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ABSTRACT

INTERFACE PASSIVATION OF PEROVSKITE SOLAR CELLS WITH
NOVEL CATIONS

Cel, Giilsevim Bensu
Master of Science, Micro and Nanotechnology
Supervisor: Assoc. Prof. Dr. E. Gorkem Giinbas
Co-Supervisor: Assoc. Prof. Dr. Sel¢uk Yerci

August 2022, 75 pages

Interface engineering and surface defect passivation play an important role in the
development of state-of-the-art perovskite solar cells. Forming an additional two-
dimensional (2D) layer on top of the primary perovskite absorber after treatment
with organic spacers not only passivates defects and improves the device
performance, but also enhances stability. In this study, two novel cations, that are
2,6-methoxy-phenylethyl ammonium iodide (2,6-MeO-PEAI) and 3,5-methoxy-
phenylethyl ammonium iodide (3,5-MeO-PEAI) were used on top of
(FAPDI3)1-x(MAPDbBr13)x (FAMA) perovskite, which resulted in an increase in open-
circuit voltage (Voc) and enhancement of stability. Additionally, the effect of
annealing after cation treatment was investigated in detail. Grazing incidence X-ray
diffraction measurements revealed that 2,6-MeO-PEALI salt did not form pure 2D
perovskite, whereas 3,5-MeO-PEALI salt created a 2D layer upon annealing. Both
photoluminescence and impedance spectroscopy measurements indicated that
nonradiative recombination was reduced upon salt treatment, which led to an

increase in Voc. A Voc value as high as 1.14 eV was achieved with the addition of



3,5-MeO-PEALI salt, however, cells with 2,6-MeO-PEAI salt exhibited the best
overall performance, exceeding the efficiency of reference cells. The power
conversion efficiency (PCE) increased from 18.14% for the reference cell to 19.15%
for the cell treated with 2,6-MeO-PEAI. Moreover, moisture resistance of the salt-
treated devices enhanced greatly, which was proved with contact angle
measurements. After six weeks from the fabrication, the reference cell, and the cells
treated with 2,6-MeO-PEAI and 3,5-MeO-PEAI maintained 77%, 93% and 94% of
the initial PCE, respectively, which clearly demonstrated the long-term stability

enhancement upon salt treatment.

Keywords: Perovskite Solar Cell, 3D/2D Perovskite, Interface Passivation, Organic

Spacer Cations
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0z

OZGUN KATYONLAR iLE PEROVSKIT GUNES HUCRELERININ
YUZEY PASIVASYONU

Cel, Giilsevim Bensu
Yiiksek Lisans, Mikro ve Nanoteknoloji
Tez Yoneticisi: Dog. Dr. E. Gérkem Giinbas
Ortak Tez Yoneticisi: Dog. Dr. Selguk Yerci

Agustos 2022, 75 sayfa

Arayliz mithendisligi ve ylizey kusurlu pasiflestirme, son teknoloji tirlinii perovskite
giines pillerinin gelistirilmesinde dnemli bir rol oynamaktadir. Organik aralayicilar
ile birincil perovskit sogurucunun istiinde iki boyutlu (2D) katman olusturmak,
yalnizca tane sinirlarini pasiflestirmekle ve cihaz performansimi iyilestirmekle
kalmaz, ayni zamanda stabiliteyi de artirir. Bu c¢alismada 2,6-metoksi-feniletil
amonyum iyodiir (2,6-MeO-PEAI) ve 3,5-metoksi-feniletil amonyum iyodiir (3,5-
MeO-PEAI) olmak iizere iki yeni katyon (FAPbI3)ix(MAPbBr3)x (FAMA)
perovskitinin {istiinde kullanilmistir, bu da agik devre voltajinda (Voc) bir artisa ve
stabilitenin artmasmna neden olmustur. Ayrica katyon pasivasyonu sonrasi
tavlamanin etkisi detayli olarak incelenmistir. Otlatma insidanst X-1s1mn1 kirmimi
Olciimleri, 2,6-MeO-PEAI tuzunun 2D perovskit olusturmadigini, oysa 3,5-MeO-
PEAI tuzunun tavlama ile 2D katman olusturdugunu ortaya koymustur. Hem
fotoliiminesans hem de empedans spektroskopisi Ol¢iimleri, tuz pasivasyonu ile
rekombinasyonun azaldigini1 ve bunun da Voc'de bir artisa yol agtigini géstermistir.
3,5-MeO-PEALI tuzunun eklenmesiyle 1,14 eV kadar yiiksek bir Voc degeri elde

edilmigtir, ancak 2,6-MeO-PEAI tuzuna sahip hiicreler, referans hiicrelerin

vii



verimliligini asarak en iyi genel performansi sergilemistir. Gili¢ doniistiirme
verimliligi (PCE), referans hiicre i¢in %18,14 iken, 2,6-MeO-PEAI tuzu ilavesinden
sonra %19,15 degerine yiikselmistir. Ayrica, tuzla islem gormiis cihazlarin nem
direnci, temas agis1 dl¢limleriyle kanitlandig: izere, biiyiik Olciide iyilestirilmistir.
Uretimden alt1 hafta sonra, referans hiicre ve 2,6-MeO-PEAI ve 3,5-MeO-PEAI
uygulanan hiicreler, ilk verimlerinin sirastyla %77, %93 ve %94'inii korumustur, bu

da tuz pasivasyonunun uzun siireli stabiliteyi gelistirdigini agik¢a gostermistir.

Anahtar Kelimeler: Perovskit Glines Hiicresi, 3D/2D Perovskit, Arayiiz

Pasivasyonu, Organik Aralayict Katyonlar
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CHAPTER 1

INTRODUCTION

Increasing energy demand has encouraged researchers to search for alternative, clean
and sustainable energy sources. Among the renewable energy sources such as wind,
tidal, solar, hydrothermal, geothermal; solar energy is the most promising one due to
its abundance and capability to fulfill very high energy demands. For this purpose,

photovoltaic (PV) solar cells were invented to convert sunlight into electricity.

In 1839, the photovoltaic effect was discovered by Edmond Becquerel. In 1873,
Willoughby Smith observed and reported the photoconductivity in selenium. This
was followed by Charles Fritts, who was the inventor of the first working PV cell
which was based on selenium wafers. He also installed the world’s first solar panel
on a New York rooftop in 1884. In 1905, Albert Einstein presented the theory of the
photoelectric effect and later on, he was awarded the Nobel Prize in Physics for this
work in 1922. In 1946, Russell Shoemaker Ohl discovered the semiconductor solar
cell and the p-n junction. Breakthrough of solar cells was achieved in 1954, when
the world’s first practical silicon solar cell with 6% efficiency was discovered by the
scientists in Bell Laboratories.! This was the beginning of the first generation of solar
cells, which was based on crystalline silicon. Since then, researchers have been
investigating more materials to utilize low-cost solar cells, which gave rise to the
second generation of solar cells. These cells were mostly based on II-V
semiconductors such as cadmium telluride and copper indium gallium selenide.? Due
to the scarcity and toxicity of these materials, third generation of solar cells emerged
with the introduction of dye-sensitized solar cells and organic photovoltaics (OPV).
Among the third generation, perovskite solar cells (PSCs) are the most promising
ones due to their outstanding PV performance, abundancy, easy and low-cost

processing.’



The history and development of PSCs, working principle and device architectures,
and the performance parameters of PSCs are briefly explained in the following sub-
sections. Moreover, challenges in the PSC research field as well as possible solutions
are presented by focusing on interface engineering and low-dimensional perovskites.

Lastly, the aim of the thesis is stated in this chapter.

1.1 Perovskite Solar Cells

A natural mineral, calcium titanate (CaTiOs) was discovered by Gustav Rose in
1839. This mineral was named after Lev Perovski, who was a Russian mineralogist.

Perovskite structure refers to any material with the same crystal structure as CaTiO3.*

In general, perovskites have ABX3 structure, where ‘A’ is a monovalent cation, ‘B’
is a divalent cation and ‘X’ is an anion that binds to both. For perovskite solar cells,
‘A’ is usually methylammonium (MA, CH3;NH3") or formamidinium (FA,
CH(NH2):"), ‘B’ is usually lead (Pb*") and ‘X’ is usually halide such as iodine (I),
bromine (Br’) or chlorine (CI°). The ideal perovskite structure is the cubic structure,

as can be seen in Figure 1.1.°

Figure 1.1. Perovskite crystal structure$

The crystallographic structure of perovskite and its stability are determined by the

Goldschmidt tolerance factor, t, for which the formula is given below.®
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In this formula, ra, rg and rx represent the effective radii of the corresponding ions.
In general, the tolerance factor for perovskite crystals is in the range 0.8 <7 <1,
where t being 1 indicates a perfect cubic system. The condition t < 0.8 means that A
site cation is too small, whereas the condition t > 1 means that A cation is too large.
Both conditions suppress the formation of perovskite and may lead to different

crystal structures.’

There are various advantages of perovskites. The possibility to form many different
structures by changing A, B and X ions creates a huge family of perovskites, as
shown in Figure 1.2. This leads to an amazing property of perovskites, which is the
fact that their band gap can be tuned by changing A, B and X compounds.® Due to
the unique properties of perovskites such as having a direct band gap, high absorption
coefficients, low exciton binding energy and large dielectric constant, they can be
used for variety of optoelectronic applications such as lasers,” light-emitting

diodes,'? transistors,!! and solar cells.!?

Perovskite
crystalline
system (ABXj)

I

Inorganic oxide Halide perovskite
perovskite (ABO,) (ABxs,B)IS =I;: cr,

Intrinsic perovskite Organo-metal
(ABO; to more Doped perovskite Alkali-halide halide perovskite
complicated (AB1..M,N;,0,P; ) perovskite (3D and layered
systems) | structure)

Figure 1.2. Perovskite crystalline system; reproduced from ®



1.1.1 Brief History and Development of Perovskite Solar Cells

In 2009, the first perovskite solar cell (PSC) was produced using MAPDbI; and
MAPDBr; in dye-sensitized solar cell configuration.!> The power concersion
efficiency (PCE) of these cells was around 3%, however their stability was very poor
due to the liquid electrolyte. In 2011, cell structures with quantum dots were created
with MAPbI3.!* These cells had better performance, however they also suffered from
instability due to the liquid electrolyte. In 2012, the first all-solid-state PSC was
created with 9.7% efficiency, where the liquid electrolyte was replaced with a solid
hole conductor, namely 2,2',7,7'-tetrakis[N,N’-di(4-methoxyphenyl)amino]-9,9'-
spirobifluorene (Spiro-OMeTAD).!® This was a milestone for the progress of PSCs
since these cells were both efficient and stable. This work was followed by many
researchers who utilized different perovskite structures, deposition techniques and
materials, resulting in a remarkable increase in PCE. To this day, the highest
efficiency is reported as 25.7% according to the best research cell efficiency chart
published by the National Renewable Energy Laboratory (NREL),!® which is very
close to the highest efficiency achieved with silicon solar cells. The progress of
PSCs, and their efficiency values compared with that of silicon solar cells can be

seen in Figure 1.3."7

34 —a— Silicon solar cell

32 ®— Perovskite solar cell
30
28 ]
26 4
24 ]
22 ]

3

%i 20

2 18

2 16

E 14

w42
10 4 °
8]
6 I
4 &

T v T M T v T v T
1980 1990 2000 2010 2020
Year

Figure 1.3. Recorded PCE of PSCs compared to silicon solar cells in years!”



1.2 Working Principle and Device Architecture

Perovskite solar cells function similar to the solid-state p-n junction solar cells. Upon
light exposure on PSCs, perovskite layer absorbs photons of wavelength matching
its band gap. With the absorption of photons, electrons are excited to the conduction
band of perovskite, leaving holes in the valence band, which are also treated as
charge carriers. These electrons and holes are collected by the electron transport
layer (ETL) and the hole transport layer (HTL), respectively. Free electrons pass
from the perovskite layer to the ETL and arrive at the transparent conducting oxide
(TCO), which is usually indium tin oxide (ITO), or fluorine doped tin oxide (FTO).
Simultaneously, holes travel to the HTL and arrive at the metal electrode. TCO and
metal electrodes are connected resulting in the electron flow through the external
circuit which generates the photocurrent, and recombination of electrons and holes

in the end.'® The schematic of this process is illustrated in Figure 1.4.

Electrode

Energy (eV)

Figure 1.4. Electron and hole generation in PSCs

PSCs can be fabricated in mesoporous or planar structures. In mesoporous structure,
perovskite material is attached to a mesoporous metal oxide scaffold layer. The
function of this scaffold is to help photogenerated electrons transfer to the ETL. This
structure requires high temperature treatment processes during fabrication.!
Although the mesoporous device structure was commonly used in the early
discoveries, the planar structure attracted more attention lately due to its simplicity.?°
Typical planar device structure consists of a perovskite absorber layer, sandwiched
between an HTL and an ETL, with a TCO and metal electrodes.?! Planar structure

can have two different configurations. In regular (n-i-p) planar structure, n-type ETL



is coated on top of the TCO, and the light reaches the ETL first, whereas in inverted
(p-i-n) structure, p-type HTL is coated on top of the TCO, and the light reaches the
HTL first.?? Representative schematics of the different device architectures can be

seen in Figure 1.5.
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Figure 1.5. Device architecture of PSCs!?

The device performance is highly related with the choice of transport layers.
Transport layers with efficient charge extraction and good transport properties lead
to a high-performance cell. A good transport layer must have properties such as
proper band alignment with perovskite, high transmittance in the visible region, high

carrier mobilities, high stability, easy and low-cost processability.?

The ETL extracts and transports photogenerated electrons from perovskite to the
TCO or the metal electrode, while blocking the hole transport. In addition, the ETL
plays a role in the surface modification of the perovskite film and charge
recombination mitigation.>* The ETL must have compatible energy levels with the
perovskite in order to facilitate electron transport and enhance the built-in potential. 2
The most commonly used ETLs are titanium dioxide (TiO>) and tin oxide (SnO>) for
the n-i-p structure, and [6,6]-phenyl-C61-butyric acid methyl ester (PCs1BM) for the
p-i-n structure. Other than these materials, fullerene and its derivatives, metal oxides,
small organic molecules, and polymers are also used as ETLs.?® Electron extraction
and transport properties of ETLs can further be improved by doping, passivation and
using additives or nanoparticles.?’” The HTL transports photogenerated holes from
the perovskite to the metal electrode or the TCO, while blocking the electron
transport. It reduces charge recombination which results in an increase in selectivity

of the contact, and an enhancement of the open-circuit voltage.?® In addition, the



HTL may prevent the degradation of the cell, since it may act as a moisture resistant
layer or metal ion diffusion barrier. Moreover, it facilitates a better coverage of the
perovskite layer.”? The most commonly used HTLs are Spiro-OMeTAD and
poly[bis(4-phenyl) (2,5,6-trimethylphenyl)amine] (PTAA) for the n-i-p structure,
and poly (3,4-ethylene dioxythiophene):poly (4-styrenesulfonate) (PEDOT:PSS) for
the p-i-n structure. Besides these materials, small molecules, polymers, and
inorganic molecules are also used as HTLs. Energy levels of some common ETLs

and HTLs with respect to perovskites are shown in Figure 1.6.%
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Figure 1.6. Schematic representation of energy levels of various ETLs and HTLs*®

1.3 Operational Parameters

The efficiency of a solar cell is determined by some operational parameters, which
are measured over against a standard reference spectrum under standard test
conditions. The standard reference spectrum is identified as Air Mass 1.5 global
(AM1.5G). Standard test conditions designate a total irradiance of 1 sun to be 100

mW/cm? and an operating temperature of 25 °C.3!



Operational parameters of solar cells are identified by the current density-voltage (J-
V) graph, which is the superposition of the J-V curve of the cell diode in the dark
with the light-generated current.?? J-V graph of a solar cell, as shown in Figure 1.7,
provides information about its main performance parameters, which are short-circuit
current density (Jsc), open-circuit voltage (Voc), fill factor (FF) and power

conversion efficiency (PCE).

Current Density (mAIcmz)

Voltage (V)

Figure 1.7. Typical J-V curve of a solar cell

Jsc is defined as the ratio of short-circuit current (Isc) to the active area of the solar
cell. Isc is the maximum current from a solar cell and occurs when the net voltage
across the device is zero. Isc depends on the area of the cell, number of photons, the
spectrum of the incident light, and optical properties and the collection probability

of the cell. To eliminate the area dependence, Jsc is commonly used.

Voc is the maximum voltage from a cell and occurs when the net current through the

device is zero. Voc is formulated by the following equation:

nkT I
q Iy

where kT/q represents the thermal voltage, T is the temperature, n is the ideality

factor, Iy is the dark saturation current, and I, is the light produced current.*?



Maximum power point (MPP) is defined as the point at which the cell could

demonstrate the maximum power output (Pmax), which is formulated as:

Prax = Vmpp X Jupp (L.3)

where Vwmpp and Jwvpp is the voltage and the current density at the maximum power

point, respectively.

FF is defined as the ratio of maximum power generated by a cell to the product of

Voc and Jsc.>*

_ Vupp X Jupp

FF
Voc X Jsc

(1.4)

In other words, FF is equal to the inner square, shown in Figure 1.7 with dashed
lines, divided by the outer square. According to this, FF should be equal to one in an
ideal solar cell, however in reality, FF is typically in the range of 0.50-0.82 and
around 0.80 for a classical silicon PV system. FF is highly dependent on the series
resistance (Rs), shunt resistance (Rsy) and diode losses. Rs is mainly due to the
resistance created in the top and rear metal contacts, whereas Rsn is due to the defects
that occur during fabrication. Increasing Rsn while reducing Rs will result in

enhanced FF and thus, higher cell efficiency.*

From these parameters, PCE is defined as the ratio of energy output from a solar cell
to input energy from the sun.*?

Pout  Voc X Js¢ X FF

PCE =
P; P;

(1.5)

The predicted theoretical PCE limit of a perovskite solar cell is about 31%. This
value is very close to the calculated Shockley-Queisser (SQ) limit,*¢ that is 33%,

achievable by gallium arsenide solar cells.?’



14 Challenges in Perovskite Solar Cells

Despite the superior advantages of perovskite solar cells, there are still some
drawbacks that need to be overcome. The main problem of PSCs is the instability
nature of perovskites. Perovskites are highly sensitive materials that can be affected
by air, moisture, heat, and light. The most stable PSC is reported to have one year of
lifetime, whereas it is more than 25 years for silicon solar cells.® Another challenge
is the hysteresis phenomena observed during the J-V measurement of solar cells.
Extensive research is being carried on with the aim of achieving stable and
hysteresis-free PSCs that may lead to commercialization. These challenges as well

as the solution proposals are explained in detailed in the following sub-sections.

1.4.1 Stability

The stability of the solar cells is determined by standard tests, some of which are
light soaking at elevated temperatures, temperature cycling (-40 to 85 °C) and
thermal and relative humidity (RH) tests (at 85 °C and 85% RH).** Moreover,
according to the standards of thin-film photovoltaic cells, their PCE losses should be

a maximum of 10% of their initial yields over a period of 1000 h.*°

Perovskite solar cells suffer from stability problems caused by both the intrinsic
instability of perovskite and the extrinsic instability related to the ambient conditions.
Extrinsic instability caused by oxygen and humidity, and intrinsic instability caused

by light, heat and electrical bias may lead to the degradation of PSCs.

Moisture induces chemical reactions that break the hydrogen bonds in the perovskite
structure and form hydrated compounds, which cause the degradation of the
perovskite material. Many reports are published suggesting that water is the catalyst
for the irreversible degradation. The proposed degradation process of CH3;NH3Pbls
(MAPDI;) perovskite along with the chemical reactions is shown in Figure 1.8. Even
though these reactions are reversible, at the time when the perovskite gets saturated

by the moisture, the process will be irreversible and MAPbI3 will be degraded into
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MALI and Pbl.*! Several approaches have been proposed to increase the moisture
resistance of PSCs, such as using a HTL that blocks moisture, employing a thin
blocking layer between the perovskite and HTL, and using hydrophobic carbon

electrode.*?

H,0
n[(CH3NHz*)Pblg]  [(CH3NHg*)n.1(CH3NH)nPblg][H30]
HI
n-1[(CHzNHg*)Pblg] CHyNH,

H,0 and Pbl,

Figure 1.8. Moisture-induced degradation pathway of MAPbI; perovskite*!

Oxygen in the environment can react with the ions of MA", Pb", I" in the perovskite
structure, that creates electronic traps and charge barriers. In addition, oxygen
molecules may create Pb-O bonds on the film surface that leads to the degradation
of PSCs. The detrimental impacts of oxygen as well as moisture can be largely

reduced by the encapsulation of PSCs.*

Heat also induces reversible and irreversible chemical reactions of the degradation
of the perovskite, which can be seen below. MAPDI; perovskite can be decomposed
at 85 °C under an inert atmosphere.** Furthermore, at around 54-57 °C, MAPbI;
perovskite experiences a phase transition from the tetragonal to cubic phase,
changing the tolerance factor (t). If t value gets out of the optimal range, thermal
effects can cause degradation due to lattice distortion.*> Additionally, heat may have
severe effects on the organic layers in the device stack. Most of the organic HTLs,
including the commonly used HTL, Spiro-OMeTAD suffer from thermal instability.
Mixed halide perovskites and replacing organic cations with inorganic cations*® as
well as enhancing transport layer properties are suggested to increase the thermal

stability of PSCs.
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A
CHyNHsPblI;(s) © CHsNH,(g) + HI(g) + Pbl,(s) (1.6)

A
CH;NH;PbI;(s) » CH31(g) + NH5(g) + Pbl,(s) (1.7)

MAPDI; perovskite can also undergo a photochemical degradation induced by light
illumination. High-energy photons may break the chemical bonds in MAPbI;
perovskite, which leads to the decomposition of MAPbI; into Pbl and MAIL. MAI
then decomposes into CH3NH>, HI and/or L». Light illumination not only decomposes
the perovskite, but also degrades some of the materials employed in the device
structure, such as Spiro-OMeTAD. In order to solve this problem, suitable, low-light
induced degradable perovskites and transport layers need to be chosen and employed

in PSCs.*

Several strategies are proposed to enhance the long-term stability of PSCs, such as
encapsulation, compositional engineering of perovskite materials, multidimensional
perovskites, solvent engineering, interface engineering and passivation.*’ Some of
the most promising solutions, interface engineering and multidimensional

perovskites, are covered in Sections 1.5 and 1.6, respectively.

1.4.2 Hysteresis

Current density-voltage (J-V) responses of PSCs may exhibit abnormal dependence
on the voltage scan direction and speed, which is defined as hysteresis. In other
words, hysteresis is the phenomena of the difference in PCE in forward and reverse
scans during the J-V measurement. Generally, PCE in forward scan is lower than
that in reverse scan.*® Hysteresis also depends on p- and n-type contact material, as
well as the device architecture.*® Additionally, it is revealed that the n-i-p structure
exhibits much more severe hysteresis than the p-i-n structure.’® This behavior makes

it difficult to determine the accurate PCE of the cells.
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Some possible causes of hysteresis are ferroelectric polarization, slow transient
capacitive current, charge traps at the interface and grain boundaries, and ion
migration.’! The ferroelectric polarization process is much faster than the hysteresis
process. Trapping and detrapping processes occurring at the interface and grain
boundaries is also unlikely to be the main source of hysteresis due to the long
duration and current decay magnitude. Therefore, ion migration theory gets more
attention among the other causes.> Ton migration defines a situation when the ions
of the perovskite, usually the iodide (I') ions, move towards to the ETL or HTL
interfaces under different voltage bias. This movement leaves vacancies at the
interfaces, which induce energy band bending within the perovskite layer and the
two interfaces. Variation of energy barrier leads to different Voc and PCE values
under different voltage bias, which is observed as hysteresis effect in the J-V

measurement.>?

To describe the degree of hysteresis for a solar cell, hysteresis index (HI) is usually
reported, which is given in the formula below. HI should be minimum for an ideal

cell.>*

H] = PCEreverse - PCEforward (18)
P CEreverse

The aforementioned methods to improve stability of PSCs, which are interface
engineering, compositional engineering, selective contact engineering, perovskite
bulk defect engineering and multidimensional perovskites are also effective to

reduce the hysteresis effect.>

1.5  Interface Engineering

In PSCs, there are inevitable defects and carrier transport barriers at the interface,
which lead to charge accumulation and recombination. Carrier recombination

occurring in the bulk or at the ETL/perovskite or perovskite/HTL interfaces results
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in a decrease in Voc and FF such that they are much less than the theoretical

maximum values.>®

The main recombination processes in PSCs are Shockley-Read-Hall (SRH)
recombination (also known as trap-assisted or defect-assisted recombination),
radiative recombination (also known as band-to-band recombination), and Auger

recombination, which are illustrated in Figure 1.9.57

Perovskite

SRH Radiative  Auger

Figure 1.9. Schematic illustration of the recombination processes in PSCs

Charge carrier recombination in semiconductors is expressed as the following

relation:

dn
E - _kln - kznz - k3n3 (1'9)

where n is the electron charge carrier density, ki, ko, and k3 are the rate constants for
SRH, radiative, and Auger recombination processes, respectively.>® Voc and FF may
reach the theoretical maximum value when there is only the radiative recombination
process, and they tend to decrease upon the contribution of SRH and Auger
recombination, which are nonradiative recombination.>® Auger recombination has a
negligible effect on PSCs under 1 sun illumination. Therefore, SRH recombination,
which depends on the energy level depth and the density of defects, dominates the

main nonradiative recombination loss in PSCs.°

In addition to the bulk defects, interface defects also exist in PSCs, which lead to

interfacial nonradiative recombination losses.®! The interface defects are mainly
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under-coordinated Pb?* ions, Pb cluster, iodine vacancies, organic A cation vacancy,
and under-coordinated I" ions, which are shown in Figure 1.10.%> Moreover, defects
may cause ion migration, which was previously discussed to cause hysteresis
phenomena, and have influence on the long-term stability of the cell.®> Therefore,
surface defect passivation achieved by interface engineering is crucial to minimize
the interfacial losses, which hinder the development of PSCs in terms of both

efficiency and stability.

Organic A-site

Uncoordinated Pb** Pb cluster 1 vacancies cation vacancy

Uncoordinated I

o [ o

A-site cation B-site cation Halide
(Cs. MA, FA) (Pb) (L. Bn

Figure 1.10. The possible surface defects of the perovskite layer®

Several surface passivation strategies are reported so far, including passivation via
Lewis bases,%* thin protective capping layer,% organic ammonium halide salts,®¢
low-dimensional perovskites.*® These strategies can be applied to one or more of the
interfaces in PSCs, which are ETL/perovskite, perovskite/HTL, cathode/ETL,
HTL/anode, as well as grain boundary inside the perovskite layer. The modification
of perovskite/HTL interface is widely studied.®” For the purpose of this thesis, the
improvements of the perovskite/HTL interface passivation by post treatment after

the formation of perovskite are included and summarized in the following.

Fullerene and its derivatives, which can act as Lewis acids, can be used for the
surface passivation of perovskite films. From the work of Shao et al. PCBM was
proven to reduce recombination and hysteresis by passivating both surface and bulk
defects.®® Lewis acids were shown to play an active role in the passivation of

undercoordinated I defects by halogen bonding®-7° and the moisture stability.”!
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Chaudhary et al. proposed a hydrophobic polymer, poly(4-vinylpyridine) to
passivate the undercoordinated Pb atoms by its pyridine Lewis base side chains.”
Thiophene derivatives were also proven to improve charge transfer and collection at
the interface by taking the advantage of having highly delocalized n-electrons from
the thiophene ring.”>’* Lin et al. introduced a m-conjugated Lewis base,
indacenodithiophene end-capped with 1.1-dicyanomethylene-3-indanone, into the
PSCs and proposed the Lewis adduct that was formed by the coordination between
the carbonyl and cyano groups in the Lewis base with the Lewis acid defects on the
perovskite film surface.” Moreover, perovskite surface passivation as well as
suppressed ion migration were successfully achieved with 2-mercaptopyridine
molecule,’® methimazole molecule,”” and a bifunctional molecule consisting of the

mercapto-tetrazolium (S) and phenyl ammonium (N) moieties.”

The formation of wide band gap inorganic oxide capping layer onto the perovskite
film is another surface passivation strategy in order to reduce recombination and
improve stability. Yang et al. proposed a post-treatment of the perovskite film with
sulfate or phosphate ions, which resulted in the wide band gap lead oxysalt layers
that passivated the undercoordinated Pb clusters and improved the stability.”
Another example is the post-treatment with hydrogen peroxide reported by Godding
et al. This treatment formed the PbO layer on top of the perovskite surface by
oxidizing Pb?, which inhibited the formation of vacancies and improved the device
performance.®® Similarly, the formation of hydrophobic organic capping layer onto
the perovskite film is also used as a passivation strategy. Small molecules with
fluorine groups can be used as a passivation and moisture blocking layer due to the
hydrogen bonds between the strongly electronegative fluorine with water

molecules.?!:82

Using organic ammonium salts is another widely used passivation strategy. These
materials passivate the defects of the perovskite film by hydrogen or ionic bonding,
and they may either form a capping low-dimensional perovskite layer on top of the

3D perovskite, or merely passivate the defect states.®* Passivation effect of organic
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ammonium salts is reviewed in the following, and low-dimensional perovskite

applications are explained in Section 1.6.

Zhao et al. proposed diammonium salts to passivate the perovskite surface, and
demonstrated that the treatment with NH3I(CH2)sNH3l could reduce the defect
density and enhance the performance, whereas the treatment with NH3I(CH2)4NH;I
and NH3I(CH2)>O(CH2)>NH3sI did not improve the performance due to the 3D to 2D
perovskite phase transformation.®® Jung et al. further proposed that octylammonium
(OA) did not form a 2D perovskite layer due to the high formation energy, contrary
to butylammonium and phenylethylammonium, which formed 2D layered structures.
The post-treatment with OA cation led to the formation of encapsulated individual
3D perovskite domains, which not only reduced the nonradiative recombination but
also enhanced the device stability.3* Alharbi et al. introduced ethylammonium iodide
(EAI), imidazolium iodide (IAI), and guanidinium iodide (Gual) on top of the
perovskite layer to reduce the defects. Great enhancement in Voc and FF was
achieved with EAI treatment, exhibiting a stabilized PCE of 22.3%.% In addition to
reducing the defect density and suppressing the nonradiative recombination, organic
ammonium salts can also promote the dispersion of Pbl, on the perovskite surface
into a discontinuous thin layer. By employing butylammonium iodide (BAI) and
trifluoro-substituted butylammonium iodide (3FBAI), Jiang et al. demonstrated the
enlargement of the passivation effect of excess Pbl».3¢ You and coworkers reported
the passivation of FAMA perovskite with phenylethylammonium iodide (PEAI) salt
that achieved a superior Voc of 1.18 V and a certified PCE of 23.32%. It was also
demonstrated that upon annealing, the passivation effect of PEAI was lost because
of the 2D perovskite formation.®” Zhu et al. showed that using a tailored amphiphilic
molecule, 4-tert-butyl-benzylammonium iodide (tBBAI), as a passivation material
resulted in an efficiency of 23.5%, by improving charge extraction due to the tert-
butyl groups that hindered the molecular aggregations on the perovskite film
surface.®® Gunes et al. demonstrated an enhanced PCE and superior stability upon
the post-treatment of FAMA perovskite with thieno[3,2-b]thiophen-2-

ylmethanaminium iodide molecule.®” Nazeeruddin and coworkers employed ortho-,
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meta- and para-isomers of phenylene diethylammonium iodide, and demonstrated

that the treatment with ortho-isomer, that was the most sterically hindered, exhibited

the best passivation effect by preventing the 2D perovskite formation, even at

elevated temperatures.”® Photovoltaic parameters and stability information of the

best-performing PSCs reported in the literature are summarized in Table 1.1, which

only includes the articles that involve perovskite passivation with organic

ammonium salts, without the formation of a 2D layer, in the n-i-p structure.

Table 1.1. Reported champion device performances and stability data of n-i-p type
PSCs with perovskite passivation by organic ammonium salts

Perovskite

MAPI

FAPI

MAPI

CsFAMA

FAMA

CsFAMA

FAMA

Passivation

Molecule

PEAL:MALI
BAI:MAI

Benzylamine

OA

EAI
IAI
Gual

PEAI

tBBAI

TPA-PEABr

Voc
W)

1.08
1.08

1.12

1.12
1.15
1.12

1.18

1.14

1.09

Jsc
(mA/cm?)

18.63
16.56

23.60

22.60

24.14
23.85
24.50

25.20

25.10

23.13

18

FF
(%0)

73.00
62.00

73.00

81.50

81.00
79.00
75.00

78.40

82.10

72.00

PCE
(%0)

14.94
11.49

19.20

20.60

22.40
22.11
21.00

23.32

23.50

18.15

Stability

Storage in 75% RH for
19 days. Retained PCE:
~76% (for PEAI:MALI)
Stable in air (~50%
RH) for 4 months
Heat test at 85 °C in
ambient for 760 h.
Retained PCE: 80%
MPPT under
continuous illumination
for 550 h. Retained
PCE: 95% (for EAI)
Heat test at 85 °C for
500 h. Retained PCE:
~80%

MPPT for 500 h, and
storage in 50-70% RH
in ambient for 55 days.
Retained PCE: 95%,
and 90%, respectively
Storage in 40-50% RH
at RT for a month.
Retained PCE: 80%

Ref

91

92

84

85

87

88

93



Table 1.1 (Cont’d)

FAMA TTMAI 1.11 22.47 80.52 20.16 Storage in ~15% RH 89
for 380 h. Retained
PCE: 82%

CsFAMA  o-PDEAD 1.16 24.75 83.50 23.92 Storage in 40-50% RH %
for 1008 h, and MPPT
in inert for 1100 h.
Retained PCE: 85%,
and 90%, respectively.

Storage in 85% RH at
BAI 1.15 24.93 76.49 22.01
FAMA RT for 1100 h. 86
3FBAI 1.15 24.71 7533  21.32
Retained PCE: ~90%

Storage in air (40-55%
CsFAMA  TOAC 1.13 24.29 77.12  21.24 RH) for 720 h. 94
Retained PCE: 97%

1.6 Low-Dimensional PerovsKkites

Low-dimensional perovskites draw attention due to their unique optoelectronic
properties and superior stability. Low-dimensional perovskites are obtained when
long alkyl chained A site spacer cations are introduced into the 3-dimensional (3D)
perovskites. This leads to tolerance factor becoming larger than 1 because spacer
cations have a large ion radius.”® Low-dimensional perovskites are generally
expressed in the formula of (A')mAn-1BnX3n+1, where A' can be a divalent (m = 1) or
monovalent (m = 2) cation.” In this formula, n is the number of metal layers that are
sandwiched between the organic layers. Band gap and quantum confinement tuning
can be managed by changing n. A pure 2-dimensional (2D) layer is achieved when
n = 1, whereas a pure 3D perovskite layer is formed when n = oo. All other
possibilities when 1 < n < oo correspond to the quasi-2D perovskites, which are
illustrated in Figure 1.11. For the 2D Ruddlesden-Popper perovskites, m = 2, thus
the general formula is (A")2An-1BnX3n+1.”7
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3D Perovskite
ABX;

n=ew©

1 Bulky organic cations A’
+ Small cationsA
A:MA*FA*,Cs*
\ )

« B:Metal, Pb?*, Sn?, etc
 X:Halide, CI, Br, I

2D Perovskite: (A’),A,.1B.Xsne1t

Figure 1.11. Schematic illustration of 2D, quasi-2D and 3D perovskite structures”®

Low-dimensional perovskite layers are generated by cutting along the <100>, <110>
or <111> crystallographic planes of the 3D perovskite, which results in three
different structures, as shown in Figure 1.12. Among these structures, <100>

oriented perovskites are the most commonly used ones in PSCs.”®

l-.lili”” m g

SR s B e

X—v—--.u—‘---ou--
9

9 9
S A2ALBXamez A2A,1B Xages

A’ZAn-1 an3n+1

Figure 1.12. Low-dimensional perovskites from cutting along different planes®®

Organic spacers, that are bulky aliphatic or aromatic alkylammonium cations, are
used to create 2D perovskite layers. 2D perovskites are reported to exhibit superior
moisture resistance due to the hydrophobicity of organic cations. Furthermore, 2D
perovskites can form high quality films with enhanced surface coverage and fewer
grain boundaries.”® On the other hand, the introduction of bulky organic cations may
have adverse effects on charge carrier transportation if the energy band levels of

these cations are not aligned in the structure.!®
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Even though the solar cells with 2D perovskites display great stability, studies have
shown that their efficiencies fall behind in the PSC research field due to their wide
band gaps and large exciton binding energies. The advantages of both 2D and 3D
perovskites can be exploited by employing 2D perovskites as passivation layers on
top of 3D perovskites, which is widely used as an interface passivation strategy for

stability improvement and defect passivation.!?!

The following criteria should be
taken into consideration when forming a 2D layer onto the 3D perovskite: 1) the
bulky cation must be at an appropriate size to fit into the A' site, 2) primary
ammonium cations are preferred as spacers to coordinate with the [Pbls] octahedra,
3) elevated temperatures may be required for the formation of the 2D phase.!?
Creation of 3D/2D multidimensional perovskites with bulky organic salts are widely

used in the literature, which are reviewed in the following.

The concept of mixed 3D/2D perovskite-based PSCs was first demonstrated by
Smith et al. They proposed to mix a large PEA cation with MA cations to form the
quasi-2D perovskite structure (n = 3), which resulted in a high Voc of 1.18 V.
Furthermore, the cells exhibited great long-term stability and moisture resistance
when stored in air with 52% of RH for 46 days.!*> Nazeeruddin and coworkers
reported one-year stable (zero loss for over 10000 h) 3D/2D PSCs by employing
aminovaleric acid iodide (AVAI).3® Koh et al. proposed butylammonium iodide
(BAI) and octylammonium iodide (OAI) to form 3D/2D heterojunction and reported
lower trap state densities, indicating defect passivation, thereby reduced nonradiative
recombination. Moreover, the 3D/2D cells exhibited enhanced ambient stability and
moisture resistance due to the hydrophobic nature of the long aliphatic carbon
chains.!® Kim et al. further demonstrated the effect of the alkyl chain length on the
cell performance by employing BAI, OAI, and dodecylammonium iodide (DAI) on
FAMA perovskite. As the alkyl chain length increased, the electron-blocking effect
and humidity resistance were reported to increase significantly. OAl-treated PSC
displayed a stabilized PCE of 22.9%, whereas DAI-treated device exhibited superior
moisture and heat resistance.!?® Park and coworkers fabricated 3D/2D PSCs by using

phenylammonium iodide (PAI), phenylmethylammonium iodide (PMAI), and
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phenylethylammonium iodide (PEAI) and reported that Voc increased with
increasing alkyl chain length. PEAI treatment was reported to result in a reduced
nonradiative recombination as well as increased carrier lifetime. It was also shown
that a blue shift in the PL peak appeared after PEAI treatment, which was ascribed
to the 2D perovskite, however, XRD data was not presented to support the 2D layer
formation on top of the 3D perovskite.!” PEAI and BAI bulky cations were reported
to form 3D/2D structure, on the other hand, 2D formation was not observed when
PAI cation was used, as demonstrated by Ghoreishi et al. Interestingly, the lowest
recombination and the highest performance was seen for the PAl-treated cells.!?” Jen
and coworkers proposed using PEAI, 4-fluoro-phenylethylammonium iodide (F-
PEAI), and 4-methoxy-phenylethylammonium iodide (MeO-PEAI) to create quasi-
2D PSCs, and showed that F-PEAI-treated perovskite (n = 5) displayed the highest
PCE due to the enhanced charged transport properties and lower band gap.!*® Zhou
et al. further investigated the influence of fluorination position, that were ortho-,
meta-, para-, of F-PEAI spacer on the PSC performance. It was shown that ortho-F-
PEAI-treated cells displayed the highest Voc (1.21 V) and PCE due to forming
stronger hydrogen bonds with the 3D perovskite.!” It was also reported that the
electron density on the benzene ring varies with different functional groups attached,
which has significant effect on the passivation of surface defects.!'® MeO-PEAI
treatment is proven to form highly efficient 3D/2D perovskite films by improved
defect passivation effect, enhanced charge carrier transport, as well as increased
moisture resistance.!!%!!! PV parameters and stability information of the best-
performing 3D/2D PSCs reported in the literature are summarized in Table 1.2,
which only includes the articles that involve passivation with bulky organic salts in

the n-i-p structure.
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Table 1.2. Reported champion device performances and stability data of n-i-p type
3D/2D PSCs with bulky organic salts

Passivation  Voc Jsc FF PCE
Perovskite Stability Ref
Molecule V) (mA/em?) (%) (%)
Storage in 50% RH for
BAI 1.06 19.40 76.69 15.74
CsFAMA 100 h. Retained PCE: 104
OAI 1.02 19.37 76.70 15.19
86% (for BAI)
Heat test at 95 °C for
BA 1.11 22.49 78.00 19.56 100 h. Retained PCE:
MAPI 12
BAI 1.09 22.59 77.00 18.85 96.5% (for BA) and
88.2% (for BAI)
Storage in 65% RH at
BAI 1.11 23.99 81.70 21.71
65 °C for 100 h.
FAMA OAI 1.12 24.08 81.80 22.03 105
Retained PCE: 80%
DAI 1.13 23.97 81.00 21.89
(for DAI)
Storage in ambient
PAI 0.98 23.18 72.60 16.47
(20% RH at RT) for
CsFA PMAI 1.02 22.85 74.20 17.32 106
120 h. Retained PCE:
PEAI 1.04 23.16 75.50 18.09
95% (for PEAI)
PEAI 1.13 24.64 75.27 20.96 Storage in ambient (20-

CH;-PEAI 1.16 24.49 76.94 21.85 30% RH at RT) for
FAMA MeO-PEAI 1.18 25.04 77.79  22.98 1000 h. Retained PCE: ~ '1°
NO2-PEAI 1.06 23.36 66.68 16.51 ~100% (for MeO-

MEAI 1.08 23.79 69.07 17.74 PEAI)
PEAI 1.01 21.80 80.00 17.50

MAPI BAI 1.02 22.10 80.00 17.60 Not reported 107
PAI 1.02 22.20 80.00 18.20

Storage in ambient (10-

20% RH at RT) for 2
ortho-F-PEAI  1.17 22.62 77.90 20.60
months. Retained PCE:

CsFAMA  meta-F-PEAI  1.18 22.75 76.80 20.52 109

95% (for o-F-PEAI),
para-F-PEAI  1.15 22.23 79.50 20.37
94% (for m-F-PEAI),

99% (for p-F-PEAI)
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Table 1.2 (Cont’d)

MPPT under

continuous
CsFAMA  BnAl 1.08 24.48 78.80 20.79 13
illumination for 600 h.

Retained PCE: 80%

Storage in ambient
CsFAMA  NMAI 1.18 22.98 7734 21.04 (~30% RH) for 3240 h. '
Retained PCE: 98.9%
Storage in ambient
MAPI MeO-PEAI 1.10 24.87 71.80 19.64 (35% RH) for 230 h. H
Retained PCE: 50%
Storage in ambient (70-
FAMA CF;-PEAI 1.11 24.25 78.21 21.05 80% RH) for 528 h. s
Retained PCE: 98%

1.7 Aim of the Thesis

The purpose of this thesis was to investigate the effects of introducing two novel
cations, namely 2,6-methoxy-phenylethyl ammonium iodide (2,6-MeO-PEAI) and
3,5-methoxy-phenylethyl ammonium iodide (3,5-MeO-PEAI), into the solar cell
structure. Herein, the cations were used on top of (FAPbIz)1—x(MAPbBr3)x (FAMA)
perovskite as passivation layers with the aim of passivating the perovskite layer by
diminishing the defect density and reducing nonradiative recombination.
Furthermore, the effect of annealing after the cation treatment was investigated in
detail. Grazing incidence X-ray diffraction measurements were conducted to check
whether a pure 2D perovskite layer was formed. Recombination characteristics were
analyzed with photoluminescence and impedance spectroscopy measurements.
Additionally, light stability, long-term stability, and moisture stability of the devices
were examined with maximum power point tracking under constant light
illumination, current density-voltage tracking, and contact angle measurement,

respectively.
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CHAPTER 2

FABRICATION AND CHARACTERIZATION TECHNIQUES

In this chapter, materials used in the experiments, synthesis of novel cations as well
as the experimental procedure are explained in detail. Moreover, device
characterization techniques such as current density-voltage, external quantum
efficiency, maximum power point tracking, impedance spectroscopy, and thin film
characterization techniques such as grazing incidence X-ray diffraction,
photoluminescence, ultraviolet photoelectron spectroscopy, contact angle are
elucidated in this chapter. In addition, instruments used in the experiments are also

included in the sub-sections.

2.1 Materials

SnO> colloid solution (tin (IV) oxide, 15% in H>O colloidal dispersion) was
purchased from Alfa Aesar. Formamidinium iodide (FAI) and methylammonium
bromide (MABr) were purchased from Greatcell Solar, and methylammonium
chloride (MACI) were purchased from Lumtec. Lead iodide (Pbl>) was provided
from Tokyo Chemical Industry (TCI). Isopropyl alcohol (IPA), 2,2'.7,7'-
tetrakis[N,N’-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene (Spiro-OMeTAD),
bis(trifluoromethane) sulfonimide lithium salt (Li-TFSI), 4-tert-butyl pyridine
(TBP), and chlorobenzene (CB) were procured from Sigma Aldrich.
Dimethylformamide (99.9%) (DMF) and dimethyl sulfoxide (99.9%) (DMSO) were

provided from Acros Organics.
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2.2 Synthesis of Novel Cations

Two novel cations, that are 2,6-methoxy-phenylethylammonium iodide (2,6-MeO-
PEAI) and 3,5-methoxy-phenylethylammonium iodide (3,5-MeO-PEAI) were
successfully synthesized with a molecular weight of 309.15 g/mol by Figen
Varlioglu. The synthesis routes and structures of these cations are shown in Figure

2.1. The detailed synthesis procedure of the novel cations are explained in the thesis

of Figen Varlioglu.
(@)
OMe O OMe OMe OMe ® 0
C(lu NH,0AC ©f§/"°z LiAlH, C(\/NH’ HI @\/\/“Hﬂ'
OMe CH;3;NO,, AcOH 'OMe Dry Diethylether 'OMe Ethanol OMe
90 °C, 5h 0°C to 50 °C, 3h 0°C, 1h
63% 86% 73%
[o] ® 0
MeO, H  NHAc Meo N0 Liam, MeO. NH: MeO. NHal
e — -
CH3NO,, AcOH Dry Diethylether Ethanol
90 °C, 5h 0°C to 50 °C, 3h 0°C,1h
OMe 81% OMe 47% OMe 67% OMe

Figure 2.1. The synthesis routes and structures of novel cations (a) 2,6-MeO-PEAL,
(b) 3,5-MeO-PEAI

2.3 Fabrication of Perovskite Solar Cells

Perovskite solar cells were fabricated in the planar n-i-p architecture, with the

structure of glass/FTO/SnO2/FAMA/Salt/Spiro-OMeTAD/Ag, as shown in Figure

2.2. The reference cells did not contain the salt layer.

4

Ag

Spiro-OMeTAD

Perovskite (FAMA)

SnOz
Glass/ FTO

Figure 2.2. The schematics of the device architecture
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As the first step of the fabrication procedure, glass substrates coated with FTO (7
ohms/sq) were etched with zinc powder and 4 M hydrochloric acid (HCI). After
etching, substrates were cleaned in the ultrasonic cleaner with Hellmanex, deionized
(DI) water, acetone, and IPA for 15 minutes, respectively. Then, substrates were
subjected to ultraviolet (UV)-ozone treatment for 10 minutes. The diluted SnO»
solution (2.14% in DI water) was coated on substrates at 4000 rpm for 30 seconds,
followed by thermal annealing at 150 °C for 30 minutes. After cooling, samples were
subjected to another UV-ozone treatment for 20 minutes and transferred into the N»-
filled glovebox. Pbl, solution was prepared by dissolving 1.3 M in DMF:DMSO
(95:5) (v/v) mixture and stirring at 70 °C for 3 hours. FAMA solution was prepared
by dissolving FAI:MACI:MABr (60:6:6 mg) in 1 mL of IPA and stirring at 70 °C
for 30 minutes. The spin-coating was performed by a sequential method, in which
Pbl; solution was coated and annealed at first, followed by FAMA solution coating
and annealing. Pbl, solution was coated at 1500 rpm for 30 seconds and annealed at
70 °C for 1 minute. FAMA solution was coated at 1300 rpm for 30 seconds and
annealed at 150 °C for 15 minutes. Novel cations, that are 2,6-MeO-PEAI and 3,5-
MeO-PEAI were dissolved in IPA with different concentrations and spin rates,
followed by annealing at 100 °C for 5 minutes. For hole transport layer, Spiro-
OMEeTAD solution was prepared by dissolving 72.3 mg of Spiro-OMeTAD in 1 mL
of CB. 17.5 uL Li-TFSI (520 mg/mL in acetonitrile) and 28.8 uL. TBP was added
into the solution as dopants. Finally, 120 nm of silver was deposited on the substrates
in the thermal evaporator under high vacuum. For each experimental set, the same
fabrication procedure was followed. The schematics of the fabrication procedure can

be seen in Figure 2.3.
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Figure 2.3. The schematics of the fabrication procedure
2.4  Device Characterization

This section includes the theory and tools used for the current density-voltage (J-V),
external quantum efficiency (EQE), maximum power point tracking (MPPT), and
impedance spectroscopy measurements, that were performed for the electrical

characterization of the solar cells.

24.1 Current Density-Voltage

Current density-voltage (J-V) measurements, that reveal the performance parameters
of the cells, were performed by Keithley 2400 source meter, and Pico G2V LED
solar simulator under AM1.5G with 100 mW/cm? illumination intensity with a scan
rate of 100 mV/s. For J-V measurements, polycrystalline silicon shadow masks were
used with 3 mm? designated as the active area of metal contacts. Devices were
measured in the laboratory under ambient air with relative humidity of ~20-40% at

room temperature.
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2.4.2 Maximum Power Point Tracking

Maximum power point tracking (MPPT) measurements were performed to analyze
the light stability of the solar cells. MPPT measurements were conducted in the same
system as in J-V measurements, which were performed by Keithley 2400 source
meter, and Pico G2V LED solar simulator under AM1.5G with 100 mW/cm?
illumination intensity with a scan rate of 100 mV/s. During MPPT measurements,
devices were in the laboratory (in ambient air with relative humidity of ~20-40%, at

room temperature) under a constant illumination of 1 sun.

243 External Quantum Efficiency

The external quantum efficiency (EQE) is defined as the ratio between the number
of charge carriers collected by the cell with the number of incident photons. The
spectral shape of EQE reveal the efficiency of photocurrent generation process and
may provide insight on the loss mechanisms within the cell. To determine EQE, the
spectral response (SR) needs to be defined, which is the ratio of the current generated
by the cell to the incident power. EQE is formulated as:

EEl—hC SR 2.1
Q()_q_/lx (2.1)

where, h is the Planck constant (6.63 x 10*].s), ¢ is the speed of light (3.0 x 108

m/s), q is the electronic charge, and X is wavelength.!!6

The measured EQE at a specific wavelength is utilized to find the integrated short-
circuit current density (Jsc). The integrated Jsc can be calculated from the following

equation:

Joe = f GEQE()S()dA 2.2)
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where, q is the elementary charge, and S(}) is the photon flux.!!®

In addition, any incoming light that has a lower energy, or a longer wavelength, than
the band gap energy, cannot be absorbed by the cells.!'® Thus, in the EQE spectrum,
where the EQE value drops to zero, band gap can be inferred from the following

equation:

E, =— (2.3)

where, E; is the band gap energy, and h times c is calculated as 1240 eV.!!’

EQE measurements were performed by a PV characterization system (Bentham
Instruments, PVE300) equipped with a light source and monochromator, where solar
cells were operated under the short-circuit condition and the current was measured
for each wavelength. Then, the raw data of the current was normalized, and the

integrated Jsc values of the cells were automatically calculated.

2431 Current Density-Voltage Correction

During the optimization experiments, explained in Sections 3.1.1 and 3.1.2 under
Chapter 3, high Jsc values were obtained in J-V measurements for all devices. The
best-performing devices were seen to have Jsc values exceeding 26 mA/cm?, as
shown in Table 3.2. To check whether the Jsc values were correct, EQE measurement

was conducted with the best-performing devices.

Generally, Jsc obtained from EQE measurements is found to be slightly lower than
Jsc obtained from J-V measurements. This may be due to the fact that a typical EQE
setup uses a Xe lamp with a monochromator as the light source. Therefore, the light
intensity from the EQE light source at a given wavelength is low compared to the
standard 1 sun illumination used in the solar simulator in the J-V setup. This leads to
a variation in the charge density in the device, which can raise the mismatch of the

Jsc values obtained from EQE and J-V measurements. A Jsc decrease up to 10% is
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considered to be acceptable in EQE measurements, providing Jsc obtained from J-V

measurements is reasonably correct.!!8

Herein, Jsc found from EQE measurements was much lower and not consistent with
Jsc found from J-V measurements, therefore, J-V correction was done in the Keithley
software. This J-V correction was the reason of the decrease in Jsc and PCE values
in the sections following Section 3.1.2. The corrected Jsc and PCE values were
calculated and included in the Tables 3.1 and 3.2. After the correction, Jsc mismatch

was eliminated, which is shown in Section 3.1.2.1.

244 Impedance Spectroscopy

Impedance measurements were performed with the aim of analyzing the
characteristics of recombination and charge carrier transportation processes. The
measurements were conducted using MFIA Impedance Analyzer (Zurich
Instruments) in the frequency range between 10 Hz to 1 MHz with an oscillation
peak amplitude of 15 mV. Cells were operated under the open-circuit condition. A
DC blocking capacitor was connected to the signal output of the impedance analyzer.
The true oscillation voltage across the cell was sensed via 4-terminal measurement
mode. The cells were illuminated with a light-emitting diode (LED) with a
wavelength of 625 nm (Thorlabs M6251.4), which was calibrated by the short-circuit

photocurrent of a sample cell, corresponding to an equivalent of 0.1 Suns AM1.5G.
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2.5 Film Characterization

This section includes the theory and tools used for the grazing incidence X-ray
diffraction (GIXRD), photoluminescence (PL), ultraviolet photoelectron
spectroscopy (UPS), and contact angle measurements, that were performed for the

surface characterization of thin films.

2.5.1 Grazing Incidence X-Ray Diffraction

Grazing incidence X-ray diffraction (GIXRD) measurements were performed to
investigate the difference in the crystal structure of the reference and the cation-
treated films. The GIXRD patterns were obtained using a Rigaku Ultima-IV X-Ray
diffractometer with Cu Ka radiation at 30 kV and 40 mA operation conditions. A
grazing angle of 0.5° and a scan rate of 2°/min were used as operating parameters.

The crystallite size of the grains is determined by the Debye-Scherrer Equation:

D= KA (2.4)
Pcosb

where, D is crystallite size, K is the crystallite shape factor (generally regarded as
0.9), A is the wavelength of the X-ray, B represents the full width at half maximum

of the X-ray diffraction peak, and 0 is the Bragg angle.'"”

2.5.2 Photoluminescence

Photoluminescence (PL) measurements were performed with the aim of
investigating charge transport and passivation effects upon salt treatment. PL
measurements were conducted in the setup that was designed in our laboratory. PL
setup consists of two Ocean Insight Tungsten Halogen light sources, two Ocean
Insight flame visible/near-infrared spectrometer, UV-visible bifurcated fibers, which

are high OH fibers that transmit the light (300-1100 nm) efficiently, UV-visible
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patch cords, and two collimating lenses. In PL measurements, the samples were
excited from the glass side with an excitation wavelength of 430-435 nm using a
UV-LED lamp. The radiation of the excited sample was detected by the reflection
probe.

2.5.3 Ultraviolet Photoelectron Spectroscopy

Ultraviolet photoelectron spectroscopy (UPS) measurements were performed to gain
insight on the energy level alignment. In UPS measurements, He-I discharge lamp
was used as the light source with a photon energy of 21.22 eV. In the measurements,
a bias of 7 eV was applied. The positions of the valence band maxima were assigned
using linear extrapolation of the leading edge of the valence band emissions. The
secondary electron cut-off energy (Ecutoff Or Eo) is at the low kinetic energy onset,
whereas the valence band maximum energy is at the high kinetic energy onset of the
spectrum. The work function can be calculated from the following equation, in which

h represents the photon energy, that is 21.22 eV.!20

¢ = hv — Ecut—off (25)

Ionization energy (IE) is determined by the following equation:

IE = ¢ + (Evay — EF) (2.6)

where, Er is the Fermi level energy, which was assumed to be positioned at zero eV,

and Evgwm is the valance band energy.'?°
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254 Contact Angle

Contact angle measurements were performed to investigate the effect of salt
treatment on hydrophobicity. The Attension Theta Lite software was used for the
measurements and water was used as the solvent, revealing moisture stability of the

cells.
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CHAPTER 3

RESULTS & DISCUSSION

Experiments were conducted in order to see the effect of two novel cations in the
performance of PSCs. For both salts, concentration and spin rate optimizations were
done systematically, which can be seen in the following sub-sections in this chapter.
The value ranges chosen for optimization studies were decided based on literature
and previous reports. After the optimization studies, two salts were used with their
optimal values for comparison in the same experimental set, in which the salt
annealing effect was also investigated. Grazing incidence X-ray diffraction
(GIXRD), photoluminescence (PL), ultraviolet photoelectron spectroscopy (UPS),
impedance spectroscopy and external quantum efficiency (EQE) characterizations
were done to investigate this set. Additionally, 2D only and quasi-2D films were
fabricated and analyzed in GIXRD measurements for further investigation. Lastly,
light and moisture stability of the cells, as well as their long-term stabilities were

reported in the following sub-sections.

3.1 Optimization of 2,6-MeO-PEAI

2,6-MeO-PEAL salt optimization was done systematically. Optimum concentration
of the salt was chosen at first. Then, spin rate for the salt coating step was optimized.
Lastly, experiments were done in order to decide the correct salt annealing

temperature.

3.1.1 Concentration Optimization

For the concentration optimization, 1 mg, 2 mg, 3 mg and 4 mg of 2,6-MeO-PEAI

salt was dissolved in IPA and coated with a spin rate of 3000 rpm on top of the
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perovskite layer, whereas there was no salt in the reference devices. Photovoltaic

(PV) parameters of the cells are shown in Table 3.1. Due to the difference in Jsc

values obtained by J-V and EQE measurements, which was explained in Section

2.4.3.1, Jsc and PCE values were corrected accordingly, and labeled as corrected

values in Table 3.1. The cells treated with 2 mg/mL of salt concentration exhibited

the best average PCE, which was slightly higher than the reference cell, mainly due

to the enhancement in Voc. A slight Voc increase was observed for all the salt-treated

solar cells.

Table 3.1. Photovoltaic parameters of PSCs with different concentrations of 2,6-

MeO-PEAI

Devices

Reference

1 mg/mL

2 mg/mL

3 mg/mL

4 mg/mL

Average
Highest
Average
Highest
Average
Highest
Average
Highest
Average

Highest

Voc
\%)
1.10
1.10
1.12
1.12
1.12
1.12

1.12
1.09

Jsc
(mA/cm?)
24.50
24.60
24.10
2481
24.45
25.09
23.90
24.67
23.54
2542

FF
(%)
75.96
71.57
75.78
76.92
76.39
77.90
717.27
79.60
75.46
76.48

PCE
(%0)
20.48
20.99
20.38
21.37
20.84
21.89
20.55
22.00
19.44
21.58

JSC, corrected

(mA/cm?)

21.15
21.23
20.80
21.42
21.11
21.66
20.63
21.30
20.32
21.94

PCE corrected
(%)
17.67
18.11
17.65
18.45
18.06
18.90
17.69
18.99
16.71
18.63

The statistical distribution graphs of the reference and salt-treated solar cells are

given in Figure 3.1. From these graphs, it is evident that the cells treated with 2

mg/mL of salt displayed a narrower distribution of PV parameters, which indicated

better uniformity compared to the other cells.
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Figure 3.1. (a) Voc, (b) Jsc, (¢) FF, and (d) PCE statistics of PSCs with different
concentrations of 2,6-MeO-PEAI

J-V curves of the best-performing devices can be seen in Figure 3.2. Before the J-V
correction, the highest efficiencies were obtained as 20.99% (Voc= 1.10 V, Jsc =
24.60 mA/cm?, FF = 77.57%) for the reference device, 21.89% (Voc=1.12V, Jsc=
25.09 mA/cm?, FF = 77.90%) for the device treated with 2 mg/mL of salt, and
22.00% (Voc= 1.12 V, Jsc = 24.67 mA/cm?, FF = 79.60%) for the device treated
with 3 mg/mL of salt. Although the device treated with 3 mg/mL of salt displayed
the highest PCE, 2 mg/mL was chosen and used in the following experiments due to

its higher average PCE and narrower statistical distribution of PV parameters.
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Figure 3.2. J-V curves of the best-performing devices with different concentrations
of 2,6-MeO-PEAI
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3.1.2 Spin Rate Optimization

Spin rate was another important parameter for the optimization of the salt coating
step. 2,6-MeO-PEALI salt dissolved in IPA was coated with a spin rate of 500, 1000,
1500, 2000, 3000 and 4000 rpm on top of the perovskite layer, whereas the reference
devices did not contain the salt layer. The salt-treated cells exhibited higher Voc
values than that of the reference cells, as shown in Table 3.2. Due to the difference
in Jsc values obtained by J-V and EQE measurements, which was explained in
Section 2.4.3.1, Jsc and PCE values were corrected accordingly and labeled as
corrected values in Table 3.2. A significant Voc increase was achieved with the
treatment of 2,6-MeO-PEAI salt coated with 1500 rpm. The cells with the salt
coating spin rate of 4000 rpm performed poorer than the other cells, probably due to
the fact that 4000 rpm coating led to a layer of salt that was too thin.

Table 3.2. Photovoltaic parameters of PSCs with different spin rates of 2,6-MeO-
PEAI

VOC JSC FF PCE JSC, corrected PCE corrected
Devices

V) (mA/em?) (%) (%) (mA/em?) (%)
Average 1.10 24.48 73.58 19.79 21.13 17.10

Reference
Highest 1.10 25.79 74.39 21.10 22.26 18.22
Average 1.12 23.80 75.61 20.18 20.54 17.39

500 rpm
Highest 1.11 24.71 76.34 20.94 21.33 18.07
Average 1.12 24.36 74.24 20.26 21.03 17.49

1000 rpm
Highest 1.12 26.48 74.84 22.19 22.86 19.16
Average 1.13 24.55 76.50 21.14 21.19 18.32

1500 rpm
Highest 1.13 26.10 78.06 23.02 22.53 19.87
Average 1.11 24.50 74.04 20.17 21.15 17.38

2000 rpm
Highest 1.12 25.32 74.12 21.02 21.86 18.15
Average 1.12 24.49 73.84 20.18 21.14 17.48

3000 rpm
Highest 1.11 25.70 74.70 21.31 22.18 18.39
Average 1.10 23.62 74.09 19.31 20.39 16.62

4000 rpm
Highest 1.11 24.45 75.08 20.38 21.11 17.59
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The statistical distribution graphs of the reference and salt-treated solar cells were
given in Figure 3.3. These graphs clearly indicated the enhancement, especially in
Voc and FF, when 1500 rpm was used as the salt coating speed. Superior Voc and
FF values of the cells with the salt coating spin rate of 1500 rpm had led to higher
average and best PCE values. Voc values peaked at 1500 rpm and increasing the spin

rate further was seen to cause a decrease in Voc.
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Figure 3.3. (a) Voc, (b) Jsc, (c) FF, and (d) PCE statistics of PSCs with different spin
rates of 2,6-MeO-PEAI

J-V curves of the best-performing devices are shown in Figure 3.4. Before the J-V
correction, the highest efficiencies were obtained as 21.10% (Voc= 1.10 V, Jsc =
25.79 mA/cm?, FF = 74.39%) for the reference device, and 23.02% (Voc=1.13 V,
Jsc=26.10 mA/cm?, FF = 78.06%) for the device with the salt coating spin rate of
1500 rpm. 1500 rpm was chosen as the optimum salt coating spin rate and used in

the following experiments.
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Figure 3.4. J-V curves of the best-performing devices with different spin rates of 2,6-
MeO-PEAI

3.1.2.1 External Quantum Efficiency

Best performing devices were taken to EQE measurement, as shown in Figure 3.5.
After the J-V correction, which was explained in Section 2.4.3.1, Jsc values obtained
from the J-V measurement were 21.62 mA/cm? and 22.53 mA/cm? for the reference
device and the device with the salt coating spin rate of 1500 rpm, respectively.
Similarly, Jsc values obtained from the EQE measurement were 21.40 mA/cm? and
22.16 mA/cm? for the reference device and the device with the salt coating spin rate

of 1500 rpm, respectively.
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Figure 3.5. EQE spectra of the best-performing devices of the reference cell and the
cell with the salt coating spin rate of 1500 rpm
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3.1.2.2  Grazing Incidence X-Ray Diffraction

Samples were fabricated for grazing incidence X-ray diffraction (GIXRD)
measurement in the structure of FTO/SnO,/Perovskite/2,6-MeO-PEAI 2,6-MeO-
PEAI salt was coated with a spin rate of 500, 1000, 1500 and 2000 rpm on top of the
perovskite layer, whereas the reference samples did not contain the salt layer.
GIXRD measurement results are presented in Figure 3.6. A new peak occurred at
around 6.27° upon salt addition. GIXRD peaks below 10° were commonly attributed
to the formation of a low dimensional perovskite layer.!?! Thus, the new peak could
be attributed to the possible 2D layer formation. GIXRD peaks were investigated in
more detail under Chapter 3 in Section 3.3.2.1.1. The intensity of this new peak was
much higher for the sample with the salt coating spin rate of 500 rpm, since a thicker
salt layer was formed. Increasing the salt coating spin rate from 500 rpm to 2000

rpm, the intensity of this peak decreased as expected, because the thickness of the

K;\_JL 2000 rpm
N

1500 rpm

salt layer was reduced.

1000 rpm

500 rpm
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Figure 3.6. GIXRD patterns of the reference sample and samples with different spin
rates of 2,6-MeO-PEALI; * represents the new peak at 6.27° upon salt addition
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3.13 Annealing Temperature Optimization

The ideal annealing temperature for the salt annealing step was needed to be decided
to further optimize the 2,6-MeO-PEAI salt. After coating the salt, cells were
annealed at 100 °C in the previous experiments. For the salt annealing temperature
optimization, 2,6-MeO-PEAI was coated on top of the perovskite layer and annealed
at 80 °C, 100 °C, 120 °C and 140 °C. Moreover, cells that were not subjected to
annealing after the salt coating step were also fabricated for comparison. The salt-
treated cells that were annealed at 100 °C and 120 °C exhibited higher Voc values
than that of the other cells, as shown in Table 3.3. Comparing the PCE values of the
annealed and non-annealed cells, salt annealing was revealed to be crucial for the
device performance. On the other hand, elevating the annealing temperature higher
than 120 °C was observed to be unfavorable for the solar cell performance. Cells that
were annealed at 140 °C exhibited poorer performance due to decreased Voc and FF.

Table 3.3. Photovoltaic parameters of PSCs with different salt annealing
temperatures

Devices Voc (V) Jsc (mA/cm?) FF (%) PCE (%)
Average 1.09 21.41 62.33 14.51
No annealing
Highest 1.11 20.75 66.44 15.30
Average 1.11 21.68 65.95 15.86
80 °C annealing
Highest 1.12 22.30 69.12 17.26
Average 1.12 21.92 66.24 16.23
100 °C annealing
Highest 1.13 22.00 68.88 17.13
Average 1.12 21.32 67.55 16.20
120 °C annealing
Highest 1.13 22.41 69.52 17.61
Average 1.09 21.26 62.37 14.48
140 °C annealing
Highest 1.11 21.31 64.17 15.18

The statistical distribution graphs of the salt-treated solar cells with different
annealing temperatures are given in Figure 3.7. Cells that were annealed at 100 °C

and 120 °C displayed narrower statistical distribution and higher Voc values.
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Figure 3.7. (a) Voc, (b) Jsc, (¢) FF, and (d) PCE statistics of PSCs with different salt
annealing temperatures

J-V curves of the best-performing devices are plotted in Figure 3.8. The highest
efficiencies were obtained as 17.13% (Voc = 1.13 V, Jsc = 22.00 mA/cm?, FF =
68.88%) for the device with the salt annealing temperature of 100 °C, and 17.61%
(Voc = 1.13 V, Jsc = 22.41 mA/cm?, FF = 69.52%) for the device with the salt
annealing temperature of 120 °C. Using these two annealing temperatures resulted
in very similar device performances, hence, 100 °C was chosen as the optimum salt

annealing temperature and used in the following experiments due to feasibility.
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Figure 3.8. J-V curves of the best-performing devices with different salt annealing
temperatures
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3.2 Optimization of 3,5-MeO-PEAI

3,5-MeO-PEAI salt optimization was done systematically. Similar to the
optimization of 2,6-MeO-PEAI, optimum concentration of the salt was chosen at

first, followed by the optimization of spin rate for the salt coating step.

3.2.1 Concentration Optimization

With the aim of deciding the ideal concentration of salt, 1 mg, 2 mg, 3 mg and 4 mg
of 3,5-MeO-PEALI salt was dissolved in IPA and coated with a spin rate of 3000 rpm
on top of the perovskite layer, whereas no salt layer was included in the reference
cells. The cells with 4 mg/mL of 3,5-MeO-PEAI performed the best in terms of both
average and the highest PV parameters, as listed in Table 3.4. Below 3 mg/mL of
salt concentration, PCE values of the salt-treated cells were highly similar to that of
the reference cells. The cells with 4 mg/mL of salt concentration outperformed the
other cells, owing to their superior Voc values.

Table 3.4. Photovoltaic parameters of PSCs with different concentrations of 3,5-
MeO-PEAI

Devices Voc (V) Jsc (mA/cm?) FF (%) PCE (%)
Average 1.10 22.02 71.53 17.38
Reference
Highest 1.11 22.87 73.82 18.74
Average 1.09 22.00 74.71 17.93
1 mg/mL
Highest 1.09 22.65 75.72 18.70
Average 1.07 22.01 74.75 17.57
2 mg/mL
Highest 1.07 23.09 75.75 18.71
Average 1.10 22.06 73.83 17.86
3 mg/mL
Highest 1.12 22.69 74.41 18.91
Average 1.13 22.26 72.60 18.27
4 mg/mL
Highest 1.14 23.25 73.44 19.47
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The statistical distribution graphs of the reference and salt-treated solar cells are

presented in Figure 3.9. These graphs also supported the Voc and PCE enhancement
upon the treatment with 4 mg/mL of salt.
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Figure 3.9. (a) Voc, (b) Jsc, (¢) FF, and (d) PCE statistics of PSCs with different
concentrations of 3,5-MeO-PEAI

J-V curves of the best-performing devices are shown in Figure 3.10. The highest
efficiencies were obtained as 18.74% (Voc= 1.11 V, Jsc = 22.87 mA/cm?, FF =
73.82%) for the reference device, and 19.47% (Voc= 1.14 V, Jsc = 23.25 mA/cm?,
FF = 73.44%) for the device with 4 mg/mL of salt concentration. 4 mg/mL was

chosen as the optimum salt concentration and used in the following experiments.
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Figure 3.10. J-V curves of the best-performing devices with different concentrations
of 3,5-MeO-PEAI
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3.2.2 Spin Rate Optimization

For the spin rate optimization of the salt coating step, 3,5-MeO-PEALI dissolved in
IPA was coated with a spin rate of 500, 1000, 2000, 3000 and 4000 rpm on top of
the perovskite layer, whereas the reference cells did not contain the salt layer. The
salt-treated cells coated with 500 and 1000 rpm exhibited superior Voc values
compared to the other cells, which can be seen in Table 3.5. On the other hand, FF
values of the cells with the salt coating spin rate of 500 rpm were lower, most
probably owing to the fact that coating with this spin rate created too thick of a salt
layer. The cells with the salt coating spin rate of 1000 rpm demonstrated enhanced
Voc values without comprimising from FF values, which resulted in the best average
and the highest PCE values.

Table 3.5. Photovoltaic parameters of PSCs with different spin rates of 3,5-MeO-
PEAI

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

Average 1.10 22.02 71.53 17.38
Reference

Highest 1.11 22.87 73.82 18.74

Average 1.13 21.83 70.69 17.45
500 rpm

Highest 1.14 22.46 72.39 18.54

Average 1.13 22.55 73.91 18.79
1000 rpm

Highest 1.13 22.94 74.87 19.41

Average 1.10 21.58 74.43 17.75
2000 rpm )

Highest 1.12 22.36 75.22 18.84

Average 1.10 21.93 74.83 18.05
3000 rpm

Highest 1.10 23.38 74.48 19.16

Average 1.11 21.60 72.97 17.49
4000 rpm

Highest 1.11 22.15 72.37 17.79

The statistical distribution graphs of the reference and salt-treated solar cells are
demonstrated in Figure 3.11. Enhanced Voc and PCE as well as the narrower

distribution for the cells with the salt coating spin rate of 1000 rpm were seen clearly.
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J-V curves of the best-performing devices are shown in Figure 3.12. The highest
efficiencies were obtained as 18.74% (Voc= 1.11 V, Jsc = 22.87 mA/cm?, FF =
73.82%) for the reference device, and 19.41% (Voc= 1.13 V, Jsc = 22.94 mA/cm?,
FF =74.87%) for the salt-treated device coated with 1000 rpm. 1000 rpm was chosen

as the optimum spin rate for salt coating step and used in the following experiments.

.
2000

. L
3000 4000

PCE (%)

J,. (mAlcm’)

N
o

N
K

22

20

22

20

1

®

14

B

s L L L L L
Reference 500 1000 2000 3000 4000

@

BT

L L L s s L
Reference 500 1000 2000 3000 4000

25
—
€ 20
(%]
<
é 15} —— Reference
~———500 rpm
% ~——1000 rpm
g 10k 2000 rpm 'x‘
~——3000 rpm \
o —— 4000 rpm
-
c
B st
=]
(&)
0 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Voltage (V)

Figure 3.12. J-V curves of the best-performing devices with different spin rates of

3,5-MeO-PEAI




3.2.21 Grazing Incidence X-Ray Diffraction

Samples were fabricated for grazing incidence X-ray diffraction (GIXRD)
measurement in the structure of FTO/SnO,/Perovskite/3,5-MeO-PEAI. 3,5-MeO-
PEAI salt was coated with a spin rate of 500, 1000, 2000, 3000 and 4000 rpm on top
of the perovskite layer, whereas the reference sample did not contain the salt layer.
The GIXRD measurement result is demonstrated in Figure 3.13. Upon salt addition,
a small peak occurred at around 7°, which could be attributed to the possible 2D
layer formation. In addition, new peaks were observed at around 4.8° and 3.8° for
the salt-treated samples coated with 500 and 1000 rpm, whereas these new peaks
were not observed for the other salt-treated samples. The occurrence of these peaks
for the samples with thicker salt layer indicated that these peaks were related with
the salt itself. GIXRD peaks were investigated in more detail under Chapter 3 in
Section 3.3.2.1.1.
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Figure 3.13. GIXRD patterns of the reference sample and samples with different spin
rates of 3,5-MeO-PEALI; * represents the new peak at around 7° upon salt addition
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3.3  Comparison of Novel Cations and Annealing Study

The experimental studies with 2,6-MeO-PEAI demonstrated that the optimum
concentration and spin rate of this salt was 2 mg/mL and 1500 rpm, respectively. On
the other hand, for 3,5-MeO-PEAI, the optimum concentration and spin rate were
found as 4 mg/mL and 1000 rpm, respectively. After deciding these parameters, solar
cells were fabricated using the optimum values with the aim of comparing the
performances of the two salts. Furthermore, in the same study, the salt annealing
effect was also investigated. Average and the highest device performances of this
study are listed in Table 3.6. In the table and the following figures, ‘2,6’ and ‘3,5’
were used as short for 2,6-MeO-PEAI and 3,5-MeO-PEALI salts, respectively. Also,
with annealing (or a+ in short) term was used meaning that salt was subjected to
thermal annealing at 100 °C, and without annealing (or a- in short) term was used
meaning that salt was not annealed. The cells with annealed 2,6-MeO-PEAI
performed the best due to a slight enhancement of Voc and FF compared to the
reference cells. The cells with annealed 3,5-MeO-PEAI, for which 2D layer
formation was observed as shown in Section 3.3.2.1.1, exhibited lower Jsc values
than the other cells. This could arise from the fact that the insulating nature of 2D
perovskites limits the charge transport and thus, reduces the Jsc values.!!'! It should
be noted that even though the performance of the cells with 3,5-MeO-PEAI did not
exceed that of the reference cells, 3,5-MeO-PEAI treatment substantially improved
Voc. Moreover, salt annealing improved the performance for the cells treated with
2,6-MeO-PEALI, whereas it resulted in a poorer performance for the cells treated with

3,5-MeO-PEAL
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Table 3.6. Photovoltaic parameters of the reference and salt-treated PSCs with or

without salt annealing

Devices Voc (V) Jsc (mA/cm?) FF (%) PCE (%)
Reference Average 1.09 21.99 71.93 17.21
Highest 1.09 23.11 72.02 18.14
2,6 with Average 1.10 21.81 72.12 17.38
annealing Highest 1.11 23.46 73.55 19.15
2,6 without Average 1.09 21.58 73.41 17.31
annealing Highest 1.10 22.14 75.05 18.28
3,5 with Average 1.14 20.99 66.99 16.03
annealing Highest 1.13 2191 68.63 16.99
3,5 without Average 1.13 21.31 70.18 16.86
annealing Highest 1.13 21.74 72.82 17.89

The statistical distribution graphs of the reference and salt-treated solar cells are
given in Figure 3.14. In these graphs, slight enhancement in Voc and FF of the cells
with annealed 2,6-MeO-PEAI was observed. Additionally, cells with annealed 3,5-
MeO-PEAL displayed the highest Voc, however their FF values were poor, which

resulted in a lower efficiency.
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J-V curves of the best-performing devices are shown in Figure 3.15. The highest
efficiencies were obtained as 18.14% (Voc= 1.09 V, Jsc = 23.11 mA/cm?, FF =
72.02%) for the reference device, 17.89% (Voc=1.13 V, Jsc=21.74 mA/cm?, FF =
72.82%) for the device with non-annealed 3,5-MeO-PEAI and 19.15% (Voc=1.11
V, Jsc=23.46 mA/cm?, FF = 73.55%) for the device with annealed 2,6-MeO-PEALI.
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Figure 3.15. J-V curves of the best-performing devices of the reference and salt-
treated PSCs with or without salt annealing

Hysteresis phenomena was seen for all the devices, as shown in Figure 3.16, where
the solid curves indicated reverse scan and the dashed curves indicated forward scan
in J-V measurements. From Equation 1.8, hysteresis index was calculated as 0.24 for
the reference device, whereas it was calculated as 0.15, 0.16, 0.29, and 0.15 for the
devices with annealed 2,6-MeO-PEAI non-annealed 2,6-MeO-PEAI, annealed 3,5-
MeO-PEALI, and non-annealed 3,5-MeO-PEALI, respectively.
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Figure 3.16. J-V curves obtained by reverse and forward scans demonstrating
hysteresis for the reference and (a) 2,6-MeO-PEAl-treated, (b) 3,5-MeO-PEAI-
treated devices with or without salt annealing
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3.3.1 Device Characterization

This section includes the results of the electrical measurements, external quantum
efficiency (EQE) and impedance spectroscopy, of the salt comparison and annealing
study. For these characterizations, cells that were fabricated for the salt comparison

and annealing study were used.

3.3.1.1  External Quantum Efficiency

EQE measurements were performed to obtain the integrated Jsc values. First, J-V
measurement was conducted, followed by EQE measurement. Jsc values obtained
from J-V and EQE measurements and EQE spectra are shown in Table 3.7 and
Figure 3.17, respectively. EQE measurement demonstrated that the best Jsc belonged
to the cell with non-annealed 3,5-MeO-PEALI, followed by the cell with non-annealed
2,6-MeO-PEAI. All the salt-treated devices exhibited higher Jsc values than the
reference device. It should be noted that since the reference device quickly degraded,
the Jsc values obtained from J-V was lower than the previous measurement, which
was shown in Table 3.6. Moreover, a slight decrease in Jsc obtained from EQE was
observed for most of the devices, however it was highly significant for the reference
device. This could stem from the possibility that the light stability of the reference

device was quite poor.

Table 3.7. Jsc values obtained from J-V and EQE measurements

Devices Jsc (mA/cm?) from J-V Jsc (mA/em?) from EQE
Reference 21.37 17.90
2,6 with annealing 22.81 20.52
2,6 without annealing 23.44 22.46
3,5 with annealing 21.77 20.80
3,5 without annealing 23.08 23.15
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Since photons with shorter wavelengths have higher energy, when these photons are
incident on a cell, they can generate carriers immediately. On the other hand, photons
with longer wavelengths have lower energy and longer penetration depth. Therefore,
EQE graph allows us to determine the carrier recombination near the front (TCO,
ETL) and rear (HTL, metal) interfaces from the short-wavelength region and the
long-wavelength region, respectively.!?? From Figure 3.17, the reference device was
observed to experience more losses, which were mainly in the long-wavelength
region. Thus, for the reference device, the reduction of EQE spectrum at long
wavelengths could be explained by having more carrier recombination occurring at

the perovskite/HTL interface.
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Figure 3.17. EQE spectra of the reference and salt-treated devices with or without
salt annealing

Moreover, any light below the band gap energy will not be absorbed by the cells.
After the wavelength that corresponds to the band gap, incoming light will not be
absorbed, thereby EQE will be zero.!'® In Figure 3.17, EQE signal dropped to zero
at around 830 nm, from which a band gap of ~1.49 eV could be inferred by the
Equation 2.3. This is consistent with the band gap of perovskites in the literature,

which is around 1.48-1.62 eV.!23
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3.3.1.2 Impedance Spectroscopy

Impedance spectroscopy measurements were conducted to investigate
recombination dynamics inside the device. The measurements were performed under
the illumination of 0.1 suns and open-circuit condition. Under these conditions,
charge carrier generation was suppressed by recombination, and thus, there is no net
carrier transport between the perovskite layer and interfaces. Thus, the
recombination processes of PSCs can be inferred from the impedance spectra.
Impedance spectra of the reference and salt-treated devices were displayed via
Nyquist plots, as shown in Figure 3.18. The high-frequency semi-circle is generally
attributed to the recombination resistance and the geometrical capacitance.!'?*
Therefore, the increase of the high-frequency semi-circle upon addition of the salt
layer indicated less recombination inside the device since recombination resistance
increased. The biggest semi-circle belonged to the device with annealed 3,5-MeO-
PEAL, followed by the device with non-annealed 3,5-MeO-PEAI. These devices also
demonstrated the highest Voc values, as shown in Table 3.6. Impedance
spectroscopy results were consistent with J-V measurement results, as expected since

less surface recombination would lead to higher Voc values.
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Figure 3.18. Nyquist plots of the reference and salt-treated PSCs obtained from the
impedance measurement
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3.3.2 Film Characterization

This section includes grazing incidence X-ray diffraction (GIXRD),
photoluminescence (PL), and ultraviolet photoelectron spectroscopy (UPS)
measurement results of the salt comparison and annealing study. For these
characterizations, thin films were fabricated with the same fabrication procedure,

except for the thermal evaporation step.

3.3.21 Grazing Incidence X-Ray Diffraction

Samples were fabricated for GIXRD measurement in the structure of
FTO/SnOx/Perovskite/Salt. Either 2,6-MeO-PEAI or 3,5-MecO-PEALI salt was coated
on top of the perovskite layer, whereas the reference samples did not contain the salt
layer. GIXRD measurement results are demonstrated in Figure 3.19. For both salts,
a new peak occurred between 5-10° upon salt annealing which could be attributed to

the possible 2D layer formation.!?!

If the new peaks indeed indicated 2D perovskite,
this would infer that salts created 2D perovskite only when they were annealed and
did not create a 2D layer when they were not subjected to annealing. To check
whether the new peaks indicated 2D layer or not, 2D-only and quasi-2D perovskite

thin films were fabricated; which is explained in Section 3.3.2.1.1.

U 3,5 without annealing
A Au A\
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2,6 without annealing

M 2,6 with annealing
A_..A_A AA\
~ " n Reference

i n i n

10 20 30 40 50
20 (angle)

Intensity (a.u.)

Figure 3.19. GIXRD patterns of the reference and salt-treated samples with or
without annealing
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3.3.2.1.1 GIXRD Analysis of 2D and Quasi-2D Films

Solutions for 2D perovskite (n = 1) film were prepared by dissolving salt (either 2,6-
MeO-PEAI or 3,5-MeO-PEAI) and Pbl; (2:1) in DMF:DMSO (15:5) (v:v) mixture.
Precursor solutions for MAI incorporated quasi-2D perovskite (n = 2) were prepared
by dissolving salt, MAI, Pbl, (2:1:2) in DMF:DMSO (15:5) (v:v) mixture. All
solutions were coated onto FTO/SnO; substrates at 3000 rpm for 30 seconds and
annealed at 100 °C for 10 minutes. Additionally, salt only films were fabricated by
dissolving salt in IPA (2 mg/mL) and coating this solution on FTO substrates at 3000

rpm for 30 seconds, followed by annealing at 100 °C for 10 minutes.

GIXRD measurement results of the prepared films for both salts are shown in Figure
3.20. The diffraction peaks of Pbl, and 3D perovskite were clearly observed as

indicated in the figure.

(a) 3,5 quasi-2D (b)
A 2,6 quasi-2D
3 3,52 only 3
8 R 8 2,6 2D only
>
2 R . FIO/3,5 salt only §‘ N
2 * . . 2 R FTO/2,6 salt only
o S 3,5 without annealing o &) 5
< & 8 c *1s S 2,6 without annealing
- * 2 ot * - N + 8
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M e An N | e PN
Il . . . | Il I I L
10 20 30 40 50 10 20 30 40 50
20 (angle) 20 (angle)

Figure 3.20. GIXRD patterns of films prepared with (a) 3,5-MeO-PEAI, and (b) 2,6-
MeO-PEAL *, &, and & represent diffraction peaks of Pbl,, 3D perovskite, and FTO,
respectively

To investigate the low angle region and identify the possible 2D perovskite peaks,
GIXRD patterns were scaled to the 2-10° region, as shown in Figure 3.21. For 3,5-
MeO-PEALI, the peak at 7.11° was identified as the 2D perovskite peak, which was
indicated with the dashed line in Figure 3.21a. Since the sample with annealed 3,5-
MeO-PEALI had the same peak, it was demonstrated that 3,5-MeO-PEAI created 2D

perovskite upon annealing. Annealing-dependent 2D layer formation was consistent
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with the literature.3”!15 Additionally, the quasi-2D sample also had a peak at 7.11°,
which confirmed the formation of quasi-2D perovskite with the incorporation of
MA™ ions. Moreover, it was observed that the salt only sample (FTO/3,5-MeO-
PEAI) had a peak at 4.88°, shown with the dotted line in Figure 3.21a, which had to
be related with the salt itself. This peak appeared in all samples, except for the quasi-
2D sample, and slightly shifted to the left (4.46°) for the 2D only sample. This peak
was considered to originate from the crystal structure of 3,5-MeO-PEAL It was also
noticed that the sample with annealed 3,5-MeO-PEAI had a peak splitting, which
could take place due to the phase transformation.!?> For 2,6-MeO-PEAI, the peak at
7° was identified as the 2D perovskite peak, which was indicated with the dashed
line in Figure 3.21b. The quasi-2D sample also had the same peak, which confirmed
the formation of quasi-2D perovskite with the incorporation of MA* ions. However,
the 2D peak was not seen for the sample with annealed 2,6-MeO-PEAL Instead, the
sample with annealed 2,6-MeO-PEAI had a peak at 6.27°, shown with the dotted line
in Figure 3.21b. Considering the variation between these peaks, it was concluded
that 2,6-MeO-PEALI salt did not create a pure 2D perovskite. Also, the peak at 6.27°
could not be related with the salt itself due to the lack of this peak in the salt only
sample. This peak was thought to be attributed to the possible formation of higher

dimensional (n > 2) perovskite layer.
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Figure 3.21. Scaled GIXRD patterns of films prepared with (a) 3,5-MeO-PEAI, and
(b) 2,6-MeO-PEALI; dashed lines represent the diffraction peak of 2D perovskite
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It was evident that the distance of two methoxy groups with respect to the
ethylammonium group affected the interaction between the novel cations and
perovskite. The cations with different dipole moments led to varying electron density
on the aromatic ring, which might be the reason for the difference in cation-
perovskite interaction.'” Nevertheless, this interaction depending on the structural

change of the cations remained unclear and required for further investigation.

3.3.2.2 Photoluminescence

Samples were fabricated for photoluminescence (PL) measurement in the structure
of Glass/Perovskite/Salt. Either 2,6-MeO-PEAI or 3,5-MeO-PEAI salt was coated
on top of the perovskite layer, whereas the reference samples did not contain the salt
layer. PL measurement was performed to investigate the nonradiative recombination
process. Upon treatment with annealed 2,6-MeO-PEAL, a significant increase in the
PL intensity was observed, as shown in Figure 3.22. PL intensity increase is
generally related with reduced trap density and nonradiative recombination, thus
better passivation.!?® It was concluded that the treatment with annealed 2,6-MeO-
PEALI passivated the surface defects and reduced the nonradiative recombination,
which was consistent with J-V results presented in Table 3.6, where the sample with
annealed 2,6-MeO-PEAI performed the best by enhancing Voc and FF slightly. The
sample with non-annealed 3,5-MeO-PEAI had also higher PL intensity than the
reference. PL intensities of the reference sample and the sample with annealed 3,5-
MeO-PEAI were very similar. PL intensities of the samples treated with 3,5-MeO-
PEAI were expected to be much higher than that of the reference sample, due to their
superior Voc values. However, the presented results were different than expected,
which could stem from a possible measurement error, and requires further
investigation. On the other hand, a decrease in the PL intensity was observed for the
sample with non-annealed 2,6-MeO-PEAI. Voc values of this sample was observed
to be very similar to the reference sample in J-V measurements. PL intensity decrease

is generally related with better charge extraction or higher surface recombination
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rate.¥!!” PL quenching observed in this sample could be associated with increased
surface recombination velocity and better hole transport, which resulted in enhanced

FF values, as presented in Table 3.6.
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Figure 3.22. PL spectra of the reference and salt-treated samples with or without
annealing

3.3.23 Ultraviolet Photoelectron Spectroscopy

Samples were fabricated for ultraviolet photoelectron spectroscopy (UPS)
measurement in the structure of FTO/SnO./Perovskite/Salt. Either 2,6-MeO-PEAI
or 3,5-MeO-PEAI salt was coated on top of the perovskite layer, whereas the
reference samples did not contain the salt layer. UPS measurement was performed
to investigate the band alignment and determine valence band maximum energy
levels and the work function. UPS spectra of the reference and salt-treated samples
are shown in Figure 3.23. For the reference sample, Eo and Evem were found as 10.31
and -5.19 eV, respectively, and ionization energy was calculated as 5.72 eV from the
Equations 2.5 and 2.6. For the sample with annealed 2,6-MeO-PEAI, Eo and Evem
were found as 10.63 and -4.81 eV, respectively, and ionization energy was calculated
as 5.78 eV. For the sample with annealed 3,5-MeO-PEAI, Eo and Evem were found
as 10.00 and -5.31 eV, respectively, and ionization energy was calculated as 5.91

eV.
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Figure 3.23. UPS spectra of the (a) reference, (b) 2,6-MeO-PEAI-treated, and (c)
3,5-MeO-PEAI-treated samples; inset figures show Eg and Evewm calculations

The energy band diagram of the PSC layers is illustrated in Figure 3.24, which
demonstrates band alignment of the bare and salt-treated perovskite with the
transport layers. Since the ionization energies of the reference and 2,6-MeO-PEAI-
treated samples were very similar, band alignment between the 2,6-MeO-PEAI-
treated perovskite and Spiro-OMeTAD was suitable. However, 3,5-MeO-PEAI had
a higher ionization energy, which resulted in an unfavorable band alignment and
poorer hole transport. This might be the reason for the lower FF values of the samples

treated with 3,5-MeO-PEAI that was observed in J-V measurements.
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Figure 3.24. Schematic representation of the energy level diagram of the PSC layers
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34 Stability Studies of Perovskite Solar Cells

The aim of perovskite research was not only to increase the efficiency but also
improve the stability. Therefore, the stability of the unencapsulated PSCs was
investigated. This section includes light stability results, which were achieved by
maximum power point tracking (MPPT) measurement, long-term stability results,
and moisture stability results, which were investigated by contact angle

measurement.

3.4.1 Light Stability

For the light stability test, maximum power point tracking (MPPT) measurement was
conducted in the J-V system. During the MPPT measurement, devices were in the
laboratory (in ambient air with RH of ~20-40%, at RT) under a constant illumination
of 1 sun. The device with 2,6-MeO-PEAI displayed the highest PCE value, whereas
the reference device displayed the lowest PCE value, as shown in Figure 3.25. All
devices exhibited quite stable PCE outputs for 850 seconds. Thereafter, the output
of the reference device started to fluctuate and did not exhibit a proper PCE output.
However, this problem was not observed for the salt-treated devices. Small
fluctuations between 1000-1500 seconds occurred for the device treated with 3,5-
MeO-PEALI which then diminished and turned to the stable PCE output again. This
might result from contact problems of the crocodile clips. Additionally, the
maximum PCE output displayed by the reference cell, the cell with 2,6-MeO-PEAL,
and the cell with 3,5-MeO-PEAI was 17.55%, 21.60%, and 19.46%, respectively.
When these values were compared with the PCE outputs at the end of the
measurement, a PCE drop of 3.70%, 1.94%, and 2.88% was calculated for the
reference cell, the cell with 2,6-MeO-PEAI, and the cell with 3,5-MeO-PEAI,
respectively. Therefore, it was concluded that salt-treatment enhanced the light

stability of the solar cells.
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Figure 3.25. Maximum power point tracking of the reference and salt-treated PSCs
3.4.2 Long-Term Stability

Long-term environmental stability of the solar cells was determined by conducting
current density-voltage measurements of the cells in the J-V system regularly.
Devices were kept in the desiccator (at RT, in the dark) that had a relative humidity
below 15%. Devices with salt treatment exhibited superior stability compared to the
reference device, as shown in Figure 3.26. The cell with 3,5-MeO-PEAI and 2,6-
MeO-PEAI maintained 94% and 93% of the initial PCE, respectively, whereas the

reference cell maintained 77% of the initial PCE after six weeks from the fabrication.
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Figure 3.26. Normalized PCEs of the reference and salt-treated PSCs, kept in the
desiccator with RH of < 15%, at RT, in the dark

343 Moisture Stability

Moisture stability was assessed with contact angle measurement using water.
Samples were fabricated for the measurement in the structure of
FTO/SnOx/Perovskite/Salt. Either 2,6-MeO-PEAI or 3,5-MecO-PEALI salt was coated
on top of the perovskite layer, whereas the reference samples did not contain the salt
layer. Contact angle measurement was conducted to investigate the effect of salt
addition on the hydrophobicity of the 3D perovskite. It was known that the larger the
contact angle, the more hydrophobic the film surface was. As shown in Figure 3.27,
hydrophobicity increased for the samples with annealed salts, however, it decreased

for the samples without salt annealing.
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Figure 3.27. Contact angle images of the (a) reference sample, and samples treated
with (b) annealed 2,6-MeO-PEAI (c) non-annealed 2,6-MeO-PEAI, (d) annealed
3,5-MeO-PEALI, (e) non-annealed 3,5-MeO-PEAI

Since the samples with annealed salts created 2D or quasi-2D layers on top of the
3D perovskite, as shown in GIXRD measurements, these layers could act as moisture
resistant layers, which could suppress the cell degradation caused by humidity, and
give rise to higher contact angle results. The enhancement in the contact angle could

originate from the hydrophobic nature of the PEAI part of the salts.!?’
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CHAPTER 4

CONCLUSION

In this study, two novel cations, that are 2,6-methoxy-phenylethyl ammonium iodide
(2,6-MeO-PEAI) and 3,5-methoxy-phenylethyl ammonium iodide (3,5-MeO-PEAI)
were used on top of (FAPbIz)i—x(MAPbBr3)x (FAMA) perovskite, as a result, an
increase in open-circuit voltage (Voc) and enhancement of stability was observed.
2,6-MeO-PEALI salt did not form a pure 2D perovskite, whereas 3,5-MeO-PEALI salt
created a 2D layer upon annealing, as shown with grazing incidence X-ray
diffraction measurements. To investigate the increase in Voc, photoluminescence
and impedance spectroscopy measurements were conducted, which revealed that
nonradiative recombination was reduced upon salt treatment. The highest increase
in Voc was achieved with the addition of 3,5-MeO-PEALI salt, exhibiting a Voc of
1.14 eV. The cells with 2,6-MeO-PEAI salt demonstrated the best overall
performance, by increasing the PCE from 18.14% for the reference to 19.15%.
Furthermore, the light stability, long-term stability as well as the moisture stability
of the devices with the salt treatment enhanced greatly. The cell with 3,5-MeO-PEAI
and 2,6-MeO-PEAI maintained 94% and 93% of the initial PCE, respectively,
whereas the reference cell maintained 77% of the initial PCE after six weeks from
the fabrication. This study have shown the importance of interface engineering using
novel organic cations, that not only passivates the defects of the perovskite film and
thus, minimizes the nonradiative recombination, but also allows to fabricate more

stable perovskite solar cells.
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