 4tertbutylpyridine (TBP), and trislH-pyrazotl-yl)-4-tert-
butylpyridine)cobalt(lll) tri[bis(trifuoromethane)sulfonimide] (FK209) to minimize

the charge transport resistance in 201Bigure1-7). The combined use of LiTFSI

and TBP in SpirdlOMeTAD enhanced itsonductivity by two orders of magnitude,
from 2.5x10" Scm! to 2.5x10° Scntt, and the incorporation of FK209 enhanced
conductivity further, resulting ™% a drop
In addition, these additives or dopants réased the fermi level and carrier
recombination of Spir®@MeTAD.

Y Y
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ZN Co N __ ¥ 0o 3
i+ ©0 N Ns
Li o\\ No o / A N'
Fgc’s\\o d,s “CF, s \; I N
N/
t';ﬁf,i FK 209 Co(lll) TFSI salt 8P
tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)cobalt(lll)  4-tert-Butylpyridine

SR (ERRIcrogM e sROLIS tri[bis(trifluoromethane)sulfonimide]

Figurel-7. Chemical structures of conventional sp@&eTAD dopants.
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Doping is a method for enhancing the conductivitg@miconductors, in which an
impurity is added to the semiconductor to elevate the concentration of majority
charge carriers and raise conducti¥ityThe doping mechanism of Spi@VieTAD
involves the introduction of impurities into the material thatratseenergy levels

and electrical conductivity’he doping process involves adding the dopant molecule
to a solution of SpirdMeTAD in a solvent such as chlorobenzene. The solution is
then spiacoated onto the perovskite layer, forming a thin layer gfedoSpire
OMeTAD as the hole transport layer (HTL). The dopant molecules can improve the
conductivity of the SpirdMeTAD layer, resulting in improved device
performanceSpiroOMeTAD is pdoped by oxidation to spir®@MeTAD*™®. This

also deepens its HOMQvhich may improve the energy alignment at the interface
between SpirdOMeTAD and perovskifd. Despite the fact that Spx©MeTAD
oxidation was observed even in the absence-adgants, the rate was too low to
appreciably alter conductivity Eventhough the electrical characteristics of doped
SpiroOMeTAD provide for higkefficiency devices in a research context, its

stability poses a significant obstacle.

1.9 Challenges of Perovskite Solar Cells

Despite those advantages, there are a coupleatienges 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 silisofar 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 comparedilaon 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 avdgabommercially, and it will likely

take some time before they are mpssduced 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
currentvoltage (-V) curve of the device exhibits a loop oydteresis 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 understdasi 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 JPdmid/or methylammonium

lead iodide (MAPD}), 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
mechanism4d 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 the applied voltage, resulting in hysteresis.

Significant hysteresis can occur in the curresitage curves of perovskite solar cells
measured at specific scan settings. As demonstratedune 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.
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Figurel-8. Hysteresis in PSCs: forward and reverse scan of a device with different
JV curve$?

There are several factors that can contribute to hysteresis in perovskite solar cells.
The main reasons hysteresis can be ascribed as; the ion migration in the perovskite
film®3, the ferroelectricity of the perovskite compo€ffrahd the ion diffusion across

the hole transport layer and perovskite fiifn&ven though there are many studies
about tle 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 PEs 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 thesedevices 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 structwally unstable when exposeddrygen,heat (thermal instability), humidity

(moisture and air), and light for an extended perkidurel1-9).

Oxygen Moisture

Temperature

Figurel-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 isanspicuous 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 lonterm 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 perovskitemfects 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 radaocin the carrier mobility and
lifetime®®, The presence of defects can also increase the density of trap states,
resulting in a reduction of the opeircuit voltage (\) and fill factor (FF)Charge

traps can be created in PSCs due to the presenicéedfice states between the
perovskite layer and the charge transport lay€targe traps, which are regions
within the material where charge carriers become trapped and cannot contribute to
the current, can reduce the performance of th&’€&lluncoordinated ions such as

PK** and the accompanying dangling bonds at grain boundaries and surfaces are

assumed as the significant causes of charge’tr&ps

Passivation is a technique used to reduce the effects of defects and charge traps in
perovskie solar cell§. 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 tpams 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 pasvskite solar cells include:
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1 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 lighsorption efficiency.

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

1 Surface modification: Surface modificatiohtbe 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 engineerimgya 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 udng 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 HTLsould 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 perovskitela 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 tingportance of the HTLs and the
current limitations of the existing materials. In chapter 2, fabrication methods and
characterization techniques were explained. Chapter 3 focuses o+bd3ed
polymers as a hole transport layer. Chapter 4 includes a smaftiormolecule as

hole transport material in the perovskite solar cell system. In Chapter 5, atyp&v p
dopant for the Spir®MeTAD hole transport layer is presented. In Chapter 6 the
passivation of the perovskite active layer via ammonium salts in giétesolar

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 cellsdeyeloping HTLs with
improved properties and to identify the optimal conditions for using these novel

HTLs in perovskite solar cells
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CHAPTER 2

EXPERIMENTAL METHODS

2.1 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:

1 Power conversion efficiency (PCE): This is the most commonly used
parameterd 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:

1 Fill factor (FF): This parameter describes how well the curaitage (+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
|-V characteristics deviatedm the ideal. FF is calculated from the below

eguation:
‘00 w 0 W U
1 Open circuit voltage (M): This parameter is the voltage at which the solar
cell generates no current. The higher the egesuit voltage, the more
energy can & harvested from the solar cell.
1 Short circuit currents§g: 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 harvestedtfrersolar cell.
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Another important parameter is incident phetorcurrent 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 metrigties 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 perovskitesolar 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 layemd 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 usedpin n
perovskite solar cells, as described in ChaptefT®/SnQ/Perovskite/HTL/Au.
However, in Chapters 4 and 5, an electbbocking MoG layer with a thickness
from O to 20 nmis introduced after the HTL deposition and evaporated before metal

contact. Schematics of different device structures were giveigime2-1.
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Figure2-1. Schematics of device structures of a) DPP Polymers HTLs,-0)PAT
HTL, c) Saltpassivated PSC and d) GBbped PSC

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

Indium tin oxide (ITO)coated glassubstrates were washed with Hellmanex (2%),
deionized water, acetone and isopropanol (IPA) for 10 mintspectively. Then
UV-ozone was applied for 10 minutes to remove organic residues on the surface.
Then, the tin oxide (Srépsolution was sphtoated at 4000 rpm for 30 seconds and
annealed at 150 for 30 minutes. The perovskite absorbing layer and tiahsport

layer are deposited within a glove box containing a nitrogepdtfosphere under
vacuum conditions. For the perovskite layer, 1.3 M of lead iodide)(Bliskolved

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 annea
reference cells, 54.2 mg oBpiroOMe TAD was di ssol ved i n 75
chl orobenzene and suppl ement edTFSLiTheh 21. 6 OL
solution was coated by spinning at 3000 rpm for 30 seconds. The novel hole transport

materials were dissolved with the appropriate cotregion and coated on the

perovskite layer instead of Spi@MeTAD. Then, 80 nm gold (Au) was coated by

the evaporation metho&igure2-2).

1:7 diluted SnO,
(15% colladial
solution)

4 A
2 Annealing: UV-ozone treatment:
—————— S——————
o y 150 °C, 30 min 10 min
E g / )

m’ 599
Pbl, + FAMA

solution Hole Transport
solution

‘ Vaj p ldepc ition
—\nealm
li\l 00, (0.1-0.7 A°)
125 °C, 5 min 2) Au (Ul 1.5 A%)
:

3000 rpm, 45 sec 00 rpm.

Figure2-2. Schematic of fabrication of perovskite solar cell

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

Fluorinedoped tin oxide (FTO) substrates were washed with Hellmanex (2%),

deionized weer, 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 b{scetylacetonate) solution diluted in IPA ata 1:15

volume ratio to forna compact TiQfilm was coated by spray pyrolysis method and
anneal ed at 450AC for »3n@p Tidh) salutioa svas Mesopor o
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prepared by dissolving 1 g Ti(aste in ethanol at a volume ratio of 1:10 and was

coated on the compact Tilayer by rdating at 4500 rpm for 20 seconds. For the
annealing process, samples were first an
temperature was gradually increased to 5
another 20 minutes. Then, the Si&yer was prodeed by spinning the 0.1 M SnCl
solution at 3000 rpm for 20 seconds and ¢
at 190AC for 1 hour. Bef or e-caateddfitmiwasy t he |
treated with UVozone for 30 minutes. The perovskite @iwng layer and hole

transport layer are deposited within a glove box containing a nitrogen (N
atmosphere under vacuum conditions. The perovskite precursor solution was
prepared by dissolving the lead iodide @K1.19 M), formamidinium iodide (FAI)

(2.04 M), methylammonium bromide (MABr) (0.15 M), cesium iodide (Csl) (0.10

M) and lead bromide (PbBr (0.15 M) in N,Ndimethylformamide:dimethyl

sulfoxide (DMF:DMSO) (4:1 volume ratio). The prepasadution was first coated

at 1000 pm for 10 seconds atien at ® 00 r pm f or 30 seconds,
chlorobenzene was dropped onto the film surface 15 seconds before the end of the
coating process. The film was anneal ed at
SPMAI and FPMAI salts were dissolved in 1 rofL IPA. The salt solutions were

coated by the spinoating method at 4000 rpm for 30 seconds. Spiro OMeTAD: Co

FK209: L-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 gpéddt i@as 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 3V measurements were conducted using a Keithley 2400
source meter and a Pico G2V LEDla 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
guantum efficiency) measures the efficienigh 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, PVE300) equipped with a
light source and monochromator to calculate integrdt 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 Ul¥ma
X-Ray diffractomez r ) wi th Cu KU radiation at

conditions and a grazing angle of 0.

. Scanning Electron Microscopy (SEM):This technique is used to study the
surface morphology of the cell and its various layers, which pravide
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 eross
sectional image of theedices.

. 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
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Attension Theta Lite instrument. In the studies, a drop of water was placed
on the film surfacesand 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 ditligltravioletvisible
(UV-Vis) absorption spectra were recorded ohgilent Technologies 8453
UV-Vis Spectrophotometer.

. Photoluminescence (PL):PL spectra were recorded on a fluorescence
spectrophotometer we designed for our research group. diteet@o Ocean
Insight Tungsten Halogen light sources, two Ocean Insight flame
visible/nearsinfrared spectrometers, UMsible bifurcated fibers, which are
high OH fibers that transmit the light (3@@00 nm) efficiently, UWisible

33 patch cords, and twanllimating lenses in the PL setup. The films were
excited with an excitation wavelength of 4885 nm with a UVLED 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/HTMs/AFi¢ure 2-3). The conductivity §) was

then calculated usintpe following equation (Eqn 1):

> Oond
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Figure2-3. Schematic illustration of thabricateddevicefor conductivity
measurements

2.4 Synthesis Procedurs

The general procedure iRigure 2-4 was used for all DPP polymer synthesis.
Al i ekber &ar ¥beafa@g/dafnllde Must afa Yaka synthesi z

materials used in this thesis.
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Figure2-4. Schematics of DPP Polymer synthesis
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Figure2-5. Sclematics of PTITPA synthesis
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CHAPTER 3

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

One of the primary components érovskite 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, c) goodilm-forming capabilities, and d)
photochemical stability. In contrast to small molecules and inorganic HTMs,

polymer HTMs exhibit excellent stability and solution processabflity

Conductive polymers are one of the most effective HTMs used in E®8@8ary 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 chargérangort Furthermore, intramolecular charge tiamsis considerably

faster than intermolecular charge transport, highly dependent on the distance
between molecules. Consequently, these polymers often provide high charge carrier
mobility. Moreover, therelatively 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 eqability. They are typically easier to
process than inorganic materials, and they can be deposited using a variety of
solution processing techniques, which are generallydost and scalable methods.
Additionally, polymerbased solar cells became ingiegly 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 befulstor optimizing the

performance of the solar cells.
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Researchers investigated polyreised HTMs as HTLs for PSCs because of their

high hole mobility and superior filsforming capabilities.

DPP (diketopyrrolopyrrole) polymers, are a class of conjugptdgimers 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 appinsat

The first report of doparftee polymeric HTM employed in a perovskite solar cell
in 2013 was a DPBased polymer, PCBTDP® Caiet al. successfully fabricated
solid-state hybrid solar cells with-fype polymer PCBTDPP as the hole carrying
mateaial. This polymer comprises carbazole, thiophene, and- 2,5
dihydropyrrolo[3,4]pyrrolel,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 studhas 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 (DPRpased polymers have drawn a great deal of attention for
photovoltaics dting 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 charactetiss 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 electremithdrawing group thus enabling realization of denor
acceptor type polymefor energy level allignment, the diketopyrrole group
strengthens the crystallization tendency in diketopy+baleed polymers due to its
polar structure. Diketopyrrolbased (DPP) polymers are also gained attention due
to their simple synthesis mechanisndabsorption in the nearfrared 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 componefigijre3-1), which are; i) the DPP unit,

ii) al kyl chai ns, i i 1) -eonjuatedtseagmentsDPB st i t u
polymers' optical and electronic properties can be adjusted by changmgtiar

Ssubst i tonogated 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

Figure3-1. The basic structure of DPP polymers includes the four principal parts:
t he DPP wunit, the al kyl <c¢haconjugatedt he ar o
segment.

The amide groups of an unsubstituted DPP unit fatexmolecular 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 oesth positions. In practice, linear
side chains are often not enough to solubilize DPP polymers, but alkyl chains, with
branching on the -position, have proven to be an effective way of providing

sufficient solubility.

The aromatic substituents are introdd 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 wvariati oronudgated he el e
segment. By introduction of strongdre c t r o n -abrgugaket $segnents, the

optical band gap can be reduced. Photovoltaic parameters eb&@#e@ polymer as

HTMs in perovskite solar cells in the literature are presentédthe3-1.

41



Table3-1. Photovoltaic parameters of DBRsed polymer HTMs in the literature

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

cm?)

FTO/TIiO o/MAP PDPP3T
blsHTM/Ag
FTO/TiO o/MAP PDVT-10 j;”“ 0.99 20.9 65 13.4 80
blHTM/AU SOV
g U g
s A o
W
1oH21
FTO/TIO 2/CsM DPRP4 CaHir 1.01 19.7 72 14.2 &l
AFAPDb ™
(Brl) s'HTM/Au o ) .\SJ,
3
FTO/SnOo/ PBDTR 1.08 19.4 69 14.7 82
Cs.0{MAo1FAo. DTDPP
83)0.08°Pb
(lo.sdBro.17)3
/HTM/Au
FTO/TIO2/CsPbl DPRDTT T 1.29 15.0 78 15.1 &9
2Br/HTM/Au il
j
CaHir
CroHaq
FTO/TiO2/PCB PDPPF Grekizt 1.04 22.6 69 16.2 84
M/MA 11FAPDI - TT o .
31GI/HTM/Ag <7 Ly s
I\,
CeHyz
CroHar
FTO/TIO2/RbCs DPPRP4 Catlrr 1.05 20.6 75 16.3 il
MAFAPb(Brl) 3/ e
s
HTM/Au o ) O
N0
%GeHn
sHar

FTOI/TiO2/PCB PDPPF i 1.07 228 72 17.8 84

M/MA1:FAPbl  TT c-m)] )
31GIL/HTM/Ag (solv.vap. °
anneal.)

42



ITO/SNO2/(MAo.  P25NH 099 22.2 82 18.1 S

8
FAo.2)Pb(lo.95Clo.o
7)3lHTM/Ag

ITO/SNO2/(MAo. P5NH 1.04 21.0 83 18.1 86
8
FA0.2)Pb(lo.9%Clo.o
7)slHTM/Ag

ITO/C60- pDPP5F2 1.15 21.5 76 18.9 37
SAM/SnO2/PCso
BM/FAMA/HT

M/ Ta-WOx/Au

ITO/SNO2 2DP-TDB

/FA0.88VIA 0.15Pbl

116 241 769 215 88

3
/HTM/MoO 3/Ag

ITO/SNO2 2DP-O 118 249 816 24.1 22

/FA0.88VIA 0.15Pbl

3
IHTM/MoO 2/Ag

Thiophenesubstituted DPP polymers are used for photovoltaic applications of their
appropriate optoelectronic properties. Absorption of DPP polymers can be shifted to
the neatinfrared region with the thiophene substitution. Also, they exhibit high hole
mobility above 1 crAVits?,

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 lightinduced absorption properties make it a lvettateral 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 resenan
structures in the ground state, making polyselenophene backbones rigid and difficult

to twisf?°L The improved photostability of selenophesubstituted polymer films
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was attributed to the deeper LUMO aneype behaviour. Furthermore, the
incorpordion 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 selenopisetenophené interaction8?

With the combination of the low band gap, good film morphology, and great
stability, selenophenmcorporated DPP polymers are a promising donor material

candidate for photovoltaic applications.

3.1 Results and Discussions

Here we demonstrate our results fdilization of various DPfbased polymer as
hole transport materials into the perovskite solar cells to realize a stractivigy
realationship. Polymers were used as hole transport layer instead eO8f#DAD

in normal (ni-p) structured perovskitekr cells. The efficiencies of cells in which
the synthesized polymers are used as HTL are fairly similar to thebB&¥
polymers in the literature, and a great improvement in cell stability has been

demonstrated.

In this context, a group of DPBased plymers 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
DPRbased polymers with different aromatic substituents (furan, thiophene, and

s el enoph e n&gnjugatdd uhits and differént alkyl groups are listed in the

C4Hg
CgH CioH
%C gH17 10H21 >—C2H5
18H37 ( C4aH
C1oH21 Ci2Hzs 137726
Code A Code B Code C Code D

Figure3-2in an orderly fashion.
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\
aromatic T —conjugated
substituent systems \
Se
S
:\\ f,t —— HTM4
$ — ;\ /; selenophene
N .
o ) thiophene 7 L s
W/,
/ o 2,2"-biselenophene — HTM7
R DPP| i\ / W ATV
\ furan (E)-1,2-di(selenophen geyl)ethene — HTM10
4 Ho N\
CgH17 C1oH21 >—C2H5
C1gHs7 C13H
% C1oH21 C12H2s 197126
\ Code A Code B Code C Code D )

Figure3-2. Polymer nomenclature scheme

HTMX layout was created based on the aromatic substituent (furan or thiophene) on
DPP wunit and the donor unit (selenophene? ®iselenophene, (E),2-
di(selenopheng-il)ethane and thieno(3;d)thiophene). According to the alkyl
chain differences, it iglivided into addition four groups labelled by letters a, b, c,
and d.

Table 32 demonstrates the chemical structures, molecular weights, and band gap
values of all gnthesized polymers and photovoltaic stud@BC 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 DRRased polymer hole transport materials as thin
films wasmeasured by ultravioletisible (UVi vis) spectroscopyl’he optical band
gap values of the polymers were obtained from the UV absorbance spectrum, and
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are given infable 32. Figure3-3 displays images of polymer films coated on glass.

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

Table 32. Chemical structurespolecular weights and band gaps of synthesized
DPPbased polymers

Chemical Structure GPC Result Eg (eV)
HTM
CH)C;HT Mw: 41.4 kDa
4B m Mn: 16.0 kDa 1.28
S,
o Kr PDI: 2.59
Qe Mw: 48.5 kDa
4C ° 'mY e Mn: 30.1 kDa 1.23
N
A ™ PDI: 1.61
fBA NSy l Mw: 5.2 kDa 1.36
/AYRY
o[ Mn: 4.0 kDa
/A
Cret PDI: 1.3
6B j\ Mw: 28.5 kDa 1.40
o~ Mn: 8.60 kDa
PDI: 3.3
6D CHj::‘, H ) 1.47
o hl.l Q Se i\
W W s
0 i
g N 0
g Mw: 8.05 kDa
atava¥as
7A S Mn: 6.03 kDa 1.45
Crtty PDI: 1.33
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7B - j\“ Mw: 36.2 kDa 1.39
' Mn: 23.0 kDa
PDI: 1.57
G Mw: 362 kDa
7C Mn: 156 kDa 1.40
PDI: 2.32
9A - 1.42
9B et - 1.41
9D o G ) - 1.37
. R Oatatass
) rlq 0
10B © N,f \S; \Jj A 1.37
) JfM o
P
Gl Mw: 316 kDa
10C Mn: 151 kDa
PDI: 2.09

47




HTM 10B HTM 120C

Figure3-3 Thin film state of DPFbased polymers on glass

3.1.1 Optimization Studies of HTM 4B

Hole transport layeoptimization of DPFbased 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 homegesly coated on the surface
(Figure3-4).
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Figure3-4. At 10 mg/mL concentration a) HTM 4&lution, b) HTM 4B thin film
coated on glass, c) HTM 4B layer coated on perovskite

Compared to reference HTM Spi@MeTAD, DPRbased polymer HTMs are more
costeffective materials. While Spir®MeTAD is coated with a concentration of
72.3 mg/mL, DPFbasel polymers perform remarkably well with a concentration of
only 10 mg/mL or less without using dopants. As sedfigare3-5, almost similar
efficiency values were aeved with the polymer film coated with a thickness of
almost onehird 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

Figure3-5. Crosssection SEM images oéference and HTM 4B perovskite solar
cellswith a device structure of ITO/SnaPerovskite/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 measUraole(3-3). The highest
efficiency was obtained as 13.57 % at 10 mg/mL concentration. The short circuit
current density ¢J) value of the cell was measured as 18.60 mA/tme open circuit
voltage (\bc) 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 resutieof t

average values, 10 mg/mL concentration was chosen as the best one.
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Table3-3. Photovoltaic parameters of cells including HTM 4B hole transport layer
prepared at different concentrations

HTM Voc (V) [ Jdsc(MA/cm?) | FF (%) PCE (%)
5mg/mL | Average| 0 . 91 18.69 |62.67 |[10.61
Highest 0.97 18. 31 67.5 11. 9
10 mg/mL| Average| 0 . 9 9 18.21 (71.01 [(12. 86
Highest 1.02 18. 6C 71. 5 13.5
15 mg/mL| Average|1 . O@. (17. 47 |71.33 |12.52
Highest 1.02 18. 2°5 72.7 13.5
20 mg/mL| Average| 1 . 01 17.30 |70.81 |12. 34
Highest 1.00 17. 94 74. 2 13. 3

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

is shown inFigure3-6.
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Figure3-6. JV plot of best cells including HTM 4B hole transport layer prepared at
different concentrations

Box charts of all cells are given iigure3-7. As seen from the box charts graphs,
although the best average ialue was obtained with 5 mg/mLjdand FF values

were measured relatively low according to the other concentration devices. Although
the films coated with 5 mg/mL solutioneasuitable in terms of thickness, theig.V

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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Figure3-7. 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 coatedat 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 éach other were observed. The doped SPikte TAD

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.Té6%short circuit current
density (dJ value of the cell was measured as 20.34 mA/time open circuit voltage

(Vo) was 1.02 V, and the fill factor (FF%) value was 75.96. Efficiency values
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obtained with the undoped HTM 4B polymer were comparablectoeference cell
(Table3-4).

Table3-4. Photovoltaic parameters of cells containing HTM 4B hole transport
layerprepared at different spin speeds

HTM Voc (V) | Jsc(mMA/cm?) | FF (%) PCE (%)
Reference Average| 1 . 1 3 20.10 (78.19 |17. 70
Highest 1.13 21. 16¢ 79. 6 19. 0
1000 rpm| Average| 0 . 9 8 19.87 |72. 76 |(14. 18
Highest 0.99 20. 33 75. 2 15.1
2000 rpm| Average| 0. 9 9 19.96 |71.68 [(14. 22
Highest 1.02 20. 34 75. 9 15. 7
3000 rpm| Average| 0 . 9 8 20. 09 |(71.64 (14.05
Highest 0.98 21.04°5 72.5 14.09
4000 rpm| Average| 1 . 00 19.97 |72.95 |14.51
Highest 1.01 20. 84 74.5 15. 6

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

speeds, is shown Figure3-8.
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Figure3-8. 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 givefRigure 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 devicesexhibited lower FFvalues 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/dlues ofsolar cells were calculated to be
20.31 mA/cndand 17.60 mA/crfor 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 Spir®@MeTAD and HTM 10C as hole transport layers were
compared in the external quantum efficiency (EQE) graptigare3-10. When the
external quantum efficiency (EQByaph 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 elecn blocking. Since a similar effect is predicted

for HTM 4B, MoGs, a weltknown electron blocking layer, was coated between the
hole transport layer and the metal electrode to prevent this current loss. The MoO

layer was coated with a thickness of 10 nyrtheermal evaporation.

100
80 |-
;@ 60 |-
]
e
L
40 |
20 | -
Reference (Spiro-OMeTAD)
: =—HTM 10C
0 " 1 " 1 i 1 " 1 i
300 400 500 600 700 800

Wavelength (nm)

Figure3-10. External quantum efficiency (EQE) graph of the reference and HTM
10C cells

The highest efficiency in the reference cell is measured as 15.16%, witii 59164
mA/cn?, Voc of 1.09 V, and FF of 70.81%. In cells coated with the Mtz@er on
HTM 4B polymer, the highest efficiency is 11.47%, with@820.49 mA/cm, Voc
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of 1.02 V and FF of 54.87%. The average and highest efficiency values of cells are

given inTable3-5.

Table3-5. Photovoltaic parameters of cells containing HTM 4B and HTM
4B+MoGC; layer

HTM Voc (V) | Jsc(mA/cm?) |  FF (%) PCE (%)
Reference Average| 1 . 0 8 18.64 |([69.74 [13.98
-HTM 4B | Highest 1.09 19.64 70.81 15.16
HTM 4B | Average| 1. 00 20. 06 |[52.67 |10.509
+ MoOs | Highest 1.02 20.49 54.87 11.47

While introducing the Mo®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 shanircuit current increased in the cells with the Mdé&yer,

the opercircuit 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+MoO:z cells are belowf-igure3-11andFigure3-12, respectively. For this

reason, development studies with Mo@ere na pursued further.
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Figure3-11. JV plot of perovskite solar cells with HTM 4B reference and HTM 4B
+ MoOQ:s layer
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Figure3-12. Box charts of HTM 4Beference cells and HTM 4B + Maayer
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 grapf*°* 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 holepwertgyer and the

metal electrode by the spin coating method with a rotation speed of 3000 rpm.
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Table3-6. Photovoltaic parameters of reference cell and cells containing different
concentrations of Cul

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

Reference |Average| 1. 13 121.64 |76.28 |[18.65

(Spiro) Highest 1.13 21.61 78.81 19.25
Referencd |Average| 1. 03 [[19. 47 |66.83 [13.35
(HTM 4B) Highest 1.04 20.64 67.77 14.55
HTM4B + 25| Average| 1. 03 119.66 ([67.06 |[13.53
mg/mL Cul | Highest 1.03 20.76 69.34 14.83
HTM 4B +5.0| Average| 1. 00 119. 48 [64.96 [12.60
mg/mL Cul | Highest 1.00 20.05 67.42 13.52

HTM4B+ 75| Average| 1. 01 §19.72 (67.46 |13. 45
mg/mL Cul | Highest 1.01 19.73 70.53 14.05

As seen inTable3-6, the highest efficiency in the reference cell containing HTM 4B

is 14.55% with Jof 20.64 mA/cn, Vocof 1.04 V, and FF of 67.77%. In cells coated
with Cul layer on HTM 4B polymer, the hight 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 expectedeass in terms of
photovoltaic parameters of the cells. JV plot of the highest efficiency cells and box
charts containing all cells produced are givenFigure 3-13 and Figure 3-14,

respectively.
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concentrations of Cul
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Figure3-14. Box charts othereference 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 €glishows the PCE
distribution for the reference and HTM 4B perovslatdar cells, which is given in
Figure 3-15. Notably, the statistical results were derived from over 20 perovskite
solar cell devices from multiple lwdtes, indicating that our sties are repeatable.

An averagdPCE 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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Figure3-15. Histogram of referercand HTM 4B perovskite solar cells, over 20
devices.

SpiroOMeTAD based reference cells and cells containing optimized and highest
value HTM 4B polymer are given ifable3-7. The highest efficiency was measured

as 15.766 in the cells with the HTM 4B hole transport layet.is 20.34 mA/cr,

Vocis 1.02 V and FF is 75.96% for that cell.
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Table3-7. Reverse and forward scans of best devices of reference and HTM 4B

cells
HTM Voc (V) | Jsc(MAlcm?) | FF (%) | PCE (%)
Referencéd | 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 75.9 15. 7
Forward 0.98 20.2¢¢ 68.9] 13.6

HTM 4B polymer layer has a very good film quality and is compatible with the
perovskite material. Compared with the doped S@IMeTAD layer, the result
obtained with the undoped HTM 4B polymer is quite promising according to the

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

fabricated is shown iRigure3-16.
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Figure3-16. 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 hystesesalue for cells containing Sp@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 SpirocOMeTAD decreased the hysteresis relgjay 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.
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3.1.2 Device performances of all synthesized DRPased polymers

Other DPPbased polymers synthesized in our group were utilized as a hole transport
layer weae prepared with an optimized device structure of HTM 4B. Cell efficiencies
were measure and results are detailetable3-8. HTM 7C, HTM 10B, and HTM

10C polymeravere 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.

Table3-8. Device and photovoltajgarameters of all synthesized DB&sed

polymers
Spin Voc (V) Jsc FF (%) PCE
HTM Rate (mA/cm2) (%)
10 2000 | Average| 0. 99| 19.96¢ 71.6| 14. 2
4B | mg/mL| rpm 0.01 0.74 3.49 0.93
in CB Highest 1.02 20.34 75.96 15.76
10 2000 | Average| 1. 06| 19.04 60. 7| 12. 2
AC | mg/mL| rpm 0.01 0.42 3.45 0.90
in CB Highest 1.06 19.78 63.56 13.33
10 | 2000 | Average| 0.88N 14.12N 47.91N | 5.98N
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| 14.685 43.6| 5.77
6B | mg/mL| rpm 0.09 0.73 4.09 0.80
in CB Highest 0.91 15.07 49.23 6.75
10 | 2000 | Average| 0.94N 16.60KN 48.64N | 7.62N
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| 0. 93| 16.93 61.6| 9.75
7A | mg/mL| rpm 0.01 0.64 3.25 0.75
in CB Highest 0.96 17.17 67.89 11.19
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10 2000 | Average| 0. 99| 18. 74 57.7|10.7
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 | Averagel 1. 06| 20. 25 65.6|14.0
7C | mg/mL| rpm 0.02 0.55 1.91 0.79
in CB Highest 1.08 20.68 68.71 15.35
10 2000 | Averagel 0. 87| 13.4¢§ 41.5| 4. 88
9A | mg/mL| rpm 0.01 0.60 1.52 0.28
in CB Highest 0.88 13.96 42.28 5.19
10 | 2000 | Average| 0.88N 18.90N 49.76N | 8.33N
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 49.9| 8.05
oD | mg/mL| rpm 0.02 1.05 3.04 0.91
in CB Highest 1.01 17.23 52.14 9.07
8 2000 | Average| 1. 01| 18.67 65.5]12. 4
10B | mg/mL| rpm 0.01 0.50 1.06 0.63
in Highest 1.02 19.17 66.75 13.05
CB:CF
75 |3000|Average| 1. 08 20.37 67.0] 14.7
10C | mg/mL | rpm 0.01 0.65 0.82 0.69
in CB Highest 1.09 21.12 67.73 15.59

When the table above was investigated, it was seen thaigthest efficiency values
were obtained in cells produced with HTM 4B, HTM 4C, HTM 7C, and HOZ 1
polymers. While the highest efficieno§ 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, respectivelalple3-9).
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Table3-9. Photovoltaic parameters of cells including reference and HTM 4B, HTM
4C, HTM 7C, HTM 10C

HTM Voc (V) | Jsc(MA/cm?) | FF (%) PCE (%)
Referencel Average| 1.15N 0| 22.14N 0 ] 73.56N 3 |18.77N 1
Highest 1.16 22.99 75.24 20.06

HTM 4B | Average|0 . 9 9 19.96 |71.68 |14. 22
Highest 1.02 20. 34 75. 9 15. 7
HTM 4C | Average| 1. 0 6 19.02 |60. 77 |12. 29
Highest 1.06 19. 7§ 63.5 13. 3
HTM 7C | Average| 1. 0 6 20. 25 |[65.61 |14. 04
Highest 1.08 20.6¢ 68.7 15. 3
HTM 10C | Average| 1 . 0 8 20. 37 |67.05 (14. 71
Highest 1.009 21. 17 67.7 15. 5

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 celislyced are shown iRigure
3-18.
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Figure3-17. JV plot of best devices of reference and HTM 4B, HTM 4C, HTM 7C,
HTM 10C
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cells (Voc, Jsc, FF% ve PCE%)

3.1.2.1 Stability

In order to obsete the stability performances of the cells prepared with different
polymer hole transport layers and Sp@®eTAD, the cells were kept at room
temperature, 15% humidity, in the dark, and in an oxy@®rtaining environment

for four months (approximately 80 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 SPikée TAD. At the end

of four months, reference cells retained arrage 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 fourabie3-10.
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Table3-10. 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| 1.01N 61.03N | 10.52N 56.0
0.04 | 17168 1) 3.15 1.26

Highest| 1.10 17.75 63.60 12.42 61.9

HTM 4B | Average| 0. 99 68.6( 12.6 88.8
002 |18.65 2.95 0.73

Highest| 1.00 18.72 73.17 13.70 86.9

HTM 4C | Average| 0. 99 61.7( 11. 4] 930
001 |18.66 5.70 1.43

Highest| 1.00 19.47 70.14 13.66 100

HTM 7C | Average| 1. 04 64.6] 12.0| 861
001 |17.91 3.38 1.12

Highest| 1.06 19.08 68.37 13.83 90.1

HTM | Average| 1. 03 55.1] 10. 0] 685
10C 001 |17.68 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 Figure3-19. When we look at the JV graphs of the

best devices, we see that there was a severe lossaoflJFF in the reference cell
compared to the cells containing polymer in the measurementdaftemonths.

Solar cells were containing polymer hole transport layers almost entirely preserved

their efficiency during this time.
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Figure3-19. Bar graphs of best devices of aged and fresh reference aidiB,T
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 figure 3-20. Looking at the images, the angle of the

water with the perovskite film is 70.2A,
cell containing Spir®OMe TAD on perovskite is 85.9A. |
on perovskite, this angl e, wlaG4 .mek sfuare dH Tal
101.8A for HTM 7C, and 99. 8A {fcantainiingTM 10C
films have a higher contact angle compared to the perovskite film and the reference
sample. The measurement results prove that the polymer films hawghlg hi
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
DPRbased polymers compared to pristine SjideTAD 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 doyhee® organc DPP polymers because of
their interest to researchers and applicability in the most recent generation of
photovoltaic systeni$ %, As explained in the previous section, HTM is an essential
element in creating more efficient and stable P®€sides 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 electrtmshim conductive
material so that the material becomes negatively or positively charged; that is, it
behaves like an-doped or pdoped material, respectively. However, while doping
generally increases hole mobility, it affects cell efficiency adver&hce LITFSI

is a very hygroscopic salt, it causes the absorption of moisture into the HTM film or
can generate pinholes in the ffinThe aforementioned factors moved researchers
towards the notion of dopafree HTMs.
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This chapter introduced DPP polgrs 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 aromatie group
containing DPP polymer. Conversely, those witledir 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 theufaature 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 cHanging 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 devicgerformance from batch to batch. Additionally,
perovskite performance fluctuates throughout the year, it is inaccurate to draw a

correlation between cells manufactured with polymer from variousgerieds

In order to solve this problem, Ma@@nd 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

electronblocking layer coatings in order to obstdetter results.

As a result, it will be attempted to find an appropriate eledbtonking material to
develop the device's efficiency. Furthermore, DPP polymers with good solubility and
performance in various trials will be grouped, and simultanequeriexents 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; TPR, (4.4'.4".4"(pyrazine
2.3.5.6tetrayl)tetrakis(N.Nois(4methoxyplenyl)aniline))  Figure 4-1), is
introduced as an alternative to SpdMeTAD. Overall PTTPA revealed
appropriate characteristics as an HTL candidguatle ri-p structure with promising
photovoltaic performance, the most remarkable being remarkable stability compared
to SpircOMeTAD. Chemical structure of FTPA molecule is given ikigure4-1.
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Figure4-1. Chemical Structure of RTPA

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

the PFTPA hole transport layer wamntinuingin progress, the material produced
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was synthesized witagain4 different batchesvas usedDue to the fact that,
minimal efficiency changes arising from the differences between batches are seen in

the study results.

41 Results and Discussions

Ourinitial studies started with cyclic voltammetry (CV) and thV-Vis absorbance
measurements to determine the band gap eTPA. Biomois calculated as5.40

eV from the CV measuremerkigure4-2a). Using the ultravioléwisible (UVi vis)
absorption spectra and Tauc plots, the optical bandgap (Eg) of the perovskite films
was calculated as 2.61 eV as showirigure4-2b. Related band energy levels for
PT-TPA film is given inTable4-1.
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Figure4-2. a) Cyclic votammogram and b) UWis absorbancepectrunof PT-
TPA film

Table4-1. Electrochemical data of PTPA

Eg(eV) HOMO (eV) LUMO (eV)
PT-TPA 2.61 -5.40¢ 1279

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

b: Theoretical calculation valueS;umo = EHomo + EQ.
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Figure4-3. Energy level diagram of the corresponding materials used in pemvski
solar cells

A very clear solution is obtained by dissolving it in dichlorobenzene witf IPA
hole transport materiaF{gure4-4a) and the filreforming capability of the solution
is likewise excellent, since it covers the perovskite surface entirely and without

aggregationKigure4-4b).
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Figure4-4. a) PFTPA solution, b) device images coated with-PHA

SEM images clearly demonstrated that like sfideTAD, pinthole free surface
coating is obtained with RTPA. Since we aimed to achieve a dopant free HTM
with PT-TPA, lower concentrations compared to SgdbeTAD were used
throughout our studies which resultedimner films and the thickness of the film

was meased as 169 nm vs 240 nm for the reference-RPRTcoated films viewed

backwards)
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Figure4-5. Topview and crossection SEM images of a) Spi@MeTAD and b)
PT-TPA films with a device structure of ITO/SaPerovskite/HTM

PL spectra of thperovskite only, SpirdMeTAD coated and RTPA coated films
are displayed ifrigure4-6. PT-TPA film was determined to have a slightly higher
but comparable PL intensity compared to SyiMdeTAD, which demonstrated that
PT-TPA can minimize radiaticfree recombination and passivate the perovskite

surface effectively.
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Figure4-6. PL spectra of the perovskite, Spi@MeTAD and PTTPA films

4.2  Device Optimizations

42.1 Concentration Optimization

The first study with the P-TPA material was concentration optimization. Spiro
OMeTAD, the reference materifr 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 filnis prevent hole conductivity issues. Hence while

preparing PITPA sol uti ons 3u4, 102 and -1u4

OMeTAD were calculated and solutions were prepared according to these quantities.

When we look at the cell performances of thaisohs prepared by dissolving 18
mg, 36 mg, and 54 mg of PTIPA in 1 mL of dichlorobenzene, it was observed that

the photovoltaic performances decreased as the amountBPRTn the solution
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increased. As the concentration increased and layer thickr@sased, 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 paemnet

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

concentration was 15.35%, and with short circuit curregtqf19.86 mA/cm, open
circuit voltage (\¢) of 1.04 V and fill factor FF 069.18%.

Table4-2 Photovoltaic parameters of refererence cell and different concentrations

of PT-TPA
HTM Voc (V) | Jsc(MA/cm?) FF (%) PCE (%)
Reference| Average| 1 . 0 7 20. 00 |68.21 [(14.069
Highest| 1.11 20.24 73.87 16.54
18 mg/mL| Average| 1.04N 0| 19.73N 0 | 67.44N 4 |13.78N 0
Highest| 1.04 19.86 74.51 15.35
36 mg/mL| Average| 1.04N 0| 19.13N 0 |50.86N 3 |10.15N 0
Highest| 1.04 18.92 58.71 11.52
54mg/mL | Average| 1 . 0 1 17.29 [39. 40 6. 90 1
Highest|  1.03 17.54 45.49 8.19

Box charts of all cells are shown 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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Figure4-7. Box charts of different concentrations of-PPA (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 ékfisiency
values were obtained with PTIPA solution at a 15 mg/mL concentratiohable

4-3). The efficiency of the cell working best at this concentration was 14.866€0,

the parameters were measured 220.29 mA/cm, Voc 1.04 V, and FF 69.18%,

respectively.
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Table4-3. Photovoltaic parameters of cells including reference an@fA hole

transport layer prepared affdrent concentrations.

HTM Voc (V) [ Jsc(mMAlcm?) | FF (%) PCE (%)

Reference| Average| 1 . 1 3 20. 70 |78.42 (18. 40
Highest 1.16 21.15 80.70 19.75

12 mg/mL| Average| 1 . 0 2 19.06 |[60. 25 |11. 66
Highest 1.02 19.30 66.28 13.05

15 mg/mL| Average| 1 . 0 4 19.98 ([64.96 |13.41
Highest 1.04 20.29 69.18 14.56

18 mg/mL| Average| 1 . 0 4 19.46 (63.93 (12.87
Highest 1.05 19.92 67.44 14.05

21 mg/mL| Average| 1 . 0 4 19.32 |63.23 (12.70
Highest 1.04 20.37 64.72 13.67

Box charts of all cells produced are giverFigure4-8. 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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Figure4-8. Box charts of cells including reference and FHA hole transport layer
prepared at different concentratidiVs., k., FF% and PCE%)

4.2.1.1 Spin rate optimization

An optimization study for the spin rate was pursued after determining the optimal
concentrationdr the PFTPA. 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 attainedsctaedv

FF values of the cells dexased, resulting in a slight drop in cell efficiency. This

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

Table4-4 demonstrate that the best cell of this set was at 17.01% with spin rate of

1000 rpm. The cell other parameters were as follow81J68 mA/cm, Voc 1.05V,
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and FF75.79%. Figure4-9 depicts the JV pldbest cells achieved at all spin

speeds in this set.

Table4-4. Photovoltaic parameters of cells includingPHA hole tranport layer
prepared at different spin speeds between -BI@Drpm

HTM Voc (V) | Jsc(MA/cm?) | FF (%) PCE (%)
1000 rpm | Average| 1.04N 0| 20.58N 0] 73.66N 1 [1581N 0
Highest|  1.05 21.68 74.67 17.01
2000 rpm | Average| 1.02N 0| 20.94N 0 /7451N 1[15.92N 0
Highest| 1. 04 21.19¢ 75.7 16. 7
3000 rpm | Average| 1.00N 0| 21.19N 0 |74.41N 1|1581N O
Highest| 1.01 21.52 75.68 16.45
4000 rpm | Average| 1.00N 0| 20.98N 0 |72.80N 1|15.21N O
Highest| 1. 02 21.271 72.9 15. 8
5000 rpm | Average| 0.99N 0| 20.65N 0 | 71.82N 1 |14.67N O
Highest|  0.99 21.74 73.29 15.77
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1.0

different spin speeds between 168T00 rpm

However, based on the average data, 15.81% efficiency was obtained with 1000 rpm,
while 15.92% efficiency was obtained with 2000 rpmEigure4-10, 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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Figure4-10. Box charts of cells including PTPA hole transport layer prepared at
spin speeds 1008000 rpm (\4¢, ke FF% and PCE%)

In the next run, PATPA was coated with different spin speeds of 500, 1000, 1500,
and 2000 rpm to find the optal 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%
(Jc: 22.62 mA/cM, Voc: 1.01 V, adl FF : 72.88%). As shown ifable4-5, the
average value ofdncreased from 500 rpm to 2000 rpm, and the maximywallie

was observed in the cells with 2000 rprhe integratedsdvalues of solar cells were
calculated to be 20.42 mA/&r20.63 mA/cm, 20.92 mA/cm, and 20.80 mA/crh

for 500, 1000, 1500, and 2000 rpm -PIPA, respectively. They support the
conclusions obtained from theVJ measurementsThe graph inFigure 4-11

depicting externauantum efficiency (EQE) also confirms thig ilnprovement.
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Figure4-12 displays the JV plot of the best cells achieved at all spin speeds in this

sd.

Table4-5. Photovoltaic parameters of cells including reference anr@ifPA hole
transport layer prepared at different spin speeds betweeRCBIDrpm

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

Reference| Average| 1.12N 0| 20.41IN 0 ]76.36N 1 |17.46N 0
Highest 1.14 21.17 77.93 18.81

500 rpm | Average|{ 1. 0 3 19.61 ([64.81 (13.04
Highest 1.03 20.51 68.53 14.48

1000 rpm | Average| 1 . 0 3 20. 79 |68. 287/14.58
Highest 1.03 21.34 73.65 16.19

1500 rpm | Average| 1 . 0 2 20. 62 |[69.50 |(14.67
Highest 1.03 21.59 69.58 15.47

2000 rpm| Average| 1. 01 21.23 |72.58 |[15.61
Highest 1.01 22.62 72.88 16.65
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Figure4-11. External quantum efficiency (EQE) graph of the FHA hole
transport layer with different spin speeds Z@®0 rpm
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Figure4-12. JV plot of best devices including reference andlPRA hole transport
layer at different spin speeds between-2000 rpm

Considering the average values, the samples produced at 2000 rpm performed better
than the othersmal had an efficiency of 15.61% on average. Other parameters of the
cells are as followssd21.23 mA/cm, Voc 1.01 V, and FF 72.58%, respectively. Box

charts containing all the cells are depicted in the folloviAiguire4-13.
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Figure4-13. Box charts of cells including reference and A hole transport
layer prepared at spin speeds 2000 rpm (¢, ke FF% and PCE%)

4.2.2

MoOs Layer on HTL

During the optimization studies, MaWas coated by evaporation method and its

thickness was 20 nm. In order to determine the optimal thickness of M€,

samples were coated at 0, 5, 10, 20, and 30 nm in thstablighed for this purpose.
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Table4-6. Photovoltaic parameters of cells including Md&yer on PTTPA hole
transport layer with different thicknesses

HTM Voc (V) | Jsc(MA/cm?) | FF (%) PCE (%)
No MoQs | Average| 0.98N 0| 19.21N 0 ]59.83N 2 |11.28N 1
Highest|  0.97 20.09 64.85 12.64
5nm | Average| 1.04N 0| 20.80N 0 |74.20N 0| 16,00 0
MoOs | Highest| 1.04 21.44 75.64 16.87
10 nm | Average| 1.02N 0| 20.69N 0 [ 72.01N1.94| 15.16N 1
MoOs | Highest| 1.03 21.27 73.57 16.12
20nm | Average| 0.98N 0| 2095N 0 /68.13N 2[13.93N 0
MoOs | Highest| 1.00 20.74 71.19 14.77
30nm | Average| 0.87N 0] 19.13N 1 ]46.74N 6| 819N 0.
MoOs | Highest| 0.90 20.05 53.04 9.57

The most efficient cell was obtained with a 5 nm thick M&®er, as shown in the
Table4-6, and its efficiency was measured at 16.87%. This cell's other properties are
as follows: &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 ng MoT®% for 10

nm MoGs, 14.77% for 20 nm Mogand 9.57% for 30 nm, respectively. The best cell

graph in the corresponding JV plot isHigure4-14.
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Figure4-14. JV plot of cells including Mo®layer on PTTPA hole transport layer
with different thicknesses

As seen from the box chart ligure4-15, the MoQ layer with a thickness of 5 nm
generated the best results for all parameters. The thickness of Bld@s acted as

an insulating layer and number of functioning cells were low.
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layer with different thicknesses ¢ k¢, FF%, PCE%)

EQE was performed on the cells with the highest efficiencies, and the cell containing
MoOz with a thickness of 5 nm had the best performance, as prediigedg4-16).

The integratedsdresults were calculated for no Me@® nm MoQ, 10 nm MoQ

and 20 nm Mo@coated solar cells as 17.54 mAA@1.31 mA/cm, 20.44 mA/cr,

and 18.2 mA/cn?, respectively which are consistent with the JV measurements.

EQE measurements for cells wBB nm MoQ were not conclusive.

96



100

EQE (%)

No MoO3

5 nm MoOg
10 nm MoOg
20 nm M003

0 . 1 R 1 . 1 R 1 . 1
300 400 500 600 700 800

Wavelength (nm)

Figure4-16. External quantum efficiency (EQE) graph of celiduding MoG
layer on PTTPA 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 graphrigure4-17, shows the PCE distribution

for the reference and PTPA perovskite solar cells. Notably, the statistical results
were derived from around 20 perovskite solar cell devices from multipbfdsat
indicates high reproducibility of cells produced with-PFPA. 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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Figure4-17. Histogram of re¢rence and PTPA perovskite solar cells, around 20
devices.

Table4-7. Photovoltaic parameters of cells including the statistical data-of PT
TPA-based devices recorded from different batches of synthesis

HTM Voc (V) [ Jsc(MA/cm?) [ 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
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Figure4-18. Box charts of the statistical data of-FPA-based devices recorded
from different batches of synthesis.

The reversdorward graph of the best Spi@MeTAD and PTTPA coated cells is

given in theFigure4-19. Photovoltaic parameters are shown in the table T&Ble
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Table4-8. Photovoltaic parameters of ceieluding reverse and forward
measurements of best devices of regular doped-8eTAD (Reference) and

PT-TPA

HTM Voc (V) | Jsc(mMA/cm?) |  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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Figure4-19. JV curves of reverse and forward measurements of best devices of
regular doped Spir@MeTAD (Reference) and RTPA
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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 prodisc Although SpireOMeTAD is appreciated in high
efficiency cell fabrications, it is a welinown fact that it is not an effective HTM in
terms of cell stability. In order to compensate for the limited hole mobility of-spiro
OMeTAD, it is necessary to udaTFSI 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 stalflityt has been
demonstrated that unoxidized®lions in the spirdDMeTAD layer resulting from
LITFSI doping penetrate through the device into the perovskite layarahidiffuse

even more rapidly than the intrinsic perovskite ions due to its small size and strong
diffusion tendenc¥’. Another accgted stability problem for PSCs with doped
spiroOMeTAD HTLs is the hygroscopicity of LITF8?1% For these reasons,
stability studies were conducted to evaluate the performance of undopeRlAPas

a hole transport layer.

To evaluate the stability afells fabricated using RTPA, the cells were initially
examined at ambient conditions, in the dark, aC88egrees. During the-Bour

tests, photovoltaic measurements of the cells were recorded, which are displayed in
the Table4-. The Figure 4-20 depicts the timaeependent PCE decrease of Spiro
OMeTAD-coated reference and AIPA HTM-coated cells.

Upon looking into the data, it was determined that the reference cell lost
approximately 65% of itefficiencyafter one hour, whereas the-FIPA-coated cell

preserved 53.5% of its efficiency at the endhef five hours.
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Table4-9. Photovoltaic parameters of cells including ambient heat test
measurements of SppkOMeTAD and PTTPA based cells

Time Voc Jsc FF PCE SPO

V) | maemd) | @) | e | O

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 53.5

—a— Reference
—eo— PT-TPA

0 1 hour 3 hours 5 hours

Time (h)

Figure4-20. Time dependence of PCE(%) measurements of reference ahdAT
cells under heat treatment
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The 85A Qest 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
gloveboxtested cells were more resilient. Throughout the temperature test, the cell
efficiencies were mnitored at regular intervals and are detailed inTdigle4-. The

JV graphs of the reference and-PFPA cells are derived from measurements

performed at these timetervals and displayed in tiegure4-21.

Table4-10. Photovoltaic parameters of cells including glovebox heat test
measurements of SpHOMeTAD and PFTPA based cells

Time Voc Jsc FF PCE SPO
(V) | (mAlcm?) | (%) (%) (%)
Start 0.99 21.21 66.6 13.98 100

1 Hour 0.98 20.71 66.59 | 13.52 96.7

3 Hours | 0.95 19.94 61.06 | 11.57 82.8

PT-TPA 5Hours | 0.93 20.34 58.05 | 10.98 78.5

7 Hours | 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-
OMeTAD

5Hours | 1.04 17.15 53.80 | 9.61 51.7

7Hours | 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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Figure4-21. JV curves of reference and HPA 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 PTTPA kept 52.6% of its efficiency even after five days. According to
the findings of the temperature testing, theePHA HTL-produced cells exhibited

much more excellent stability than the reference cells.

ITO/SnQy/perovskite/SpirefOMeTAD and ITO/Sn@perovskite/PTTPA  films
were created and XRD measurements were conducted siigate the heating test
results furtherigure4-22). In the heaexposed Spird®MeTAD films, the intensity
of the perovskite peak decreased while ifitensity of the Pblpeak increased, as
shown by XRD data. It is predicted that SpiddMeTAD-containing films will

deteriorate, resulting in lower cell efficiencies.
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Figure4-22. The XRD pattern of perakite thin films with SpireOMeTAD and
PT-TPA, before and after heat test

The photovoltaic performance of cells produced with SEIkeTAD, as a reference
and PTFTPA was monitored over a #fay period at room temperature and 15%
humidity (Figure4-23). Cells prepared with SpirO@MeTAD retained just 14.93%
of their PCE% after 28 days, whilst there is no efficiency loss at PA-coated
cells. At the end of 70 days, PIIPA-coated cells maintained an efficiency of 96%,
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while SpircOMeTAD-coated cellsvere degraded.
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Figure4-23. Time dependence of PCE(%) measurements of reference ahdA&T
cells at ambient conditions

Contact angle measurements were carried out since this remarkable stability
performance auld be attributed to the hydrophobic nature of HFPIA. Considering

the contact angle of PTPA-coated films, an angle of 92.04 degrees is measured. A
hydrophobic surface was obtained with the FHA material, positively affecting

the stability of the cel[Figure4-24).
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Perovskite PVK + PT-TPA

Figure4-24. Contact angle images of perovskite andTHPA films

The JV 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 2840% and at room temperature) under continuous illumination of
1 sun. The cell étiency, which started at 11.31% at the end of the 1800s, dropped
to 10.15%. The stability of the PTPA-containing cell, which was studied under
light for 1800s, was similarly quite good, wBb.5% efficiency savindetected after
1800 s Figure4-25).
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Figure4-25. Time dependence of PCE(%) measurement eT PA cell under
light treatment

425 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
OMeTAD and PTTPA were laminated with Suryln material 88 minutes at 100

“C. However, severe degradation occurred in the cells containingGlied AD

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, o the other hand, lamination was carried out successfully,

and no performance degradation was observed in-therth measurement results.
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Figure4-26 depcts the JV measurement curves both before and after encapsulation.

Table4- displays the dmonth measurement parameters.
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Figure4-26. JV curves of PATPA cell before and after encapsulation

Table4-11. Photovoltaic parameters of FPA based cells with encapsulation

PT-TPA Voc (V) | Jsc(mA/cm?) | 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

OMeTAD as the hole transpddyer due to deformation. It has been noted in the

literature that the creation of voids in the Sp@MeTAD layer, and not the

perovskite layer, is responsible for the higimperature deformatié?f1% The

creation of voids is fundamentally linked tioe release of doping components by

spirooOMeTAD 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 spi@MeTAD has ameltingpoitf 245 AC, even pri
SpiroOMe TAD i s prone to crystallization when s
which disrupts interface contaé®. The presence of-gopants makes thermal

stability poorer and was shown to reduce the stability of the amospBpire

OMeTAD phase because the oxidized form of the material has a lower glass

transition temperatut®’. The efficiency of PSCs including doped spd®eTAD

HTLs decreases fast at temperatures as | ow
perovskies 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 omeatibefore,
traditional HTMs used in perovskite solar cells are often based on organic materials,
such as Spir®MeTAD, that contain electrewithdrawing 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 €opant

free HTMs as an alternative to traditional HTMs.

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

HTMs in perovskite solar cells due their excellent hole transport properties and
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improved stability. They can improve the letegm stability of the perovskite
material since TPAased materials are more resistant to thermal anditighted

degradation, reducing the risk of performadegradation over time.

As a TPAbased hole transport material, FIPA has also shown high success in
long-term stability. With the effect of being a dopdrge HTL, no efficiency loss
was observed under heat and light treatment.

However, it should be natfethat the performance of PIIPA can still be further
optimized, particularly regarding the compatibility with other device components
like the perovskite layer.

111



112



CHAPTER 5

NOVEL P-TYPE DOPANT for HOLE TRANSPORT LAYER

The vast majority of ptype semiconductors used in HTLs have inherently
insufficient conductivity and low hole mobility. As indicated, the hole mobility for
undoped spirMeTAD is about 187 107 cn? Vs?, which is insufficient to
extractphotogenerated holes from the perovskite layer and inhibi#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 perovsldtes (5.
to 5.6 eV), resulting in a barrier for hole transport and losp@tcircuit voltage.

Commonly, additive engineering is used to improve the electrical properties of
HTMs and develop HTMs forini 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 propertiesioing approach for HTMs
(mainly for organic HTMs) are often employed to boostRIGE of riii p devices

by improving hole extraction and transport. The roles-tyfpe 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) decreaseQMCHevel 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-goantitative. There is a complex
reaction pathway involving a twstep redox process wte the oxidation of spiro
OMeTAD is promoted by LiTFSI, 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 giro-OMeTAD by dioxygen, oxygen radicals could form.
Subsequently, these oxygen radicals are removed Gy &l. The remaining Li
cation forms a LIOy species, and the TFSI anion traps/stabilizes the oxidized spiro
OMeTAD (spiraOMeTAD™).

SpiroOMeTAD +0, 2 S pOMeBAD™O,F @

SpirocOMeTAD™O,™ + Li-T F S| z-OBgTAD™BFSI *LixOy @

LiTFSI tends to absorb water from air and aggregate in the-§dteTAD film,
affecting the interfacial energy level, adhesion, and morpholgyeover, Lf ions

in the spire 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 derofn

commercial PSCs.
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Figure5-1. Schematic of chemical structure of -Btrifluoromethyt
Phenylammonium iodide (CFF)

5.1 Results and Discussions

This chapter includes the incorporation of a novealypge domnt, CFF, into
perovskite solar cells by doping spi@MeTAD. In this context, concentration, spin
rate optimization was performed, and cell efficiencies and stability was evaluated in

detail.

Standard doped HTM (spi©OMeTAD with LiTFSI), theundoped HTM (spiro

OMeTAD with no additives) and novel dopant utilized HTM (sgddeTAD with

CFF) were prepared to compare the film characteristics. The standard doped HTM
solution was prepared by dissolving 72.3 mg of S@MeTAD in 1 mL
chlorobenzenedf| | owed by ad dtertbutypgridike§tBR§ and 17.50f 4

e L from a stock soluti on of 520
bis(trifluoromethylsulphonyl)imide (LIrFSI) in acetonitrile (ACN). The CFF

solution was prepared by dissolving 30 mg CFF in 1 mL ACN.uRdioped HTM;

the spiro was dissolved in CB and stored in the glovebox. Standard doped spiro

OMeTAD was kept in glovebox for-2 h before spin coating and CFF doped spiro
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OMeTAD was kept in glovebox for 105 min before spin coating. The image of the

soluion doped with CFF is given in thegure5-2.

CFF Doped Spiro

CFF Doped | Undoped
Spiro Spiro

— e

Figure5-2. Photos 08% CFFdoped and undopespiro solutions.
5.1.1 Concertration Optimization

As a first study, spir@MeTAD was doped with 1.0, 2.5, 5.0 and 7.5% CFF solution
to optimize the amount of dopant uséte highest efficiency was obtained as 15.37
% with 2.5% CFF doped devic&he short circuit currerdensity (Jo) value of the

cell was measured as 21.25 mAfctie open circuit voltage ¢¢ 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 measuretl.0pr2.5, 5.0and 7.5%

CFF doped devicesespectively (

Table5-1). As a result of the average valu$% CFF doping concentratiovas
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 giaifrigure5-3.
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Table5-1. Photovoltaic parameters of different concentratizetsveen 1.0%and
7.5% of CFF in HTM

HTM Voc (V) | Jsc(mAlcm?) | FF (%) | PCE (%)
Undoped Average| o . 7 14.43 28.3 2.8¢
SpiroOMeTAD | Highest| o g 18.17 27.9 4.56
1.0% CFF Doped| Average| 1 = o 20.80 59.1 13.1
Highest | 1 . 0 21.47 63.3 14.5
2.5% CFF Doped Average| 1 . g 20.18 65.4 14.2
Highest | 1 o 21.259 66.9 15. 3
5.0% CFF Doped Average| 1 ¢ 20.90 64.3 14.3
Highest | 1 0o 21.3| 65.( 14.09
7.5% CFF Doped| Average| 1 20.53 59.4 12.9
Highest| 1 o 21.62 62.3 14. 4

N
o

-
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-
o

[ |——1.0% CFF Doped
—— 2.5% CFF Doped
= 5.0% CFF Doped
[ |——7.5% CFF Doped
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Figure5-3. JV curve of different concentratiobstween 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 stooit ci
current density ¢J) value of the cell was measured as 23.23 mA/dme open circuit
voltage (M) 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, respectividple5-2). 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 Bigure5-3.

Table5-2. Photovoltaic parameters of different concentrations between 3% and
6% of CFF in HTM

HTM Voc (V) | Jsc(MA/cm?) | FF (%) | PCE (%)
3%CFF Doped | Average| 1  q 21.74 66.7 15. 8
Highest| 1 . o 23.23 70.1 17.7

4% CFF Doped | Average| 1 . 1 21.62 65.4 15.5
Highest | 1 1 23.09 67.5 17.3

5% CFF Doped | Average| 1 . 1 21.56 64.7 15. 2
Highest| 1 1 22.24 69.¢ 17.2

6% CFF Doped | Average| 1 . ¢ 21.70 58.4 13.7
Highest | 1 0o 22.04 63.] 15.1
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Figure5-4. JV curve of different concentrations between 3% and 6% of CFF in
HTM

5.1.2 Spin-Rate Optimization

In the final stage of theptimization, 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 thedpE&
films was selected between 2000 rpnd 000 rpm.

The highest efficiency was obtained as 16.77 % @800 rpm The short circuit
current density ¢J) value of the cell was measured as 22.11 mA/dme open circuit
voltage (\bc) was 1.10 V, and the fill factor (FF%) value was 68.91. Lookinipe

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 Table5-3). As a result of the average valud800 rpm spin ratevas
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chosen as the optimum. JV curves of best devices with the differen spin rates are

given atFigure5-4.

Table5-3. Photovoltaic parameters of different spin rates of CFF doped HTM
between 2000 and 5000 rpm

HTM Voc (V) | Jsc(MA/cm?) | FF (%) | PCE (%)
Regular doped | Average| 1 . o 21.53 76.4 17.6
SpiroOMeTAD | Highest
(Spiro Reference) 1.1 22.94 74.7 18.8
2000 rpm CFF | Average| 1 ¢ 22.06 62.( 14.38

Doped Highest| 1 1 23.12 62.5 15.9
3000 rpm CFF | Average| 1 ¢ 21.65 65.9¢ 15.6

Doped Highest| 1 1 22.11 68.9 16.7
4000 rom CFF | Average| 1 . 1 21.57 64.1 15.1

Doped Highest | 1 1 22.39 66.( 16. 2
5000 rpm CFF | Average| 1 ¢ 21.56 63.7 14.38

Doped Highest | 1 . o 23.14 63.9¢ 16.1

120



Figure5-5. JV curves of reference and GBEBped HTMS with different spin
speeds between 2000 and 5000 rpm

The optimal coating rate and rotation speed for the-@dged hole transport
solution, according to theptimization studies, were determined to be 3% and 3000

rpm, respectively.
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