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ABSTRACT

Solution Processable Inverted Type Perovskite
Solar Cells

Hamed MOEINI ALISHAH

Physics Department

Doctor of Philosophy Thesis

Supervisor: Prof. Dr. Serap GUNES

For more than one decade, perovskite-based solar cells have attracted
considerable attention due to its particular features, which include low price, long
carrier diffusion length, high absorption coefficient, low-temperature preparation,
low charge recombination, high electron and hole mobility, controllable bandgap,
and a fast improvement from 3.9 % to more than 25%, which is not typical for

solar cells to progress so quickly in such a short time.

In perovskite solar cells, charge transport layers (CTL) are significantly vital to the
device's performance. Therefore, choosing a suitable and cost-effective CTL is
inevitable. Despite being one of the most commonly applied hole transporters in
solar cell research, PEDOT:PSS must still meet the performance criteria of solar
cells. Consequently, PEDOT: PSS has become of the most popular due to its
improved morphology, conductivity, and durability. In this thesis by using a simple
method we investigate the performance of PSCs when PEDOT: PSS layers are
exposed to UV radiation. In addition, the influence of dopants also on electro-
optical properties and performance of PEDOT: PSS based perovskite solar cells has
been investigated.

XIX



Bathocuproine (BCP) is a well-known material used in perovskite solar cells as a
hole-blocking layer. Vacuum or solution processing can be used to process thin
BCP films as buffer layers. In this thesis, the effect of BCP layers prepared using
sol-gel method on the performance of perovskite solar cells is investigated. On the
other hand, inorganic charge transport materials are preferred because they are
plentiful, inexpensive, and have high hole mobility and chemical stability. Because
of its high optical transmittance, broad direct bandgap, deep valance band, and
high conduction band, non-stoichiometric nickel oxide (NiO,) is widely used as a
HTL for inverted PSCs. For the first time in the literature, we demonstrate a

research based on Ce and Zn co-doping into NiO, HTLs for inverted type PSCs.
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Goéziim Islenebilir Ters Gevrilmis Perovskit Giines

Pilleri

Hamed MOEINI ALISHAH

Fizik Bolumi

Doktora Tezi
Danigsman: Prof. Dr. Serap GUNES

On y1l boyunca perovskite giines pilleri, diisiik maliyetli, uzun tasiyici difiizyon
uzunlugu, yiiksek absorpsiyon katsayisi, diisiik sicaklikta isleme, diisiik
rekombinasyon orani, yiiksek elektron ve bosluk hareketliligi ve ayarlanabilir
band aralig1 gibi olaganiistii 6zellikleri nedeniyle ¢ok dikkat cekmistir. Fotovoltaic
gii¢ dontisiim verimlerinin %3,9'dan %25'in tizerine hizli bir sekilde artmasi, ki bu
bir fotovoltaik cihazin bu kadar kisa bir siirede son derece hizli bir gelisme

gostermesi yaygin degildir, perovskit giines pillerini ilgi cekici hale getirmistir.

Perovskit giines pillerinde yiik tasima katmanlar1 (YTK), cihazin performansinda
¢ok onemli bir rol oynar. Enerji acisindan uygun ve uygun maliyetli bir YTK secimi
kacinilmazdir. Gelismis morfoloji, iletkenlik ve stabiliteye sahip olmasi
PEDOT:PSS’i 6ne cikarmasi ve giines pili arastirmalarinda en yaygin olarak
kullanilan bosluk tasiyicilardan biri olmasina ragmen, PEDOT:PSS’nin yine de

glines pillerinin performans kriterlerini karsilamasi1 gerekmektedir . Bu tez
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calismasinda, basit bir yontem kullanarak, PEDOT: PSS katmanlarni UV
radyasyonuna maruz kaldiginda PSC'lerin performansini arastirilmistir. Ayrica
PEDOT:PSS tabanli perovskit giines pillerinin elektro-optik karakteristikleri ve

performansi iizerine katkilamanin etkisi arastirilmistir.

Bathocuproine (BCP), perovskite gilines pillerinde siklikla kullanilan bir
malzemedir. Ince BCP filmlerini tampon katmanlar olarak islemek icin vakum
veya c¢ozelti isleme teknikleri kullanilabilir. Vakumla islenmis BCP katmanlarina
dayali literatiirde ¢ok sayida calisma olmasina ragmen, cozeltiden islenmis BCP
katmanlarina odaklanan calismalarin sayisi nispeten sinirlidir. Bu tezde sol-jel
yontemiyle hazirlanan BCP katmanlarinin perovskit giines pillerinin
performansina etkisi arastirlmistir. Ote yandan, anorganik yiik tasima
malzemeleri bol, ucuz, yiliksek bosluk hareketliligi ve kimyasal kararliliga sahip
olduklar i¢in tercih edilmektedir. Yiiksek optik gecirgenligi, genis dogrudan bant
araligi, derin degerlik bandi1 ve yiiksek iletim bandi nedeniyle, stokiyometrik
olmayan nikel oksit (NiOx), tersine ¢evrilmis PSC'ler icin bosluk secici bir malzeme
olarak yaygin olarak kullanilmistir. Literatiirde ilk kez, tersine ¢evrilmis tip PSC'ler
icin NiOx HTL'lere Ce ve Zn birlikte katkilanmasina dayanan bir arastirma

gerceklestirilmistir.

Anahtal kelimeler: Perovskit Giines pilleri, BCP, PEDOT:PSS, NiOx
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INTRODUCTION

1.1 Literature Review

1.1.1 Background

Since the worldwide usage of energy has risen as a result of population growth and
industrial development, demand for sustainable and viable energy sources is
unavoidable. Alternative resources should strike a balance between productivity, cost,
technological issues, and environmental impacts. The use of photovoltaic systems to
collect energy from the sunlight provides a new pathway to generate energy on a
worldwide scale. Even if silicon-based solar cells have been employed for several
years and now dominate the photovoltaic market, their high cost prevents them from
being a significant replacement for fossil-fuel resources on a large scale[1] . Second-
generation solar cells' large-scale production is also restricted due to the presence of
hazardous compounds (e.g. Cd) and the requirement for high vacuum and
temperature for manufacturing [2]. As a result, a new generation providing low-cost,
high-flexibility, low molecular weight, and high-efficiency is demanded. All of these
criteria are met by third-generation solar cells[3,4]. Though third-generation solar
cells have prompted interest, their efficiencies are still inadequate to keep up with
first- and second-generation solar cells which commercially available[5]. Perovskite-
based solar cells have recently received considerable attention owing to a significant
increase in efficiency from 3.9% to over 25% during the last decade. Perovskite-based
solar cells seem to have a lot of promise in terms of overcoming the drawbacks of
first, second, and third generation solar cells and possibly outperforming them.

Perovskites are affordable, abundantly available and can be solution processed.



1.1.2 Energy

As a result of the population growth and improved industrialization, global energy
use has increased, and the limited amount of fossil fuels on the planet will no longer
be able to meet the demand for energy in a few decades. Between 2017 and 2040,
the International Energy Agency (IEA) predicts a 30% rise in global energy
demand[6]. Global energy consumption has grown from 495 quadrillion British
thermal unit (Btu) in 2007, to around 739 quadrillion Btu in 2035[7]. On the other
hand, the more fossil energy sources we expend, the more global temperature rises,
affecting the climate and unpredictable weather changes. In many regions, for
instance, heat waves, extreme flood events, and severe drought are observed. This
raises a crucial question, how do we overcome the difficult issue of obtaining
renewable energy sources to replace fossil fuels. As a result, demand for sustainable
and feasible sources of energy is unavoidable, and the use of renewable and

clean sources of energy has become progressively important and urgent for humanity.

1.1.3 Renewable Energy

Renewable energy is a long - term solution for the issue of energy supply and demand
as well as reducing the environmental effect of the present energy system. Renewable
energy comes from unrestricted resources such as wind, sunlight, biomass, tidal
waves, ground-source heat, and etc. [8] The majority of renewable energy sources
are viable and environmentally friendly. Renewable energy sources have the potential
to promote long-term alternatives to possible energy crises. Even though wind and
hydroelectric sources dominated recently, different types of renewable energy,
especially solar photovoltaic systems, have been rapidly expanding in terms of cost
and capabilities. Solar power is nearly limitless as compared to other sustainable
resources such as wind and biomass, because the daily illuminated solar energy on

the globe is around 10,000 times more than the total energy consumption



in the world per day[9]. Due to its availability on Earth's surface and in space, non-
destructive ecological impacts, and feasibility to install solar cell systems in remote
areas, solar energy is a common renewable and sustainable energy source. Attempts
have been devoted with the aim of increasing power conversion efficiency and
lowering cost of photovoltaic devices. PV prices have fallen drastically in the last 40
years, from around $100/watt to 0.3$/watt[10], as seen in Figure 1.1. The reduction

in PV prices has resulted in a significant rise in PV installations around the world.
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Figure 1.1 Solar panels cost and worldwide deployment in the last 40
years [10]

1.1.4 Photovoltaics (PV)

Photovoltaic cells, known as solar cells, turn solar energy directly into electrical

energy. Edmond Becquerel was the first to observe the photovoltaic effect in 1839



and he presented the idea of the solar cell for the first time[11]. New York inventor
Charles Fritts developed the first photovoltaic cells with a 1-2 % PCE in 1883 by
covering selenium with a thin film of gold [6]. Photovoltaic devices first
time were revealed by a group of Bell Telephone researchers who noticed that silicon
could generate an electric current when exposed to sunlight. Scientists at Bell
Telephone laboratories employed silicon to produce photovoltaic cells with a 6%
PCE in 1954[6]. Later, in 1956, Western Electric started to sell licenses for
commercial use of silicon PV technology[12]. Particles of solar energy which is called
photons can be absorbed in a photovoltaic system by semiconductor materials. The
energy of the incident photons from the sunlight varies according to the solar
spectrum wavelengths. Several events can occur when photons approach a PV cell: A
photon can be reflected completely, pass fully without any interaction through the
device, or be absorbed by the semiconductor compounds. Only photons that have
been absorbed can participate in generation of electricity. The efficiency of solar cell
devices presently varies from 10.6 % to 47.1 %, as shown in the National Renewable

Energy Laboratory's (NREL) performance diagram (figure 1.2) [13].
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Figure 1.2 NREL'’s efficiency chart is reprinted with permission by the National
Renewable Energy Laboratory [13]

1.1.5 PV Technologies



Solar cells are normally divided into three categories: first-generation, second-
generation, and third-generation. Solar cells in the first generation are comparatively
costly to manufacture and have high efficiencies. Second-generation solar cells have
a lower performance but are less expensive to manufacture than first-generation
manufacturing processes. Third-generation solar cells are impactful and plausibly
economical, but they are not yet widely available due to low stability of materials

employed in the device configuration.

1.1.5.1PV Technologies of the First Generation: Crystalline Silicon
Solar Cells

The dominance of crystalline silicon technology in the photovoltaic market can be
attributed to a number of aspects: Si is a cheap and abundant component, devices
provide a high durability, and crystalline silicon photovoltaic technology was able to
properly incorporate developments in microelectronic industry. With a passivated
emitter rear locally-diffused (PERL) cell, the world champion performance (25%) was
obtained after improving bulk crystal formationin the 1950s and system
enhancement in many aspects, such as bulk diffusion length, design, and passivation
of surface in the 1980s[14]. Several companies, including Suntech (19 % PCE),
SANYO Electric Co., Ltd. (20.7 % PCE), and SunPower (22 % PCE), have
commercially produced crystalline silicon PV devices as a result of extensive
investigation in this field [15]. Multicrystalline silicon photovoltaic devices were
introduced in the 1980s as a cheaper option to monocrystalline PV cells. Since this
new technology was of lower quality than crystalline-Si one[15], device improvement
was taken into account in order to boost the share of multicrystalline-Si in the
market by attaining greater efficiencies at minimal expenses. The recent search for
affordable photovoltaic technologies has switched the focus to solar grade silicon
(SoG-Si), which is considered to involve high metal. Silicon materials developed SoG-

Si solar cells with a 16 % efficiency due to system optimization[15].



1.1.5.2Second-Generation PV Technologies: Thin-Film Solar Cells

Despite the fact that photovoltaics based on silicon exhibit better energy conversion
efficiency, their high cost has prompted researchers to look at alternative technologies
and methods for producing more cost-effective photovoltaic devices. Ergo, thin film
Si cells were recommended, contributing for less than 10% of the worldwide
Photovoltaic module sales. In this technique plasma-enhanced chemical vapor
deposition (PECVD) method is commonly used for coating the active layer. Thin-film
Si photovoltaic cells were commercially produced in a variety of different ways, which
include single, double, triple, and tandem-junction amorphous silicon PV systems.
The special optical and electrical properties of selenides, tellurides, and sulphides
(also known as chalcogenides) have shifted focus to copper indium gallium selenides
(CIGS) and cadmium telluride (CdTe) photovoltaic devices. In contrast to silicon,
these substances can be employed as thin film absorbers due to their high absorption
coefficient and direct bandgap. Additionally, these substances have a bandgap of 1.5
eV (based on the stoichiometry), which is closely perfect for matching
with the spectrum of solar radiation. They can tolerate much more against defects
and impurities and could be also developed at low temperature. Solar cells made up
of CIGS have efficiencies of up to 20%, which are comparable to the ideal crystalline
silicon solar cells[16]. Nevertheless, due to the scarcity and high cost of these
materials, researchers have been looking for suitable and more cost-effective

Photovoltaic technology.

1.1.5.3Third-Generation PV Technologies: High Efficiency Solar Cells
and Novel PV Concepts

This generation of solar cells intends to reach high efficiency cells by using innovative
materials and new processing techniques and procedures, which are currently at the

forefront of thorough scientific investigations. These novel photovoltaics indicate a



different perspective for producing cost-effective solar cells. Developed thin-film
technologies, such as dye-sensitized solar cells, multi-junction solar cells, organic-
based solar cells, and, not long ago, perovskite solar cells (PSCs), are included in this
category. Dye-sensitized solar cells are organic dye-based PV devices, while in organic
solar cells polymers or small molecules are used. Around 12% efficiency has been
attained using single junction organic photovoltaics (OPVs) and dye-sensitized solar
cells (DSSCs)[13]. Commercial devices, on the other hand, have much lower
efficiencies. Low-cost materials and manufacturing can compensate for low efficiency
of these kind of solar cells. Optimizing cell efficiency to improve the power-to-cost
ratio is pivotal for multi-junction photovoltaic devices, which are composed of
multiple cells laying on top of each other. Each layer in the stack in these multi-
junction cells has a various bandgap to boost the amount of solar spectrum that the
photovoltaic cell can accumulate. Also, it may be noteworthy to mention that multi-
junction OPVs have been studied and shown to be more efficient than single-junction
OPVs [17]. Perovskite solar cells are a groundbreaking technology that has
increasingly been investigated. Within just a few years of prosperity, PCEs in PSCs
have increased from 3.9% to more than 25 %, making them equivalent to

commercially accessible crystalline silicon solar cells.

1.1.6 Perovskite Solar Cells

Gustav Rose discovered perovskite in 1839, and was named after it
was characterized by Lew A. Perowski [18,19]. Perovskites are a wide category of
materials with the same crystalline structure as the calcium titanium oxide (CaTiO3).
Perovskites with a halide basis can be divided into two classes, perovskites containing
alkali-halide and organometal halide. Moller (1958) identified photoconductivity in
the first alkali-halide perovskite (CsPbX3, X= Cl, Br, or I), implying that such
compounds could act as semiconductors[20]. In 1978, Weber and Naturforsch
developed the first organometal halide perovskites by substituting the organic cation

methylammonium for the cesium cation [21]. In comparison to oxide-based
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perovskites, halide equivalents gained little attention until Mitzi and colleagues used
coated organic-inorganic halide perovskites (OIHP) in thin-film transistors and light-
emitting diodes (LEDs) in the 1990s [22,23]. It took until 2009 to reveal the use of

these materials in photovoltaic devices [24].

1.2 Objective of the Thesis

The main purpose of this graduation thesis is to use the spin-coating approach to
produce solution processable photovoltaic devices that are cost effective, remarkably
stable, repeatable, and productive. The current research objectives are focused on
preparation and optimization of different type of perovskite and improved hole

transport layers and utilization of them in planar architecture of perovskite solar cells.

In practice, an effective charge transport layer (CTL) must meet a number of
requirements, including the following: (a) a desirable energy level configuration that
allows for successful blocking of one form of charge carrier while allowing for
efficient transfer of the other, (b) to prevent negative reactions with the surrounding
layers, good physical and chemical properties, as well as appropriate surface
characteristics, are needed, (c) To achieve maximum absorption in the perovskite
layer, the transparency should be as high as possible, (d) excellent transport features
to guarantee that charge carriers are transported quickly to the collecting electrode.
The purpose of this thesis is to investigate how to improve the performance of
perovskite solar cells by using and enhancing various charge transport materials and
interlayers. The inverted-type perovskite solar cells employing CH;NH;PbI;,Cly
perovskite have been fabricated. UV radiation's effects on ITO/PEDOT:PSS substrates
have been studied for PSCs. As compared to perovskite solar cells manufactured on
non-treated PEDOT:PSS surfaces, those fabricated on UV-irradiated ITO/PEDOT:PSS
surfaces performed much better. In addition, in this thesis, the conductivity and

morphological features of UV-treated and non-treated PEDOT:PSS and perovskite



layers were improved by adding Zn to the PEDOT:PSS solution as an additive, which

improved the stability and performance of the MAPDI3 based devices.

In perovskite solar cells, employing BCP as a buffer layer between the ETL and the
cathode electrode has been shown to be highly effective. Also, BCP layers that were
processed using wet preparation methods and the sol-gel approach with varying

concentrations were used, resulting in improved device performance.

Inorganic hole transporters are preferred for inverted planar PSCs, where the
structure of cell begins with HTL manufacturing. They exhibit high hole mobility,
low-cost, simple to make, and better chemical stability. Non-stoichiometric nickel
oxide (NiO,) seems to be the most environmentally friendly and promising candidate
among them because of its abundance, cost effectiveness, chemical stability, high
optical transmittance, ideal energy level configuration with perovskite, and high
conduction band, which provides to prevent unwanted electron leakage. In this thesis,
to improve the efficiency and stability of inverted methylammonium lead triiodide
(CH3NHS3PDI3) based solar cells, cerium and zinc co-doped nickel oxide (NiOx) were
developed. PCEs and stability were improved under aging conditions by combining
our humidity-resistant GBL-based perovskite deposition method with an optimal

doping ratio of NiOx:Zn-Ce layers.

In order to analyze the thin films and devices developed in this research, several

techniques were used, including:

e X-ray diffraction patterns and UV-vis spectroscopy are used to evaluate the
structural and optical properties of thin films, respectively.

e The surface morphologies of the developed thin films are investigated using
atomic force microscopy (AFM) and scanning electron microscope (SEM).

e The surface chemistry and surface potential of thin films are studied using X-
ray photoelectron spectroscopy (XPS) and Kelvin probe force microscopy

(KPFM), respectively.



e FTIR and photoluminescence PL are used to examine the internal
configurations of the composite perovskite as well as its optical properties.

e The performance of manufactured solar cells is determined through current
density-voltage (J-V) characterization and external quantum efficiency (EQE)

measurements.

1.3 Hypothesis

In this work by employing and tailoring both organic (PEDOT:PSS) and inorganic
(NiOy) charge transport materials with different methods such as UV irradiation and
doping technique, the performance and stability of organic/hybrid perovskite solar
cells can be improved. In addition, utilizing an optimized concentration of
bathocuproine (BCP) as a hole-blocking interlayer influence the performane of

fabricated devices positively.
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2

PEROVSKITE SOLAR CELLS

2.1 History and development

Silicon is still the most commonly used photovoltaic material. Albeit notably
reduction on the expense of silicon-based solar panels in the past few decades,
replacing new type of materials to lessen the cost of panels fabrication and improve
the power conversion efficiency (PCE) seems inevitable. Perovskite solar cells can be
considered as an alternative which possess these criteria. Perovskite solar cells are an
interesting prospect for coming generations of solar cells because of their ease of
fabrication, minimal material costs, and simple roll-to-roll manufacturing. Moreover,
achieving power conversion efficiency (PCE) more than 25% was reported by several
research groups [25]. Figure 2.1 compares perovskite solar cells to other kinds of

solar cells in terms of power conversion efficiency [26].

30

S| )
> 20 .
(&)
c
9 | -
O A
% ol Agﬁ& o |
g " - glc;s
S e —A—CdTe |
& —i— Perovskite

O Il | 1 | i | g | .

1970 1980 1990 2000 2010 2020

Year

Figure 2.1 Development of PCE of PSCs in comparison with other
solar technologies [26]
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The name of “perovskite” which was referred to the crystal structure of CaTiO;
(calcium titanate), firstly discovered by Gustav Rose, a German mineralogist, in 1839

and later was named by Lev Perovski [27].

A comprehensive research with the aim of study on the optoelectronic properties of
organic-inorganic perovskite was performed by Mitzi, et al in early 90s [28]. The
primary investigation concentrated on tin (II)-based halide perovskite due to superb
charge carrier mobility and metallic feature in comparison with lead (II)-based
perovskite. These properties play a pivotal role in the utilization of thin film transistor
(TFT), superconductor and organic light-emitting diode (OLED) [23,29]. Miyasaka
et al. reported the first implementation of it in solar cell in 2009 which dye-sensitized
solar cell architecture was used resulted in 3.8% of power conversion efficiency (PCE)
[24]. A dye-sensitized solar cell (DSSC) consist of three parts, a porous layer, a dye
for absorbing of light and redox-active electrolyte. In Miyasaka’s work, to increase the
area of the surface and adhere perovskite sensitizer, a mesoporous TiO, was used as
a scaffold. The efficiency of a methylammonium lead triiodide sensitized solar cell
was increased to 6.5 % by Nam-Gyu Park and colleagues in 2011 [30]. In their study,
perovskite nanocrystal as a sensitizer was used in size of 1-2 nm. In addition, they
suggested that by applying a thinner mesoporous layer of TiO, and perovskite
material with higher absorption coefficient, a higher photocurrent density can be
achieved. This idea paved the way for the development of planar structure.

Nevertheless, due to use of corrosive electrolyte, the stability of the cell was the issue.

In order to increase the device stability, Snaith et al in 2012 used Spiro-OMeTAD in
solid-state DSSC as a hole transport layer instead of liquid [31]. By using this
structure, the efficiency increased to almost 10% [31]. Appealingly, by replacing TiO,
layer with inert Al,Os, a higher efficiency gained [31]. In comparison to TiO,, more
experiments have shown that using Al,O; results in an increase in open-circuit voltage
and efficiency. This proved that the scaffold layer is not essential for electron

extraction. Further studies revealed that achieving efficiency over 10% in the
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perovskite solar cells with planar structure were reachable [32-35]. In the same year,
Gratzel and Park et al. showed an efficiency almost 10% with mesoscopic structure

[36].

In 2013 a fast growth was observed for both planar and mesoporous structure of
perovskite solar cells. A sequential deposition method was introduced by Burschka
and coworkers resulted in an average efficiency over 15%. Liu et al., at the same year,
indicated a new technique for fabrication of planar solar cells by dual source thermal
evaporation and got a PCE more than 15% [37]. Docampo et al. presented inverted
type of perovskite solar cells with a PCE of 10%. Further, by carrying out sintering
process at low temperature, the practicality of flexible substrate was conceived. This
is a significant breakthrough and it eliminates hurdles to approval of the perovskite

technology in the photovoltaic community.

In 2014, a variety of new deposition techniques with even higher efficiencies were
published. Yang et al. attained a PCE of 19.3% by manipulating on the formation of
the perovskite layer and materials for interlayer to reduce carrier recombination in a
planar structure[38]. In 2014, Seok et al, made significant progress in their
investigation and accomplished highly uniform perovskite films by solvent
engineering methods which led to a PCE of 16.5% [39]. With more experimental
works by the same group a higher PCE (19%) was acquired by using compositional
engineering method[40]. In order to stabilize the perovskite phase, MAPbBr3 was
added into FAPbI3 which led to this high efficiency[40]. Subsequently, the device of

Seok et al with an efficiency of 20.1% was certificated by NREL.

In April 2021, a novel record PCE of 25.6% was achieved by the researchers at EPFL
[25] in which the highest single junction PSC efficiency to date was achieved using
this cutting-edge technology. The device is composed of formamidinium lead iodide,
a variety of metal halide perovskite, which has a narrow bandgap and is considered

for its good thermal stability. The researchers enhanced the cell's efficiency by using
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formate in the precursors, which helped to reduce the number of defects in the

structure of perovskite film and thereby increase its efficiency [25].
2.2 Properties of perovskite

In order to optimize the performance of device and figure out the transportation of
carrier and mechanism of device degradation, the electro-optical properties of the

film has to be studied. The properties of perovskite are summarized below.

2.2.1 Crystal structure of perovskites

The crystal structure of perovskite is generally shown with ABX; formula, where A is
a cation with one electron vacancy, B is a cation with two vacancies, and X is an anion
(oxygen or halogen). The crystalline structure of perovskite is depicted in Figure 2.2

[41].

Figure 2.2 Structure of Perovskite [41]

To get perovskite structure, the ionic radii of A, B, and X must fulfill the tolerance

and octahedral factors shown below [42].

Rao+Rx
t = ——— B8l<t<l11 2.1
V2(Rp+Rx) 0.8 2.1
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=1k 0.44 <t<0.9 (2.2)

Rx

To form perovskite structure, the radii of A element should be between around 1.6
A° and 2.5 A°. due to its 1.8 A° ionic radius, the methylammonium is appropriate for

using as a cation in lead halide perovskite [43].

2.2.2 Absorption coefficient, o

The absorption coefficient of an absorber layer is a crucial feature. By having a layer
with high absorption coefficient, the required thickness for absorbing incident light
adequately will decrease. Figure 2.3 depicts the relationship between absorption
coefficient and wavelength for several photovoltaic materials [44]. As is seen from
Figure 2.3 that the absorption coefficient of perovskite (10°~10° cm™) is substantially
higher than that of crystalline silicon, implying that only around 100 nm-1pum of

perovskite layer is required to collect the vast majority of incident photons.
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Figure 2.3 Absorption coefficient of various PV materials at various wavelength
[44]
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2.2.3 Bandgap

The bandgap of a photovoltaic material plays pivotal role since, the highest
theoretical efficiency that can be obtained is determined by the bandgap of the
material, based on the Shockley—Queisser limit. Perovskite has a direct bandgap. We
can achieve the bandgap of materials by employing the “Tauc plot” of a® vs hu. For

energy near to the bandgap, quantum efficiency can be expressed as the following

equations [45]

QE)=ca() (2-3)

Where c is a constant and « is the absorption coefficient at incident wavelength of A.

Then, by measuring the quantum efficiency we can use it for finding absorption

coefficient.
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Figure 2.4 To evaluate the bandgap of perovskite, (Quantum efficiency X
Energy)? vs Energy was achieved. It points to a bandgap of 1.58 eV [46]
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In figure 2.4 for calculating the bandgap of perovskite the (Quantum Efficiency
X Energy)? vs Energy is plotted. As shown in this diagram, the bandgap of perovskite
is approximately 1.58 eV [46]. According to the Shockley—Queisser limit, a single
junction perovskite solar cell can have a maximum efficiency of 31 %. A double-
junction tandem solar cell can achieve a maximum efficiency of 44 %. As a result,
perovskite will significantly improve power conversion efficiency. In 2015, Hoke et
al. demonstrated an intriguing feature of perovskite [47]. They demonstrated that
the bandgap of a mixed halide perovskite could be altered by changing the relative
components of Iodine and Bromine. CH;NH;Pbl; ,Br, was the formula for representing
perovskite with mixed halides. The bandgap of perovskite can be adjusted from about
1.55 eV to about 2.20 eV by adjusting the relative composition of Bromine and Iodine

(see Figure 2.5) [47].
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Figure 2.5 Absorption coefficient of mixed-halide perovskite with varied
Iodine and Bromine relative compositions [47]
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2.2.4 Diffusion length

The carrier diffusion lengths in perovskite are considered to be extremely long. The
diffusion length has been reported to be on the order of micrometers by several
groups [48-50]. By implementation of time-resolved terahertz spectroscopy
technique, the diffusion length of the carrier was measured by La-o-vorakiat et al. at
different temperatures (figure 2.6) [50]. They demonstrated that the diffusion length
can exceed 1 um. diffusion length at different temperatures has different value, which
reveals the relation between recombination mechanism and temperature [50].
According to the research results from literature [48,49,51], high carrier lifetime and
carrier mobility are properties of the perovskite which leads to high collection

efficiency and long diffusion length.
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Figure 2.6 Diffusion length of carrier in perovskite at various
temperatures [50]
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2.2.5 Defect density

The density of defects within the bandgap of a photovoltaic material is vital since the
recombination process is dependent on the trap density of states. Figure 2.7 exhibits
the calculated Urbach energy of a perovskite solar cell from the quantum efficiency
measurement which is around 15 meV [52]. While, for Si materials is ~50 meV. This

illustrates the crystallinity of perovskite is better.

Mehran et al. demonstrated the existence of two levels of defects inside the perovskite
bandgap by implementation of Capacitance-Frequency-Temperature (CFT) technique
as shown in figure 2.8[46]. The activation energy of shallow trap level is 0.24 eV,

while for deeper trap this amount is around 0.66 eV.
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Figure 2.7 PSC with sub-gap quantum efficiency. Urbach energy is
estimated to be around 15 meV [52]
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Figure 2.8 Two defect levels can be seen in an Arrhenius plot utilizing Capacitance-
Frequency-Temperature (CFT) measurements: the activation energy of shallower
traps is about 0.24 eV and the activation energy of deeper traps is about 0.66 eV [46]

They involved the Capacitance vs Frequency measurement to determine the trap
density of states profile as well (figure 2.9). As shown in figure 2.9 (a) A peak at 0.66
is found below the conduction band of midgap states, which is in good accord with
the plot in figure 2.8. Figure 2.9 (b) shows how a Gaussian distribution can be used

to fit the trap density of state of the midgap state.
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Figure 2.9 Capacitance vs Frequency profile of PSC (a) Density of states (t-DOS)
distribution within the perovskite bandgap (b) t-DOS of the midgap state fitted by
Gaussian distribution [46]
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2.3 Working principle of PSCs

Generally, a perovskite solar cell consists of electrodes (as an anode and cathode),
active layer, and layers for charge transportation. As previously stated, the inverted
p-i-n device architecture is the foundation of this thesis work. As shown in figure 2.10
[53], perovskite employs as an active layer for light absorption which is inserted
between two charge transport layers such as PEDOT: PSS, a p-type material for hole
transport, and a n-type layer like PCBM as an electron transport layer. For back
contact a transparent conductive layer such as FTO or ITO and for front contact a
metal layer for instance Al or Ag are used. MAPDI; is the perovskite material
frequently used in literature. Our work mainly focuses on MAPbI3 and MAPbI;,Cl,

based perovskite solar cells.
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Figure 2.10 A conventional p-i-n (inverted) perovskite solar cell’s energy band
diagram. The Basic functioning principle is as follow: 1. Light absorption and
production of exciton, 2. Separation of charge carrier, 3. Extraction of charge

carrier [53].
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As perovskite absorbs light, a transfer from HOMO (highest occupied molecular
orbital) to LUMO (lowest unoccupied molecular orbital) will happen for an electron.
In organic semiconductors, HOMO and LUMO are analogous to the valence band and
conduction band. A hole is formed when an electron is transferred from HOMO,
causes the creation of an electron-hole pair. This pair of electron and hole is called
excitons[53]. In excitons electrons and holes are bound to each other with a binding
energy between 0.3 and 1 eV[53]. By absorbing light and overcoming the binding
energy, free charges of both electrons and holes that is called photocurrent will be
generate. In perovskite solar cells, p-type and n-type interfaces are the places that the
dissociation of exciton happens. After dissociation, diffusion of free charges to the
proper transport layer occurs (holes to HTL and electrons to ETL) and electrodes will

collect them and produce a photocurrent.

2.4 Advantages of PSCs

Due to their excellent optoelectronic properties, hybrid organic-inorganic perovskites
have received a lot of attention recently [49,54-60] and paved the way for other
applications in optoelectronic area such as light emitting diode (LED) [61], lasers
[62,63], photovoltaics [36-39,64,65], and photodetectors [66]. Perovskite materials
have obtained PCE more than 25% in photovoltaic field. Less than a decade,
perovskites have been considered as a competent candidate for next generation of
solar cells. Fabrication processes and inventive device engineering not only improved
our understanding of solar cell physics, but also enhanced the efficiency of devices to
more than 20%. An extensive research reveals that long diffusion length, high
absorption coefficient, and high hole and electron mobility are only a few of the
electrical and optical features of perovskites. Due to large absorption coefficient of
perovskite materials, only a thin film of perovskite (around 300 nm) is enough to
efficiently absorb and utilize the energy of the photon to achieve a high current from

device. It was shown that by focusing electron beam on one side of perovskite layer,
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on both electrodes charge carriers collected. This firmly confirms MAPbX3 perovskites
have ambipolar behavior [57]. Furthermore, the long diffusion length of MAPbX3
which passes more than 175 um [58], can be used in evidence of non-radiative
recombination process. Moreover, mixed halide perovskite is a tunable bandgap

which supplies a broad variety of bandgaps from 1.48 to 2.53 eV [67].

2.5 Limitation of PSCs

Although perovskite solar cells have marvelous optoelectronic properties, there are
some formidable challenges that must be solved before making them commercially
available. The PCE of a perovskite solar device that theoretically calculated exceeds
30%[68]. But, in fact, approaching to such a high efficiency is not possible in reality.
For application of perovskite solar cells in industry there are some hurdles include
hysteresis, low PCE, recombination of charge carriers at the interfaces, and, more

specifically, device stability.

2.5.1 Recombination of charge carriers

One of the key reasons that the efficiency of PSCs is not as high as the theoretical
calculation is the recombination of free charges in device which causes a reduction in
fill factor (FF) and open circuit voltage (Voc) of the perovskite solar cells. There are
two types of recombination mechanisms: radiative and non-radiative recombination.
In radiative mechanism a recombination occurred between an electron from
conduction band and a hole from valence band. In non-radiative recombination, On
the other hand, the development of defect states in the crystalline lattice occurs when
an electron or hole is confined in the forbidden regions. Non-radiative recombination
causes a limitation on the efficiency of PSCs. At the surfaces and at the grain
boundaries of polycrystalline perovskite thin films, defects or impurities can be
observed. In the structure of the device, the perovskite layer is sandwiched between

ETL and HTL. Then, the formation of an interface contains impurities and defect or
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trap states seems inevitable. The performance of the device is negatively affected due

to non-radiative recombination at the interface.

2.5.2 Hysteresis

The photocurrent hysteresis is another important factor that affects the efficiency of
perovskite solar devices. The hysteresis is determined as difference between the
behavior of current-voltage (J-V) characterization of the device in forward and
reverse scan mode which causes a challenge for defining the precise amount of PCE
in PSCs. This means there is a mismatching in the efficiency of perovskite solar cells
between forward scan and reverse scan (Fig. 2.11) [69,70]. PSCs' J-V hysteretic
activity is influenced by a number of factors such as configurations of perovskite solar
cells, voltage range, scan rate, and scan direction [71-77]. The cause of photocurrent
hysteresis in PSCs is currently the subject of heavy discussions. The hysteresis
phenomenon is believed to be caused by the movement of excess ions and a
ferroelectric polarization when a bias voltage is applied [78-80]. Moreover, electron
charge traps at grain boundaries or surfaces are suggested as a possible explanation
for the prominent hysteresis phenomenon [78]. The reason behind the hysteresis and
non-steady state photocurrent is assumed to be slow capacitive charging and
discharging during current-voltage measurements [72-75]. Although the hysteresis
effect can be influenced by non-steady state photocurrent caused by capacitive
charging and discharging, the performance of device with different bias cannot be
accounted for entirely by the capacitive effect. It's possible that band bending is what's
causing the change in the efficiency. Band bending occurs as a result of ferroelectric
polarization, ion migrations, or trapped charges. The hysteresis performance is
affected by the electron and hole extraction efficiency. The trapping and detrapping
of the charge at the grain boundaries and interface impacts extraction efficiency, and
for controlling hysteresis, improving charge extraction is of paramount importance. a
depletion region at the interfaces of perovskite will be created due to the partially

trapped states. Under forward bias, this results in an alteration in the band structure
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and decreases charge extraction. By applying large forward bias, the band bending
and the depletion region decrease since filling of trap states. Then hysteresis in
perovskite solar cells is related to the charge trapping and detrapping. Ion migration
causes ion accumulation at interfaces near the electrodes, resulting in the generation
of an electric field. Another source of band bending is ion migration, which has a
negative impact on photogenerated charge separation and extraction. Another
potential cause of modulation of the distribution of the electric field is ferroelectric

polarization, which leads to different output in reverse and forward scan.
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Figure 2.11 Hysteresis phenomenon of a solar cell. Forward and reverse
voltage sweeps have different current-voltage properties [80].

2.5.3 Device stability

Recently, the efficiency of a perovskite solar cells approached to more than 20%.
Although this efficiency of device in lab-scale is an admirable achievement, stability
is one of most important issues of PSCs to make them commercially available. The

usual PV modules on the market come with a guarantee that they will maintain their
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efficiency for at least 20 years. However, PSCs suffer from degradation when exposed
to heat, ambient air, UV radiation, light soaking, and a variety of other variables [81-
83]. Various extrinsic and intrinsic factors influence the devices stability.
Environmental effects such as moisture and air, not only decompose the perovskite
film but also the entire system, are the main extrinsic factors. The stability of PSCs
can be adversely affected by exposure to moisture and oxygen in the atmosphere.
under moisture conditions, CH;NH;PbI; begins to hydrolyze (Fig. 2.12) [84], which

resulting to perovskite decomposition as follow [85]:

CH3sNH3sPDbls (s) <> Pblz (s) + CHsNHsl (aq) (2-4)
CHsNHBal (aq) < CH3sNH: (aq) + HI (aq) (2-5)
4HI (aq) + O2 (g) <> 212 (s) + 2H20 (1) (2-6)
2HI (aq) «» H2 (g) + 12 (s) (2-7)

Humidity, oxygen, and UV light may induce deterioration. The intrinsic instability of
perovskite solar cells is the most serious stability problem. Three main intrinsic factors
that contribute to the instability of PSCs are ion migration, thermal instability, and
hygroscopicity. Environmental factors determine the degree of hygroscopicity. Under
heating, thermal instability causes perovskite to decompose into methylammonium
iodide, and lead iodide. Finally, due to the high ionic mobility and using a strong
external field through thin layers to assess current-voltage, in all halide perovskites
ion migration is practically unavoidable [86]. Furthermore, at interfaces, and grain

boundaries the problem is worsened.
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Figure 2.12 Effect of decomposition when the film exposed to
air for seven days. Black perovskite films become yellow [84].

2.5.4 Toxicity

In lab-scale, the efficiency of PSCs has approached to silicon PV which commercially
available. But, the presence of heavy metals which are used as cations is a significant
source of concern in these materials. A PSC with a high performance is composed of
lead, which is very hazardous to the ecosystem. While in batteries lead and other
harmful chemicals are used, the risk of lead poisoning in the environment is a major
issue for the ecosystems. Long-term exposure to hazardous substances, whether from
the workplace or the environment, is extremely harmful to human health. Then,
perovskite solar cells should be regarded from toxicity point of view. Though tin could
be considered as an alternative, the efficiency of these type of PSCs is much lower in
comparison with lead-based PSCs. Moreover, in tin-based PSCs, Sn*? degrades to Sn**
[87]. Consequently, appropriate encapsulation for protection is a great demand for
perovskite technology. For recycling modules of PSC suitable standard protocols

should be defined.
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2.6 Device architectures

Initially, organic-hybrid perovskite solar cells emerged by replacing halide perovskite,
as a light absorber, and spiro-OMeTAD, as a solid-state hole layer, with dye and liquid
electrolyte respectively in the mesoscopic structure (figure 2.13a) [31,34]. This
pioneering merit attracted interest from OPV community. Later, by inserting organic-
hybrid perovskite materials between HTM and ETM, the planar structure was
introduced [38,88,89]. Depending on which material meets incident light first, the
planar structure can be categorized into conventional n-i-p (figure 2.13b) and
inverted p-i-n (figure 2.13c). Afterwards, a mesoscopic p-i-n structure (Figure 2.13d)
was introduced as well [90]. The architecture of the device specifies the selection of
electrodes (cathode and anode), charge transport materials (CTM), fabrication

procedure, and, consequently, device performance.

(a) n-i-p mesoscopic (b) n-i-p planar (c) p-i-n planar (d) p-i-n mesoscopic
Metal Cathode (AI) Metal Cathode (Al)
HTM (Spiro-MeOTAD) HTM (Splm-MeOTAD) ETM (PCBM)
ETM (TiO,) HTM (PEDOT:PSS) HTM (NiO)
D NSRRI oo (70 Ttk
Glass Glass Glass Glass

Sunlight

Figure 2.13 (a) n-i-p mesoscopic, (b) n-i-p planar, (c) p-i-n planar, and (d) p-i-n
mesoscopic architectures of PSCs [34].

28



2.6.1 Conventional n-i-p structure

The first PSC architecture was n-i-p mesoscopic structure and it is also commonly
used in the manufacturing of perovskite devices [40,91]. As is shown in figure 2.13a,
the structure is composed of a fluorine doped tin oxide (FTO) coated glass as a
cathode, a thin layer of ETM (~50 nm) such as TiO,, a thick film of mesoporous metal
oxide (~150-300 nm) such as Al,Os, or TiO, that has been pierced by perovskites,
perovskite film (300 nm and more), a hole transport layer (HTL) (~200 nm) like
spiro-OMeTAD, and finally 70-110 nm of Ag or Au as a metal anode. To get rid of
current leakage between interfaces and to enhance charge collection and light
harvesting, the mesoporous layer is utilized. By using mesoscopic layer with a 150-
200 nm thickness, the device shows better efficiency than a device with a thick (>
500 nm) porous layer due to improvement in the crystallinity of perovskite film
[32,92]. In addition, the thickness of mesoporous layer has an influence on the
morphology of the perovskite layer [32]. It is reported that by employing mp-TiO,
layer with thickness less than 300 nm, a uniform and homogenous perovskite film
can be achieved and filling of nanopores has been improved as well. Filling nanopores
and fully coverage of perovskite film increases separation of charge and collection of
them at the interface. The n-i-p mesoscopic structure is still commonly used and a

high PCE (22.1%) of this structure is reported [93].

The mesoscopic structure has been developed into the planar structure (Figure
2.13b). By precisely controlling the interfaces, perovskite formation, electrodes and
charge transport layers, some researcher discovered that high efficiency can be
achieved even without applying a mesoporous layer [38]. After accurate tuning of
the interfaces, a 19.3% PCE was obtained in the planar n-i-p device [38]. Although
open circuit voltage (Voc) and short circuit current (Jsc) of planar n-i-p devices are
better than mesoscopic devices, the hysteresis behavior of planar device is more

severe due to unbalanced transportation of electron and hole [34]. Thus, commonly
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a thin mesoporous layer (~150 nm) is coated as a buffer layer in the n-i-p devices

[89].

2.6.2 Inverted p-i-n structure

The p-i-n structure can be acquired when first HTL is deposited (figure 2.13c). A
typical inverted p-i-n device includes indium tin oxide (ITO) coated glass as a
substrate, conducting polymer like poly(3,4 ethylenedioxythiophene) poly(styrene-
sulfonate) (PEDOT:PSS) as a HTL with thickness of 50-100 nm, perovskite layer
(~300 nm), an organic ETL (hole blocker) for instance [6,6]-phenyl-C61- butyric acid
methyl ester (PCBM) (~60 nm), and Al or Ag as a metal contact. In fact, the planar
structure has made it simple for OPV researchers to move into the perovskite field.
The efficiency of this type of PSCs increase quickly by progressing on material
preparation and deposition process. For example, the using of NiO and ZnO
semiconductors were reported successfully as a HTL and ETL respectively [94,95].
Moreover, PSCs with the mesoscopic p-i-n structure (figure 2.13d) is fabricated by

engagement of oxide hole transport materials.

2.7 Fabrication methods

To reach a high performance in PSC devices, perovskite films need to a have good
morphology and uniformity, proper crystallinity, and high purity. To approach these
quality requirements, keeping the crystallinity under control, engineering of
composition and interfacial layers are of paramount importance. As a serious issue,
the deposition method plays a significant role on the performance of device even
when the materials are same. Generally, deposition processes are divided into four
different approaches as follow: one-step method [31], two-step method [91], vapor-

assisted method [96], and dual-source vapor method [37].
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2.7.1 One-step solution method

Due to low-cost fabrication and simple preparation, one-step solution method (figure
2.14a) is frequently used for PSCs production. To form the precursor solution in this
method, lead halide materials (PbX2, X = CI, Br, or I) are mixed with an organic
halide like methylammonium iodide (MAI) inside of dimethylformamide (DMF) or y-
butyrolactone (GBL) or dimethyl sulfoxide (DMSO) as a solvent. Spin coating method
is the most commonly method used for deposition of precursor on the substrate.
Although for solution-based deposition approaches there are other techniques such
as doctor blade [97], spray coating [98], and inject printing, perovskite devices in
which these techniques are employed exhibit lower efficiency in comparison to that
of devices in which spin coating method is employed. The main reason is that in those
techniques controlling on morphology of the film is hard. In this method some major
factors should be precisely controlled such as the level of oxygen and humidity in
environment, substrate, processing temperature, and etc. Though a PCE over 20%
has been achieved [38], attaining a homogeneous and uniform thickness over large
areas is a drawback of this method that can be improved by employment of additives

and anti-solvent.
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Figure 2.14 Representative manufacturing approaches for perovskite thin
layers: (a) one-step solution method; (b) two-step solution method; (c) vapor-
assisted solution method; (d) dual-source vapor method [34].

Additives and antisolvent leads to formation of uniform perovskite layer be formed
due to growing grains and decoupling nucleation. By incorporation of additives or
antisolvents, the crystallization process is retarded, which leads to a uniform
intermediate phase [90]. In order to have perovskite phase with improved

crystallinity with pinhole-free films, thermal annealing is essential [34].

2.7.2 Two-Step solution method

This method firstly was applied by Gratzel’s group [91] to fabricate a high efficiency
PSC. In this process which also is also called sequential deposition process, the Pbl,
precursor is first spin coated and the coated substrate is subsequently immersed in
the MAI solution. For deposition of MAI on Pbl, layer, spin coating method is used as
well. The film produced using this method is more uniform and denser as compared

to that of the one step deposition method [99]. Inadequate mixing of precursors
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during sequential deposition results in incomplete conversion of precursors to
perovskite, which can be regarded one of disadvantages of this method. Recently,
some new techniques solved this problem. mixing some additives such as H,O [100]
or DMSO [101] inside Pbl, precursor form intermediate state that can modify the

speed of a chemical reaction between MAI and Pbl.,.

2.7.3 Vapor-assisted solution method

As is shown in figure 2.14c, in this method MAI is deposited on Pbl, layer by a vapor
technique [96]. The obtained morphology and grain size in this process is well-
controlled and peeling of film is successfully hindered. In vapor-assisted deposition
method accomplishing a fully conversion perovskite layer is possible, but one of the
drawbacks for practical form is that the whole procedure normally takes several hours
to complete. Moreover, the PCE of perovskite devices fabricated using this method is

comparatively low (~12%) [102].

2.7.4 Dual-source vapor method

In 1999 Mitzi’s group used dual-source vapor method for perovskite film preparation
[103]. After some progresses in this method (Figure 2.14d), the first planar perovskite
solar cell with an efficiency over 15% was fabricated by Snaith’s group [37]. The
advantages of this method are perfectly homogenous and pinhole-free perovskite
layers, completely coverage of surface [104]. The big issue of this process is thermal

stability, means for precisely deposition, temperature controlling is needed.

2.8 Electron Transport Layer (ETL)

The task of transferring the generated electron in perovskite layer is done by an
electron transport layer (ETL). Based on their functions, electron transport layers are

divided into three different types. The only duty of the first type of ETLs, which are
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n-type materials, is the transfer of electron. Mesoporous TiO, is a good example for
this type. Conventionally, between ETL and conductive glass a blocking layer is
embedded to prevent recapturing of electrons by hole transport layer. Nonstructural
materials are typically used in this type of ETL, such as nanorod, nanotube, nanowire,
or nanocrystalline mesoporous layer [105,106]. Mesoporous TiO, is usually used as
an ETL. By using mesoporous TiO, in PSCs some issues have arisen. It requires a high
annealing temperature (500 °C), which increases fabrication cost and is not suitable
for flexible devices. Also, TiO, can function like a catalyst to decompose perovskite
materials [107]. The role of the second type of electron transport layer is as same
as first type, however, it is employed in inverted structure of perovskite solar cells.
Normally a dense thin film, as a blocking layer, is used between this layer and metal
contact. Organic [6,6]-phenyl-C61 -butyric acid methyl ester (PCBM) is an instance
for this type of electron transport material [108,109]. The third kind of electron
transport layer acts both as blocking layer and electron transferring layer. It is
typically located between conductive glass and perovskite layer. SnOy in planar
structure is a good example [110]. To maximize the shunt resistant, the layer needs
to be dense and thin enough to minimize series resistance of device. There are three
types of materials in the electron transport layer as follow: organic materials,
inorganic materials, and polymers. The conduction band (CB) of an ideal electron
transport material lines up with the conduction band edge of perovskite materials.
This causes an electron transfer before the recombination of electron and hole, and
formation of uniform contact with perovskite layer as well. Besides, in n-i-p structure
of PSCs, to maximize the absorption of incident photon by perovskite, the electron
transport layer requires to be transparent [111]. Figure 2.15 shows various materials

as the ETL in PSCs [112].
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2.9 Hole Transport Layer (HTL)

An ideal hole transport layer (HTL) should have high conductivity, high stability, high
hole mobility, and line up with valance band (VB) of perovskite. In perovskite solar
cells all polymer, organic, and inorganic materials can be utilized as a hole transport
layer meeting the energy level alignment criteria. Figure 2.16 depicts band diagram

with highest efficiency of HTL which are used in PSCs [113].
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Figure 2.16 Representative HTMs utilized in PSCs, evolving the most
efficient perovskite light absorbers, are shown in schematic energy diagram
[113]

35



2.9.1 Organic hole transport materials

Organic solvents can dissolve small organic molecules efficiently. Due to small size,
they can have a good contact with perovskite layer regardless of perovskite
morphology. Adjusting its functional groups will alter all of its physical properties.
Further, since most of elements are available plentifully like hydrogen, nitrogen, and

carbon, the price of these type of hole transport layer is potentially low.

2,2,7,7-tetrakis(N,N-di-p-methoxyphenylamine)-9,9-spirobifluorene (Spiro-
OMEeTAD) is one of the most common organic hole transport materials used in PSCs.
Before its employment in PSCs, this material had been used in dye-sensitized solar
cells. It shows low conductivity (10° S em™) and hole mobility (<10* cm? V! s1). To
enhance these properties, additives are required. 4-tert pyridine (tBP) and lithium
bistrifluoromethanesulfonimidate (LiTFSI) were used in combination with Spiro-
OMeTAD to improve performance. However, PSCs' stability is also affected. Since
LiTFSI is hygroscopic and tBP is corrosive, perovskite materials suffer from these
deleterious effects. Consequently, new organic hole transport materials have been
proposed such as thiophene derivatives, triazine derivatives, and pyrene derivatives.

The efficiency of some of them is consistent with Spiro-OMeTAD [114].

2.9.2 Polymer hole transport materials

The mobility and conductivity of polymer hole transport materials are great.
Attaining the suitable organic solvent for dissolving polymers without dissolving
perovskite materials is more difficult than finding the proper organic solvent to
dissolve organic hole transport materials. Consequently, many polymer hole transport
materials have an alkyl side chain to improve solubility in commonly used solvents.
The contact area among perovskite and polymer, on the other hand, is restricted due
to the size, specifically in PSCs with a meso-porous electrode [39,60]. Nevertheless,

polymer hole transport materials are usually more stable than small organic
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materials, especially in terms of thermal stability. The band structure can be adjusted

by modifying the functional group of the units as well as the degree of polymerization.

Poly(3-hexylthiophene-2,5-diyl) (P3HT) and  Poly[bis(4- phenyl)(2,4,6-
trimethylphenyl)amine] (PTAA) are the most widely used polymeric hole transport
materials. The highest efficiency employing PTAA in PSC devices is 22.1% [115].
However, in order to enhance the performance of device, P3HT and PTAA require
dopants such as tBP and LiTFSI. These polymer materials' stability also needs to be
improved. As figure 2.17 shows, the stability of the perovskite with the PTAA is lower
than that of the perovskite with doped Spiro-OMeTAD [116].

a) Oh 24 h 48 h 72h 96 h

Li-spiro-OMeTAD f
= §
- REENE

r’
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Figure 2.17 Stability of perovskite materials with various hole transport layers [116]

2.9.3 Inorganic hole transport materials

Crystallization of the HTL could decrease contact at the perovskite/HTL interface.
Inorganic hole transport materials are typically amorphous

semiconductors. After deposition on the substrate, some inorganic materials require
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heat treatment. Since high temperature process can deteriorate perovskite, most
inorganic hole transport materials can only be used in PSCs with an inverted
configuration. Inorganic hole transport materials have a higher stability in

comparison to that of polymer/organic materials HTL, which is an advantage in PSCs.

The two inorganic hole transport materials commonly used in PSCs with high
efficiency and stability are CuSCN and NiOx. Reactivity of CuSCN with metal contacts
had previously been an issue, later on it was improved by introducing a graphene

layer between CuSCN and Au [117].

2.10 Device characterization of solar cells

2.10.1 Current-Voltage (I-V) measurement

One of the most fundamental measurements in semiconductor devices is the current-
voltage (I-V) measurement. This is achieved by recording the current passing through
the device while voltage across it is changing. To provide an understanding of how
this process works, equivalent circuit model of solar cells is presented. A solar cell's
equivalent circuit with a double-diode model is shown in Figure 2.18 [118]. Here,
Rsy and Rs represent shunt and series resistances, respectively, I is photo current
generated by incident photon. These two diodes present recombination in solar cell.

By applying a voltage V through the circuit, the current I can be obtained as

I= Imexp(ZkT/s) + lo2 exp(VkTI/Rs) + VR I:S +-1; (2-8)
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Here, I, and Ip, show diode saturation currents. Equation (2-8) is the
primary equation that defines a solar cell's current response in both light and dark

conditions.
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Figure 2.18 Equivalent circuit of solar cells with double-diode model
under illumination [118].

2.10.2 Light I-V measurement

The measurement to define the power conversion efficiency of a solar cell under light
is called light I-V. The photocurrent will be induced when the cell is exposed to light.
The IV curve we get in this case, according to equation above, will be the red curve
in Figure 2.19. An IV curve has four essential parameters. The first is the open-circuit
voltage (Voc), which is the voltage when there is no current. Short-circuit current (Isc)
is the second one that determines the current flow when the voltage across the device
is zero. P = I*V is the formula for calculating the output power of a solar cell. So, as
blue curve in figure 2.19 depicts, the output power of the solar cell vs. voltage can be
acquired. Obviously, it depends on voltage and that the impedance has to be matched
to achieve optimum output power. Fill factor (FF) is the third parameter that defines

how square the IV curve is, and can be achieved as
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FF = Prax _ max (IxXV)

VocXIsc VocxXlIsc

(2-9)

As shown in figure 2.19, fill factor can be acquired from area ratio of A and B as well

[119]. The last and most important parameter of a solar cell is efficiency, which is

described as

_ Pmax

Pirradiation

Current,
Power

Cell with High Fill Factor
Isc

(Vmp, Imp)

IscxVoc
=area A
areaB

Voc Voltage

Figure 2.19 Light IV curve and output power vs. voltage
curve of a solar cell [119].

FF=ImpxVmp

(2-10)

IV measurement can also be used to diagnose a solar cell's resistance problem. To

achieve higher efficiency, the product of FF, V¢ and Isc should be as high as possible,

in accordance with equation (2-10). Material properties and device structure play a

major role in determining Voc and Isc. Whereas, the series resistant Rg and shunt

resistance Rgy have a major impact on FF.
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According to equation (2-8), from slope of the IV curve, the Rs and Rgy can be

accomplished as follow:

ml/ |v=voc (2-11)

RS:a—

_ v
Rst=—- [v=0 (2-12)

The difference in the IV curve between an ideal solar cell and a solar cell with a
resistance is shown in Figure 2.20. The solar cell with a resistance issue (the red
curve) has a substantially lower fill factor as compared to that of the ideal curve. Rg
=0, and Rsy = for an ideal solar cell. The section of the IV curve near to the open-
circuit voltage will shift to the left as the series resistance increases. As is seen in
Figure 2.20, the part close to the short-circuit point will decrease as the shunt

resistance decreases.

So, by measuring the IV curve of the solar cell, series and shunt resistances can be

calculated.

curmrent density (Alcm’)
. » ’

= Cell with series and shunt

[— ideal solar cell

1 al

voltage (V)

Figure 2.20 A comparison of IV curves of an ideal solar cell (blue
curve) and a solar cell with resistance issues (red curve) [119].
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2.10.3 Dark I-V measurement

For calculation of shunt and series resistances dark IV can be employed. It is more
precise than the resistance measurement based on the IV curve under illumination
due to influence of light IV curve by other factors. For instance, even when there is
no resistance issue, but if the device has a low diffusion length and low charge
collection, the IV curve will move down, leading to an underestimation of Rs; and an
overestimation of Rg if we use light IV measurements are used. By applying dark IV

we will not have this problem.

The recombination mechanism in solar devices can also be studied employing dark
IV. In the dark mode, when we impose a bias across the solar cell, the current that

flows through the cell should be

I= Iolexp(‘g;—;l/:s) + Iozexp(Vk—TI/IZS) 4 VoIRs

(2-13)

RsH

In this equation unlike equation 2-8, there is no photocurrent term (I;). Figure 2.21
demonstrates a standard dark IV curve [120]. At low bias, the shunt current, which
is the third term of equation (2-13), dominates the dark current. Low shunt resistance
in solar cells is usually caused by pinholes in the i-layer or an undesired shunt
direction. There will be two exponential zones as the applied bias increases, which
are dominated by those two exponential terms in equation (2-13). The dark current
will be saturated and restricted by the series resistance as the bias increases more.
We can derive information about shunt resistance and series resistance from the low
bias and high bias zones, respectively, because those territories are dominated by

shunt and series resistances, respectively.

The ideality factor for the first exponential region is 2. This is the current in a solar
cell's depletion zone that is dominated by recombination. As shown in equation (2-
14), I,; which is called the diode saturation current, has information about minority
lifetime in the depletion zone [121]. Then, the minority lifetime in solar cell can be

evaluated by using first exponential region.
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The recombination in the neutral zone dominates the second exponential term,
resulting in 1 ideality factor. The recombination rate is also determined by the

saturation current in this region, which is exhibited in equation (2-11) [121,122].
(2-14)

Ipp = A (2220 4+ 22Pnoy (2-15)
n p

In the two equations above, x'is effective width of depletion layer, n;is the
concentration of intrinsic carrier, t is the recombination lifetime in the depletion
region, D, and D, are the diffusion coefficient of electrons and holes
respectively, n,o and py,, are the concentration of minority in the neutral region,

L, and L, are the minority diffusion length of electrons and holes.
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Figure 2.21 In a solar cell, the dark IV curve can be utilized to provide
information on the recombination mechanism and resistance issue [120].
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2.10.4 Quantum Efficiency

External Quantum efficiency (EQE) is a diagnostic method for troubleshooting
photon absorption and charge collection issues in solar cells. It is described as the

ratio of extracted carriers to number of incident photons at each wavelength:

EQE _ number od collected carriers (A) (2—16)

number od incident photons (A)

The EQE of a solar cell indicates how effectively photons are harvested at each
wavelength. It provides key information about the carrier loss locations and indicates
where we can optimize the device. The experimental setup of the EQE measurement
utilized in this thesis study is shown in Figure 2.22 [123]. Photons with various
wavelengths are produced by using a white halogen bulb. Photons of specific
wavelengths are obtained using a monochromator and optical filters. After being
diffracted on the slits, the wanted wavelength will pass through the monochromator
by setting a suitable incident angle. The optical filter in the monochromator is used
to block unwanted harmonics induced by higher orders of light diffraction. In order
to convert D.C signal to A.C signal, an optical chopper is applied. Commonly, a
chopper with a frequency of 13 Hz is used to reduce noise from the environment. The
signal is gathered from D.U.T and sent to the pre-amplifier. Thereafter, by
synchronizing the signal with the chopper, a lock-in amplifier is used to minimize

noise.
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Figure 2.22 A diagram of the QE experimental setup. D.U.T is a reference solar cell or
a sample solar cell [123].

The EQE signal should ideally be 100%, as shown in Figure 2.23 by the brown curve.
Solar cells, on the other hand, suffer from a number of energy losses, including
absorption and recombination losses. The black curve in Figure 2.23 illustrates a
common EQE [124]. In both the short and long wavelength regions, we can see a
noticeable signal reduction. Signal loss in EQE measurements can emerge for a
variety of reasons, then we should interpret the EQE data based on the solar
cell structure and material properties. The signal loss in the short wavelength region
in Figure 2.23 may be due to front-layer parasitic absorption or front-surface
recombination. Inadequate absorption and thus signal loss in the long wavelength
zone may be the consequence of insufficient main layer thickness. The total EQE
signal loss may be due to short diffusion length or a reflection loss in the main layer.
Since there is no absorption above a certain wavelength, there would be no EQE

signal.
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Figure 2.23 An ideal QE curve and a typical QE curve [124].

The EQE can be represented in the following way using mathematical model on a

finite solar cell with back surface recombination[125].

1

% {cosh(%)— e‘“t}+sinh(%)+ aLe~at

222 o sinh

EQE = T 1- = SL t t
© =gl Dreon(l)

I3 (2-17)

By fitting this equation to the measurement data, QE measurement can reveal

further information about the device, including the back-surface recombination

velocity and diffusion length.

In several practical cases, equation (2-17) can also be more clarified. For instance,

when a solar cell has a high absorption coefficient and is illuminated by high energy
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incident photons. In this situation, t » L, al. > 1. Equation (2-17) can be simplified

to

EQE = -& (2-18)

1+alL

The diffusion length can be determined from the slope of the curve if EQE vs.

absorption coefficient (a) curve is drawn.
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3

IMPACT OF UV EXPOSURE OF ITO/PEDOT:PSS
SUBSTRATES ON THE FUNCTIONALITY OF
INVERTED-TYPE PSCs

3.1 Introduction

PEDOT: PSS is commonly used as a conducting hole transport layer for producing
inverted-type perovskite solar cells. By applying DMSO (dimethyl sulfoxide) and
zonyl as additives in PEDOT: PSS the PCE of device was increased to 12% in inverted
configuration with PCBM as a ETL as was reported by Adam et al [126]. Low
hysteresis and outstanding stability were attributed to the well-designed devices. By
altering the perovskite of Methylammonium Lead Iodide (MAPbI;) perovskite with
FAPDI;, the PCE has surpassed 20% [60].

The efficiency of inverted-type PSCs has been improved using a variety of techniques
since the manufacturing of the first inverted PSCs, including interface design
[127,128], control of the perovskite layer morphology [129,130], employment of
various HTLs [131] and ETLs [111,128], and optimization of the structure
[132]. Perovskite solar cells in inverted type, on the other hand, have a lower PCE
than conventional PSCs. Initially, PEDOT: PSS was used to improve the extraction of
hole as a hole transport layer by reducing electron leakage between active layer and
ITO in organic solar cells. Despite the fact that PEDOT:PSS is a frequently utilized
hole transporter in organic photovoltaics, it still needs to be improved. As a result,
PEDOT: PSS with improved morphology, conductivity, and stability is attracting a lot
of attention. To achieve these purposes, a variety of techniques have been applied for
instance doping PEDOT: PSS with additives [133], adding solvent in PEDOT: PSS
[134,135], thermal annealing [136]. PEDOT: PSS treatment has been illustrated in
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the literature to have a major impact on the performance of organic as well

as inverted type perovskite solar cells [133-135].

In this chapter by using a simple method we investigate the performance of PSCs
when PEDOT: PSS layers are exposed to UV radiation is investigated. UV radiation
was used to illuminate the PEDOT: PSS surface coated on ITO substrate for 5 to 15
minutes, and the impact of the illumination period on the performance of device was

studied.

3.2 Experimental

Initially, all ITO glasses used as a substrates were etched by employing the mixture
of HCl: H20: HNO3 (4.6:5:0.4) for 45 min. In order to clean substrates entirely, all
substrates were ultrasonicated with acetone at room temperature for 20 min and then
with isopropanol at 60 °C for 45 min respectively. UV light was applied for 30 min on
all ITO coated glasses. As a HTL, the solution of PEDOT: PSS was spin-coated at
1000 rpm for 40 s and then to eliminate any remaining moisture, thermal annealing
for 30 min at 120 °C was carried out at ambient air. Later, UV radiation with different
time interval from 5 to 15 min was applied on PEDOT: PSS films. Non-treated
PEDOT:PSS films on non-treated ITO substrates were also used as references.
CH5NH;PbI; Cl, Perovskite films were produced according to the procedures in the
literature [137]. For preparing the CH;NH;PbI;,Cl, solution, the mixture of PbCl,,
Pbl,, and CH;NH;I was dissolved in DMF with1:1:4.4 molar ratio. Prior to use, the
precursor solution of perovskite was stirred at 50 °C for one night and filtered with a
PTEE filter (0.45 um). The solution of perovskite was coated at 1500 rpm for 25 s
and 2000 rpm for 6 s at room temperature and thermal annealing at 105 °C for
40 min was carried out. To make the PCBM layer, 20 mg of PCBM was dissolved in
chloroform and chlorobenzene mixture (500 ul: 500 pl) and then coated at 1500 rpm
for 15s and 2000 rpm for 15 s. Finally, 100 nm of Al was deposited with the
evaporation method in vacuum system under 2 X 10 mbar.
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For recording I-V measurements, Keithley appliance with software of LabVIEW was
used. In order to have AM 1.5 circumstances, a xenon arc lamp-based solar simulator,
which produce white light with the power of 100 mW/cm2 was used that can be
calibrated with a silicon diode. LabVIEW software can measure not only the
photovoltaic characteristics of devices such as FF, Vo, Jsc, and efficiency but also
parasitic resistances including the shunt resistance (Rsy) and the series resistance (Rs)
from the J-V graphs. The hysteresis factor (HF) of devices was obtained by measuring
J-V in reverse and forward bias from -1.5 to 1.5 V and vice versa under irradiation of
light. With internals of 5 nm, the EQE was attained at wavelengths ranging from 300
to 900 nm. A two-point probe tool was used to determine the sheet resistances of the
coated PEDOT: PSS layers. The ohmic functioning of the I-V graphs in the dark was
used to assess the resistances of UV-treated and non - treated PEDOT: PSS layers. To
record the absorption spectra of PEDOT: PSS films, Perkin Elmer UV-VIS
spectrometer was used. In order to analyze the surface morphology of both PEDOT:
PSS and perovskite films, FEI Quanta FEG 250 scanning electron microscope (SEM)
applied. XRD technique was used to investigate the crystallinity of perovskite films,
as well as pristine and UV-induced PEDOT: PSS layers. Electrochemical impedance
spectroscopic (EIS) experiments were performed with the Gamry Reference 3000
model appliance and a three-electrode device that included an electrochemical cell.
PEDOT: PSS films with different treatment were used as a working electrode. For the
counter and reference electrodes platinum wire and saturated calomel electrode
(SCE)were employed, respectively. As an electrolyte, 0.1 m LiClO4 was chosen. The
all spectra were matched with an equivalent circuit model. EIS spectra were recorded

at frequencies ranging from 0.01 to 105 Hz.

The Shimadzu SPM-9600 device was used to launch AFM and KPFM analyses. For
AFM measurement, the dynamic mode was engaged. In KPFM probe was employed

to determine potential of the surface.
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3.3 Results and discussion

Surface morphology images of original and UV induced PEDOT: PSS samples for
various time durations ranging from 5 to 15 minutes which are achieved from SEM
analysis are illustrated in Figure 3.1 [138]. As shown in the figure 3.1, all of the films
have a smooth morphology. In order to better comprehend and analyze the
modifications in the morphological properties of the obtained PEDOT: PSS layers,
AFM measurements were performed. AFM samples of pristine and UV-treated

PEDOT: PSS layers for various time periods are shown in Figure 3.2a-d [138].

The roughness average and the root mean square roughness (Rq) attained from AFM
analysis are identical, with the major difference being the absolute values of mean
squared of the surface roughness profile. Due mainly to the amplitude squaring in its
evaluation, the Rq is more susceptible than the mean roughness to valleys and peaks
[139]. The values of rms roughness for untreated and UV-induced PEDOT: PSS layers
for 5, 10, and 15 min were as 1.434 nm, 2.31 nm, 1.250 nm, and 1.240 nm,
respectively. All of the surfaces seemed perfectly smooth. The vertical length between
the minimum valleys and the maximum peaks on profiles of the film is depicted on
the graphs. For nontreated PEDOT: PSS layer the maximum height scale is 21.42 nm,
while for UV-treated PEDOT: PSS layer for 5, 10, and 15 min the values are 26.64 nm,
12.46 nm, and 16.42 nm, respectively. Though profiles of the height scale differ
slightly, the height ranges are analogous. The films' features, on the other hand, were
lightly dissimilar. The nontreated PEDOT: PSS films had a compact film morphology,
while the surface of UV-treated PEDOT: PSS films had various sizes of glossy grains.
According to the literature, by applying electric field on the PEDOT: PSS films the
surface morphology of films can be changed [140]. Lim et al. noticed irregularly
formed grains upon the layer of PEDOT: PSS which was already exposed to an electric
field as well [140]. The structure of grains we distinguished in this experimental
study was almost identical to the reported structure (see Fig. 3.2 [138]). We

employed electrochemical impedance spectroscopy to investigate the properties of
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the surface films for nontreated and UV-treated PEDOT: PSS layers, and noticed that
PEDOT: PSS films' active surface area enhanced electrochemically after applying

of UV radiation. This will be presented in more detail later.

Figure 3.1 SEM images of a PEDOT: PSS, b PEDOT: PSS (UV: 5 min.), ¢ PEDOT:
PSS (UV: 10 min.), and d PEDOT: PSS (UV: 15 min.) [138]

Figure 3.3 displays SEM images which are belong to the perovskite layers on
normal and UV-induced PEDOT: PSS layers for 5 to 15 minutes at different scales
(500 nm and 1um) [138]. The perovskite films appear to develop larger grains
when PEDOT: PSS layers are exposed to UV radiation for 15 minutes. According to
the literature, by applying UV radiation, the surface of PEDOT: PSS is improved and

have a tendency for becoming hydrophobic. As a result, the surface's wettability is
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increased. Surface energy is crucial in controlling the growing of perovskite
successfully and thereby the efficiency of PSCs [141]. Deposition of perovskite layer
on a hydrophilic surface causes film with tiny grain sizes, which consequently lead to
low performance of PV device [141]. On the hydrophobic and non-wetting of HTLs
surfaces, it is hard to accomplish consistent film of hydrophilic perovskite without any
pinholes, since overall grain sizes are greater on hydrophobic surfaces [141].
For high-performance PSCs, developing a uniform and smooth perovskite film is

crucial. Then, it is essential to be aware of grain size and connections between grains.

2564
[ren]
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1.00 um 2501.25-011'10 100 um 250250 um

1.00 um 2,50 x 2.50 um

Figure 3.2 AFM images of PEDOT: PSS films a non-treated b UV-treated
for 5 min ¢ UV treated for 10 min d UV-treated for 15 min [138]
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Figure 3.3 SEM images of perovskite layers coated on top of a, b

PEDOT: PSS, ¢, d PEDOT: PSS (UV: 5 min.), e, f PEDOT: PSS (UV:

10 min.), and g, h PEDOT: PSS (UV: 15 min) in 500 nm and 1 pm
scales, respectively [138]
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The process by which the perovskite grows on the surface is the factor that controls
the grain size. Theoretical reports show that large and great grain size associated with
a uniform distribution of grains will result in high values of current [142]. In this
work, SEM analysis exhibits that UV radiation improves the grain size. Nonetheless,
the distribution of the grains is not homogeneous. In addition, the samples subjected
to UV radiation for 15 minutes, include holes between the grains. The more voids

between grains leads to the low contact between them.

XRD analysis was used to verify the productive deposition of perovskite layer on the
ITO/PEDOT: PSS substrate. The XRD pattern of a CH3NH3PbI3-xClx perovskite film
is displayed in Figure 3.4 [138]. The characteristic peaks referring to (110), (220),
and (314) planes reflect the formation of perovskite structure which is consistent with
the literature [143]. The values of full width half maximum (FWHM) for (110) and
(200) planes at 14.22° and 28.37°, respectively, were 0.0738, revealing a

crystalline structure of perovskite [143].
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Figure 3.4 XRD pattern of perovskite (CH3NH3PbI;,Cl,) film
[138]
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Figure 3.5 depicts the sheet resistance diagram of PEDOT: PSS layers for various UV
exposure time intervals [138]. It was revealed after 5 to 10 minutes exposure of UV,
the sheet resistance was reduced, then increased after 15 minutes. PEDO:PSS is
composed of a hydrophobic and conductive PEDOT with a insulating and hydrophilic
PSS compounds [144].
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Figure 3.5 Sheet resistances of non-treated and UV-treated PEDOT: PSS film [138]

The consistency of material is supported by the hydrogen bonds of the PSS chains
[144]. External factors, for example an electric field, can induce PEDOT:
PSS separation [140]. We have an external influence here in the form of UV
irradiation. It is conceivable that UV irradiation causes a detachment between PSS
and PEDOT, with either PEDOT or PSS being predominant, as well as movement of
one of these parts from deeper regions to the surface of the PEDOT:PSS layers, as has
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been reported in the literature when an electric field is applied [141]. Sheet
resistances may be influenced due to different opto-electrical features of PEDOT and
PSS. The implementation of UV irradiation has a direct effect on sheet resistances. It
dropped for the first 5 to 10 minutes of UV treatment, then increased for the once
more for 15 minutes. PSS acts as an insulator, while PEDOT acts as a conductor
segment in PEDOT: PSS [144]. The growth in the resistance of sheet for the surfaces
irradiated with UV radiation for 15 minutes may be explained by an accumulation of

PSS close to the surface caused by the impact of UV light.

XRD analysis was used on variously treated PEDOT: PSS surfaces to examine the
impact of UV treatment on the PEDOT: PSS crystallinity. The XRD patterns of
nontreated and UV-treated PEDOT: PSS layers are indicated in Figure 3.6. At around
25 degrees, a wide peak can be seen that corresponding to the (020) plane of the
PEDOT: PSS backbone. Even though there is a slight variation in intensities, the

PEDOT: PSS maintains its amorphous structure.
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Figure 3.6 XRD Spectra of a nontreated b PEDOT: PSS (5 min UV treated) ¢
PEDOT: PSS (10 min UV treated) d PEDOT: PSS (15 min UV treated) films [138]
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from 500 cm™ to 2500 cm™, the FTIR spectra of pristine and UV-modified PEDOT:
PSS layers are shown in figure 3.7 [138]. The C-S stretching bond is primarily
responsible for the IR band at 818 cm™. The C-O-C band stretching in the ethylene
dioxy units is accountable for the IR bands at 1010 cm™ and 1164 cm™. The C-C and
C=C stretching of thiophene rings, as well as the sulfonic acid groups of PSS, are

responsible for the IR bands of 1369 cm™ and 1529 cm™.
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Figure 3.7 FTIR spectra of non-treated and UV treated ITO/PEDOT: PSS
films for different time intervals [138]

Figure 3.8 presents the J-V curves of cells including pristine and UV-induced PEDOT:
PSS layers [138]. For the reference device in which non-treated PEDOT: PSS film is
employed, a Jsc of 16.4 mA/cm™ and a Voc of 0.88 V were obtained. A 0.72 FF was

evaluated which resulted in a PCE of 10.4%. The devices employing UV treated
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PEDOT: PSS film for 5 minutes demonstrated a Jsc of 16.6 mA/cm™, 0.75 of FF, with
a 0.89 V of Vo¢ which resulted in a PCE of 11.1%. Devices with PEDOT:PSS film
exposed to UV radiation for 10 minutes, 17.2 mA/cm™ of Jscand 0.89 V of Vo with a
0.74 of FF were achieved leading to a PCE of 11.3%. Devices with PEDOT:PSS film
exposed to UV radiation for 15 minutes, 15.5 mA/cm™ of Jscand 0.89 V of Vo with a
0.76 of FF were achieved resulting in a PCE of 10.5%. The efficiency of the devices
increased after 10 minutes of UV exposure. The performance of devices in which
PEDOT: PSS layers with 15 minutes UV exposure was employed was nearly identical
to the reference device. Table 3.1 presents the PV parameters, which include the
hysteresis factor [138]. Duration of UV irradiation on the PEDOT: PSS has a major
impact on the performance of the herein investigated devices. In literature several
explanations for the chemical and physical modifications in PEDOT: PSS caused by
UV irradiation was described as a reduction in defects involving charge trapping
[145], work function increasing [146], UV light causes the PEDOT: PSS chains to
modify from benzoid to quinoid, restricting the generation of a hole extraction
boundary between the PEDOT: PSS and the active layer [147]. Every one of these
factors improve the efficiency of extraction and, as a result, reduce the recombination
chance between holes and electrons, leading to performance enhancement of device.
In this study, the lowest PCE was achieved for the devices employing PEDOT:PSS
treated by UV light for 15 minutes, and the Jsc was the major loss. Developing a
uniform and homogeneous perovskite filmis important for havinga high-
performance PSC, as previously stated. Jsc can be lowered if there is poor connection
between the grains as well as a weak linkage to the back contact. The process by
which perovskite is obtained on the surface is the aspect that influences grain size.
The AFM results in this research showed that UV irradiation affects the morphology
of PEDOT: PSS films, resulting in different growth of perovskite film on different
PEDOT: PSS surfaces. Scientific reports show that large and great grain size
associated with a uniform grain distribution will lead to high values of current [148].

In this research, UV irradiation enhances the grain size, as is seen in SEM results.
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Nevertheless, the distribution of grain size is not homogeneous. Further,
predominantly for the samples subjected to UV light for 15 minutes, there are
pinholes between the grains. The growth of voids among the grains means low

connection between the grains, resulting in a reduction in Jsc.
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Figure 3.8 Semi-logarithmic J-V curves of devices employing non-treated,
5 min, 10 min, and 15 min UV-treated PEDOT: PSS films. The graph at the
bottom is the comparison of J-V curves in linear scale. Inset is the J-V curve of
perovskite solar cells under reverse and forward bias [138]
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Table 3.1 Photovoltaic parameters of fabricated devices [138]

UVOmin UVSmin UVIOmin UV 15 min

V.. (V) 0.88 0.89 0.89 0.89
J. (mA/cm?)  16.4 16.6 17.2 15.5
FF 0.72 0.75 0.74 0.76
R, (Q) 20 20 22 23

R (Q) 6261 37077 159953 16875
PCE (%) 10.4 11.1 11.3 10.5
HF 0.07 0.10 0.12 0.15

Figure 3.9 depicts the EQE of devices using pristine and UV-treated films of PEDOT:
PSS for various time period as well as the absorption of PEDOT: PSS films for both
pristine and UV-treated for various time duration (right scale) [138]. External
quantum efficiency stands for the quantity of charge carriers which are generated
with incident photon devoting to the photocurrent per received photon and is
employed to determine the photons energy that lead to current generation in PV
devices [149]. The external quantum efficiency and absorption spectra of specific
elements used in the cell architecture can be compared to determine which
collections supply the generation of charge carrier. EQE has a wavelength range of
350 nm to 800 nm. In the EQE data, a shoulder can be seen around 484 nm. In the
absorption data of PEDOT: PSS layers, a certain type of shoulder is identified around
526 nm, which is consistent with previous studies [150,151]. The absorption shape of
PEDOT: PSS layers on ITO-coated glasses is identical to the distinctive shoulder at
484 nm in the external quantum efficiency spectrum. The participation of perovskite
and PCBM to production of photocurrent is responsible for the wavelength
alternation. It may be inferred that all of the elements in the device configuration
play a role on the photocurrent generation as concluded by comparing the absorption

profile and EQE. But, in the range of 500 nm to 700 nm, a shift in the absorption
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spectrum was observed. When the oxidation state of PEDOT: PSS varies, the
absorption spectrum of PEDOT: PSS is modified in the near infrared zone, according
to the literary works [152]. While the wavelength range of 550 nm to 750 nm does
not fall exactly inside the NIR zone, it is close to it, and because the tests were
performed in ambient air, the PEDOT:PSS film might have been oxidized, leading to

changes in the absorption profile of different PEDOT:PSS [152,153].
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Figure 3.9 Comparison of external quantum efficiency of devices and
absorption of non-treated and UV-treated PEDOT: PSS films (bold lines are
absorption) [138]

The resistance properties of the pristine and UV-treated electrodes in the
configuration of ITO/PEDOT: PSS were determined by using electrochemical
impedance spectroscopy (EIS) method. Figure 3.10 [138] displays the EIS spectra
that have been fitted to an equivalent circuit model as is shown in figure 3.10 where
Ca ,Rs, Re, and W express capacitance of two layers, resistance of solution, resistance

of charge transfer, and values of Warburg impedance, respectively [154,155].
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The solution resistance and the electrodes’ contact resistance determine the value of
Rs[154]. Since EIS measurements were performed in the identical electrolyte, the
values were close for each kind of electrode (Table 3.2 [138]). However, because
of the increased surface conductivity of the electrode caused by UV treatment
procedure, a reducing trend was observed for UV-treated electrodes (Table 3.2)

[155]. R, is related to electron transfer and resistance of electrochemical reaction
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Figure 3.10 Fitted EIS spectra of ITO/PEDOT:PSS electrodes without UV
treatment of PEDOT:PSS film and ITO/PEDOT:PSS electrodes with 5, 10, and
15 min UV-treated PEDOT:PSS films [138]

Table 3.2 Electrochemically active surface areas and fitted impedance values of UV-treated
and non-treated PEDOT: PSS electrodes at different time intervals of 5 min., 10 min, and
[138].

Electrode Electrochemically active ~ Normalized R, ~ Normalized R, Normalized W Normalized

surface area (cm?) (Qcm™) (Qcm™) Cy (F cm™2
Non-treated PEDOT:PSS 3.06 25.96 7.81 0.00103 1.017x 1077
ITO/PEDOT:PSS UV-treated for 5 min 3.47 18.53 7.33 0.00106 1.210x 1077
ITO/PEDOT:PSS UV-treated for 10 min 3.44 23.03 7.20 0.00107 1.211x1077
ITO/PEDOT:PSS UV-treated for 15 min 3.39 20.93 7.19 0.00110 1.352x 1077
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R, values decreased for UV-treated electrodes (Table 3.2 [138]), indicating that the
electrocatalysis activity of electrodes grew after using UV light [155]. The induced
double layer capacitance upon the surface of electrode and the rate of flow of the ions
to the surface are described by the Cy and Warburg impedance values, respectively
[154,155]. After UV procedure, there were some rises in Cqy and Warburg values. The
growth of electrochemically active areas on the surface of electrodes as a result of
UV irradiation was linked to a boost in the values [155]. The Randles—-Sevcik formula
was used to determine the rate of surface zones (Table 3.2) [156]. The growth of
electrochemically active areas on the surface of electrode as a consequence of
UV irradiation was corroborated by the AFM studies (see figure 3.2). The active area

on the surface of electrode was found to rise as a result of applying UV light.

The surface potential of nontreated and UV-treated PEDOT:PSS films was studied by
means of KPFM measurements as are shown in Figure 3.11 [138]. For defining the
difference potential on the different surfaces, KPFM can be used. Because of its
especially high surface sensitivity, this approach is generally employed [157]. This
approach is used to investigate polymer energy-level adjustment on various
electrodes [157]. The contact potential difference (Vcpp) between the tip of KPFM and
nontreated PEDOT: PSS surface was obtained to be -0.43 V whereas, for PEDOT: PSS
layers which were annealed under UV light for 5, 10, and 15 minutes, the Vpp of
them were — 0.19V, — 0.24V, and — 0.135V, respectively. The variation in work
function between the sample and the KPFM tip is comparable to Vpp. Due to the use
of same tip throughout all the test, it may concluded that the use of UV radiation
increases the work function of PEDOT: PSS film. The barrier between the PEDOT:
PSS layer and active layer can be influenced by increasing work function, which is
pivotal for solar cell operation. Our findings are consistent with studies in the
literature claiming that UV radiation increases the work function of PEDOT: PSS

[145,153].
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Figure 3.11 KPFM surface potential images of PEDOT: PSS films a non-
treated, b UV treated for 5 min, ¢ UV treated for 10 min d UV treated for
15 min. (Insets are the surface potential histograms) [138]

3.4 Conclusion

The impact of UV irradiation on ITO/PEDOT: PSS samples in p-i-n type of PSCs was
studied. It is demonstrated that exposing PEDOT: PSS coated substrates to UV
irradiation for a certain period of time (up to 10 minutes) improves the PCEs of the
PSCs. To analyze the consequences of UV radiation on the system, we used XRD,
SEM, I-V, resistivity, absorption, and EQE analyzes were performed. The performance

of PV deteriorates after 15 minutes of UV illumination. The performance of a solar
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cell depends directly on photovoltaic parameters such as Jsc, Voc, and FF. The
reduction in Jsc was the most significant loss for the cells employed UV-treated
PEDOT: PSS layers for 15 minutes. The issue of controlling the morphology of
perovskite layers is the main reason for poor Jsc in PSCs. EIS results revealed that UV
light enhanced the electrochemically active surface areas of the PEDOT: PSS films,
which is consistent with AFM observations. The surface on which the perovskite
layer is coated has an influence on the film growth features of the perovskites,
according to the literature. In this research, it was also observed that the UV treatment
of the substrates affects perovskite grain growth and thus morphology of perovskite

film.

The impact of UV light on the efficiency of organic photovoltaics has been analyzed in
the past. Nevertheless, its influence on PSCs has never been investigated in the
literature. Lee et al. noticed a better performance for cells using UV-modified PEDOT:
PSS layers, that they linked to modification of work function and low series resistance
of device after UV radiation, which we also observed in this study. Nevertheless, they
noticed a slight change in the morphology of surface. In this thesis, it was
demonstrated that UV radiation alters PEDOT: PSS morphology, which in turn alters
the film forming features of perovskites on various PEDOT:PSS surfaces. Moreover,
as a significant benefit, it was revealed in our research that for observing the impact
of UV light on the operation of the cells, a long UV radiation time is not
required. Although Xing et al. [59] reported an enhancement in the conductivity of
PEDOT: PSS layers, which were exposed to UV light, a long UV radiation time (25 h)
was required. In our study, we were capable of achieving high PCEs for

PSCs with shorter UV exposure times.
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4

ENHANCEMENT OF FILL FACTOR OF P-I-N TYPE
OF PEROVSKITE SOLAR CELLS BY
EMPLOYMENT OF Zn-DOPED PEDOT:PSS AS A
HTL

4.1 Introduction

In the inverted structure, the requirement for low resistivity and high transparency of
the HTL appears to be unavoidable. As previously mentioned, PEDOT:PSS is a
prevalent HTL among specific sorts of conductive polymers [138,158,159]. In 2013,
Jeng et al. were the first to use PEDOT: PSS in an inverted type of perovskite solar
cell[160]. PEDOT: PSS can be considered an advantageous HTL for flexible devices
owing to its excellent transparency and solution processing at low temperatures

[161,162].

PEDOT: PSS is made up of the conductive and insulating groups PEDOT and PSS,
respectively. The orientation and concentration of PEDOT and PSS affect the
conductivity degree of PEDOT:PSS. Furthermore, a portion of the PSS in the
PEDOT:PSS layer is removed during the solvent injection procedure, resulting in a
greater proportion of PEDOT to PSS [163,164]. By manipulating the volume ratios of
dimethylsulfoxide (DMSO) in the PEDOT: PSS solution, Huang et al.[165] enhanced

photocurrent and extraction of charge in PSCs.

By using of additives, the electrical conductivity of PEDOT: PSS can be boosted[150].
The morphology of PEDOT: PSS and perovskite layer can be improved by
applying additives inside the layer. Huang et al. showed that utilizing polyethylene
oxide as an addition to PEDOT: PSS film resulted in a considerable increase in

the conductivity of PEDOT: PSS film [166]. The doped-PEDOT: PSS speeds up the
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transport of holes from the perovskite film to the anode, resulting in improved
perovskite solar cell performance. Improvements in the morphological properties of
the modified film and an increase in the quantity of PEDOT in the bipolaron state are
responsible for the rise in electrical conductivity. Because of the rough surfaces of
pristine or excessively doped PEDOT:PSS layers with PEO, trap states that
induce recombination rate and losses at the interfaces can occur at the interfaces
between perovskite and HTL [167]. Qian et al. observed a positive improvement in
the PV characteristics of PSCs by using Ag-nanoparticles as a dopant in PEDOT: PSS
due to enhancements in PEDOT: PSS conductivity and morphological characteristics
of active layer.[168]. By adding sodium chloride (NaCl) inside PEDOT: PSS, Hu et al
increased the performance of perovskite solar cells [169]. The addition of NaCl to
PEDOT:PSS not only improved conductivity and hole extraction, but also increased

FF and Vg, resulting in a better efficiency.

In this chapter, to enhance the electrical conductivity and surface morphology of
coated HTL and perovskite films, PEDOT:PSS solution was doped by Zn, which the
significantly improved the device performance. As is shown in Figure 4.1 [170], the
device architecture used in this research was
ITO/PEDOT:PSS/MAPbI;/PCBM/BCP/Ag. All of the tests were performed in out of
glove box with a humidity level of 40-50 %.
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Figure 4.1 (a) Schematic configuration (b) photograph (c) estimated energy level
diagram of the produced perovskite solar cells [170]

4.2 Experimental

20 mg PCBM powder was dissolved in 1ml chlorobenzene and stirred at 45°C for a
few hours to make the ETL solution. A perovskite solution was obtained by combining
PbI2 and MAI in a 1:1 molar ratio in 1 ml of GBL and heated at 65°C for at
least 12 hours, then filtered through a 0.45 um PVDF filter before coating. 1 ml
absolute ethanol was used to dissolve 0.5 mg bathocuproine, which was mixed for 12
hours to make the BCP solution. Prior to the use of HTL, a 0.45 um PTFE filter was
used to filter the PEDOT: PSS solution. To make Zn-doped PEDOT:PSS solution, 0.05
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M Zn(CH5CO,),-2H,0 was dissolved in 1ml of distilled water, and the solvent was
combined with PEDOT:PSS at a volume ratio of (7.5:100) and agitated for two hours

prior to use (Figure 4.2 [170]).
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Figure 4.2 Schematic demonstration of the Zn-doped PEDOT: PSS film
preparation process [170]

HCI: HNO;: H,0O (4.6:0.4:5) mixture was used for 45 minutes to etch ITO-coated
glasses before being sliced into 1.5 X 1.5 cm? To prepare ITO coated glasses for HTL
coating, they were washed in ethanol, acetone, and isopropanol. They were sonicated
in acetone and IPA for 25 and 40 minutes respectively to extract particles and
dust from the surface. Finally, N, gas was used to dry the substrates. HTLs were
coated for 50 seconds at 2000 rpm, then thermally annealed for 10 minutes at 140
°C. The perovskite film was coated by spinning a perovskite solution at 2200 rpm for
15 seconds and 4000 rpm for 25 seconds. 60 pl of toluene was dropped on the
substrate five seconds after the spin coater approached 4000 rpm, as an anti-solvent,

to acquire a quick and better crystalline layer. Afterwards, perovskite layer was
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annealed for 20 minutes on a heating plate at about 105 ° C. PCBM layer was coated
on the perovskite layer for 15 seconds at 1500 rpm and 20 seconds at 2000 rpm, then
dried for 90 seconds at 90 °C. Hole blocking layer (BCP) was coated at 4000 rpm for
40 s. Ultimately, silver was formed in 110 nm of thickness by using the thermal
evaporation system. In addition, for hole-only devices, rather than PCBM and BCP
films, a quite thin film of P3HT classified as an HTL was placed on the surface of
perovskite. P3HT film was achieved by dissolving 10 mg P3HT in CB and coating at

4000 rpm for 25 seconds, followed by annealing at 90°C for 90 seconds on a hot plate.

4.3 Result and discussion

AFM was utilized to analyze the roughness of HTL surface. AFM technique was used
for pristine and Zn-PEDOT: PSS films to investigate their morphologies as are
displayed in Figure 4.3 [170]. pristine and doped PEDOT: PSS films possess the
RMS roughness values of 1.56 and 0.95 nm, respectively. The roughness of the doped
film is decreased, leading to a flat and smooth form of PEDOT: PSS layer. PEDOT:PSS
and Zn-doped PEDOT:PSS maximum heights, expressed as the difference in height
between the highest and lowest peak, are 15.92 nm and 11.67 nm, respectively
[171].

Based on AFM images, the doped PEDOT:PSS film has a significantly better particle
agglomeration than the pristine PEDOT:PSS film. The RMS roughness can be
increased by increasing particle diameter and accumulation of primary particles
(cluster), and by removing the extra PSS layer, the diameter of the main particles in
the cluster should indeed be reduced [172]. Round-shaped fine-grained regions can
be seen on the surface of the layers, as can be noticed in the AFM images. In
comparison to pure films, the portion of these granular regions grows and is
uniformly distributed all over Zn-doped PEDOT:PSS films. In the literature, these
broad regions have been related to higher conducting PEDOT groups [173]. However,
thermal annealing of PEDOT:PSS films to 135°C for 10 minutes can cause PEDOT to
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migrate to the film surface and aggregate, as a result, vertical phase separation
occurs, and larger grains form [174]. The roughness of doped PEDOT:PSS film is
reduced by reorienting PEDOT and PSS chains. Since surface quality has a significant
impact on organic semiconductor devices, using a rapid and simple Zn doping
method to reduce surface roughness of organic layers is a highly promising outcome.
The softness parameter of metal ions has been demonstrated in the literature that
have a critical role and is relevant to the energy between the ion with other
compounds that bind them together. PEDOT:PSS is a polyelectrolyte with PEDOT
chains that are positively charged and PSS chains that are negatively charged, and
salt can cause interactions between polycations and polyanions. The softness
parameters of cations are related to the strength of bond between cations and PSS,
according to the literature [175]. Thus, The PSS anions in PEDOT:PSS can connect
to metal ions. Zn*? pierces PEDOT:PSS and binds to PSS anions in our case (Figure
4.3 (a) [170]). As stated earlier, in this case, removing excess PSS can result in a
reduction in the diameter of the cluster's dominating particles [172]. However, the
binding of the positively Zn ion to negatively charged PSS has the potential of causing
charge screening and rearrangements [176]. Electrical properties of PEDOT and PSS
are different from each other. PEDOT acts as a conductor while PSS acts as an
insulator in PEDOT: PSS [144]. Furthermore, PEDOT:PSS film is made up of
hydrophobic core (PEDOT) and hydrophilic shell (PSS), with the PSS chains'
hydrogen bonds providing the material's consistency. Interaction of Zn*?ion with PSS
causes a conformational transition, and removing the hydrophilic PSS component of
the film ends up making it hydrophobic. Water drop testing on the pristine and doped
HTLs (Figure 4.3 (a) [170]) revealed that the PEDOT:PSS layers became significantly
more hydrophobic after doping with Zn, which could be interpreted as evidence of
Zn ion binding to hydrophilic PSS and potential elimination of PSS from the surface
leading to the surface be more hydrophobic. According to what is identified,
perovskites deposited on hydrophilic surfaces have smaller grains, although

perovskites covered on hydrophobic surfaces have larger grains. It seems to be vital
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for PSC success to try to manage grain size and connectivity between perovskite
grains [141]. Perovskites with larger grain sizes and a consistent grain spread have
higher current values, according to theoretical studies [142]. Our finding that Zn
doping results in a more hydrophobic PEDOT:PSS layer, which is also supported by
SEM analyzes (see Figure 4.8 [170]), which reveal that compared to pristine
PEDOT:PSS substrates, perovskites formed on doped PEDOT:PSS substrates have

higher grain sizes.

Due to improved charge transport, the device performs better with a film that is more
homogeneous and smoother. Low HTL roughness and uniformity are favorable not
only for better hole transport and lower recombination and leakage current, but also
for the development of perovskite layers with less pin-holes, which are crucial for
solar cell performance. KPFM analysis was employed to measure the work function

nn

of HTLs, utilizing Vepp formula (contact potential difference), where "e" represents

the elementary charge;

_ Psample—Ptip
Vepp =— (4-1)
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Figure 4.3 (a) Demonstration of the possible composition of the Zn-doped PEDOT:PSS
with water drop test (b) AFM images over 3 X 3 um? (¢) KPFM measurements of
PEDOT:PSS and Zn-doped PEDOT:PSS films [170]
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Figure 4.3 (c) [170] illustrates the changing potential of HTLs on the surface beside
the corresponding AFM images (right). For pristine and doped PEDOT: PSS layers,
measured values were 5.28 eV and 5.30 eV, respectively. The modest enhancement
in work function is estimated to lower the difference between HTL and the
perovskite's valence bands, resulting in a greater electric field and hence charge
transfer. Since the Vqcis proportional to the gap between HOMO level of hole

transport layer and LUMO level of electron transport layer, higher values are forecast.

Current-voltage measurements were taken for the cells in the ITO/HTL/Ag
configuration shown in Figure 4.4 (a) [170] to evaluate the conductivity of
pristine and doped HTLs. In accordance with the following formula [43], the

conductivity “ox” of PEDOT:PSS films was obtained.

1= (4-2)

Where A is active area (0.1 cm?), L presents the thickness of the HTL. The conductivity
of the undoped and doped HTLs were evaluated as 1.48 X 10* S cm™ and 3.35 X 10°
* S cm’, respectively, indicating that the Zn-doped HTL films have a higher
conductivity [177]. Conductivity improvement matches the softness parameter of the
cation of the salts, analogous to the explanation on morphology mentioned [178].
Zn(CHsCOO), is a salt in which Zn ions connect to the PSS. Charges of PEDOT and
PSS could be screened because salt can cause charge screening and rearrangements
in polyelectrolyte compounds [175], which weaken the Coulombic force between the
two complexes. As a consequence, the conductivity rises due to the removal of PSS
which is insulating part of PEDOT:PSS. The increase in conductivity caused by PSS

reduction has also been observed in the literature [179].
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Figure 4.4 (a) Current-voltage curves of PEDOT:PSS films with a ITO/HTL/Ag
structure (b) UV-Vis transmittance spectra of the ITO coated glass and PEDOT:PSS
layers on ITO coated glass substrates [170]

Enhanced HTL conductivity does not only prevent electron-hole recombination,
resulting in an increase in FF and Jsc, but also accounts for greater hole extraction
from the active layer [38,180], leading to improved device performance. The
transmittance profiles of ITO substrate and HTLs on ITO are shown in Figure 4.4 (b)
[170]. Since light passes through the HTL, its transmittance plays a critical role in
perovskite film as a light-harvesting layer. The transmittance of the HTLs was
increased by Zn-doping, as is shown by the transmittance curves. Furthermore, doped
hole transport layers provided a greater transmittance result around 450 nm than
ITO-coated glass, which is comparable with reported research related to the less

surface roughness of the Zn-doped HTLs [171,181].

The electrochemical characteristics of the HTLs were evaluated using cyclic
voltammetry (CV) and chronoamperometry (CA) within a system involving
electrodes of ITO/PEDOT:PSS as the working electrode, silver (Ag) as the reference
electrode, and platinum (Pt) metal as the counter electrode. As illustrated in Figure

4.5 [170], CV experiments were performed in 0.1 M of LiClO4: ACN over a potential
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from -0.9 V to +1.2 V employing PEDOT:PSS as electrodes swept from 0 V to positive

potentials and vice versa at different scan rates.

Both pristine and doped PEDOT:PSS electrodes demonstrated growing cathodic
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Figure 4.5 Comparison of the PEDOT:PSS layers’ cyclic voltammograms between
1.5V to-1.0VvsAgin 0.1 M LiClO,/ACN under various scan rates [170].
current densities. Kumar et al. observed a similar trend when measuring the
electrochemical reduction of PEDOT:PSS surfaces during CV experiments under air
purging [182]. The rapid reoxidation caused by oxygen decomposition explains this
action. The doped PEDOT:PSS layer clearly presents a substantially cyclic
voltammogram with a rectangular shape at 150 mV s-1, demonstrating that the
response of the electric double layer to charge-discharge are quick, revealing a highly
reversible and kinetically straightforward activity [183]. At faster scan rates, the cells
were capable of providing firmly rectangular shapes since active material and the
current collector are more strongly coupled [184]. Furthermore, current increased in
doped PEDOT:PSS electrodes, which could be attributed to improved activity of
surface and electron transport after doping [185]. At a scan rate of 150 mV s, the
inserted (Qi) and extracted (Qe) charge values for pristine and doped films were
estimated to be 517.97 C cm?: 464.93 C cm? and 888.64 C cm?: 762.26 C cm?,
respectively. Furthermore, as illustrated in Figure 4.6, cyclic voltammetry

analyzes were performed for larger potential ranges. When the potential range was
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expanded to “1.5 V to - 1.0 V” rather than “1.2 V to - 0.9 V,” greater and much more
balanced current densities were achieved. For lower scan rates, more analogous cyclic
voltammogram forms were detected compared to the initial observation. However,
greater current and much more rectangular curves were met with Zn-doped
PEDOT:PSS electrodes. Figure 4.6. (a) and (b) [170] display 50 cycles for pristine
and Zn-doped PEDOT:PSS films for 1000 mV s scan rate. As depicted by the yellow
arrows, both layers had strong cycling stability with a small decrease in current. The
apex current densities of doped PEDOT:PSS films decreased, although the anodic and
cathodic peak current densities of pristine PEDOT:PSS layers also reduced. At a scan
rate of 150 mV s, the inserted (Qi) and extracted (Qe) charge quantities for pure and
doped layers were determined to be 847.649 C cm™ : 766.235 C cm? and 1.961 mC
cm? : 1.901 mC cm?, respectively. The better conductivity of the doped HTLs as
electrodes (Figure 4.4 (a)) may be the explanation for the increased charge capacity
[186]. Figure 4.6 (c) [170] also depicts that the cathodic and anodic peak current
densities are dependent on the square root of the scan rate. The demonstrated linear
relationship indicates explicit diffusion for both electrodes. The doped PEDOT:PSS
electrodes having a higher slope reflecting improved diffusion quality. The CV
findings indicate that the electrical conductivity of the doped HTL has improved,

as shown before by current-voltage results.
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Figure 4.6 Cyclic voltammograms of the (a) PEDOT:PSS (b) Zn-doped PEDOT:PSS
layers between 1.5 Vto - 1.0 Vvs Ag in 0.1 M LiClO,/ACN under various scan rates
(c) Anodic and cathodic peak currents vs scan rate [170].

Figure 4.7 (a)-(b) [170] shows the chronoamperograms obtained by using -0.9 V and
1.2V for 180 s. Although the thin layer of PEDOT:PSS-based films (about 100 nm),

a notable color variation was detected during chronoamperometry experiments,

Figure 4.7 (b) [187].
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layers during 180 seconds at (a) - 900 mV (b) 1200 mV vs Ag in 0.1 M LiClO,/ACN
(c) pictures of reduced and oxidized states of PEDOT:PSS films on ITO coated glass

substrates during CA experiments [170].

Furthermore, when compared to pristine PEDOT:PSS electrodes, doped PEDOT:PSS
electrodes showed stronger carrier diffusion, implying a shorter time to achieve

steady-state, indicating the improved conductivity once more.

FE-SEM was used to study the morphological properties of surface of perovskite films
from top, which is quite important in the functioning of photovoltaic devices. Figure
4.8 [170] displays two separate scales of FE-SEM representations of the perovskite
films on pristine and doped PEDOT: PSS. As illustrated in Figure 4.8 [170], the
perovskite layer developed on the top of doped film has a higher grain size than those
produced on the surface of pristine film. The average and prevalent grain sizes of the

perovskite layer produced on the undoped film are 142 nm and 103 nm, respectively,

80



whereas these parameters were obtained as 197 nm and 183 nm for the perovskite
layer coated on the Zn-doped layer, respectively. The perovskite layer formed on the
doped HTL becomes more uniform and homogeneous as the quality of the interface
between the perovskite and the HTL improves, which can also be confirmed by the
proximity of the average and prevalent grain sizes, as well as the presence of smaller
pin-holes, which can assist in the improvement of PV characteristics, resulting in an
improvement in the performance of photovoltaic device. Increased grain size leading
to perovskite film with grain boundaries without holes improving the perovskite film,

is beneficial to the fill factor and short-circuit current.
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3 2
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Figure 4.8 FE-SEM images of perovskite films on (a) PEDOT:PSS and (b) Zn-
doped PEDOT:PSS films under 100000 X and 30000 X magnifications [170].
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The J-V curves of photovoltaic devices under illumination, are depicted in Figure 4.9
[170]. As compared to the pristine device, the devices employing zinc doped HTL
displayed remarkable improvement. The photovoltaic parameters of the devices are
exhibited in Table 4.1.

Table 4.1 PV characteristics of produced cells (Champion efficiency, Average
efficiency values for 20 cells: PCE*, standard deviation) [170]

VOC JSC FF PCE PCE* RSeries RShunt
HTL o HF
(MV) (mA/cm?) (%) (%) (%) (Q/em?)  (kQ/em?)
PEDOT:PSS 890 15.4 70 9.6 8.9 040 4.8 1.7 0.08
Zn-doped
925 17.2 83 13.2 12.5 039 41 35 0.02
PEDOT:PSS
t8(a) coses z 18 (P)_ oaas
o15F 8% o
E E ¥ 8F  pEDOTPSS
L 5 —a=— Forward
%12 O 4"« Reverse
i PCBIVI 0
3 o PEROVSKITE 16
g 6L PEDOT:PSS ;@: %2
Q =)
2 agl
o E Zn-doped PEDOT:PSS
3r —s— PEDOT:PSS 57 —8— Forward
=#="Zn-doped PEDOT:PSS o 4r —+— Reverse
00.0 OI.2 O‘.4 076 OTS 00.0 0?2 0.‘4 016 UTS
Voltage (V) Voltage (V)

Figure 4.9 (a) Illuminated current density-voltage curves of the solar cell devices
with different HTLs (b) Hysteresis curves of the corresponding solar cell devices
[170].
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The device employing pristine PEDOT: PSS exhibited a Jsc of 15.4 mA cm™, an open-
circuit voltage Vocof 890 mV, and a fill factor FF of 0.7, leading to a PCE of 9.6 %.
Whereas, the devices employing the Zn-doped HTL showed a Jsc of 17.2 mA cm?, an
open-circuit voltage Vocof 925 mV, and a fill factor FF of 0.83, leading to a PCE of
13.2 %. Improvement in the morphology of perovskite layer and HTL, and also
increased conductivity accounted for the improvement in the photovoltaics
parameters of the devices with Zn doped PEDOT:PSS layers. Despite the mechanism
of hysteresis is not clearly determined, it is supposed to have something to do with
trap states and charge accumulation at the interface between active layer and the

carrier selective layer (ETL and/or HTL) [77,188,189].

Figure 4.6 (b) [170] shows that our devices have a very low level of hysteresis, with
slightly different J-V curves for forward and reverse scanning results. Table 4.1 [170]
shows the derived hysteresis factors, which indicate the hysteresis of doped HTL
involved cells is lower than that of devices with pristine HTL. Consequently, it can be
noted the hysteresis of the device was reduced with the assistance of Zn. Shunt
resistance is the impedance of PV devices to leakage current. To put it another way,
the lower shunt resistance, the higher leakage current. The improved short-circuit
current values can be attributed to the measured shunt resistances (Rgnunt), Which are
substantially higher in the doped PEDOT:PSS device than in the pure PEDOT:PSS

device.
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Figure 4.10 Box chart graphics of photovoltaic parameters of the solar cell devices
[170]

The statistics of PV parameters (Voc, Jsc, FF, PCE) of the devices employing pristine
and Zn-doped HTL are shown in Figure 4.10 for 20 cells. The fill factor and current
density values have been considerably enhanced by using additive within HTL, as
shown in Figure 4.10. The narrowed boxes also reflect that the doped PEDOT:PSS-

based devices fabricated in this study are more reproducible.

We fabricated hole-only cells with an architecture of ITO/HTL/perovskite/P3HT/Ag
to investigate the density of trap states inside the perovskite using the SCLC
technique. The dark J-V plots of hole-only cells are illustrated in Figure 4.11 [170].
Low bias voltages provide a linear relation between current and voltage, but after a
particular voltage known the Vi, raising the voltage causes the current to rise
nonlinearly. Hence, if the SCLC curves of hole-only devices display V. characteristics
that can be calculated, the trap density can be calculated using the formula below

[190].
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2
VrrL = N (4'3)

The Vg results for pure and doped HTL used cells were obtained as 0.242 and 0.201
V, respectively, as depicted in Figure 4.11 (a) [170]. Therefore, the trap densities of
the pristine and doped HTL-based cells were obtained as 0.95 X 10'® cm?®, and 0.79 X
10'® ecm?, respectively. Improved interfacial connection between the perovskite and
the HTL leads to a decrease in the trap density for the devices employing doped HTLs,

resulting in a reduced trap density [191].

The correlation between current and voltage is not linear throughout the high voltage
zone (I a V). The Mott-Gurney equation was used to calculate the mobility of hole

for undoped and doped HTL-based cells.

9 )
J= (So)(epsgLosT.Pss) () V2 (4-4)

Here €, €peporpss, L and u are the vacuum permittivity, the relative dielectric constant

of HTL (2.2 [192]), the thickness of the HTL (100 nm) and mobility, respectively.
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Figure 4.11 (a) Dark current density-voltage characteristics of the hole-only

devices with ITO/HTL/perovskite/P3HT/Ag configuration, and (b) dark J-V* curves
of high voltage region for hole mobility extraction [170].
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The hole mobilities of the pristine and doped HTLs are calculated as 3.4 X 10* cm?
V's'and 1.1 x 10° cm?V's?, respectively, using the slope of J-V* from Figure 11 (b)
[170]. The hole mobility of the doped HTL was greater than that of the pristine one,

as anticipated, due to improvement in the electrical conductivity of doped HTL.

Figure 4.12 (a) [170] shows PL curves, supporting the enhanced carrier mobilities
and reduced trap densities, and thus the PV performance of the doped HTL used cells.
In other words, strongly quenching of PL intensity indicates the improved extraction
of charge, transfer of carrier, and reduced recombination. To put it another way,

strongly quenched intensity of PL indicates the extraction and transfer of charge

increased while recombination rate decreased.
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Figure 4.12 (a) Photoluminescence curves with a ITO/HTL/perovskite/PCBM/BCP
configuration (b) normalized PCE values of the PSCs as a function of time [170]

Finally, the stability of the devices was studied, and the normalized results were
displayed in Figure 4.12 (b) [170]. Cells were placed inside of a glove box without
being encapsulated during the experiments. In 168 hours, the PCE values of devices
employing pristine PEDOT: PSS cells declined to 45 % of their value at first, whereas

doped HTL used devices preserved more than 90 % of it.
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4.4 Conclusion

Perovskite solar cells employing pristine and Zn doped PEDOT:PSS HTLs have been
fabricated and the effect of Zn doping of PEDOT:PSS layer on the performance of
perovskite solar cells has been studied. A significant increase in efficiency and stability
was observed for devices employing Zn doped PEDOT:PSS. The enhanced surface
morphology of PEDOT:PSS layer upon Zn doping led to less rough and more
homogeneous than the original one, suggesting that the high fill factor value is due
to synergetic effects. SEM images disclosed that the use of a doped HTL results in
homogeneous pin-hole free perovskite development, with an increase in grain sizes
of perovskite and a reduction in grain boundaries. With doping of Zn, work function
values derived from KPFM results increased slightly, leading to higher Vo values.
Cyclic voltammetry experiments indicated an improvement in charge capacity of
doped HTL, which can be interpreted as greater conductivity of the doped HTL, which
is in excellent accordance with the current-density measurements. Optical
transmittances were improved, which was supposed to result in enhanced light-
harvesting efficiency for the doped PEDOT:PSS-based cells. Moreover, SCLC analyzes
for hole-only devices indicated that at the interface the doped HTL has higher carrier
mobility and lower trap density. Furthermore, photoluminescence quenching of
doped HTL cells verified the findings. As a result, higher Js: led to an improvement
in device performance. Consequently, PEDOT: PSS HTLs doped with Zn are supposed
to be attractive candidates for outstanding PSCs. Although we obtained high PCE of
13.2 %, we claim that efficiencies can be increased by enhancing the current densities
by utilizing FTO-coated glass substrates instead of ITO-coated glass substrates inside

of glove box.
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THE ROLE OF BATHOCUPROINE
CONCENTRATION ON THE PV PERFORMANCE
OF NiO,-BASED PSCs

5.1 Introduction

Nickel oxide (NiOx) has attracted a lot of attention in the p-i-n configuration because
it has great stability and high hole mobility [193,194]. In the p-i-n configuration of
perovskite solar cells, buffer layers including BCP [195-198], LiF [199,200], and PEIE
[201] are commonly used to prevent recombination of charges between the electron

transport layer and the cathode.

Vacuum or solvent processing may be used to process thin layers of BCP as buffer
layers. While there are multiple reports focused on vacuum-processed BCP layers
[202-205], the number of studies that use BCP layers prepared using a sol-gel
method is relatively limited [206,207]. In this chapter, by varying the BCP
concentration, prepared using the sol-gel process, we investigated the influence of
BCP layers on the operation of PSCs. We have as well looked into the impact of spin
coating rate of BCP film on the performance of a p-i-n perovskite solar cell as
ITO/NiO,/MAPbI;/PCBM/BCP/Ag structure (Figure 5.1 [208]). All experiments were
performed out of glove box under humidity around 60%. Unlike previous methods,

this one does not involve the use of a high-vacuum setup.
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5.2 Experimental procedure

5.2.1 Materials

Nickel (II) acetate tetrahydrate (Sigma, =99.0%), lead iodide (Pbl,, Sigma-Aldrich
99.0%), Bathocuproine (96%, Sigma), PCBM (Solenne, =99.0%), CHs;NH;I
(methylammonium iodide, Lumtec 99.99%), were bought and utilized without any

additional refinement.
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Figure 5.1 (a) Schematic description and (b) Energy level diagram for the
device [208]

5.2.2 Device fabrication

At room temperature, 0.7 mM of nickel (II) acetate tetrahydrate was added into the

mixture of IPA (5 ml) and ethanolamine (30 ul). To obtain NiO, solution, the

blend was stirred for a few hours at 70 °C. Prior to coating, the solution was filtered

with a PTFE filter (0.22 um). The solution of perovskite was achieved from a mixture

of MAI:PbI2 in GBL at a molar ratio of 1.4:1.4 and agitated by a magnetic stirrer at
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65 °C for one night before filtering with a PTFE filter (0.45 um). Bathocuproine (BCP)
in various concentrations was solvated in absolute ethanol. PCBM solution was
obtained by dissolving 20 mg PCBM in 1 ml chlorobenzene (CB) and agitating for 2

hours.

Initially, ITO coated substrates were etched and then washed with ethanol, acetone,
and isopropanol, respectively, for device fabrication. In order to extract any
impurities from the surface, substrates were sonicated in acetone and isopropanol for
20 and 45 minutes respectively. Ultimately, N, gas was used to dry the substrates.
The solution of NiO, was spin cast for 30 seconds at 1500 rpm at ambient air, and the
coated substrates were heated at 80 °C for 15 min before being coated again.
Afterward, NiO, layers were annealed at 450°C for 30 minutes in a muffle furnace
prior to use. By coating the solution of perovskite at 2500 rpm for 10 s and 4500 rpm
for 20 s a perovskite layer was achieved. To obtain crystalline perovskite film, toluene
washing was performed when the rotation speed reached 4000 rpm. Then, for 20
minutes at 100 °C, thermal annealing was performed. The PCBM solution was
coated for 30 seconds at 1500 rpm, then thermal annealing for 90 seconds at 90 °C
was applied. various concentrations of BCP solutions (0.325 mg/ml, 0.5 mg/ml, 1
mg/ml, 2 mg/1, and 4 mg/1) were spin coated for 40 seconds at two separate rotation
speeds, 1500 rpm and 4000 rpm, individually. Finally, thermal evaporation was used

to coat 110 nm thick Ag.

5.3 Result and discussion

The XRD spectrum of the obtained perovskite film is shown in the figure 5.2 [208].
The peaks are the characteristic crystalline MAPbI; structure peaks. The (110), (220),
(310), (224), and (330) planes refer to 20 = 13.98°, 28.32°, 31.74°, 40.5°, and 42.5°,
respectively, and represent the development of the tetragonal structure of perovskite

[209].
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Figure 5.2 XRD graph of perovskite (MAPDI;) film [208]

The photoluminescence and absorption spectra of the perovskite layer are
demonstrated in the figure 5.3 [208]. The acquired optical band gap of MAPDI; is

around 1.61 eV, which is consistent with the reported results [210,211].
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Figure 5.3 UV-Vis absorption spectra and photoluminescence (PL) of
perovskite (MAPDI;) film [208]
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The FTIR pattern of the perovskite layer coated on an ITO surface is shown in Figure
5.4 [208]. The FTIR spectrum reveals the presence of various functional groups in
the structure. The C-H band bending in the alkane group is primarily responsible for
the IR band at 1465 cm™. The N-H stretching bond is represented by the infrared
bands at 3180 cm™ and 3138 cm™ [212,213].

Transmittance (a.u)
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1000 1500 2000 2500 3000 3500
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Figure 5.4 FTIR spectra of ITO/perovskite (MAPDI;) film [208]

The J-V curves of devices employing BCP films, coated with various concentration
and rotation speeds of 1500 rpm and 4000 rpm, respectively, are presented in Figure
5.5 (a)-(b) [208]. When the bathocuproine concentration was increased to 0.5
mg/ml, the Jsc of the devices increased. We noticed a decrease in the performance
of PV devices as the BCP concentration was increased to 2 mg/ml. As an interlayer,
BCP, Ca, and LiF are commonly employed in literature [214]. They assist in
preventing an energy misalignment between the cathode and the electron
selective layer, as well as cathode penetration into the conducting underlayers, which

could result in charge recombination [214].
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Figure 5.5 Current density-voltage curves of the solar cell devices as a function of

BCP precursor concentration cast at (a) 1500 rpm and (b) 4000 rpm spinning speeds
[208]

The PCE of devices employing BCP layers coated at 1500 and 4000 rpm are displayed
at figure 5.6 (a) [208]. Spin coating is a technique for depositing thin and uniform
films on flat underlying layers. A small proportion of coating material
typically spreads to the substrate's center. Due to centrifugal force, coating material
disperses when the layer is rotated at various speeds. The thin film thickness is
directly affected by changes in spin coating speed. As the rotating speeds are raised,
thinner layers can be formed. When the BCP solution is coated at higher rotating
speeds of 4000 rpm, we have obtained a higher performance while holding the BCP
concentration unchanged. Thinner films result from faster rotating speeds. As a
result, for 4000 rpm, we anticipate a relatively thin layer of BCP than for 1500 rpm.
It is important to remember that the BCP film functions as a interlayer between the
electron transport layer and the cathode electrode. Consequently, aggregation can
occur as a result of various mechanisms if the BCP coating is excessively thick or thin,
resulting in system output degradation [197]. We selected 1500 rpm and 4000 rpm

as moderate and high rotating speeds, respectively, and indicated that 4000 rpm is
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PCE of the devices (%)

the appropriate rotating speed for BCP films. The cells with bathocuproine films
deposited at 4000 rpm from 0.5 mg/ml concentration have the highest performance
of all. We noticed that the BCP concentration have a major impact on the performance
of perovskite solar cells. The PCE of the perovskite solar cells enhanced at first and

then reduced as concentration rose [197].
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Figure 5.6 (a) Power conversion efficiency and (b) series resistance of the solar cell

devices as a function BCP layer coating parameters [208]

The devices series resistance (Rs) is illustrated in Figure 5.6 (b) [208]. As illustrated,
for the devices employing BCP films with 0.5 mg/ml concentration, the Rs is the
lowest at both rotating speeds. A Schottky contact can be built between Ag and PCBM
layers for devices that do not have a BCP layer [215]. Schottky contact prompt charge
aggregation and strong series resistance, resulting in poor device performance. Rs is
reduced when a thin layer of bathocuproine is inserted between Ag and PCBM,
because of the development of an ohmic contact [196]. Since the concentration of
dissolved materials affects the viscosity of a solutions, the BCP concentration has a
major impact on the performance of PSCs [216], and the thickness of a deposited

layer is influenced by its viscosity [217]. A high concentration of BCP can obstruct
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charge transport at the interface due to its insulating properties. According to the
literature, excessively thin or thick BCP films induce accumulation of charge via

variety of mechanisms, resulting in poor device operation [218].

We manufactured electron-only (e-only) cells
as ITO/TiO2/Perovskite/PCBM/BCP/Ag structure and also, we designed an electron-
only cell without BCP as a reference. The J-V dark curves of PSCs and e-only cells
with and without using BCP are displayed in Figures 5.7 (a) and (b) [208]. The
leakage current density for PSCs with BCP layer is significantly low, as shown in
Figure 5.7 (a) [208]. The inappropriate contact between two contact layers is the
source of the leakage current [206]. The lower dark current means that BCP is doing
a great job of interfacial improvement. The current rises linearly as voltage increase
until a kink point, as shown in Figure 5.7 (b) [208] by increasing the voltage over the
kink point, the current increases, indicating that the trap states are being filled by
injected charge carriers [219]. The trap densities were calculated by utilization of the

trap-filled limit voltage (V1) and the formula

2
VTFL: (5'1)

where e is elementary charge, n, is trap state, L is the perovskite thickness, &, and ¢
are the vacuum and perovskite permittivity, respectively. According to the literature,
the perovskite's dielectric constant is 32 [220]. In this study, a perovskite film
thickness around 240 nm was obtained. The e-only cell without BCP had a trap
density of 5.71 X 10" cm?, while the e-only cell with BCP had a trap density of 4.65
%X 10" cm™. As demonstrated, when BCP is added to the device setup, the trap density

decreases, indicating that the quality of device improves.
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Figure 5.7 Dark current density-voltage characteristics of (a) perovskite solar
cells (b) e-only devices (ITO/TiO,/MAPbI;/PCBM/BCP/Ag) with and without BCP
(0.5 mg/ml, 4000 rpm) layers [208]
Table 5.1. Photovoltaic parameters of fabricated devices [208]
BCP Casting Voc Jsc FF PCE Rs Rsh
rpm mV mAcm-2 % Qcm? Qcm?
gy | M TV (mAcm?) ) (@em)  (@Qem)
0 875 16.1 0.37 5.32 2.19 x10* 1.9 x 102
1500 930 16.5 0.37 5.6 1.9 x10* 1.65 %102
0.325
4000 930 17 0.43 6.8 1.21 x10? 1.79 x102
1500 930 18 0.46 7.7 1.06 x10? 1.82 x10?
0.5
4000 990 19 0.50 9.4 0.92 x10*  2.95 x10?
1500 930 15.3 0.47 6.6 1.13 x10? 2.52 x10?
1
4000 925 14.3 041 54 1.37 x10? 2.11 x10?
1500 780 15.2 0.36 4.2 1.7 x10? 8.84 x10?
2
4000 510 13.9 0.30 2.1 2.4 x10* 6.88 x10?
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The PV parameters of the manufactured devices are listed in Table 5.1 [208]. It is

certain that using the BCP reduces the series resistance of cells. Devices that do not

use BCP demonstrated a Voc of 0.875 V and a Jsc of 16.1 mA/cm? with a fill factor of

0.37, resulting in a PCE of 5.3%. For the devices with BCP layers prepared at a

concentration of 0.5 mg/ml the FF, Vo, and Jsc have risen to 0.5, 0.99 V, and 19

mA/cm? respectively, which resulted in a PCE of 9.4 %. The FF, Jsc, and Vo of devices

are significantly reduced with increasing concentration, resulting in a decreased PCE.
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Figure 5.8 Distribution of the open circuit voltage, short circuit current density, fill
factor and power conversion efficiency values over 15 solar cell devices as a
function of different BCP concentrations cast at 1500 rpm and 4000 rpm [208]
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Figure 5.8 [208] displays PV parameter (FF, Vo, Jsc, PCE) statistics for 15 perovskite
solar cells produced with different BCP concentration and rotation speeds. There is a
relation between FF and V¢ with properties of the junction in perovskite solar cells
[197] and consequently, the higher FF and Vo, the higher PCE. Js relies on the
passage of produced charge carriers from the perovskite film to the suitable transport
layer. Charge carriers will be recombined or accumulated in the interface if the
charge carrier transition does not go well [221]. The Jsc has been noticeably
enhanced by increasing the concentration of bathocuproine to 0.5 (mg/ml), as
displayed in Figure 5.7 [208]. These results revealed that the optimized BCP
concentration, can minimize the recombination of charge carriers at the interface.

Moreover, the devices show a great reproducibility.
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Figure 5.9 EQEs and corresponded integrated photocurrent densities of the solar
cell devices with BCP (0.5 mg/ml, 4000 rpm) and without BCP layers [208]

Figure 5.9 [222] illustrates the EQE of PSCs with and without BCP films. The addition

of BCP has an impact on EQE on both the short and long wavelength zones. PCBM/Ag

configuration had an integrated photocurrent density (Jsc) of 16.05 mA/cm?

while PCBM/BCP (0.5 mg/ml, 4000 rpm) /Ag configuration had an integrated
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photocurrent density (Jsc) of 18.7 mA/cm? which are both achieved from EQE curves.
The Jsc values obtained from EQE spectra were very close to the Jsc values obtained
from J-V curves. The use of BCP as a hole-blocking layer reduces
charge recombination at the interface, leading to a better external quantum efficiency

in the PCBM/BCP(0.5 mg/ml)/Ag configuration.

5.4 Conclusion

In conclusion, applying a BCP as an interlayer between PCBM as a ETL and Ag as a
cathode enhanced PV performance. By using 0.5 mg/ml BCP at 4000 rpm rotating
speed, the champion device with high performance was obtained. Much more
increases in BCP concentration resulted in thicker layers, which resulted in lower
performance because of charge accumulation at the PCBM and the thick BCP
interface, as reported in the literary works [196,197]. As the BCP concentration was
optimized, the series resistance of the devices reduced, resulting in improved

performance of device.
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6

Ce AND Zn CO-DOPED NiOx-BASED HTLs FOR
USING IN PSCs

6.1 Introduction

Because of their easy of fabrication and low level of hysteresis, inverted planar PSCs
have received a lot of attention. Inorganic hole transporters are preferred for p-i-n
perovskite solar cells, where the device's structure begins with hole transport layer
construction. They are cost - effective, easy to manufacture, have high hole mobility
and better chemical stability. Because of its abundant supply, cost effectiveness, good
stability, great transmittance of light, appropriate energy stage placement with
perovskite, broad direct bandgap, and strong conduction band, non-stoichiometric
NiOy is a highly desirable and environmentally beneficial option [194]. Altering the
concentration of oxygen interstices or nickel vacancies in NiOx can change its work
function (WF) [223]. With the addition of NiOOH and Ni,Os, stoichiometric nickel
oxide becomes a p-type semiconductor [224], despite of having conductivity less than
10" S ecm™. Since excessive oxygen causes Ni vacancies and thus holes, increasing the
amount of Ni,Oj3 in the Ni*? structures can improve hole conductivity [225]. However,
a higher proportion of Ni3+/Ni2+ states can result in an unfavorable decrease in
resistivity. The poor conductivity of NiOx is indeed a challenge to NiOx HTL
implementation in PSCs. Extrinsic doping has recently received a lot of attention as
it is considered to be a viable option to change Ni vacancies/holes and increase
conductivity of hole without raising NiOx's resistivity [226]. To improve
electrical conductivity, Chen et al used magnesium and lithium co-doping and
observed that co-doped HTLs had a conductivity that was 12 times higher [227]. To
compensate for the unpleasant valence band change induced by lithium injection into

the structure, Mg was added to the Li doped nickel oxide. This co-doping strategy
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produced rigid lattice stability with a small ionic radii discrepancy. This NiMg(Li)O
HTL boosted the occurrence of ohmic contacts between the perovskite layer and
transparent conducting oxide by decreasing the height of barrier in the energy states
configuration. Cu-doping improves conductivity with a lower NiOy lattice parameter,
in accordance with Kim et al [94], despite the fact that Cu has a larger ionic radius
than Ni. Although conductivity increased as Cu increased, transmittance decreased,
limiting sunlight spectrum utilization and hence the performance. To boost the
transmittance of Cu-treated nickel oxide films, Liu et al. employed Li and co-doped
nickel oxide performed better than anticipated [228]. Chen et al. reported that
doping nickel oxide with Cs resulted in greater hole extraction and much more
acceptable band realignment [229]. In a paper on doping NiOx with Ag, Wei et al.
discovered that Ag prefers to fill the Ni locations and behaves as an acceptor in the
nickel oxide composition. Furthermore, as compared to pure HTLs, Ag doping led to
increased hole mobility, optical transparency, conductivity, and work function [230].
According to Xie et al., an optimum dose of Co will enhance the electrical conductivity
and work function of NiOx [231]. Xia et al. presented a paper about doped nickel
oxide with lithium and silver, which enhanced hole mobility, electrical conductivity,
and band adjustment in perovskite [232]. Teo et al. [233] demonstrated that the
defects of NiOx HTL are passivated by La doping. Chen et al recently reported a NiOx
HTL-based scarce earth ion treatment method [226]. Ce, Eu, Nd, Yb, and Tb ions
were employed in NiOx HTL. Inspired by the above reports, this chapter will present
for the first time in the literature an investigation focused on doping of NiOx as a
HTLs in inverted PSCs with Ce and Zn. Ni*?, Ce*3, and Zn*? have ionic radius of 0.69,
1.14, and 0.74 A, respectively. Zinc is suggested to enhance conductivity, whereas
cerium is supposed to improve the stability of the perovskite film. The entire
manufacturing process was done out of glovebox with humidity more than 55%,

involving perovskite film coating employing a one-step toluene washing method.

In this thesis, for perovskite prepared using a GBL-containing precursor was used
since. DMF and DMSO-engaged equivalents are less stable in high humidity
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conditions. According to our knowledge, only GBL-engaged procedures have PCEs
that do not exceed 5% [191,234-239]. The ITO/NiOx/CH;NH;Pbl;/PCBM/BCP/Ag
arrangement attained record efficiencies of above 10%, and the PCEs of NiOx-based

devices were improved by the synergetic impact of Ce and Zn doping to 14.5 %.

6.2 Experimental

6.2.1 Materials

Methylammonium iodide was synthesized according to the literature. ITO substrates
were bought from Sigma-Aldrich. Other Precursor materials which engaged in device
manufacturing such as ethanolamine (MEA 99.5 % Sigma-Aldrich), PCBM (Nano-C
purity 99.95 %), Zn(CHsCO,),:2H,O (zinc acetate dihydrate, ACS Emsure),
Ce(CH3C0,)3'xH,0 (cerium (III) acetate hydrate, Aldrich 99.99 %), nickel (I) acetate
tetrahydrate (Aldrich > 99.0 %), BCP (96 %, Sigma), were bought and used without

any further purification.

6.2.2 Precursor solutions

247 mg nickel acetate tetrahydrate was dissolved in 10 ml of isopropanol for 15
minutes to produce NiOx precursor solution. Prior to heating, a 65 ul ethanolamine
(MEA) was added to the solution drop wisely. After adding MEA, the color of the
mixture turned to dark green, and after dissolving the nickel salt at 75 °C, the color
turns to clear green. The enclosed solution was magnetically stirred at 75 °C for a few
hours. Zn(CH;C0O0),:2H,0 and Ce(CH5CO,);-xH,0 were added to the NiOx precursor
to produce cerium and zinc doped precursors. For Zn(CH;CO,),'2H,O and
Ce(CH;C0,)3'xH,0, the optimum values were determined to be 18 mmol % and 6
mmol %, respectively (Figure. 6.1 & 6.2 [240]). Doped solutions were stirred at 70
°C for 4 hours before being filtered through a 0.22 pm filter at room temperature.

Perovskite precursor solution achieved by combining 2.1 mM Pbl, and 2.1 mM MAI
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in 1.5 ml GBL at 65 °C for one night. The solution was filtered with 0.45 m PVDF

filter before coating.
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Figure 6.1 Precursor preparation and fabrication steps for NiOy layers [240]
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Figure 6.2 Perovskite precursor formation and solar cell
fabrication steps [240]
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6.2.3 Device fabrication

Ultrasonically washed ITO-coated glass slides in acetone for 21 minutes, then
isopropanol at 65 °C for 45 minutes. N, gas was used to dry the substrates, then they
were placed on a hot plate at 130 °C for 10 minutes and before being coated with
hole transport layer, they were cooled. In ambient air, NiOx solutions were coated at
1550 rpm for 35 s. Cast HTLs were placed on a hot plate for 2 minutes at 135 °C,
then the temperature of coated layer decreased to room temperature before being
coated again with nickel oxide or doped-NiOx solutions. In a furnace, NiOx coated
samples were sintered at 460 °C for 35 minutes. At 2001 rpm for 15 s and 4001 rpm
for 25 s, the perovskite solution was spin coated on NiOx films. 65 pL of toluene were
spurted on the rotating substrate. The samples were put on a hot-plate and annealed
for 20 minutes at 100 °C. Instantly, a 20 mg/ml solution of PCBM in CB was used to
develop the ETL. PCBM layers were coated at 1600 rpm for 20 s and 2500 rpm for
25 s, then heated at 95 ° C for 60 s. After that, a 0.5 mg/ml solution of BCP in
ethanol was spin-coated for 40 s at 4000 rpm [222]. Ultimately, all of the cells were
placed in a high-vacuum chamber and as a cathode contact, 110 nm thick Ag was

vaporized.

6.3 Results and discussion

The AFM images which indicates morphological characteristics of doped and

undoped NiOx layers on ITO substrate are shown in Figure. 6.3 (a) [240].
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Figure 6.3 (a) AFM images (b) Current-voltage curves (c) KPFM measurements of
NiO, layers onto ITO coated glass substrates [240]

The pristine, Zn, Ce, and co-doped layers have RMS values of 2.023, 2.717, 1.802,
and 2.373 nm, respectively. In comparison with the pristine films, doping the film
with Ce (6 mmol %) the RMS is decreased whereas Zn (18 mmol %) doping
substantially boosted it [241]. Nevertheless, zinc-cerium (18:6 mmol %) co-doping
reduced the RMS as compared to that of the NiOx film doped with Zn. This may be
attributed to the fact that doping incorporation affects the formation and grain
evolution of oxide semiconductors, which can either promote or prevent grain
growth. Crystallization is determined by the atoms engaged in the phase transition,
and impurity injection can influence deposition and grain development. Among many

oxide semiconductors, the presence of impurities inhibits grain formation, resulting
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in a smoother surface with the appropriate doping supply and dosage
[226,228,229,242,243] or decrease of surface smoothness with the improper doping
source and concentrations [228,232,244]. Doping nickel oxide with Ce at a specific
doping proportion can impact the development process, leading to reduction
in roughness of surface[245]. However, the roughness of Cu-doped NiOx films is
raised, according to Kim, et al. [246,247], since the radius of copper and nickel are
nearly identical [248], it has been expressed that copper took the place of nickel and

remained in the nickel oxide structure, which could have a beneficial influence [249].

In this study, since the ionic radii of Ni*? and Zn*? are similar to each other (0.69 and
0.74 A, respectively), an improvement in the smoothness of Zn-doped films for
various ratios of doping such as 18 mmol % may be anticipated [241]. NiOx
film's roughness has a significant impact on perovskite layers and interfacial stability.
Despite that the surfaces with high roughness can lead to perovskite films with
greater grain sizes [250], a smoother layer is preferable for efficient hole transport
and facilitates a greater interface between HTL and the perovskite film, resulting in
the formation of a perovskite layer with no pinholes. Therefore, the enhanced
interface consistency between the perovskite and hole transport layer is thought to
be a factor in the improvement of fill factor in comparison with devices that just used
Zn doped HTL. As a result, co-doping was considered to be a significant approach to
get low-roughness layers that are compact and homogeneous and a chance to get a

surface that is not just smooth but also stable.

Current-voltage graphs with an ITO/HTL/Ag setup were used to investigate how
conductivity varies due to doping, as displayed in Fig. 6.3 (b) [240]. The conductivity
“g” was derived using the 4-2 formula, with the layer thickness "L" determined using
a profilometer. Conductivities for NiOx, Ce, Zn, and co-doped NiOyx films were
extracted to be 2.82 uS cm?, 3.57 uS cm?, 4.71 uS cm?, and 5.18 uS cm’,
respectively, using the slopes of the graphs. Although it is possible that thickness

fluctuates, it is obvious that the conductivity of nickel oxide films was enhanced
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via doping of metal, as stated in previous studies [229,232,233,241,251]. Luckily, in
comparison to that of only Zn doped films, co-doping resulted in a small rise. Low
concentrations of Ce doping have been stated to function similarly to other metallic
dopants in increasing electrical conductivity, as demonstrated by Dakhel et al. cerium

improved the conductivity of metal oxide films [252].

The work function modification of nickel oxide layers by doping was investigated
using KPFM and the results are shown in Figure 6.3 (c) [240]. Work function results
for NiOx, Zn, and co-doped nickel oxide films, were determined to be -5.26 eV, -5.22
eV, and -5.37 eV, respectively. Numerous analyzes on the work function values of
NiOy films over 5.5 eV have been released [229,241,253]. Our experimental work
functions are comparatively high when compared to previously published work using
UPS measurements, which yielded the smallest work function “p,” value on the
surface. In this situation, KPFM was employed to achieve a work function based on
the mean value of work function differences under the tip [254]. The Vpp determines
the ¢,, difference, which is defined as 4-1 formula where “e” is the elementary charge.
The development of NiOOH at top of the surface caused by UV-ozone treatment has
been related to a powerful dipole, according to reports[255]. As illustrated in Figure
6.4 (a) [240], this favored improvement in work function of NiOx results in better
band alignment with the perovskite. Since improved band alignment facilitates hole
collection from the perovskite film to the hole transport layer, successful extraction
and transfer of holes are supposed to improve photovoltaic output and may be the

explanation for the enhanced V¢ induced by co-doping.

In Figure 6.4 (b) [240], transmittance spectra and Tauc plots for nickel oxide films

on ITO substrates are demonstrated.
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Figure 6.4 (a) UV-vis transmittance spectra (b) Tauc plots for NiO, layers [240]

In the visible and near-infrared spectral zones, all of the NiOx films provided strong
transmittance of more than 80%. Doping-induced decreases in HTL transmittance are
important for inverted PSCs because they are linked to optical losses, which lead to
reduction in current and insufficient utilization of the solar spectrum. In this work,
doping had no effect on the transmittance spectrum, indicating that photocurrent
production generation was effective. Furthermore, for nickel oxide, Ce, Zn, and co-
doped nickel oxide films, the bandgaps (E,) derived from Tauc Plots were 3.96 eV,
3.93 eV, 3.96 eV, and 3.93 eV, respectively. The doping impact, which results in the
creation of gap states, is said to be responsible for the slight drop in bandgap values

caused by Ce incorporation [232,256,257].

The chemical compositions of the pristine and doped nickel oxide layers were
determined using X-ray photoelectron spectroscopy. The survey spectra and identical
high-resolution spectra of Ce, Ni, and Zn are indicated in Figure 6.5 (a)-(b) [240].
The non-stoichiometry and existence of Ni and O in NiOy, as well as Ni, O, Zn, and
Ce elements in Zn-Ce co-doped NiOx films, are confirmed by the wide survey

spectrums.
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According to the Figure 6.5 (e) and (f), for Ce the 4ps/, and 4p,,, peaks are placed at
203.4 eV and 224.5 eV, respectively, while the 2p;,, peaks for Zn are located at 1019.0
eV [241]. In the nickel oxide film, irrespective of doping treatment, the combined
states of divalent and trivalent Ni charged particles are available, according to XPS
data of the Ni 2p;/,, peaks in both NiOx and Zn-Ce co-doped nickel oxide layers
[230,243,258,259]. The three different peaks in the Ni 2ps,, XPS spectra of pure and
doped nickel oxide films are correlated with the NiO structure reorganization
proceeding (860.9 - 861.6 eV), the vacancy induced Ni*? ion (855.5 - 854.9 eV), and
the cubic nickel oxide rock salt's typical Ni-O octahedral bonding characteristics
(853.2 - 853.3 eV) [260,261]. Obviously, the Ni*3*/Ni*? ratio grows with co-doping in
this analysis, as illustrated in Figure 6.5 (c) and (d) [240]. Furthermore, Lee et al
[241] identified XPS spectra of Zn-doped nickel oxide films, despite this fact that it
was not noted the Ni3+/Ni2+ ratio, which shows no noticeable growth. We may
conclude that co-doping resulted in a small growth in the ratio. The Ni*? level, which
is connected to Ni,Os, indicates that there is excess oxygen inside the NiO structure
due to Ni vacancy [262]. That is to say, higher trivalent states, as opposed to divalent
states, are analogous to the absence of one electron, which can significantly increase
the number of hole carriers, causing hole transport easier. Then, according to
previous reports [263-266], the moderately increased Ni*?/Ni*? ratio in Ce and Zn
co-doped layers can supply an enhancement in conductivity of hole. However, Chen
et al. suggested that nickel can be replaced and intercalated into the structure when
nickel oxide is doped with the Cs. Since Cs has a larger atomic radius than Ni,
incorporation into the lattice is assumed to be surrounded, resulting in a deformation
of the lattice and a structure that is much more amorphous in comparison to pure
layers. In addition, increases the trivalent acceptor ratio, as a result, the conductivity
of hole improves. larger atomic radius of Ce (248 pm) may be linked to its

improved conductivity in the same way [229].

109



(@) (b)

;:-' Ni 2p,, NiO, ; Zn 2p;;, Ni 2p,;, NiO,:ZnCe
e &
a‘ Qs z. 01s
2 C1s 2 Ce 4 p,y,
2 &
E A | E
1 1 — -l — 5 1 1 —t e
1000 800 600 400 200 1000 800 600 400 200
Binding Energy (eV) Binding Energy (eV)
(c) (d) (e)
NiO, NiO,:ZnCe 3 :’, Zn 2py,
v @ Base @»Base = é L ]
e = = «Fit - = Fit - f &

— Ni . — [
1N A ?!& 5 ® g
8 E 3 L @ £
> % Ni > ’ - =
s { e ElneT., ¢ 1016 1020 1024 1028
= H - —_—
£ # % £ 't ' H ;3_ Ce 4 ps, (f) Cedpy,

f m v g

B L / . % i X . 1

852.5 855.0 8575 860.0 8625 852.5 8550 857.5 860.0 8625 9

Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 6.5 The wide survey XPS spectra of the (a) NiOy (b) Zn-Ce co-doped NiOy (c)
deconvolution of Ni 2p;,, for NiO, and (d) Zn-Ce co-doped NiO, (e) deconvolution of Zn
2ps,» (f) deconvolution of Ce 4ps,» and 4p;,, for Zn-Ce co-doped layers [240]

SEM images with different resolutions of the perovskite films growing on
undoped and co-doped NiOx layers are shown in Figure 6.6(a)-(b) [240]. This should
be noted that mirror-like perovskite formation occurs immediately following toluene
washing and annealing. Both perovskite films have uniform, with pinhole-free
surfaces, as can be seen in the low magnification illustration (left), implying a mirror-

like surface.

The underlayer's surface chemistry, which is attributed to the doped materials, may
indeed affect formation morphology [241,243], regardless of the fact that the precise
reasoning behind perovskite development morphology is not fully understood.
Nevertheless, SEM analysis shows that the surface morphology stayed consistent no
matter what the HTLs used, which is consistent with previous reports [229,267,268].

Furthermore, the mean grain sizes of the perovskite films on pristine and co-doped
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NiOy films were about 306.3 nm and 339.5 nm, respectively, which were obtained

employing image J program through a 3.45 X 2.25 um? area.
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Figure 6.6 SEM surface images of the perovskite layers growth on (a) NiOy and (b) Zn-
Ce co-doped NiO, HTLs under different magnifications and corresponded grain size
distribution [240]

Figure 6.7 (b) [240] shows the J-V curves of devices with various HTLs under

illumination, and Table 6.1 lists the photovoltaic parameter. Device employing pure

NiOx led to a Jsc of 20.7 mAcm?, Vo of 970 mV, FF of 0.50 and PCE of 10.04%.

When compared to untreated cells with the identical quantity of optimal doping
proportion, only cerium doped (6 mmol %) nickel oxide layer engaged devices

showed an improvement in fill factor and Voc values, however Jsc was marginally
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reduced. The Voc and FF values reduced while the Jsc increased for just Zn doped (18
mmol %) NiOx used devices, which is related to the morphology characterized by
AFM and electrical conductivity analyzes, respectively. As compared with the
reference cells, the system that used co-doped (18:6 mmol) nickel oxide exhibited a
significant enhancement. For NiOx and co-doped NiOy involved perovskite cells, the
Jsc, FF, Vo, and PCE quantities altered from 20.7 mA cm™ to 22.3 mA cm?, 0.50 to
0.63, 970 mV to 1030 mV, and 10.04 % to 14.47 %, respectively. Furthermore, for

Zn-Ce co-doped and pure NiOy, series resistance was examined to be 6.8 {) cm2and

10.6 Q) cm?, respectively. Enhanced conductivity in co-doped HTLs is assumed to be
the reason for this. Furthermore, Ry, Was increased for the co-doped NiOx that used

perovskite devices, indicating current leakage is reduced and FF is increased.
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The dark J-V graphs of the perovskite devices with pure nickel oxide, Ce, Zn, and Zn-
Ce co-doped NiOx films are illustrated in Figure 6.7 (c) [240]. The rectifying ability
of co-doped NiOx films is improved. In addition, the decrease in leakage current could

be attributed to less charge accumulation and recombination at the doped NiOx

/perovskite interface, leading to an improvement in device FF and Js

[232,244,269,270].

Device’s HTL JSC FF PCE Rseries Rshunt
(mA cm?) (%0) (Q em?)  (kQcm?)
NiOy 970 20.7 0.50 10.04 10.6 2.0
NiOx:Ce (6) 990 17.4 0.55 9.47 10.9 2.7
NiOx:Zn (18) 930 21.1 0.49 9.62 7.8 1.4
NiOx:ZnCe (18:6) 1030 22.3 0.63 14.47 6.8 3.9

Table 6.1 Device Parameters of the PSCs Based on various NiO, HTLs (doping:
mmol %) [240]

To test the validity of the current density improvement by co-doped NiOx films, EQE
measurements were performed and the obtained IPCE spectra are shown in Figure
6.7 (d) [240]. Co-doped layer engaged devices have a larger external quantum
efficiency, indicating a higher photon-to-current turning, as shown on the Figure 6.7
(d) [240]. This is assumed to be due to increased charge collection efficiency and
improved perovskite development. For NiOy, Ce, Zn, and co-doped NiOx, integrated
photocurrents of 18.7 mA cm?, 14.8 mA cm™?, 17.7 mA cm™, and 21.9 mA cm™ were

achieved, which were near to Jsc values [241,271].

The space charge limited current (SCLC) method was used to examine the trap
density inside the perovskite using hole-only cells in an ITO/HTL/Perovskite/Ag
arrangement. Figure 6.8 (a) [240] depicts the corresponding J-V plots, which indicate
that the doped layer engaged devices have a higher current density than the

undoped one appointed references at the exactly similar bias voltage, implying
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greater hole conductivity. According to Mott-power Gurney's law, SCLC J-V plots
show a linear relationship at low voltages, followed by a nonlinear increase at

voltages above the Vi, where all trap states are occupied [270].

The perovskite trap density can be determined using the 4-3 equation. Where e, &,
&, Nuap and D represent electrical charge, the perovskite dielectric constant [220], the
vacuum permittivity, trap density and the thickness of perovskite film (430-450 nm).
From Figure 6.8 (a), the Vi, quantities for NiOx, Ce, Zn, and co-doped nickel oxide
utilized hole only cells were 585 mV, 454 mV, 492 mV, and 422 mV, respectively.
Density of the trap for NiOy, Ce, Zn, and co-doped NiOyx based cells were 1.02x10%*
cm?, 0.79x10% cm®, 0.86x10'° cm™, and 0.74x10'° cm™, respectively, which were
consistent with the literature [264,270,272] and indicated that co-doping reduced
the trap density [244,264,273]. The hole mobility of the pristine and modified NiOx
layers was also determined using the Mott-Gurney equation (4-4 equation), as shown
in the inset in Figure 6.8 (a). where L, &yjoy, 4 and &, are the thickness of the NiO,, the

dielectric constant of NiO, [274], mobility and vacuum permittivity respectively.

For NiOx, Ce, Zn, and co-doped NiOx films, the hole mobilities were measured as
1.32%x10% cm?V's?, 4.92x10° cm?V's!, 4.74x10° cm?>V's?, and 22.1x10° cm?V-
st respectively, which are in a good agreement with the literature [244,275,276].
The hole mobility was substantially increased by Zn-Ce co-doping, as predicted and

verified by XPS measurements.

By varying sample configuration and architecture, the Hall effect can be used to
determine the charge mobility of semiconductors, which necessitates the use of an
insulator substrate, resulting in a change in crystallinity, as well as an imperfect
estimation of the factor of Hall scattering. The van der Pauw setup was used to
analyze the Hall charge mobilities of the different hole transport layers at ambient
air, as shown in Figure 6.8 (b) [240]. The measured charge mobilities for undoped,
Ce, Zn, and co-doped NiOx films were determined to be about 103.95 cm? V's?,

181.20 cm?*V's?, 109.75 cm?V's?, and 334.95 cm?V's!, respectively [258,268,277].

114



(@) (b)

103 ! NiO,(:ZnCe > Applied Magnetic Field
NiO,:Zn Zas0}
&g P3HT E Applied Current l
= Ag
s 102 L (:H!Pbl3NH3 g‘ HTL K
£ Z 300 5
: : m -
K] k] r
g 10"} E 150
a o @ :is sermioims 9
e ’ . R . ,
[
£ : NiO, NiO,:Zn NiO,:Ce  NiO,:ZnCe
8 10%F A (C)
5025 600004
s 4 5 o ?
10_1 E Voltage® (V¥) g §
0.1 g [e—Nio, 2
(d) Voltage (V) S [——NiO,:Ce £
2 [—e—Nio,:zn 15 16 1.7 18
NIO‘;:Zn 3 NiO.:ZnCe Energy (eV]
——NiO =
~F . "_ 600 700 800 900 1000 1100
3 < :fgx-ge /7 Wavelength (nm)
— | —e—NiO,:Zn
2| —e—Ni0,:ZnCe (€)
S | NlO_:Z\Ce ' R
£ 5
- HTL e
ol )

700 735 770 805 840 875 1.60 1.68 1.76 1.84 1.92 2.00
Wavelength (nm) Energy (eV)

Figure 6.8 (a) Dark J-V curves of the hole-only devices with a
ITO/HTL/CHsNHsPbI;/P3HT/Ag configuration (b) Hall mobility measurements for
various NiOy HTLs (c) Photoluminescence spectra for the perovskite layers on
various NiO, HTLs (d) Absorbance spectra with Tauc plots (e) Urbach energy plots
for various NiO, HTLs [240]

Figure 6.8 (c) [240] shows PL spectra and peak maximum changes for perovskite
films on different nickel oxide using an ITO/HTL/CH3NH3PbI3/PCBM structure. As
compared to pure NiOy, the co-doped NiOx HTL configuration showed quenching
action, suggesting facilitated hole extraction and carrier transfer at the interface
between perovskite and hole transport layer. This finding demonstrated improved p-
type conductivity and work function. However, the PL intensity of Zn doped HTL
structures was significantly higher than that of pristine HTL structures, which could

be clarified by the NiOx:Zn layer's lowest p-type conductivity, lowest work function,
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and coarsest morphology. When comparing the Ce doped HTL structures to the Zn
doped ones, a more quenched behavior was found, suggesting improved p-type
conductivity and reduced roughness. The A,.x of PL curves for undoped, Ce, Zn,and
co-doped layers were 760 nm, 774 nm, 767 nm, and 758 nm, respectively, indicating
a blue-shift for the co-doped layer engaged device, which could be connected to

removed tail-states close band edges of CH;NHsPbI; [243].

The absorption spectra of perovskite films on different HTLs are displayed in Figure
6.8 (d) [240], and Tauc plots revealed a bandgap of 1.60 eV [278] irrespective of
doping, as predicted for CH;NH;PbI;. The slopes of Fig. 6.8 (e) [240] were used to
calculate Urbach energies “Ey” by applying the following formula [279],

loga = loga, + (E—V) (6-1)
0]

which were 113.9 meV, 93.9 meV, 98.3 meV, and 88.4 meV for NiOy, Ce, Zn, and co-
doped NiOx films, respectively. The measured energies were consistent with the SCLC
study since the Urbach energies were linked to lattice distortion, defects, and trap

states.

Finally, the stability and reproducibility were examined under high humidity
conditions. Figure 6.9 [240] shows the change of PV parameters in a box chart for

nickel oxide based utilized devices.
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Figure 6.9 Box chart graphics of the photovoltaic parameters for various NiO, HTL
employed PSCs [240]
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Mean Vo values for pristine, Ce, Zn, and co-doped NiOx engaged devices are 939 mV,
970 mV, 881 mV, and 1025 mV, respectively, although Jsc values for pristine, Ce, Zn,
and co-doped NiOyx engaged devices are 17.4 mA cm?, 18.7 mA cm?, 14.9 mA cm?
for 21 best cells. Pristine, Ce, Zn, and co-doped NiOx cells yielded FF average values
of 52.5, 57.5, 54.1, and 65.2, respectively. Consequently, for pristine, Ce, Zn, and co-
doped NiOyx devices, average PCE results ranged between 8.5, 8.3, and 13.5 %,
respectively. In comparison to pure NiOx devices, the PCE and Vo values of co-doped
NiOx based devices show a significant progress. For the co-doped NiOx based
perovskite solar cells, Voc and PCE have narrower ranges, resulting in greater
reproducibility. Specifically, the increase in Voc demonstrated the impact of doping,
which results in improved energy level configuration. Furthermore, the box diagrams
for co-doped NiOy involved cells had a lower standard deviation, indicating greater
reproducibility. In Figure 6.10 [240] the stability of the perovskite solar cells is
shown. All of the devices were kept out of glove box, without encapsulation, at more

than 60 % RH and 25.0 ° C.
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Figure 6.10 Short term device stability curves for NiO, and Ce-Zn co-doped NiOy
employed PSCs stored under aging conditions with RH around 70 % and
temperature; 23-25.0°C [240]

The efficiency values of NiOx based perovskite devices dropped to 10% of their initial
values in less than 120 hours, however co-doped NiOx based PSCs maintained 60%

of their initial PCEs over the similar time span. This increased short-term stability can
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be attributed to the greater carrier extraction abilities of co-doped NiOx films, and the

improved interconnect between the hole transport layer and the perovskite film.

6.4 Conclusion

For the first time in the literature, this investigation showed a fast and easy sol-gel
method for glove-box-free manufacturing of CH3NH3PbI3-based PSCs using Zn-Ce
co-doped NiOyx. The PV performance of the cells was improved when they were co-
doped with Ce and Zn at a ratio of 6 and 18 mmol %, respectively, compared to
undoped NiOx. The SCLC method, which indicates hole mobility and trap density
inside the perovskite film, was performed to determine them. The hole mobilities of
Zn-Ce co-doped NiOx films were estimated to be 16.7 orders of magnitude stronger
than those of pristine nickel oxide films, however trap densities of perovskite films
formed on Zn-Ce co-doped NiOx HTLs reduced by 27.4%. Zn-Ce co-doping improved
the work function of NiOx from 5.26 eV to 5.37 eV, which may be attributed to the
substantially enhanced Voc from 967 to 1030 mV. However, the increase in the FF
from 0.50 to 0.63 is related to improved conductivity, hole extraction, and

morphology of the interface between hole selective layer and perovskite film.

The PCE was successfully increased from 10.04 % to 14.47 % by using Zn-Ce co-
doping. According to our results, co-doped NiOx HTLs boost system stability, which
may be due to improved carrier extraction abilities of HTLs, resulting in lower trap

density in the perovskite film.
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7

RESULTS AND DISCUSSION

7.1 Conclusions

Organic-inorganic hybrid perovskites are a kind of semiconductor substances that has
prompted a lot of interest in light-emitting diodes and PV systems. Within a decade of
research, perovskite solar cells have experienced a tremendous increase in PCE
from 3.9% to more than 25%, making them competitive with commercialized Si-
based photovoltaic devices. This is due to its advantageous inherent features, which
include a high absorption coefficient, high carrier mobility, long diffusion length, and

tunable bandgap.

In Chapter 3 the impact of UV irradiation on ITO/PEDOT: PSS samples in p-i-n type
of PSCs was studied. We demonstrated that UV radiation alters PEDOT: PSS
morphology, which in turn alters the film forming features of perovskites on various
PEDOT surfaces. Moreover, as a significant benefit, we revealed in our research that
for observing the impact of UV light on the operation of the cells, a long UV radiation

time is not required.

In Chapter 4 we prepared a zinc doped PEDOT: PSS as a hole transport layer for
inverted PSCs, which resulted in a significant increase in efficiency and stability. The
enhanced surface morphology of doped HTL revealed a surface that is less rough and
more homogeneous than the original one, suggesting that the high fill factor value is

due to synergetic effects.

In Chapter 5 we utilized the BCP as an interlayer between PCBM and Ag to enhance
PV performance. As the BCP concentration was optimized, the series resistance of

devices reduced, resulting in improved performance of device.
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It was shown in chapter 6 that a fast and easy sol-gel method for manufacturing of
CH3NH3PbI3-based PSCs out of glovebox using Zn-Ce co-doped NiOx. The PV
performance of cells was improved when they were co-doped with Ce and Zn at a
ratio of 6 and 18 mmol %, respectively, compared to undoped NiOx. According to our
results, devices with co-doped NiOx HTLs boost stability, which may be due to
improved carrier extraction abilities of HTLs, resulting in lower trap density in the
perovskite film. As a result, Zn-Ce co-doped NiOx HTL is supposed to be a promising
hole extraction choice for p-i-n type perovskite solar cells that are both effective and

stable.

7.2 Future work

It is found that using zinc acetate dihydrate as an additive in PEDOT:PSS solution
resulted in a significant increase in efficiency and stability. Fabricating devices with
comparable efficiencies will be advantageous using different salts to see if the same
improvement in performance will be observed upon the same condition. This may
give us some ideas on which salt can improve the performance of device better. The

results will be valuable in the design of better and developed PSCs.

The effect of different buffer layers such as PEIE and LiF can also be studied. It will
also be interesting to achieve more reduction in series resistance and further

improvement by utilizing different interlayers.

we predict that efficiencies can be increased even more by utilizing FTO instead of
ITO as substrates and implementing various perovskite precursors, especially other

suitable perovskite choices within a glove box.
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