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Analysis
by Selma Durak

This project investigated organic and inorganic perovskite solar cells in terms of their
design, fabrication, and photovoltaic performance using computational and
experimental methods. Bismuth-based perovskites were theoretically explored by
employing density functional theory through the Cambridge Serial Total Energy
Package software. Perdew-Burke-Ernzerhof exchange-correlation functional for solids
was employed to examine structural, electronic, and optical properties of Bi-based
perovskites. The crystal structure of Bi-based perovskites was simulated using Jmol
and VESTA. Electronic density of states, joint density of states and absorption
coefficients were performed using OptaDOS.

Additionally, Bi-based perovskite solar cells were fabricated to analyse their
photovoltaic performance. The precursor materials were produced using the
wet-chemical synthesis method. Diffuse reflectance and transmittance spectroscopy
were used to obtain spectral properties of Bi-based perovskites. The energy band gaps
of the perovskites were estimated using Tauc plots with the Kubelka-Munk function.
The layers of Bi-based perovskite solar cells were structured using spin-coating and

sputter-coating methods.

Furthermore, degradation and recovery investigations were conducted using
lead-based perovskites with titanate nanotubes. The ion-exchange method was
utilised for producing lead titanate nanotubes. Pb-based perovskite solar cells with
titanate nanotubes were fabricated using the doctor-blading method. Diffuse
reflectance and Fourier-transform infrared spectroscopy were used to show the

influence of methanamine hydroiodide treatment on degraded perovskites.

First principles density functional theory calculations showed that the crystal
structure of Bi-based perovskites, which were Cs3zBi; Iy, Cs3Biy Brg and CszBiy Brz I,
crystallised in the hexagonal space group. The electronic band structure of CszBiyIg
estimated 1.99 eV of Cs3BiyIg band gap energy, which was compatible with 2.00 eV
band gap energy from Tauc plots. The energy band gap of Cs3zBir Brg was determined
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as 2.42 eV and 2.68 eV from the computational and experimental studies, respectively.

The current density-voltage characteristics of the Cs3Bip BryIg_x solar cells
demonstrated that the perovskite solar cell with Cs3Bi;Brsls achieved the highest PCE
of 0.067% compared to the other Bi-based cells. The degradation and recovery study
revealed that methanamine hydroiodide treatment significantly restored the diffuse
absorbance response of MAPbI3/Tint and the current density-voltage characteristics
of the MAPDI;3/Tint solar cells.
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Chapter 1

Introduction

1.1 Introduction

The production of electrical energy is a crucial issue because the energy demand is
significantly increasing due to technological improvements. The energy sources to
tulfil the demand can be separated into three groups, which are fossil fuels, nuclear
energy, and renewable energy [1]. In 2020, the global energy demand was mainly
tulfilled by conventional methods, which were oil at 33.6%, coal at 27.2%, natural gas
at 23.9% and nuclear at 4.4%, whereas renewable energy provided 10.8% of energy
need [2]. However, the usage of fossil fuels has raised concerns about their
environmental damage because they cause an increase in the CO, amount in the
atmosphere by emitting the carbon absorbed millions of years ago [3]. Therefore,
renewable energy sources have gained great interest as they provide not only clean
and sustainable energy [4].

Renewable energy sources consist of solar, wind, hydro, geothermal, ocean thermal
energy conversion and biomass [5]. The energy generation by renewable sources is
considerably provided by hydropower (44.4%), wind energy (25.26%) and solar
energy (24.23%), while biomass and geothermal energy contribute 5.37% and 0.54% of
electricity generation, respectively [6]. Among renewable energy sources, solar energy
has zero greenhouse gas emissions to the atmosphere to produce electrical power [7].
Additionally, the increase in photovoltaic (PV) projects and research led to significant
enhancement in solar PV device technology [8]. Therefore, PV solar cells offer lower
cost and less energy-intensive fabrication processes along with the usage of abundant

and economical material [9].

Especially, perovskite solar cells (PSCs) have gained considerable interest thanks to
their cost-effective production techniques and the substantial increase in power
conversion efficiency (PCE) in recent years. PSCs were introduced with a PCE of 3.8%
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[10] in 2009; however, upon implementation of different chemical compounds and cell
preparation techniques, their efficiency has already surpassed the value of 24% [11];
that is also a reason for the perovskite solar cells to have great interest. Additionally,
the sensitivity of perovskites to moisture and temperature has been relatively
overcome. Thus, PSCs have become suitable devices employed in electricity
generation with the help of photovoltaic device technology.

PSCs are produced employing different fabrication techniques among which
spin-coating is the most used solution deposition method [12]. This method limits the
size of substrates and is applied on small-area devices (<1 cm?); however, large-area
(>100 cm?) devices are needed for the commercialisation of PSCs [13]. Thus, scalable
solution-based deposition methods have gained interest in fabricating PSCs, such as
doctor blading, slot-die coating, spray coating, inkjet printing, screen printing and
electrodeposition [14]. Additionally, crystalline silicon solar cells are widely used in
the PV market due to their high module efficiency, availability, non-toxicity, and
longevity, but they suffer from the theoretical efficiency limit of 29.56% [15].
Perovskite/silicon tandem solar cells are promising candidates to overcome the
efficiency barrier to produce PV devices with higher PCE. For instance, a non-toxic
perovskite/silicon-based solar cell achieved a PCE of 30.7% [16]. Therefore,

perovskites can be used in module fabrication and thereby brought to the market [17].

Perovskite materials have a chemical formula of ABX3 where A is a cation, Bis a
metal, and X is a halogen. The cation A fits into the space composed of four adjacent
corner-sharing BX, octahedra. Besides, the ionic radii of A, B and X have been used
for establishing the distortion of the BX4 octahedron [18]. Detailed information about
perovskite materials has been given in Section 1.2, while perovskite device
architecture and PSC preparation methods have been described in Section 2.1 and
Section 2.2, respectively. Besides, fundamental concepts of solar cells have been
introduced in Section 1.4.

The perovskite devices have been fabricated using various perovskite chemical
structures created by the changes in the parts of the ABXj3 structure. In the literature,
some studies focus on the halogen, cation, or metal parts of the perovskite structure,
which resulted in many perovskite materials being developed and introduced. Based
on that, the information on two types of perovskite materials has been described and
discussed in Section 2.3, highlighting dual-metal perovskites and mixed perovskites.
Additionally, the properties of those hybrid perovskite solar cell studies and research

findings have been presented and discussed.

Density functional theory (DFT) has been employed to conduct computational studies
on perovskite materials. In this project, DFT has been used for numerical calculations,

and results were visualised utilising Cambridge serial total energy package (CASTEP).
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The fundamental concepts of DFT have been given in Section 1.3, while relevant
studies on the perovskites with DFT have been presented in Section 2.4.

In this thesis, inorganic bi-based perovskites and organic-inorganic lead-based
perovskites with titanate nanotubes (Tint) have been investigated in terms of
photovoltaic characteristics and long-term stability. The inorganic Cs3Bi; Iy and

Cs3Bip Brg perovskites have been examined to investigate the structural, electronic,
and optical properties of the perovskites with the help of the CASTEP computer
program code using first principles DFT calculations. The results of the computational
study were revealed in Chapter 4.

Additionally, dual halogen bi-based perovskites with the chemical structure of
Cs3BiyBrylo_y have been investigated in terms of their spectral and photovoltaic
properties in Chapter 5. The UV-vis spectra of the perovskites were examined, and
their energy band gaps were estimated using Tauc plots.

Moreover, MAI treatment to recover degraded MAPbI; with titanate nanotubes
(MAPDI3/Tint) has been investigated in Chapter 6. The UV-vis spectra of precursors
were examined, and the energy band gap of MAPbI3 /Tint was obtained using the
Kubelka-Munk function. The current density-voltage (J-V) characteristics of
MAPbI; /Tint solar cells were investigated before and after degradation and MAI

treatment.

1.1.1 Issues with Perovskites

Perovskites have gained considerable interest as absorbers of light in photovoltaic
devices because of having favourable optical properties, such as tunable band gap,
ambipolar charge carrier transport and long diffusion length of the charge carriers
[19]. Additionally, a remarkable improvement in power conversion efficiency (PCE) of
hybrid organic-inorganic metal halide perovskite solar cells has been achieved in the
past decade, as the highest PCE value of the solar cells was recorded as 24.2% [20].
Nevertheless, perovskite solar cells are facing two key issues, which are the toxicity of
lead (Pb) and long-term stability.

The long-term stability issue in perovskite solar cells stems from various structural
and environmental challenges, such as small grain size, moisture, heat, light, and
oxygen [21]. The stability issue can be solved by tuning the tolerance factor to
enhance the stability of perovskite materials [22]. However, the Goldschmidt
tolerance factor can only be used to determine the stability of perovskites having a
chemical structure of ABX3 [23].

As for the toxicity problem of lead-based perovskites, the homovalent substitution of
lead with tin (Sn) and germanium (Ge) has been proposed. However, it was reported



4 Chapter 1. Introduction

that, Sn>" and Ge?* were easily oxidised into Sn** and Ge*" in air, which is a stability
problem [19]. On the other hand, the use of trivalent metal cation-based perovskites
has provided non-toxic and stable materials for perovskite solar cell fabrication. For
instance, the organic-inorganic bismuth-based perovskite film performed great
stability for 40 days under humidity and ambient air at room temperature [24].

1.1.2 Aim and Objectives

Considering the advantages and limitations of perovskite solar cells, this project aims
to produce perovskites with improved stability and to analyse perovskite solar cells

using computational and empirical methods.
The main objectives of the study are:

(i) to investigate electronic and optical properties of low-toxic perovskite materials

using theoretical simulations

(ii) to determine an efficient solution-based fabrication procedure to build the layers in
the cell structure

(iii) to fabricate perovskite solar cells with improved stability by considering the
necessary arrangements in the production of perovskite material and the solar cell

architecture

(iv) to seek methodology to recover degraded solar cells.

1.2 Perovskite Solar Cells

Perovskite originates from calcium titanium oxide mineral with the formula of
CaTiOs3, which was discovered by Gustav Rose in the Ural Mountains of Russia in
1839 [25]. It was named after Russian mineralogist Lev Perovski, who defined the
ABX3 chemical structure [26]. Thus, the chemicals with ABX3 general chemical
formula have been called perovskite.

In the ABX3 structure, A and B are cations of varied sizes, while X is an anion [25].
The A cations can be selected as methylammonium (MA) (CH3N ng ), formamidinium
(FA) (HC(NH,)y), tetramethylammonium (TMA) ((CH3)sN"), Cs*, and Rb™,
whereas the smaller cation, B, is chosen as a metal such as Pb>+, Sn2*, Ge?t, Cu?t,
Eu?* and Co?* [27]. On the other hand, the X is a halide ion such as I~, CI~, Br~, and
F~ [28].

The crystal structure of the perovskites consists of corner-sharing BXs with A cation,

which is shown as the three-dimensional framework in Figure 1.1 [29]. In the cubic
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FIGURE 1.1: ABXj3 perovskite structure [29].

cell, A is located at the corners of the cube, while B is settled in the centre of the cubic
cell and surrounded by the X anions. Apart from the cubic cell, various crystal
structures are obtained by tilting and rotating of BX¢ polyhedral such as tetragonal,
orthorhombic, rhombohedral, and hexagonal [30].

The typical perovskite solar cell consists of several layers, which contribute to
determining the electronic and optical properties. Perovskite material is sandwiched
between two charge carrier layers facilitating the movement of electrons and holes.
These charge transport layers, namely the electron transport layer (ETL) and hole
transport layer (HTL), are connected to two electrodes, which act as cathode and
anode. The electrode, whose surface sunlight hits, can be selected as indium tin oxide
(ITO) or fluorine-doped tin oxide (FTO), while the counter electrode can be chosen as
Au, Ag or Al [31]. Figure 1.2 depicts a basic perovskite cell structure [32]. In the cell,
compact-TiO; (c-TiO;) material is used as the electron-selective layer.

Light

|:| Glass
Scaffold/

perovskite . FTO
(optional)

|:| Compact TiO,

Perovskite . Perovskite
(optional)
[]H™
D Au

Au orAg/

FIGURE 1.2: Perovskite cell structure [32].
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1.3 Density Functional Theory

DFT has been applied in many different scientific fields such as condensed matter
physics, solid-state chemistry, and materials science [33]. By defining the crystal
structure of a material, band structure, the density of states, acoustic wave
propagation and elastic constants, electron-energy loss spectra (EELS), nuclear
magnetic resonance (NMR), infrared (IR), Raman and inelastic neutron scattering
(INS) can be obtained [33]. To simulate these properties, CASTEP is an effective

computer program to use, which is a first principles quantum mechanical code [34].

The behaviour of nuclei in an atom can be described by Born-Oppenheimer
approximation as if it is a classical point-like particle, whereas the behaviour of
electrons is defined by solving the Schrodinger equation [33]. For the one-electron
systems, the solution of the equation is straightforward, yet it becomes a complex
problem to solve when the electron number increases and the many-body Schrodinger
equation is required to define the behaviour of the electrons [35]. Nevertheless, the
difficulty of the solution of the many-body Schrodinger equation can be overcome
when the density of electrons is considered by using DFT. The fundamental principle
of DFT is that the total energy of a system, consisting of nuclei and electrons, is a
unique functional of the electron density [33].

In the DFT problem, the ground state energy and particle density of a system with
N-electron have converted a set of independent particle equations, Kohn-Sham
equations [36]. These equations contain a modified effective potential, which is a
functional of the total density and includes quantum-mechanical exchange and
correlation of the particles [33]. The commonly used approximation for
exchange-correlation (XC) is local density approximation (LDA), with which it is
assumed that the XC energy density at a certain position depends only on the particle
density at that point. On the other hand, generalised-gradient approximations
(GGAs), including PW91 and Perdew, Becke and Ernzerhof (PBE) functionals, are
based on a local density gradient. The other common approximations beyond the
GGA are meta-GGA, in which the Laplacian of the density can be involved, hybrid
functionals, in which an experimental fraction of Hartree-Fock exchange is contained,
and DFT+U, in which an on-site Hubbard-U potential is considered [33].

After the exchange-correlation potential is determined, the basis for the single-particle
wave functions is chosen. Bloch theorem is used to define the wave function of the
periodic crystal system. Wave functions are represented by periodic Bloch functions
multiplied by a complex phase factor. The wave vectors of the phase factor are defined
in the first Brillouin zone in reciprocal space. Integrals over the Brillouin zone are
calculated numerically using a discrete mesh of wave vectors called k-points. The
Bloch functions are expressed by plane-wave basis sets controlled by a single

parameter, namely cut-off energy [33].
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In the core regions near the nuclei, singular electron-nuclei Coulomb interaction
induces sharp peaks in the Kohn-Sham states because of the increase of the high wave
vector. The Kohn-Sham states do not reflect the environmental impacts on the
chemical and electronic properties of the material since Coulomb interactions
dominate the potential in the core region. At that point, instead of Kohn-Sham states
or the Coulomb potential, pseudo-potentials are utilised to reproduce atomic
scattering properties and Coulombic form outside the core region [33].

1.4 Fundamentals of Solar Cells

1.4.1 Nature of Solar Radiation

Sunlight is an infinite energy source used to produce electricity utilising photovoltaic
devices. In photovoltaic devices, the quantum nature of light is considered for energy
conversion, and thereby light is considered as a stream of particles called photons [37].
The quantitative measurement of light is the wavelength. Light with a single
wavelength is defined as monochromatic, while light involving different wavelengths
is named spectrum.

Einstein’s relation is used to express the energy of photons in Joules as the light is
considered a flux of particles and given by [38]:

e
A

where & is the Planck’s constant (6.626 x 1073 J.s), v is the frequency of the radiation,

E=hy (1.1)

¢ is the speed of light in vacuum (2.998 x 10® m/s), and A is the wavelength of
monochromatic light. The energy of a photon in eV is defined by [39]:
_ (he/q) x 10 124

E/q= Ax108 A (in um) (1.2)

where g is the electron charge (1.602 x 1071 C).

A light beam is characterised by the area hit by light and the power from the sun.
Therefore, the irradiance in W/m? is given by [40]:
_ Power

C= Area (1.3)
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The photon flux density in s~!.m~2 defined as the number of photons passing through
an area perpendicular to the beam per second is given by [40]:

G Power/ Area

The formulation above is developed by considering monochromatic light, which is

characterised by a single wavelength, frequency, and photon energy in a beam.

The irradiance out of the atmosphere is defined as the solar constant, S=1353 W/ m?2,
while the irradiance, which is the sharp radiation on the ground, is named standard
irradiance, 1 kW /mZ2. The difference between these two originates from the obstacles
throughout the journey from extraterrestrial space to the ground like scattering or

absorption of light by air molecules or clouds [41].

a) b) !

A | zenith
v~ |
<l > scattered 0,=48.2° |

Va4
diffuse < >
o 3]
AM 1.5

beam
albedo

6;

AM 1.0

FIGURE 1.3: a) Solar radiation in the atmosphere b) Air mass

Figure 1.3-a demonstrates several types of solar radiation through the atmosphere.
The radiation is called diffuse radiation when it arrives at a receiver after being
scattered by clouds, while it is named albedo radiation when it reaches the receiver
after being reflected by the ground. However, the radiation is called direct or beam
radiation when there is no scattering or reflecting. The total radiation of direct, diffuse
and albedo radiation is defined as the global radiation [37].

The relative path length of a direct beam through the atmosphere is called air mass
(AM), which is an important parameter in the characterisation of solar cells. AM is
calculated from sec 0, where 6, is the angle from zenith as shown in Figure 1.3-b [42].
In clear weather conditions at sea level, AM is equal to 1 when the sunlight is at the
zenith. AM 1.5 at the zenith angle of 48.2 °C is used in standard test conditions for
solar cells together with the standard irradiance of 1 kW /m? [43].
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1.4.2 Fundamentals of Semiconductors
1.4.2.1 Energy Bands

The energy levels occupied by electrons within the crystalline solid construct energy
bands, which are the conduction band and valence band. The valence band is the
highest occupied energy band at absolute zero, while the conduction band is the
lowest unoccupied band. The highest energy level in the valence band and the lowest
energy level in the conduction band are denoted as E, and E,, respectively. The energy
difference between the top of the valence band and the bottom of the conduction band

is defined as the energy band gap, E, [41].

Electron energy

conductor At low At room
temperature temperature

insulator

Il valance band B conduction band W72 Occupied states [ Empty states

FIGURE 1.4: Schematic energy band diagram of a) conductors, b) semiconductors, and
¢) insulators

Figure 1.4 demonstrates the energy band diagrams of the conductor, semiconductor,
and insulator. In insulator materials, the band gap is wide enough to forbid the
movement of the electrons from the valence band to the conduction band; on the other
hand, in conductive materials, the band gap disappears, and conduction and valence
bands are adjacent or overlap, which provides the electron movement without facing
any obstruction. As for semiconductor devices, the energy band gap exists at low
temperatures, yet it is narrower than the band gap of insulators. Additionally, at room
temperature, some electrons in the valence band find enough energy to jump into the
conduction band due to thermal excitation, and thereby the semiconductor becomes
conductive. The vacant spaces in the valance band, which are created after the electron

movement from the valance band to the conduction band, are called "holes’ [39].

1.4.2.2 Semiconductors under Illumination

The empty conduction band and the fully occupied valence band are divided by the
energy band gap for the intrinsic (pure) semiconductors in absolute zero and dark.
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Once the semiconductor is illuminated with light, a photon excites an electron from
the valence band (VB) to the conduction band (CB), and an electron deficiency in the
valence band is created, thereby electron-hole pair is formed, which is demonstrated

in Figure 1.5-a.

a) b) °
Q Conduction : ) cB cB
] Band :, Thermalisation O

photon

AN

O vience O O

Band vB vB

FIGURE 1.5: Creation of electron-hole pairs in semiconductors under illumination by
following the process of (a) light absorption, (b) thermalisation and (c) creation of the
pairs

The photons, which have energy higher than the band gap, are absorbed by
semiconductors. Photons with lower energy than the band gap do not have enough
energy to excite the electrons, so they do not create electron-hole pairs. Thus, a
semiconductor with a certain band gap absorbs a finite part of the spectrum, and the

1

photon flux density in s~'.m~?2 is given by [44]:

O(E) = [ pu(E)E (15)

where ¢ is the spectral photon flux density in s"'.m2.eV~!, and E denotes photon
energy in eV. As an electron-hole pair is created, its energy is higher than the band
gap. After the interactions with the lattice, the nuclei, and the lattice vibrations, the
excited electron and hole lose their excess energy and are located at an energy level
close to band edges. The process is called "thermalisation” illustrated in Figures 1.5-b
and 1.5-c. Therefore, the energy of the electron and the hole is denoted by E, and E,,
respectively. All photogenerated electron-hole pairs have the same energy equaling
the energy band gap.

The first step for the conversion of light to electricity is the absorption of light and the
creation of mobile charge carriers, or electron-hole pairs. The following step is the
separation of charge carriers to produce current, voltage and power. In the
photovoltaic conversion, it is expected that one photon creates one electron in the
external circuit, so the current of a solar cell is estimated. Yet, in general, the number
of generated electrons is less than the number of photons. In case one photon creates
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one electron, the current in Amperes can be calculated by [37]:

I=®Aq (1.6)

1 m~—2, A is the area

where @ is the photon flux density of a monochromatic beam in s~
in m? exposed to light. Besides, the maximum voltage of the monochromatic beam is
V = E/q, where E is the photon energy because the electric potential energy is not
larger than the photon energy creating electron-hole pairs. Therefore, using

P = IV [38], the maximum power output in Watts is obtained as:

P = ®AE (1.7)

Thus, the maximum power conversion efficiency for a monochromatic converter is
equal to 100%. Nevertheless, semiconductors are different from monochromatic
converters because they absorb a broad range of wavelengths. Additionally, they are
facing fundamental losses. For instance, semiconductors cannot absorb light having
energy below the band gap energy, which causes a loss of photon flux and thus
provokes current loss. Another loss is energy loss during thermalisation after the
electron-hole pair is created, which causes voltage loss.

The current density of a semiconductor without applied external voltage is given
by [44]:

[ee]

J(Eg) = ¢ i ¢e(E)dE (1.8)

where ¢ is the spectral photon flux density. After applying I = ] x A [38], the
corresponding current in Amperes is found as:

[ee]

() = Aq [ ge(E)dE (19)

Additionally, the voltage of a semiconductor and the energy band gap relationship is
given by [37]:
qV < Eq (1.10)

where gV defines the energy of separated charges at terminals of the converter. On the
other hand, the right-hand side of the equation represents the energy of thermalised
electron-hole pairs after absorption, which denotes the band gap energy, unlike the
monochromatic beam in which the energy is the energy of the photon. Thus, using
Equation 1.8 and Equation 1.10in P = | x V [45], the maximum power density in
W.m~2 measured by the terminals of a solar cell is given by:

Pout = Eq /: ¢ (E)dE (L.11)



12 Chapter 1. Introduction

Besides, the incident irradiance power density in W.m 2 is given by [44]:

Py = /000 er(E)dE = /Ooo E¢g (E)dE (1.12)

where eg is the spectral irradiance. Therefore, the maximum efficiency of a

single-junction solar cell is defined by [44]:

E, [ ¢p(E)dE
7= ](Eg)V(Eg) _ goong (PE( ) (1.13)
Pin fo E¢r(E)dE

The selection of a semiconductor with an optimum energy band gap is important for
photovoltaic conversion. On the one hand, once a semiconductor with a band gap
near 0 eV is selected, the voltage is almost zero, although the current density is at its
maximum. On the other hand, when a semiconductor with a band gap close to 4 eV is
chosen, the current decreases to zero even though the voltage increases. Hence, the
energy band gap of semiconductors should be between 1-1.5 eV to produce a solar cell
with high efficiency.

1.4.2.3 Doping in Semiconductors

Semiconductors are insulators in an intrinsic form, but they are transformed into
conductive materials when photons are absorbed because the absorption creates
mobile electrons in the conduction band and mobile holes in the valence band.
Besides, semiconductors are turned into conductive materials adding impurities into

the semiconductor lattice, namely "doping’ [39].

The band theory is used to explain the transformation of semiconductors into
conductors adding impurities. In the crystal structure of silicon, each atom needs four
symmetrically positioned bonds to neighbouring atoms to construct a tetrahedral
crystalline structure known as a diamond lattice in Figure 1.6 [41].

FIGURE 1.6: The crystal structure of diamond
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Silicon is a group-IV element like germanium and diamond, whose electronic
configuration consists of four outer electrons, and it needs four symmetrically
positioned bonds to neighbouring atoms so that covalent bonding is constructed
between the atoms [39]. In the crystalline structure, each bond includes two electrons,
which are valence electrons in the band structure. Intrinsic silicon is an insulator as
the electrons are fixed in the crystalline structure, and there are not any mobile
electrons to provoke conductivity. The semiconductor starts conducting electricity

once an impurity is added to the silicon.

FIGURE 1.7: Schematic diagram of silicon a) with a group five impurity b) with a
group three impurity

The four outer electrons of silicon are satisfied by the four outer electrons of a group-V
element when silicon is doped by the group-V element like phosphorous, arsenic, etc.
The fifth outer electron of the group-V element stays free in the crystalline structure in
Figure 1.7-a. The free charge makes silicon conductive and presented in a conduction
band. The group-IV semiconductors doped by a group-V element are named n-type
semiconductors because they provide mobile negative charge carriers into the
crystalline structure. Additionally, the group-V impurities are called donors because

they donate electrons to the conduction band of the group-IV semiconductors [46].

On the other hand, an electron deficiency occurs in the crystal structure when silicon
is doped by a group-III element like boron, gallium, etc. Therefore, in the crystalline
structure, three bonds including two electrons and one bond with one electron are
constructed in Figure 1.7-b. The electron deficiency is named the hole presented in the
valence band. Holes are considered positive charge carriers, and the doped
semiconductor is named a p-type semiconductor. Besides, group-IIl impurities are
called acceptors [46].
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1.4.2.4 Current-Voltage Characteristics of Solar Cells

A p-njunction is the combination of p-type and n-type semiconductors, which are
produced by group three and group five impurities, respectively, shown in

Figure 1.8-a. Once the n-type semiconductor having mobile electrons and the p-type
semiconductor owning mobile holes are combined, the electrons move to the p-type
side, while the holes move into the n-type side. The electrons and holes near the

interface recombine, and thereby depletion region is constructed in Figure 1.8-b.

At the depletion region, a dipole field is constructed, which obstructs the further
motion of charge carriers. The dipole field creates a potential barrier, which prevents
electrons” movement to the p-side and holes” movement to the n-side. The potential
barrier is purely internal and not measured from the terminals of the semiconductor.
It is denoted by V}; meaning built-in potential in Figure 1.8-c. The built-in potential
barrier is changed by applying an external voltage, V. If forward bias is applied, the

potential barrier lowers in Figure 1.8-d.
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FIGURE 1.8: Schematic diagrams of a) combination of p-type and n-type semicon-
ductors b) construction of depletion region c) band structure of p-n junction d) band
structure of p-n junction under applied voltage

The net current flowing through the junction is given by [47]:

I=1I {exp <$> — 1} (1.14)
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where I is the current at thermal equilibrium. Equation 1.14 is named the ideal diode
equation determining current-voltage (I-V) characteristics of a semiconductor, rectifier,
or diode.

The electron-hole pairs are created after illumination of the p-n junction. Negative
charge carriers in the n-side produced by the illumination are much fewer than the
carriers created by doping. However, the number of negative charge carriers
significantly increases on the p-side after the illumination. Thus, the created electrons
on the p-side provoke the photogenerated current, I;, which follows the same path as
the electrons created by thermal activation over the band gap. The photogenerated
current is added to the current of I, because it reinforces the electron current across the
band gap. The net current through the junction is given by [48]:

I=1 {exp <qu‘;) — 1} — 1 (1.15)

Additionally, the photogenerated current is temperature independent, but it depends
on light intensity. Hence, the current is well approximated by the linear function of the
irradiance. Once I is changed by —1I, the current is given by [49]:

I=1—-1 {exp (73;;) — 1} (1.16)

which is named the Shockley solar cell equation. Figure 1.9 illustrates the
current-voltage characteristics of solar cells and diodes.

Current

— Diode (dark)
— Diode (under
illumination)

v

Voltage

FIGURE 1.9: I-V characteristics of diodes in dark (black) and under illumination (red)

As for electrical terms of solar cells, the current at zero voltage is named short circuit
current denoted by I.. The current is the photogenerated current, I;. On the other
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hand, the voltage at zero current is called open circuit voltage denoted by V,. and

kgT (1, > kgT (1,)
Voem —In|—+1)=2 —In|— 1.17
p o p o (1.17)

given by [47]:

The addition of +1 in the natural logarithm is neglected as I; is many orders of
magnitude bigger than Iy. The maximum power output generated at maximum
power point is given by [50]:

Prnax = TmpVimp (1.18)

where I, and V), are maximum current and voltage, respectively. Figure 1.10

demonstrates the I-V characteristics and power characteristics of solar cells.

(Vmp,lmp)
e -— — IV Curve
— Power Curve
Pmax

<V

VOC

FIGURE 1.10: I-V curve and corresponding power characteristic of typical solar cells

The maximum power is also calculated by Pj,x = FF I;:V,, where FF is the fill factor,
which is the measure of how closely the shape of the I-V curve is rectangular in
Figure 1.10. The fill factor is given by [49]:

Voe — In(voe + 0.72)

FF =
Voe + 1

(1.19)

where v, = V,./kgT.

As for the power conversion efficiency (PCE) of solar cells, it is defined as the ratio of
the electrical power obtained from solar cells and the power of incident sunlight, and

given by [41]:

Pmax I?’f’l Vm o FFISCVOC

PCE = Incident Power - Area X Irradiance  AG

(1.20)
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The efficiency of solar cells is determined by the measurements in standard test
conditions, which are the temperature of 25 °C and the irradiance of 1 kW/ m?2.
Additionally, the maximum power point is chosen for the efficiency calculations.

The number of electrons produced by incident photons is defined by the quantum
efficiency of solar cells, Q. Therefore, the photogenerated current density is given
by [40]:

Ji = qQc® (1.21)
where @ is incident photon flux density. Qf is also named external quantum efficiency
as it stems from external illumination.

Although I is proportional to the irradiance and almost independent of the

temperature, V,. strongly depends on temperature and is given by [49]:

E
Ve KTy (L) _ kT L _ b kT (€ (1.22)
q Iy q Ce Es/ksT q q I

where C is a prefactor which is weakly dependant on temperature. V,, does not

increase with temperature because I also depends on the temperature. Besides, V.
weakly depends on irradiance through Ij, yet it is not as strong as ;.. The maximum
efficiency from a solar cell is obtained when the voltage is equal to the ratio of Eo /4.
However, this maximum voltage cannot be obtained from a real solar cell, and it is just
for ideal conditions. Moreover, V,, cannot be higher than the band gap and lowers

with increasing temperature according to Equation 1.22.

1.4.3 Charge Carrier Statistics
1.4.3.1 Density of Carriers

Each allowed energy level in a crystal can be occupied by a maximum of two electrons
with opposite spins according to the Pauli exclusion principle. At low temperatures,
the electrons are allowed to occupy up to a certain energy level, which is called the
"Fermi level” denoted by u, which is described in more detail in Section 1.4.3.2. Once
the temperature increases, some electrons gain enough energy to settle in a higher
energy level denoted by E. The probability of the occupation is given by [41]:

1

f(E) = 1o st (1.23)

where kp is the Boltzmann constant, and T is the absolute temperature. Besides, the
number of permitted energy states per unit volume and energy, namely density of

states, is given by [43]:
_ 8\@ T mZB/ 2

N(E) = 227

E—L. (1.24)
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where m is the effective mass of electron, & is the Planck’s constant, and E. is the band
edge of conduction band. The number of electrons per unit volume in the conduction
band of the crystal is given by [41]:

Eﬂl{l)(

n= [ fE)N(E)E (1.25)

At high temperatures, because of E — i > kpT, Equation 1.23 can be converted to [41]:

F(E) ~ exp (” k;f) (1.26)

Once the upper limit of the integral in Equation 1.25 is taken as infinity since there are
not any levels above the E ., the density of states is obtained by [41]:

% 3/2 B
n=2 (ZngkBT> exp <Vkac> (1.27)

Once electrons are excited to the conduction band, they are rapidly thermalised and

occupy only a narrow shell near E.. The width of the shell occupied by electrons after
thermalisation is equal to the thermal energy of kgT. The number of states in this shell
of the conduction band is denoted by N.. Thus, the number of electrons per unit

volume is given by [39]:

n = No(T) exp (Vk;f) (1.28)

N, depends on the temperature and volume of the semiconductor. A semiconductor
with a larger crystal structure has a higher number of states. Hence, N, is also called
the density of states. In the Boltzmann approximation, the density of electrons in the
conduction band is given by Equation 1.28 where N.(T) is the effective density of
states.

On the other hand, the hole density in the valence band in thermal equilibrium is

2 wm® kgT 3/2 E. —
—o (P v H
p=2 ( i > exp < kT ) (1.29)

is effective mass of holes and E, is the band edge of valence band.

given by [39]:

*

p
Therefore, the density of holes in the valence band is given by [39]:

where m

p = No(T) exp (EZB_T" ) (1.30)

where N, (T) is the effective density of states in the valence band.
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1.4.3.2 Chemical Potential

The energy of electrons, y, is determined by integrating electron density and given
by [49]:

i =Ec+ksTln <£> (1.31)

The number of electrons is always smaller than the density of states. Therefore, y is
always lower than E. and higher than E,. y is called chemical potential, which is
thermodynamic energy. It is a free energy per electron and useful work within the

electron concentration at the temperature of T.

The chemical potential of electrons is also called the Fermi level. The states are
occupied by electrons below the Fermi level, while they are empty above the Fermi
level. In semiconductors, the Fermi level is in the band gap, so the valence band is
occupied, whereas the conduction band is unoccupied. In thermal equilibrium, in
which solar cells are in the dark and not exposed to an external voltage, the chemical

potential is constant throughout the system.

Charge carriers are only created by adding impurities in thermal equilibrium. For
example, in n-type semiconductors, the number of charge carriers is equal to the
number of donors, whereas the number of carriers is equal to the number of acceptors
in p-type semiconductors. Hence, the chemical potential can be calculated using the

donor and acceptor concentrations.

The chemical potential of an intrinsic semiconductor is close to the middle of the band
gap. In a p-type semiconductor, the chemical potential is in the bottom half of the
energy band gap, while the electrochemical potential in an n-type semiconductor is in
the top half. The chemical potential on the n-side, namely the electrochemical
potential, is given by [51]:

pe = Ec(r) —kgTIn (éf) (1.32)

where E.(r) is the position-dependent energy of the bottom of the conduction band,
N, is the density of states in the conduction band, and n is the electron concentration

on the n-side, which is equal to donor concentration on the n-side.

On the other hand, the chemical potential on the p-side is given by [46]:

pn = Eo(r) + kpTIn <Z\;> (1.33)

where E, () is the position-dependent valance band edge, N, is the density of states in
the valence band, and p is the hole concentration on the p-side, which is equal to the

acceptor concentration on the p-side.
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1.4.3.3 Mass Action Law

Semiconductors and solar cells operate at a certain temperature at which electrons are
thermally activated to the other band. Charge carriers created by thermal activation
are named minority charge carriers, while carriers produced by doping are called

majority charge carriers.

The electrochemical potential is equal to the chemical potential of holes in thermal
equilibrium, so y = p, = yjy. Additionally, once the electron and hole concentrations
are defined by 19 and py, respectively, the product of the densities is defined as mass
action law and given by [51]:

nopo = NeNpe Es/ksT — .2 (1.34)

where n; is the electron and hole concentrations in an intrinsic semiconductor. In
thermal equilibrium, the product of electron and hole densities is independent of
doping. Electrons and holes of an intrinsic semiconductor are of equal concentration,
and thereby [43]:

nj=n=p (1.35)

N, e(H=E/ksT _ N o(Eo—p)/ksT (1.36)

Therefore, the chemical potential of the intrinsic semiconductor is given by [43]:

Ec“l_Ey kBT NU
— B (2
5 n(y)

. 5 (1.37)

Equation 1.37 shows that the Fermi level is in the middle of the energy band gap.

On the other hand, solar cells do not operate in thermal equilibrium, so they do not
produce electricity in the dark and without an external voltage. Once they are excited
by light, mobile charge carriers are created and called minority charge carriers because
the number of carriers created by light is much smaller than the number of carriers
produced by doping. Under illumination, the majority carrier concentration is
approximately the same as in thermal equilibrium. Nevertheless, the minority carrier
concentration is significantly increased under illumination. Additionally, the chemical
potentials of electrons and holes are different under illumination, which is called

splitting of Fermi levels.

Once the electrochemical potential and the chemical potential of holes are different,
the product of the concentration of charge carriers in Equation 1.36 is obtained as:

np = N.Nyete EctEo=mn/keT (1.38)
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Therefore, the mass action law is generalised as [40]:
np = nj2etn/ksT (1.39)

where Ay is the subtraction of y, — yy. The difference between the chemical potential
on the p-side and the chemical potential on the n-side is equal to the voltage across the

junction. Thus, the mass action law is given by [40]:

np = nj2elV/ksT (1.40)

Figure 1.11 demonstrates energy band diagrams and chemical potentials of the p-n
junction in thermal equilibrium and away from equilibrium. There is only one
chemical potential in thermal equilibrium because the electrochemical potential and
chemical potential of holes are equal. Once an external voltage is applied, the potential
difference of gV is observed. Besides, the chemical potential far from the junction on
the p-side is the same as the chemical potential on the p-side in equilibrium. The same
situation is also valid for the electrochemical potential on the n-side far from the
junction. Thus, far from the junction, chemical potentials are equal to the equilibrium

chemical potential, whereas chemical potentials are split near the junction.

qVy
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FIGURE 1.11: Energy band diagram of p-n junction in equilibrium (left hand-side) and
under excitation (right hand-side)
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1.4.4 Carrier Transport, Generation and Recombination
1.4.4.1 Carrier Transport

There are two driving forces to induce the motion of charge carriers which are
electrons and holes. The first one is the electric field along the p-n junction. In thermal
equilibrium, the electric field does not affect the movement of charge carriers, but
away from the equilibrium it produces a current called drift current. On the other
hand, the second force inducing the carriers’ movement is the carrier concentration
gradient causing diffusion current. Although it is not a mechanical force, it makes the
charge carriers move to equilibrate carrier concentrations. Although there is an
electric field along with a large concentration gradient in the p-n junction in thermal
equilibrium, there is no movement of charges across the junction because these two

forces cancel each other.

The diffusion current is determined by Fick’s law, which gives the charge carrier
current density resulting from a gradient in carrier density [46]. Once there is a
non-uniform concentration of charge carriers, the carrier current density is
proportional to the gradient of carrier density. The charge carrier diffusion current
density is given by [39]:

(1.41)

where D is the proportionality constant, namely the diffusion coefficient. Thus, the
diffusion current density of electrons driven by the concentration gradient in

one-dimension is given by [41]:

dn(x)

- (1.42)

Jn = an

where D, is the diffusion coefficient of electrons. Additionally, the diffusion current
density of holes is given by [41]:

—e o

where Dp is the diffusion coefficient of holes. The diffusion coefficients are related to

carrier mobilities and defined by Einstein relations [43]:

Dn - kBlﬁn (1.44)
q
D, = kZTﬁp (1.45)

where 9, is the electron mobility, and @), is the hole mobility.
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On the other hand, the drift current is determined by Ohm’s law [41]. Once a
semiconductor layer with the thickness of dx and the voltage drop of V is considered,
Ohm'’s law for the small element is given by [39]:

SV =RI (1.46)

where R is the resistance of the thin layer, and I is the current. The voltage drop
related to the electric field is given by [39]:

oV = edx (1.47)

The resistance is proportional to the thickness and given by [39]:

R= p% (1.48)

where p is the proportionality constant called resistivity of the semiconductor, and A
is the area of the layer. Additionally, the electric field proportional to the current
density is given by [43]:

e=p] (1.49)

Thus, the drift current density related to the electric field is given by [39]:

Jo =0e= —ol;lf (1.50)

where ¢ is the conductivity, and ¢ is the electrostatic potential. Therefore, the electrical

current density, [, and hole current density, ], in three dimensions is given by [49]:
Jin = qDuVn(r) — q0,n(r)V(r) (1.51)

Jtp = —qDpNVp(r) — q0,p(r)Vo(r) (1.52)

where 0, = qnt, and 0, = qpd, are electron and hole conductivities, respectively.

1.4.4.2 Carrier Generation

According to Beer-Lambert law, once a solar cell is illuminated by a photon flux, the
photon flux density for a thin slab is given by [42]:

0P = —ad(x)ox (1.53)

where Jx is the thickness of the thin slab, « is the constant of proportionality called
absorption coefficient. The absorption coefficient is a universal function for each

material and is independent of doping and defects in semiconductors.



24 Chapter 1. Introduction

Once the reflection of photons is considered, the photon flux density at x depth is
given by [41]:
P(x) = (1 —R)e ™ (1.54)

where R is the reflection coefficient and @ is the photon flux density of incident light
at the surface.

The number of photons absorbed per unit of time is equal to the number of
electron-hole pairs produced after the absorption. The generation rate of the free
electron-hole pairs in the thin slab is controlled by the photon flux density given by

3

Equation 1.53. Thus, the generation rate in m~3.s~! is given by [52]:

g(x)ox = —6P = ad(x)ox (1.55)

Therefore, the generation function, which is the number of electron-hole pairs
generated per unit volume per unit time, is given by [50]:

g(x) = Pp(1 — R)e *u (1.56)

Once a monochromatic light and white light are considered, the corresponding
generation functions are given by [40]:

ga(x) = (1= Ry)e " a @, (A) (1.57)
2(x) = /(1 ~Ry)e " a,dy (A)dA (1.58)

The absorption of light causes the movement of an electron from the valence band to
the conduction band once the energy of a photon is higher than the band gap of the
semiconductor. The momentum of the photon is determined by the De Broglie
relationship and given by [41]:

o=hv/c=h/A (1.59)

Additionally, the relationship between momentum and energy of a free electron is

defined by [43]:

&

T 2m

where m is the mass of the electron. Once the propagation constant, k, is considered,

(1.60)

the energy-momentum relation is given by [39]:

h2k?
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where it = h/2m and k = 27t/ A. Once Equation 1.61 is differentiated twice by k, the

mass of the free electron is obtained by [39]:

hZ

= ZE/di2 (1.62)

m

which is also used for determining the effective mass of an electron in the crystal.

A A
a) Energy b) Energy

Ee

" E+E

gtEp
Eg hv A
‘ Ee-Ep

E/ o Evl{ | >

£ i Crystal Crystal
: momentum momentum

FIGURE 1.12: Schematic diagram of energy-momentum relationship in a) direct-band-
gap b) indirect-band-gap semiconductors

Figure 1.12-a demonstrates the energy-crystal momentum relationship for direct band
gap semiconductors. In direct band gap semiconductors, the crystal momentum of the
minimum energy of the conduction band is the same as the momentum of the
maximum energy of the valence band. Therefore, the minimum energy and the
maximum energy have the same wave vector of k. Once photon energy of hv is
considered, the absorption coefficient of direct band gap semiconductors is defined
by [42]:

he 172
ay = C(hv—Eg)V/*=C (A — Eg> (1.63)

where C is a constant.
Additionally, in direct-band-gap semiconductors, the energy-momentum relationship
of an electron in the conduction band is given by [41]:

2

Ee_EC:zi

(1.64)

*
e
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where m is the effective mass of the electron. As for a hole in the valence band, its
energy-momentum relationship is given by [41]:

2

E,— E, = 2% (1.65)
h

where m} is the effective mass of the hole.

On the other hand, in indirect band gap semiconductors, the crystal momentum of the
minimum energy of the conduction band differs from the crystal momentum of the
maximum energy of the valence band. The excitation of electrons from the valence
band to the conduction band is achieved by involving another particle, which has high
momentum, but low energy. The particle is called phonon, which is a lattice vibration
at finite temperatures [39].

Figure 1.12-b illustrates the energy-crystal momentum relationship of
indirect-band-gap semiconductors. The electron movement from the valence band
maximum to the conduction band minimum occurs by absorbing or emitting the
energy of the phonon, E,, when the energy of the photon is of Eq — E, or Eg + Ey,
respectively [41].

1.4.4.3 Carrier Recombination

The recombination of charge carriers is the opposite process of electron-hole pairs
generation. The recombination of electron-hole pairs occurs by several mechanisms,
such as band-to-band, intermediate defect levels in the band gap. Figure 1.13
demonstrates the schematic diagrams of different recombination processes.

(c) (d)

A (a)

(b)
S 03 O

> C—
o
—
] —
c
w

FIGURE 1.13: Schematic diagram of a) radiative recombination b) Auger recombina-
tion c) defect-assisted (SHR) recombination d) Surface recombination

Radiative recombination is an example of band-to-band recombination, which is the
process of recombining an electron-hole pair by emitting a photon in Figure 1.13-a.
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The rate of the radiative recombination defining the recombination of electron-hole
pairs per unit of time per unit volume is given by [49]:

Trad = B(”P - ”0]90) (166)
where B is a coefficient.

Another band-to-band recombination is the Auger recombination demonstrated in
Figure 1.13-b. In this process, the energy of the recombined electron-hole pair is

utilised by another charge. The rate of Auger recombination is given by [53]:
P auger = (Cpop + Cuo) (np — 1) (1.67)

where Cyo and Cy are coefficients.

Another recombination occurs owing to defects causing intermediate levels into the
band gap. The levels divide the emission of the energy into several steps and act as
stepping-stones for the electron to gradually lose the energy where it recombines. This
energy would disappear again into lattice vibrations and heat. This process is called
defect-assisted, trap-assisted, or Shockley-Hall-Read (SHR) recombination in

Figure 1.13-c. The recombination rate via defects is given by [54]:

2
np — nj

Tp(n+n1) +T(p + p1) (1.68)

YSHR =

where 11 = n;exp (E]is_f‘ ), p1 = piexp (Elgf"), and E; is the defect energy. 7,, and T,

are parameters, which are proportional to the defect concentration and determine

minority-carrier lifetimes at low injection.

According to low injection approximation, majority-carrier concentrations do not
change and remain the same as the concentrations in equilibrium. Once a p-type
semiconductor is considered, the hole concentration remains equal to the acceptor
concentration, which means p = py = N4. Therefore, the recombination rate is
obtained by [49]:

r=CNa(n—mngy) = Ti(n—no) (1.69)

n

where T, is the minority-carrier lifetime of an electron, which is inversely proportional
to the constant, CN4. Equation 1.69 shows that the recombination function is
proportional to the difference between electron concentration from equilibrium, which
is called excess minority carrier density. Besides, the recombination rate of n-type
material can be derived similarly. The inverse of the lifetime in Equation 1.69 is a sum
of different contributions to the lifetime and given by [53]:

1 1 1

1
=4 + (1.70)
T Trad TAuger TSHR
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where T is T, or T, by depending on the type of semiconductor.

The minority-carrier lifetime determines the length of carrier diffusion. Thus, the
diffusion length is given by [49]:
L=+vDt (1.71)

where D is the diffusion constant. Once the drift flux in the electric field of ¢ is
considered, the drift lengths for electrons and holes are obtained by [54]:

l, = eT, 9, (1.72)

I, = e1,8, (1.73)

Surface recombination in Figure 1.13-d is a significant defect related to the transition
symmetry of the crystal. The current density flowing towards the surface is equal to
the surface recombination function, 5, as all charge carriers recombine at the

surface. Thus, the recombination current density is given by [40]:

Js = —YTsurf (1.74)

Once a p-type semiconductor is considered, the surface recombination function is
given by [40]:
Tsurf = S(” - 1’10) (1.75)

where S is the surface recombination velocity, which is the equivalent of the

minority-carrier lifetime in the bulk.

The treatment above is for the back surface. Once surface recombination velocity is
high, when the back surface is covered by metal contact, electron concentration is
equal to the electron concentration in equilibrium. The surface recombination is
lowered by surface passivation. At the surface, there are some bonds, which are not
satisfied by electrons, because of the distorted crystal structure. Once these dangling
bonds are satisfied by attaching a material, such as silicon oxide, or silicon nitrate, the
surface is passivated. Thus, surface recombination is reduced.
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Chapter 2

Literature Review

2.1 Architecture of Perovskite Solar Cells

Perovskite solar cells are designed by using n-i-p or p-i-n type architecture. The cell is
called an n-i-p design cell when the n-type semiconductor side of the cell, the electron
transport layer side, is illuminated by solar radiation [55]. On the other hand, the cell
is named p-i-n cell when the hole transport layer side faces the sunlight [56].
Figure 2.1 demonstrates n-i-p and p-i-n structured cells, in which planar and

mesoporous carrier selective layers were used [57].

(a) n-i-p mesoscopic (b) n-i-p planar (c) pi-n planar  (d) p-i-n mesoscopic
Metal Cathode (Al) Metal Cathode (Al)
HTM (Spiro-MeOTAD) HTM (Spiro-MeOTAD) ETM (PCBM) ETM (PCBM)
ETH (T (roz) ETM (110,) HTM (PEDOTPSS) HTM (Nio)
Transparentanode (IT0) Transparentanode (IT0)
Glass Glass Glass Glass
Sunlight

FIGURE 2.1: Schematics of architectures of perovskite solar cells in n-i-p and p-i-n
configurations [57].

As for the size of perovskite solar cells, high efficiencies of perovskite solar cells are
obtained with small aperture area devices, <0.1 cm?, yet small size cells cause errors
in the device performance measurements [58]. Therefore, the active cell areas of
perovskite solar cells are expected to be >1 cm? for obtaining reliable results from the
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devices [59]. Nevertheless, large-size perovskite solar cells complicate the continuous
fabrication of cracks- and pinhole-free perovskite and carrier selective layers [29].
Hence, preparation techniques of the devices gain importance to overcome the
drawbacks of large-size perovskite solar cells.

2.1.1 Electron Transport Layer

The n-type semiconductor of TiO, has been frequently used as an electron transport
layer in the studies of perovskite solar cell production [25]. Compact layer n-type TiO,
was utilised as an electron transport layer in a planar heterojunction solar cell [60].
The device is designed by using the cell structure of FTO glass/ETL/
CH3NH3PbI3_,Cly/spiro-OMeTAD(HTL)/Ag. The perovskite layer was obtained
using the vapour deposition method, in which the organic part, CH3NH3I, and the
inorganic part, PbCly, of the perovskite were simultaneously coated on the ¢c-TiO;
layer by separate sources. The power conversion efficiency of the planar thin-film
solar cell was over 15%, which showed that perovskite solar cells with high efficiency

are produced without the design complexity of the devices [60].

Modification of TiO, by doping can change the carrier concentration of the layer and
thereby affect the cell performance. Yttrium-doped TiO; (Y — TiO,) electron transport
layer was utilised with the perovskite cell structure of ITO/ETL/CH3NH3PbI3_Cl,
/spiro-OMeTAD/Au [61]. It was obtained that the conductivity of Y — TiO, films was
higher than undoped TiO; with the values of 2 x 107> S/cm and 6 x 107%S/cm,
respectively. It was assumed that the increase in the conductivity stemmed from the
rise in carrier concentration of Y — TiO; films. Additionally, the ITO electrode was
modified using a polymer, polyethyleneimine ethoxylated (PEIE), to reduce the work
function of ITO. Therefore, the solar cell achieved the power conversion efficiency of
19.3% under AM 1.5 illumination [61].

N-type ZnO is another desirable ETL material. ZnO had higher electron mobility than
TiO,, and it was applied straightforwardly by spin-coating method without a sequent
annealing process unlike TiO; [62]. Additionally, perovskite and hole transport layers
were applied at room temperature, and thereby flexible solar cell fabrication was
achieved [62]. The cell structure was determined as ITO/ZnO/CH3;NH3Pbl3/
spiro-OMeTAD/Ag by using two different substrates, ITO/glass and
ITO/poly-(ethylene terephthalate) (PET). The cell with glass substrate achieved a
power conversion efficiency of 15.7%, while the PET cell provided PCE of 10.2%.
Although the flexible cell did not have PCE as much as the glass substrate cell, it was
important to prove that the flexibility of the solar cell was only limited by the
substrate, not by the perovskite [62].
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On the other hand, it was shown that electron transport through the perovskite layer
was faster than through ETL of TiO, when the ETL layer was replaced by Al,Os in the
solar cell with the transparent HTL of spiro-OMeTAD [63]. Al,0O3 behaved as a
scaffold since its energy band gap, 7 to 9 eV, is much broader than that of the
perovskite, 1.55 eV. The power conversion efficiency (PCE) of the solar cell with Al,O3
reached 10.9%, whereas the PCE of the cell having the ETL was obtained as 7.6% for
CH3NH3PbI,Cl perovskite solar cells [63].

2.1.2 Hole Transport Layer

Organic transport layers poly(3,4-ethylenedioxythiophene) polystyrene sulphonate
(PEDOT:PSS), and 2,2',7,7 -tetrakis(N,N-pdimethoxyphenylamino)-9,9'-
spirobifluorene (spiro-OMeTAD) can be used as p-type hole transport layers [64].
Spiro-OMeTAD is widely used in perovskite cells [65]. The usage of spiro-OMeTAD
causes photoluminescence (PL) intensity quenching, which stems from carrier
extraction between the perovskite and the HTL [66].

Inorganic p-type semiconductors, such as CuSCN, Cul, and NiO,, can be used as the
hole transport layer in the perovskite cell structure [64]. The usage of Cul as HTL with
the cell structure of FTO/TiO,(ETL)/CH3NH3PbI3/HTL/Au provided not only
higher electrical conductivity and higher fill factor but a cost-effective alternative to
organic counterparts [67]. Nevertheless, the cell power conversion efficiency, 6%, was
lower than the PCE of 7.9% from the cell produced by using an organic hole conductor
layer, spiro-OMeTAD, on account of the lower potential output of the CulI cell [67].

Polymeric materials were studied as hole transport layers, which were
poly-3-hexylthiophene (P3HT), poly-[2,1,3-benzothiadiazole-4,7-diyl[4,4-bis(2-
ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b' |dithiophene-2,6-diyl]] (PCPDTBT),
(poly-[[9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-2,5-thiophenediyl-2,1,3-
benzothiadiazole-4,7-diyl-2,5-thioph- enediyl]) (PCDTBT) and poly-triarylamine
(PTAA) [68]. The devices were structured as FTO/dense blocking TiO, /mesoporous
TiOy/CHNH3PbI3/HTM/Au. The device produced using PTAA along with a 600 nm
thick mesoporous TiO; layer yielded the highest power conversion efficiency of 12%
among the polymeric HTL counterparts. On the other hand, the device with organic
spiro-OMeTAD reached PCE of 8.4% under full sunlight illumination [68].

On the contrary, a perovskite solar cell without a hole conductor layer was introduced
using TiO, nanosheets as electron collectors with methylammonium lead iodide
perovskite (CH3NH3PbI3) [69]. The perovskite layer coated on the TiO, layer using
the spin-coating method behaved as both a light absorber and a hole conductor. The
perovskite solar cell achieved PCE of 5.5% under standard AM 1.5 solar light of 1000
W/m? [69].
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2.2 Preparation Methods of Perovskite Solar Cells

Spin-coating is the most common coating technique when the layers are constituted in
the perovskite solar cell devices since it forms uniform layers. Additionally, the choice
of solvent is also important for uniformity. v-butyrolactone (GBL),
N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO) and
N-methyl-2-pyrrolidone (NMP) are used as solvents when perovskite solution is
prepared. The combination of two solvents has also affected the morphology of the
perovskite layer. It was shown that the perovskite layer of the cell, which was
prepared by spin-coating, was improved in terms of uniformity and density when the
GBL and DMSO were used together as solvents [70]. Additionally, after the perovskite
layer coating, toluene, which is non-solvent for perovskites, was applied to the
perovskite layer by spin-coating. It was observed that the perovskite layer with
toluene treatment had more uniformity than the layer without toluene, which had a
textile-like inhomogeneous surface. After these processes, the cell with the perovskite
of MAPb(I;_,Bry)s achieved PCE of 16.2% [70].

Vapour-assisted solution process was used to obtain planar perovskite films with
microscale grainsize [71]. In this method, the inorganic component (Pbl,) was coated
on the substrate, which was FTO glass with ¢-TiO; layer, and CH3NH3I vapour was
applied on the Pbl, film to form the perovskite layer of CH3NH3PbI3 at 150 °C. The
perovskite thin film achieved full surface coverage and small surface roughness in
addition to microscale grain size. The cell construction was completed after the
perovskite layer was coated with spiro-OMeTAD and thermally evaporated Ag. The
solar cell reached PCE of 12.2% under the illumination of AM 1.5G solar

irradiation [71].

Solvent-induced fast deposition-crystallisation procedure provided uniform
perovskite thin films [72]. At this technique, CH3NH3Pbl3 in DMF was coated on the
FTO glass with a dense TiO, layer by spin-coating. The following step was to apply
chlorobenzene onto the perovskite to induce crystallisation. It was observed that the
crystal grains in the thin film were in the size of microns. The solar cells with the
architecture of FTO/TiO, /perovskite /spiro-OMeTAD/Ag achieved PCE of 13%
under standard AM 1.5G illumination [72].

The solution-based hot-casting technique was presented to obtain millimetre-sized
crystalline grains in the perovskite thin film, which was uniform and pinhole-free [73].
The perovskite solution of lead iodide (PbI;) and methylamine hydrochloride (MACI)
at 70 °C was spin-coated on the FTO/PEDOT:PSS substrate at 180 °C. The cell
designed as FTO/PEDOT:PSS/CH3NH3PbI;_,Cl,/PCBM/Al yielded PCE of
approximately 18%. It was found that the grain size of the crystals increased
remarkably when the substrate temperature increased from room temperature to 190
°C. DMF or NMP was suggested as the solvent owing to their high boiling points [73].
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2.3 Perovskites with Varied Chemical Structure

The chemical structure of perovskites, ABX3, can be modified by including another
cation, metal, or halogen in the perovskite structure. Moreover, two different
perovskites can be combined to produce another perovskite material. Therefore, the
properties of perovskite solar cells can be tuned and improved. In this chapter, some
studies examining dual metal perovskites and mixed perovskites have been
demonstrated.

2.3.1 Dual Metal Perovskites

In this section, the studies on perovskite solar cells comprised of two metals have been
examined. All perovskites were produced by combining Pb and Sn as the metal part

of the organic-inorganic halide perovskite structure of AMXs.

In 2013, Stoumpos et al. studied various hybrid metal iodide perovskites with the
formation of AMI3, where A is a cation such as MA (CH3;NH;"), FA (HC(NH,)*™) and
Cs, M is a metal of Sn or/and Pb, in terms of thermal stability, optical and electrical
properties of them [74]. It was shown that the preparation method and the level of
impurities impacted the chemical and physical properties of perovskites.
Temperature-dependent single-crystal X-ray diffraction results were used to
investigate structural phase transitions and the relationship between resistivity and
crystal structure. The charge transport properties of the materials were characterised
using diffuse reflectance studies. Additionally, the charge transport type of these
materials was determined by the Seebeck coefficient and Hall-effect measurements. It
was demonstrated that the n- or p-type semiconductor formation was determined by
the preparation method. For example, solution-processed materials acted as n-type
semiconductors, while the compounds formed by solid-state reactions behaved as
p-type semiconductors. In that study, the dual metal perovskite of MASn;_,Pb, I3 was
examined by using x of 0.25, 0.50 and 0.75 in terms of structural, electrical, and optical

properties of them [74].

In 2014, Ogomi et al. demonstrated Sn/Pb-based perovskite with the formulation of
CH3NH35nbe(1_X)I3 by combining the precursors of CH3NH3I, Pbl, and Snl, [75].
The dual-metal perovskite solar cell structure was selected as F-doped SnO, layered
glass/compact titania layer (35 nm)/porous titania layer (200 nm)/
CH3NH35n,Pb(;_,) I3/ regioregular ploy(3-hexylthiophene-2,5-diyl)(P3HT)(100 nm)
/cathode electrode (Ag (10 nm) and Au (55 nm)). The highest PCE of the cell, 4.18%,
was obtained when x was equal to 0.5, with the open circuit voltage, V,., of 0.42 V, fill
factor, FF, of 0.50, and short circuit current density, Js, of 20.04 mA.cm ™2 [75].
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FIGURE 2.2: a) XRD patterns and b) XPS spectra of CH3NH3Snbe(1,X)I3 coated on
porous TiO; [75].

X-ray diffraction (XRD) patterns were used to characterise perovskites on the porous
TiO, layer and its precursors in Figure 2.2-a. XRD patterns showed that the dual metal
perovskite of CH3N Hgsnbe(l, s did not contain its precursors such as CH3;NH31,
Pbly, Snly. As for X-ray photoelectron spectroscopy (XPS) results in Figure 2.2-b, XPS
graphs of CH3;NH3Pblz, CH3NH35n13, and CHgNHgsnbe(l_x)Ig with x ranging
between 0 and 1 showed that the final composition of each perovskite was consistent
with initial expected blending ratios in the chemical structures. For example, the
chemical structure of CH3N H3Sn47Pbg 313 was obtained as

CH3NH35n0.74Pbo 261227 [75].
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FIGURE 2.3: Energy diagrams of CH3NH35nPb(; _ ) I3, titania, P3HT, spiro-OMeTAD
[75].

In Figure 2.3, the energy diagrams of the Sn/Pb dual metal perovskite demonstrated
that the valence band changed from -5.12 to -4.73 eV, while the conduction band
shifted from -3.81 to -3.63 eV when x was changed from 0.3 to 1. From the comparison
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of the energy band diagram between CH3N HgSnbe(l,x)Ig and HTLs, P3HT was
selected as HTL because the valence bands of the perovskite were deeper than the
valence band of P3HT, -4.67 eV, whereas the valence band of spiro-OMeTAD, -5.22 eV,
was deeper than the perovskite valence band. As for ETL, titania was used since the
conduction band range of the perovskite was shallower than the conduction band of
titania, -0.4 eV [75].

On the other hand, Hao et al. examined the performance of Pb/Sn perovskites
material with the structure of CH3NH35n,Pb;_,I3 by using spiro-OMeTAD and its
additives as HTL [76]. Although Ogomi et al. suggested poly(3-hexylthiophene-
2,5-diyl) (P3HT) as the proper hole transport layer with dual metal perovskite solar
cells, Hao et al. showed that spiro-OMeTAD was also suitable as HTL for
CH3NH3Sn,Pb;_ . I3 perovskite solar cells. It was found that in the energy band gap of
the dual metal Pb/Sn perovskite, the linear trend (Vegard’s law) was not observed
between two extremes of 1.55 and 1.35 eV. The perovskite had a lower bandgap of
<1.3 eV. Thus, absorption shifted to the near-infrared region. The highest short-circuit
current, 20.64 mA.cm 2, and the broadest light absorption, almost 1050 nm, was
obtained when x was chosen as 0.5 in the perovskite of CH3NH3Sn;_,Pby I3 [76].
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FIGURE 2.4: Conductivity, Seebeck coefficients, energy band gap and resistivity fig-
ures of CH3NH3zSnq_,Pb, I3 solid solutions [76].

The conductivity of all perovskites increased when the temperature increased, which
proved all was semiconductor in Figure 2.4. Additionally, the energy band gaps were
between 1.15-1.55 eV. Seebeck coefficient measurements showed that all compositions
n-type semiconductors, and the Seebeck coefficient dramatically decreased while the x
value in CH3NH35n1_,Pb, I3 was increasing. The irregular pattern was observed in

resistivity, although a linear trend was expected according to Vegard’s law [76].
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FIGURE 2.5: Photocurrent density-voltage characteristics and corresponding IPCE
spectra for CH3N H35n1_, Pby I solar cells [76].

In Figure 2.5, the photovoltaic characteristics of the solar cells prepared using
CH3NH3Sn1_,Pby I3, spiro-OMeTAD and its additives were demonstrated [76]. In
Figure 2.5 (a), the J-V curves of the perovskites with different x values showed that the
device with lead-free perovskite of CH3NH3SnI3 performed Js of 15.18 mA.cm 2, V.
of 0.716 V, FF of 50.07%, and PCE of 5.44%. It was claimed that soup-like compositions
of additives, lithium bis(trifluoromethylsulfonyl)imide salt and 4-tert-butylpyridine,
were not suitable for Sn perovskites because they were too reactive, which made the
perovskite devices non-functional or unstable [76].

The incident photon-to-electron conversion efficiency (IPCE) curves covered visible
and infrared spectrum up to 1050 nm for the CH3 N H3Sn;_, Pb, I3 perovskites in
Figure 2.5 (b) [76]. A decrease in the energy band gap induced a broader wavelength
of absorption edge, which was observed from the shift of IPCE edges. The IPCE edge
was 950 nm for the perovskite of CH3N H3SnI3 with the energy band gap of 1.30 eV,
whereas the edge shifted near-infrared region around 1050 nm for
CH3NH3Sn075Pbg 2513 and CH3 N H3Sn0.50Pbg 5013 with the band gap of 1.17 eV. All
perovskites with Sn had higher IPCE edge than 800 nm, which was the limit for
CH3NH3PbI3 perovskites [76].

2.3.2 Mixed Perovskites

It is possible to create a perovskite solar cell by incorporating two different perovskite
materials to increase performance and stability. In this section, we have discussed
several studies in which mixed perovskites consisting of FAPbIz and MAPbBr3; have

been examined.

In 2015, Jeon et al. fabricated a bilayer solar cell by combining M APbBr; and unstable
FAPbI; [77]. It was found that the incorporation of MAPbBr3 into FAPbI3 stabilised
the perovskite phase of FAPbI3 and improved the power conversion efficiency (PCE).
The molar ratio (x) dependence on the performance of mixed perovskite structured as
(FAPbI3)1_x(MAPbBr3), with x ranging between 0 and 0.3, was examined.
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Additionally, phase stability, the morphology of the perovskite layer and hysteresis in
current-voltage characteristics as a function of chemical composition were
demonstrated [77].
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FIGURE 2.6: a) PCE values for (FAPbI3)1_,(MAPbBr3) perovskite devices annealed
at 100 °C for 10 min and b) DSC and thermogravimetric curves of yellow FAPbI; [77].

In Figure 2.6-(a), PCEs of (FAPbI3)1_x(MAPbBr3), were obtained by using the
average of backward scan sweep (from V,. to J;.) and forward scan sweep (from J;. to
Vi) for different x values between 0 and 0.30. The solar cells were heated at 100 °C
before the J-V measurements were taken for the PCEs calculation. When x was equal
to 0 in (FAPbVI3)1—x(MAPUBr3),, although the [, Vo, FF, and PCE values were too
low at 100 °C, the values considerably increased at 150 °C, which were 1.10 mA.cm 2,
0.88 V, 0.51, and 0.5% for the former, and 22.0 mA.cm 2, 0.88 V, 0.7, and 13.5% for the
latter, respectively. It showed that FAPbI3; demonstrated good perovskite
characteristics at high temperatures. The highest efficiency of the perovskite was
obtained as 17.3% with J;. of 22.0 mA.cm ™2, V,. of 1.08 V and FF of 0.73 when x was
equal to 0.15 [77].

Differential scanning calorimetry (DSC) (heat and temperature relationship) and
thermogravimetric (mass and temperature relationship) analysis of the yellow FAPbI3
were completed to probe the phase change in Figure 2.6-(b). It was observed that, at
around 160 °C, there was an endothermic peak without any weight loss, which was
not seen until the temperature was above 250 °C. That means phase change occurred
from yellow non-perovskite to black perovskite at around 160 °C. It was observed that
the phase change was reversible as the black phase turned into the yellow phase after
it was put in ambient conditions for ten days. Therefore, the yellow phase FAPbI3
affected the perovskite performance [77].

On the other hand, Correa Baena et al. revealed the impact of discrete compact
electron selective layer (ESL) for a mixed perovskite solar cell of
(FAPUI3)0.85(MAPUBr3)15 and MAPbI3 [78]. The configuration of the devices was
FTO/compact metal oxide/perovskite /spiro-MeOTAD/gold. The planar ESLs of
Sn0;,, TiO; and NbyOs were used since planar electron selective layers facilitate the
production of perovskite solar cells in large-scale compared to mesoporous
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counterparts. The low-temperature atomic layer deposition (ALD) method was used
to deposit the ESL with 15 nm thickness onto FTO glass. According to X-ray
photoelectron spectroscopy (XPS) results of TiO, and SnO, deposition as ESLs on the
FTO substrates, they were covered entirely with TiO; or SnO, without any pinholes
and contamination. The mixed perovskite was deposited on the ESL by

spin-coating [78].
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FIGURE 2.7: a) Current-voltage curves of TiO, and SnO;-based mixed perovskite solar

cells measured from backward (black) and forward (red) scan b) Normalised transient

photocurrents obtained from V. to the maximum power point voltage for both cells
¢) Scan rate characteristics of the SnO, and d) TiO,-based cells [78].

To analyse the electronic properties of the mixed cells with TiO, and SnO; ESL, J-V
curves were examined in Figure 2.7. The open circuit voltages of both devices with
TiO; and 51O, were around 1.14 V. Some of the devices prepared with SnO, achieved
the V,. of 1.19 V, which was close to the thermodynamic maximum V, of
approximately 1.32 V, meaning good charge selectivity and low charge

recombination [78].

Though the cell with TiO, showed strong hysteresis between the reverse and forward
scanning in Figure 2.7-(a), the device with SnO, demonstrated hysteresis free pattern,
meaning charge collection was independent of voltage. The differences between
forward and backward scanning were observed using transient photocurrents
measured at 0.8 V, yielding maximum power. After ~ 50 s, a steady photocurrent was
obtained for the two devices when the voltage changed from the open circuit voltage
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to 0.8 V. Yet, until 50 s, the photocurrent of SnO, device dropped just 10% from 23 to
20.2 mA.cm 2 whereas the current of the device with TiO, decreased 70% from 10 to 3
mA.cm 2. The stabilised current of the solar cell with $1O,, 20.2 mA.cm™~2,
corresponded with the open circuit current, 20.7 mA.cm 2, obtained from the J-V
curve [78].

To understand the phenomena behind the hysteresis of TiO, based device, J-V graphs
of both devices were obtained choosing different voltage scan rates in Figure 2.7. Only
backward scanning was operated, which was obtained the device was preconditioned
at 1.12 V for 10 s. When the sweep rate changed from 10 mV /s to 10 V/s, the device
with SnO; had a slight increase in current density, reaching its maximum value of 23
mA.cm~2, while ;. of the device with TiO, significantly increased from 5 mA.cm 2 to
20 mA.cm~2. That meant the light absorption and photocurrent generation in the
perovskite material was the same as the perovskite/S5nO, configuration. However,
low charge collection of TiO; based cells for low scan sweep was observed.
Additionally, Nb,Os was used as ESL with the mixed perovskite solar cell, but it

showed considerable hysteresis and low photocurrent density like the device with
TiO, [78].

In 2017, Yang et al. introduced a perovskite solar cell with an efficiency of 22.1% by
adding extra I; ions into the mixed perovskite consisting of FAPbI; and

MAPbBrs3 [79]. To obtain a perovskite with high performance, it is important to avoid
defects along with the preparation of dense and uniform thin layers on the substrates
because defects cause a reduction in open circuit voltage and short circuit current,
which contribute to the device performance [79].
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FIGURE 2.8: A) Power conversion efficiencies as a function of different iodide concen-
trations B) J-V curves for the control and target devices [79].

Two types of devices were prepared to observe the difference between the devices
with and without additional triiodide ions, I;", which were called target and control
device, respectively [79]. In Figure 2.8, the PCE results were shown according to
different concentrations of I . The solar cell with max efficiency was obtained from
the target device when the dripping solution included 3 mmol I; . Vq, Js., FF and PCE
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of the target device was 1.1V, 24.1 mA.cm 2, 81.9% and 21.6%, whereas the values of
the control device were 1.07 V, 23.5 mA.cm 2, 80.8% and 20.3%, respectively. It was
claimed that the increase of J;. stemmed from improving light harvesting capacity, not
increasing charge collection since the device thickness and surface morphologies of
the target and control devices were identical. The improvement in J;c and FF showed
enhancement in crystallinity and reduction in trapping sites, which were responsible

for nonradiative charge recombination [79].
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FIGURE 2.9: A) Deep-level transient spectroscopy spectra for the control and target
perovskite layers B) Time-resolved photoluminescence decay curves for the control
and target layers emitted at A = 825 nm with the biexponential fitting [79].

Deep-level transient spectroscopy (DLTS) and steady-state and time-resolved
photoluminescence (PL) were used to analyse the defects deeply in Figure 2.9. From
the DLTS spectra, three defect levels were captured, namely Al, A2 and A3. In the
target layer, the Al signal did not exist anymore, which meant the A1l level defects
were overcome straightforwardly. Additionally, the defect concentration of A2 level
was reduced from 5.28 x 1014 cm 3 to 8.81 x 1013 cm ™3 by the addition of I [79].

As for photoluminescence (PL) results in Figure 2.9, PL decay was measured by
time-correlated single-photon counting. It was suggested that the short PL lifetime
originated from defect-induced non-radiative recombination whereas the long PL
lifetime resulted from radiative recombination. It was obtained that the target layer
and the control layer of PL lifetime and carrier lifetime were ~ 138 ns and ~ 1105 ns,
and ~ 72 ns and ~ 228 ns, respectively. The longer PL lifetime of the target device,
~ 138 ns, indicated a lower number of defects and higher crystallinity in the device

morphology [79].

2.4 Perovskite Studies with DFT

DFT is a useful tool to analyse matter in terms of structural, chemical, optical,
spectroscopic, elastic, vibrational and thermodynamic properties [33]. In this section,
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several studies on perovskites using the first principles DFT calculations have been

examined.

The energetics of three organic cations of ammonium (N Hj), methylammonium,
(CH3NHjs) and formamidinium (NH,CHNH;) in lead iodide perovskite structure
were studied by using PBEsol exchange-correlation functional implemented in VASP
package [80]. It was shown that adjustment in dipole moment affected ferroelectric
behaviour and dielectric constant. Additionally, the changes in the cation size of the
perovskite influenced the energy band gap and ferroelectric property. It was also
suggested to use an aprotic cation to avoid a degradation pathway [80].

Electronic properties of CH3 N H3PbI3 were examined using DFT [81]. The PBE was
chosen as the exchange-correlation functional, and CASTEP was used as the computer
program. The Brillouin zone k-point grid sampling was taken as 4 x 4 x 4. Electronic
band structure and density of states of the perovskite were obtained in addition to the
x-ray diffraction graph (XRD). The energy band gap between the conduction band
minimum and valance band maximum was calculated as 1.43 eV, while the band gap
was obtained as 1.51 eV according to the Kubelka-Munk spectrum from experiments.
The energy band gap difference between experimental and computational results
originated from an underestimation of the band gap by GGA XC functional [81].

However, it was achieved that the energy band difference between experimental and
computational results was overcome [82]. Electronic structure and defect calculations
of CH3NH3PbI3 were performed using VASP code [82]. The electronic structure
calculations were based on the unit cell of the perovskite, whereas the defect
calculations were obtained from a 3 x 3 x 3 supercell with I" point. VASP code with
standard frozen-core projector augmented-wave (PAW) was used for the first
principle DFT calculations. GGA was selected as exchange-correlation functional, and
400 eV was taken as cut-off energy for basis functions. Spin-orbital coupling (SOC)
was not included in the calculations since energy band gap underestimation from the
computational results was eliminated when GGA was used with non-SOC. Therefore,
the energy band gap of the CH3;NH3PbI3 was found to be 1.5 eV [82].

As for defects in the perovskite of CH3 N H3 PbI3, it was found that the dominant
defects were p-type Vp, and n-type MA;, where "V’ and ’i’ represented vacancy and
interstitial, respectively[82]. It was shown that shallow-level defects were observed
when the formation energy was low, while deep-level defects were created in the case
of high formation energy. Unusual defect properties were explained by the strong Pb
lone-pair s orbital and I p orbital antibonding coupling in addition to the high ionicity
of the perovskite [82].
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2.5 Degradation Issue of Perovskite Solar Cells

Perovskite crystallographic stability and structure are defined by the Goldschmidt
tolerance factor, ¢, and octahedral factor, «, given by: [32].

_ Ra+Rx Rp

~ V2(Rg+Rx) T Rx D

where R4 and Rp are ionic radii of cation A and B, and Ry is the radius of anion X in
the ABX3 perovskite structure. R4 should be between ~ 1.60 A’ and ~ 2.50 A° to
construct perovskite [83]. Additionally, the material is classified as perovskite once
0.825 <t < 1.059 and 0.414 < k < 0.732 are provided [23]. A perovskite crystal
structure is mostly cubic in case ¢ is in the range of 0.9-1.0, whereas distorted
perovskite is formed for ¢ with the values of 0.80-0.89, which is named octahedral
tilting [84]. On the other hand, a non-perovskite structure is obtained when ¢t < 0.8
and 1.0 < ¢ [22].

The chemical stability of materials can vary from one material to another. In the metal
part of the perovskite structure, the most used metals, Pb, Sn and Ge, show different
stability even if they belong to the same metal group [85]. Pb-based perovskites have
good stability towards the air for months, whereas they are prone to degrading by
humidity. On the other hand, Sn-based perovskites are air and humidity sensitive
owing to the oxidation of Sn?* to Sn** in air [86]. Formation of Sn** causes
self-doping in the material because it behaves p-type dopant, although Sn perovskites
are n-type semiconductors [74].

The combination of two different perovskite, MAPbBr; and FAPbI3, stabilised the
perovskite phase of FAPbI3, and increased the PCE to 18% under the standard
illumination of 100 mW.cm~2 [77]. Although the band gap of FAPbI; is lower than the
band gap of MAPbI3, which is suitable to obtain higher efficiency, the perovskite of
FAPbI; suffers from instability. The perovskite of FAPbI3 is at the black perovskite
phase (a-phase) at high temperatures (above 160 °C), whereas it turns into yellow
polymorph (4-phase) at ambient conditions. It was found that the addition of
MAPUbBr3 into FAPbI3 increased the perovskite phase stability of FAPbI3 [77].

The perovskite of FA g1 M Ao 15Pbl 51Br s reached 20.5% efficiency with the large
aperture area solar cells, more than 1 cm? [59]. The devices with different preparation
methods showed different stability under full sunlight illumination after 100 h. The
cells produced using vacuum flash-assisting solution process maintained 90% of their
initial efficiency, whereas the cells with conventional single-step solution deposition
method retained 70% of the efficiency [59]. Therefore, it is supported that the

preparation method of perovskite solar cells has significant importance on stability.
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The two-step deposition method improved the PCE of the lead-based CH3;NH3PbI3
perovskite solar cell to 15% and provided high stability [87]. The FTO

glass/TiO, /perovskite/spiro-MeOTAD (HTM) structured solar cell was sealed in
argon and exposed to 100 mW.cm 2 illumination from light-emitting diodes at 45 °C.
The J-V curve was measured every two hours, and the PCE was calculated to compare
the difference between the initial value and the value after 500 h. It was observed that
the PCE of the device was conserved more than 80% after 500 h [87].

Triple cation perovskite solar cells exhibited impressive power conversion efficiency of
21.1% with high stability [88]. MAPbI3, FAPbI3 and CsPblz have different issues
which need to be tackled. MAPbI3 cells did not achieve the efficiency above 20% in
addition to their high temperature and humidity sensitivity [88]. MAPbI; degrades in
moisture and produced Pbl, at high temperatures on account of CH3NH3!I lost [89].
On the other hand, CsPbI;3 is non-perovskite orthorhombic é-phase (yellow phase) at
room temperature, while it is in photoactive perovskite a phase (black phase) at
temperatures above 300 °C [88]. However, the mixture of the three cations in the
perovskite of Csy(MAg17FAo83) (100—x) Pb(Iys3Bro17)3 enhanced not only the PCE to
21.1% but maintained the PCE up to 18% under illumination after 250 h at room

temperature [88].

The addition of Rb* as the fourth component into the cation part of the lead-based
perovskite provided efficient devices with high stability [90]. Rb™ is not preferable as
an A-site cation in perovskites since the tolerance factor of the perovskite of RbPblI3 is
not in the suitable range owing to the small ionic radius of Rb". Thus, RbPbI; shows
only the non-perovskite yellow phase. Nonetheless, the usage of Rb™ into the
perovskite with the multiple cation part of RbCsMAFA provided stabilised efficiencies
of up to 21.6%. Moreover, when the hole transfer layer changed from spiro-OMeTAD
to polytriarylamine polymer (PTAA), the cell protected its efficiency, >17%, up to 95%
at 85 °C under full sunlight illumination after 500 h [90].

The usage of solid hole transfer material (HTM) increased the stability of
CH3NH3PbI; perovskite devices compared to liquid junction cells [91]. The solid-state
perovskite solar cell with mesoporous TiO; and spiro-MeOTAD as HTM achieved
9.7% PCE efficiency with long-term stability. The device was subjected to AM 1.5G
illumination at room temperature without sealing. The PCE of the device increased by
about 14% from the beginning to 200 h and then almost remained stable at 9.7% after
500 h.

On the other hand, without a hole transfer layer, the solar cell with the perovskite of
(5 — AVA)x(MA) 1 _)Pbl; achieved maintaining the PCE of 12.8% after >1000 h
under full sunlight illumination at ambient air conditions [92]. The device had two
mesoporous materials, TiO, and ZrO;, covered by a porous carbon film as a third

layer. The cell configuration was FTO-covered glass/c-TiO, layer /mesoscopic
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TiOy/ZrO, /C triple layer/the perovskite/Au counter-electrode. The perovskite with
the cations of methylammonium (MA) and 5-aminovaleric acid (5-AVA) was applied
through the three layers scaffold by drop-casting. The resulting cell provided 12.8%
efficiency and lasted without sealing under the illumination of AM 1.5G after 1008

h [92].

The selection of the electron transfer layer (ETL) and hole transfer layer (HTL) also has
a significant impact on cell stability. The cell, which was produced by the selection of
p-doped Ni,Mg;_,O as HTL and n-doped TiOy as ETL with MAPbI3-PCBM film,
maintained >90% of its initial PCE, >15%, under the illumination of AM-1.5 sunlight
after 1000 h [58]. The device was designed as FTO

glass/ Lig05Mgo.15NigsO/perovskite/PCBM/ Tip 95 Nbg 0s0x /Ag. The air-stable layer
of Tip95Nbg 050y protected the perovskite from humidity and prevented it from
degradation [58].

Another study on the perovskite solar cell in terms of high stability was conducted
using p-type NiO, and n-type ZnO [64]. The cell, which was prepared by the cell
structure of ITO glass/NiO,/CH3NH3Pbls/ZnO/Al, maintained about 90% of initial
PCE of 16.1% after 60 days in the air with 30-50% humidity at room temperature
without encapsulation. The metal oxide ZnO separated the perovskite and Al layer
and saved the perovskite from degradation [64].
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Chapter 3

Methodology

3.1 The First-principle Calculations for Cs;Bi,I9 and
CS3Bi2BI‘9

Bi-based perovskites are promising materials to use as light absorbers in solar cells
because they provide higher stability and lower toxicity compared to lead-based
counterparts. In this study, two inorganic Bi-based perovskites, Cs3Biy Iy and
Cs3BiyBrg, have been investigated in terms of their structural, electronical, and optical

properties using first-principles calculations with CASTEP.

DFT was utilised to investigate crystal structures, electronic band gaps, density of
states and absorption coefficients of Cs3Biylg and Cs3Biy Brg using CASTEP. The first
principle DFT calculations were conducted using the exchange correlation function of
Perdew-Burke- Ernzerhof formalism for solids (PBEsol). The cut-off energy of plane
wave basis and k-point Monkhurst-Pack (MP) grid for Brillouin zone sampling were
chosen as 350 eV and 7 x 7 x 5, respectively [93]. Atomic positions in the unit cells of
the Bi-based perovskites, which were produced using single-crystal diffractometry,
absorption correction and least-squares refinement, were employed [94], [95]. Crystal
structures of the perovskites were simulated by employing Jmol and VESTA
(Visualisation for Electronic and Structural Analysis) after geometric optimisation was
applied on the unit cell structures. Additionally, electronic density of states, joint
density of states and absorption coefficients calculations were investigated using
OptaDOS, which is a post-processing tool for CASTEP [96].

3.2 Production of Cs;Bi,Br,Io_, Solar Cells

The Bi-based perovskite solar cells were produce using c¢-TiO;, Cs3BiaBrylo_y (X is
varying from 0 to 9), spiro-MeOTAD, and Au as the ETM, light absorber, HTM and
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counter electrode, respectively. The synthesis of the precursor materials and the

production procedure of the solar cells were given in the following sections.

3.2.1 Synthesis of the bi-based perovskites

CsI (99.999%, Sigma-Aldrich), Bilz (>99.998%, Sigma- Aldrich), CsBr (99.999%,
Sigma-Aldrich), BiBr3 (99.998%, Sigma-Aldrich) and DMF (anhydrous, 99.8%,
Sigma-Aldrich) were used to produce perovskite solutions without further
purification.

Figure 3.1 demonstrates the Cs3Biyly, Cs3BiyBrg, Bilz and BiBrs solutions. The
solutions were prepared in 20 mmol/L concentrations and then diluted to 10 mmol /L
shown in glass bottles and quartz cuvettes, respectively. All 20 mmol/L solutions
were prepared by mixing CsI or CsBr with the related Bi-halide salts in DMF (10 ml)
at 70 °C for 24 h. The amounts used were given in Table 3.1. CsI (0.1558 g) and Bilz
(0.2358 g) were mixed in DMF (10 ml) at 70 °C for 24 h to obtain Cs3Biy Iy (20
mmol/L) [19]. The Bi-halide salt solutions were prepared by solving Bil3 (0.2358 g) in
DMEF (10 ml) and BiBr3 (0.1794 g) in DMF (10 ml) in separate bottles applying the
same production procedure with the perovskites.

FIGURE 3.1: The solutions of Cs3Biylg, Cs3BiyBrg, Bilz and BiBrz at 20 mmol/L and
10 mmol/L concentrations.

Table 3.1 gives the amounts of BiBr3, Bil3, CsBr and CsI to produce Cs3zBirBrylg_y
perovskites (20 mmol /L) mixed in DMF (10 ml) at 70 °C for 24 h. Besides, Figure 3.2
demonstrates the images of the Bi-based perovskite solutions. From left hand side to
right hand side, the order of bottles shows the x values in Cs3Bip Brylg_y, which is
changing from 1 to 8.
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Perovskites BiBr3(g) Bil3(g) CsBr(g) CsI(g)

Bilz - 0.2358 - -

BiBr3 0.1794 - - -
Cs3Bizlg - 0.2358 - 0.1558
Cs3BipBrlg - 0.2358 0.0425 0.1039
Cs3BipBraly - 0.2358 0.0851 0.0519

Cs3BiyBrsls - 0.2358 0.1276 -

Cs3BiyBryls 0.0897 0.1179 0.0425 0.1039
Cs3BiyBrsly 0.0897 0.1179 0.0851 0.0519
Cs3BipBrel3 0.0897 0.1179 0.1276 -

Cs3BiyBrylp 0.1794 - 0.0425 0.1039
Cs3BipBrsgl 0.1794 - 0.0851 0.0519
Cs3BiyBrg 0.1794 - 0.1276 -

TABLE 3.1: The amounts of the components to produce Bi-halide salts and
Cs3BipBrylg_, perovskites in DMF.

FIGURE 3.2: The images of Cs3BipBrylg_, solutions in order of x changing from 1 (the
darkest red bottle) to 8 (the lightest yellow bottle).

3.2.2 Synthesis of the ETM

The c-TiO, was employed as the ETM to fabricate solar cells with Bi-based
perovskites. Two different preparation methods were used to produce ETMs, whose
ingredients were given in Table 3.2. Titanium (IV) butoxide (97 %, Sigma-Aldrich),
titanium (IV) isopropoxide (97 %, Sigma-Aldrich), acetic acid (glacial, Fisher
Scientific), hydrochloric acid (~37%, Fisher Scientific), and ethanol (absolute, >99.8%,
Fisher Scientific) were used to prepare c-TiO; solutions without further purification.

To prepare c-TiO, with titanium (IV) butoxide, firstly, acetic acid was mixed with
ethanol for 5 min. Afterwards, titanium (IV) butoxide was added to the acetic
solution, and then the solution was mixed for 10 min. Lastly, the clear solution was
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mixed for 1 h after the drop-wise addition of deionised water. Therefore, the
preparation of c-TiO, was completed.

As for the recipe-2, titanium (IV) isopropoxide & ethanol (2.53 ml), and hydrochloric
acid & ethanol (2.53 ml) were mixed in separate bottles on magnetic stirrers for 5

min [97]. Afterwards, the acetic solution was added to the titanium (IV) isopropoxide
& ethanol solution under heavy stirring. The transparent c-TiO, solution was ready to
use after 30 min mixing.

ETM Recipe-1 ETM Recipe-2
Titanium (IV) Butoxide (4 ml) Titanium (IV) Isopropoxide (369 ul)
Acetic Acid (4 ml) Hydrochloric Acid (35 ul)
Deionised Water (0.75 ml) Ethanol (5.06 ml)
Ethanol (40 ml) -

TABLE 3.2: The amounts for preparing ETMs with two different recipes.

Figure 3.3 demonstrates the microscope images of c-TiO, on ITO-glass substrates,
which were produced following the procedure in Section 3.2.4. Figure 3.3-(a) shows
the microscope image of the c-TiO; layer fabricated using the recipe-1, whereas

Figure 3.3-(b) illustrates the microscope image of the c-TiO; layer from recipe-2. It was
observed that the surface coverage of the c-TiO, layer with recipe-2 was smoother and
more uniform compared to the other. The c-TiO, layer with recipe-2 had some
roughness and accumulated particles at some regions on the ITO-glass substrate.
Thus, it was suggested to use the c-TiO, solution produced from recipe-2.

(a) (b)

FIGURE 3.3: Microscope images of ¢-TiO, from recipe-1 (a) and recipe-2 (b) on ITO-
glass substrates
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a) (b)

FIGURE 3.4: Microscope images of the two-layers c-TiO, from recipe-1 (a), from recipe-
2 (c), and the three-layers c-TiO, from recipe-1 (b), from recipe-2 (d)

Figure 3.4 shows the microscope images of the two-layers and three-layers c-TiO; from
recipe-1 and recipe-2 on ITO-glass substrates. The two-layers and three-layers c-TiO;
substrates were produced by coating c-TiO, solution on the ITO-glass substrates twice
and three times applying sequential spin-coating procedure in Section 3.2.4. After one
layer was deposited, the other layer was coated using the same spin-coating process.
After the two or three layers were coated on the substrates, the substrates were placed
in a furnace for annealing by employing the procedure in Section 3.2.4.

Figure 3.4-(a) demonstrates the microscope image of the two-layers c-TiO,, while
Figure 3.4-(b) illustrates the microscope image of the three-layers c-TiO, produced
using recipe-1. Besides, Figure 3.4-(c) and Figure 3.4-(d) demonstrate the microscope
image of the two-layers and three-layers c-TiO, produced using recipe-2, respectively.
It was observed that the surface roughness increased with the increasing number of
layers. Additionally, accumulations of the particles on the surface of the substrates
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significantly increased. Therefore, it was suggested to apply one layer c-TiO; on the
ITO-glass substrates as ETMs.

3.2.3 Synthesis of the HTM

Spiro-MeOTAD was employed as the HTM to fabricate perovskite solar cells. The
spiro-MeOTAD solution was prepared using spiro-MeOTAD (Sigma-Aldrich),
bis(trifluoromethane)sulfonimide lithium salt (99.95%, trace metals basis,
Sigma-Aldrich), acetonitrile (anhydrous, 99.8%, Sigma-Aldrich), 4-tert-Butylpyridine
(Sigma-Aldrich), chlorobenzene (>99.5%, Sigma-Aldrich) without further purification.

(@) (b)

FIGURE 3.5: Microscope images of the spiro-MeOTAD layer produced using 2000 rpm
(a), 3000 rpm (b), 4000 rpm (c), and 4000 rpm heated at 120 °C (d).

The spiro-MeOTAD solution was comprised of spiro-MeOTAD (72.3 mg),
chlorobenzene (1 ml), 4-tert-butylpyridine (28.8 ul), and lithium salt solution (17.5 ul ),
which was prepared by dissolving bis(trifluoromethane)sulfonimide lithium salt (520
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mg) in acetonitrile (1 ml) [98]. The solution was mixed on a magnetic stirrer for 30 min

to obtain a clear yellowish solution.

Figure 3.5 shows the microscope images of the spiro-MeOTAD layers on ITO-glass
substrates, which were fabricated applying different spinning speeds. The ITO-glass
substrates were coated with spiro-MeOTAD using spin-coating at 2000 rpm, 3000 rpm
and 4000 rpm, whose microscope images are shown in Figure 3.5-(a), Figure 3.5-(b)
and Figure 3.5-(c), respectively. It was observed that the spiro-MeOTAD coated
substrate at 4000 rpm provided the optimum surface coverage of the HTM, whereas
the substrate coated at 2000 rpm had a surface with many cracks. Additionally, it was
observed that the spiro-MeOTAD surface deteriorated when the coated substrate was
heated at 120 °C after the spin-coating process. The damaged surface microscope
image of the heated substrate after spin-coating at 4000 rpm is given in Figure 3.5-(d).
Therefore, the HTLs at perovskite solar cells were formed using 4000 rpm without

heating.

FIGURE 3.6: Microscope images of the spiro-MeOTAD edges cleaned with a cotton
bud (a) and taped (b).

Figure 3.6 shows the microscope images of the edges of spiro-MeOTAD layers, which
were cleaned with a cotton bud and taped. The cotton bud cleaning process severely
damaged the HTL and caused many cracks at the surface shown in Figure 3.6-(a).
However, the edge of the spiro-MeOTAD layer, whose substrate was taped before the
spin-coating process, was smoothly cleaned by pulling out the tape after the
spin-coating process in Figure 3.6-(b). Hence, the electrodes of the solar cells were

protected from contamination during the coating processes by using tapes.

3.2.4 Production of the Bi-based perovskite solar cells

The pre-patterned ITO-glass substrates (20x15 mm, Ossila) were used to prepare the
Bi-based solar cells after cleaning. Figure 3.7 shows the schematic diagram of a



52 Chapter 3. Methodology

ITO-glass substrate, where the yellow parts are indium tin oxide coated glass whereas
the other parts are bare glass. The substrates were sequentially cleaned with a
commercial detergent (Teepol multi-purpose), deionised water, acetone
(Sigma-Aldrich), isopropanol (>99.5%, Fisher Scientific), and ethanol (absolute,
>99.8%, Fisher Scientific) in an ultrasonic bath for 15 min, and then dried with
nitrogen [99, 100].

l‘ 20mm _4
I L
] 1
[ L

*omm”

FIGURE 3.7: Schematic diagram of pre-patterned ITO-glass substrates

The Bi-based solar cells were constructed using n-i-p configuration and thereby the
structure of the cells were designed as ITO-glass/ETM/ perovskite/HTM/counter
electrode. The solar cell architecture of ITO-glass/c-TiOy/Cs3BiyBrylo_/
spiro-MeOTAD/Au was used in the production of the Bi-based solar cells. The
preparation method of the precursors can be found in Section 3.2.1, Section 3.2.2 and
Section 3.2.3.

First, the c-TiO, solution (15 ul) was coated on the clean ITO-glass substrate using
spin-coating method at 2000 rpm for 30 s. Then, the c-TiO; coated ITO-glass substrate
was annealed in a furnace at 500 °C with the set point ramp rate of 5 °C/min for 30
min [101].

The light absorber perovskite layer was coated on the c-TiO, layer using spin-coating
method at 2000 rpm for 30 s, and then the coated substrate was annealed on a hot
plate at 120 °C for 15 min. However, a uniform film coverage of the perovskite layer
was not obtained using perovskite solutions at room temperature. Figure 3.8-(a) and
Figure 3.8-(c) shows the microscope images of the Cs3Bi; Brg and Cs3Biz Iy thin films,
which were produced using the related perovskite solutions at room temperature. The
images show discontinuity of the film coverage. However, the perovskite solutions
were heated at 70 °C before coating, the film coverage was improved shown in

Figure 3.8-(b) and Figure 3.8-(d). Yet, there were still some discontinuities in the film

coverage and some accumulations of the perovskites at specific regions on the film.

The smooth, continuous, and uniform coverage of the Bi-based perovskite thin films
were obtained using the following procedure. Firstly, the c-TiO, coated ITO-glass
substrates were heated on a hot plate at 120 °C for 20 min. The perovskite solutions
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FIGURE 3.8: Microscope images of perovskite layers from the solutions of a) Cs3Biy Brg
at room temperature, b) Cs3BipBrg at 70 °C, ¢) Cs3Bixlyg at room temperature, d)
Cs3BirIg at 70 °C.

were also mixed and heated at 70 °C for 30 min. Afterwards, the heated ITO-glass
were coated with the heated perovskite solution (15 ul) using spin-coating technique
at 2000 rpm for 30 s, and then placed on the hot plate at 120 °C for annealing for 15
min. Additionally, the perovskite coated substrates were covered with petri dishes
during the annealing process. Figure 3.9-(a) and Figure 3.9-(b) demonstrates the
microscope images of the Cs3Biy Brg and Cs3Bis I thin films, respectively. It was
shown that the best coverage of the thin films was obtained after the ITO-glass
substrates and perovskite solutions were heated up. The dot-like spots at the

microscope images were attributed to some impurities in the perovskite solutions.

The spiro-MeOTAD solution (15 ul) was coated on the perovskite layer using
spin-coating at 4000 rpm for 30 s after the perovskite coated ITO-glass substrate was
cooled down at room temperature [98]. Therefore, the coating of the HTM of the
Bi-based perovskite solar cell was completed.
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FIGURE 3.9: Microscope images of perovskite layers coated with a) Cs3 Bip Brg solution
at 70 °C, b) Cs3Bizly solution at 70 °C. The ITO-glass substrates were heated at 120 °C
before coating.

A sputter coater (Agar auto) was used to coat the substrates with Au as the counter
electrode. The spiro-MeOTAD coated ITO-glass substrate was placed on a deposition
mask (multi electrode mask, Ossila), and put in the sputter coater. After sputtering for
60 s, 200 ym Au layer was placed on the spiro-OMeTAD layer. Therefore, the
production of the Bi-based perovskite solar cell was completed.

Figure 3.10 shows the schematic diagram and images of the bi-based perovskite solar
cells, which were produced using Cs3Biyly and Cs3Biz Brg. The substrates, which were
coated with Cs3Bis Iy, had orange colour, while the substrates coated with Cs3BiyBrg

were yellow.

3.3 Production of MAPDbI;/Tint Solar Cells

The lead-based perovskite solar cells were produced using methylammonium lead
iodide titanate nanotubes (M APbI3/Tint), spiro-MeOTAD, and Al sheet. The
synthesis of the precursor materials and the production procedure of the solar cells

were given in the following sections.

3.3.1 Preparation of the lead-based perovskites

NaOH solution (600 ml), which was prepared using sodium hydroxide (97%, pellets,
Fisher Scientific) and deionised (DI) water at the concentration of 10 mol/L, was
mixed with titanium (IV) oxide (anatase, 99.7%, Sigma-Aldrich) (130 g) [102]. The
mixture was put into an autoclave at 140 °C for 24 h to obtain titanate nanotubes
(Tint). Afterwards, Tint solution was treated with deionised water and H, SOy (>95%,
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FIGURE 3.10: Left-hand side image shows the bi-based perovskite solar cells pro-
duced using Cs3Bis Iy (orange) and Cs3Biy Brg (yellow), while the right-hand side im-
age shows the schematic diagram of the solar cells.

Fisher Scientific) solution (0.1 mol/L) to decrease pH from 12 to 7. Later, the Tint
solution was put into a centrifuge at 3900 rpm, 11030 rotor for 2 min to separate the
liquid from the nanotubes. Lastly, the Tint was dried in an oven at 120 °C overnight,
and thereby Tint with the formula of H,Ti307 having 3-5 nm of internal tube diameter,

7-10 nm of external diameter and several hundred nm of length were obtained [102].

The ion-exchange method was utilised to produce lead titanate nanotubes (Pb/Tint)
considering the concentration of 0.25 mol/L for Pb** ions in DI water [103]. Thus, lead
(IT) acetate trihydrate (>99%, Sigma-Aldrich) (1.472 g), Tint (1 g) and DI water (15.527
ml) were mixed on a magnetic stirrer for 5 h taking 1:1 molar ratio between Pb** and
Tint. Afterwards, the mixture was filtered using a PTFE filter with 0.2 ym pore size,

and then Pb/Tint white powder was left at room temperature to dry up overnight.

The molar ratio of 2:1 between hydroiodic acid (HI) (57%, Sigma-Aldrich) and Pb/Tint
was used to obtain lead iodide titanate nanotubes (Pbl,/Tint). Pb/Tint (1 g), HI (0.570
ml) and DI water (8.643 ml) were mixed on a magnetic stirrer for 1 h considering 0.25
mol/L concentration of Pb/Tint in DI water. After the mixture had been filtered using
a PTFE filter with 0.2 ym pore size, Pbl, /Tint yellow powder was put in an oven at
120 °C overnight.

As for production of the perovskite of MAPbIz/Tint, Pbl,/Tint (0.8 g), methanamine
hydroiodide (MAI) (98%, Sigma-Aldrich) (0.283 g) and isopropanol (>99.5%, Fisher
Scientific) (28.320 ml) were mixed for 1 h using 10 mg/mL MAI in isopropanol [87]
and 1:1.6 molar ratio for Pbl, /Tint:MAI [104]. The mixture was filtered using 0.2 ym
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FIGURE 3.11: Images of the precursor powders produced using different molar ratios
between Pb>* and Tint, where Pb/Tint powders (left top image), PbI,/Tint (right top
image) and M APbI3/Tint (bottom image)

PTEE filter, and then MAPbI3/Tint black powder was placed into desiccator to dry up
overnight.

Three different ratios between Pb** and Tint were used while producing the Pb/Tint
powder. The procedure above was given for the 1:1 molar ratio between Pb** and
Tint, and the black MAPbIz/Tint perovskite powder was named as (1) MAPbI3/Tint.
Besides, the precursor powders of Pb/Tint and Pbl,/Tint were also denoted as (1)
Pb/Tint, and (1) Pbl,/Tint.

Additionally, two other molar ratios, 0.05:1 and 0.5:1, between Pb*t and Tint were
used to produce perovskites with Tint. The precursors, which were produced using
0.05:1 molar ratio, were labelled (2), while the powders with 0.5:1 ratio were named as
(3). Therefore, the materials, which were produced using 0.05:1 molar ratio between
Pb** and Tint, were denoted as (2) Pb/Tint, (2) Pbl,/Tint and (2) MAPbI3/Tint,
whereas the precursors with 0.5:1 molar ratio were labelled (3) Pb/Tint, (3) Pbl,/Tint
and (3) MAPbI3/Tint.

Figure 3.11 demonstrates the precursors prepared using different molar ratios
between Pb*" and Tint. The shade of white colour of Pb/Tint powders with all three
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ratios was the same, whereas the shade of yellow colour of (2) PbI,/Tint powder was
paler than (1) Pbl,/Tint and (3) Pbl,/Tint. Moreover, (2) MAPbI3/Tint had pale
greenish colour, while (1) MAPbIz/Tint and (3) MAPbI3/Tint were black. Thus, it was
decided that (1) MAPbI3/Tint and (3) MAPbI3/Tint were more suitable to use as a
light absorber while solar cells were being produced.

3.3.2 Production of the lead-based perovskite solar cells

The pre-patterned ITO-glass substrates (20x15 mm, Ossila) were cleaned using the
same procedure in Section 3.2.4. The doctor-blading method was used to coat the light
absorber layer and HTM on the ITO-glass substrates [105]. Firstly, MAPbIz/Tint paste
composed of MAPbI3/Tint (0.1 g), polyamic acid (5 mg) as a binder and isopropanol
(0.5 ml) was deposited on an ITO-glass substrate using the doctor-blading method.
Then, the substrate was annealed in an oven at 120 °C for 0.5 h. After the
MAPbI3/Tint coated ITO-glass substrate had cooled down, the HTM of the
spiro-MeOTAD solution, whose preparation procedure was given in Section 3.2.3, was
coated on the perovskite layer. Lastly, an Al sheet was placed on the solar cell as the
counter electrode. Figure 3.12 demonstrates an image of a MAPbI3/Tint solar cell
from the ITO-glass side and its schematic diagram.

FIGURE 3.12: Images of a MAPbI3 / Tint perovskite solar cell from ITO-glass side (left)
and schematic diagram (right).

3.4 Characterisation of the Perovskite Solar Cells

UV-vis characteristics of the solar cells were sought using the Scinco
spectrophotometer, while the photovoltaic characteristics of the solar cells were
determined using the Ossila I-V test system under irradiation of 100 mW.cm~?2 air

mass 1.5 global sunlight. The active area of the solar cells was 0.035 cm? using a
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measurement aperture mask from Ossila. Additionally, the FTIR measurements of the
precursor powders with Tints were obtained employing the ThermoFisher Scientific
Nicolet IS5 FTIR spectrometer. All FTIR spectra were recorded in the 4000-500 cm !
wavenumber range, while UV-vis measurements were performed using the
wavelength range from 250 to 900 nm.

To measure UV-vis characteristics of Cs3Bi Iy, the solution (20 mmol /L) was diluted
so that 10 mmol/L concentrated solution was obtained. Additionally, the solution of
Cs3Biy Brg was diluted in the same concentration to obtain its spectral response.

To obtain the UV-vis spectrum of thin films of Cs3Bi; BryIg_y, firstly, the solutions with
20 mmol/L were coated on quartz by spin coating at 2000 rpm for 30 s after heating
up to 70 °C. Later, the coated quartz was placed on a hot plate at 120 °C for 15 mins for

annealing.

As for the Cs3Bis Ig and Cs3Bip Brg thin films with different layers, the perovskite thin
films were produced applying the following procedure. Once a perovskite layer was
formed after annealing and cooling down the ITO-glass substrate, another layer was
applied using spin-coating. The aim was to find a thin layer of perovskite with better
absorption.
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First Principle Calculations on
Structural, Electronic and Optical
Properties of Cs3BiyXg (X=Br,I)

Perovskite solar cells have attracted great interest due to the considerable increase in
their PCE. However, the toxicity of lead raises concerns about its usage as B part metal
in the perovskite chemical structure formula of ABX3. A less toxic trivalent cation of
Bi*T is a suitable alternative metal to overcome the toxicity issue. The heterovalent
substitution of lead changes the perovskite chemical structure from ABX3 to A3B,Xo
to retain charge neutrality [106]. Thus, various bi-based perovskites with the chemical
structure of A3Bi; X9 were introduced by using different A-side cations and X-side
anions, such as CH;NH;, Cs* and Br—,Cl—, I, respectively [107].

DFT is a useful first-principles simulation method to calculate the structural,
electronic, and optical properties of solid materials. There are several examples in
which first-principle DFT calculations have been used to investigate the properties of
perovskites. The electronic band gaps and energy bands of MAPbI; were investigated
by using DFT via Vienna Ab-initio Simulation Package (VASP) with Generalised
Gradient Approximations (GGAs) of Perdew, Burke and Ernzerhof (PBE) and

PBEsol [108]. Additionally, the first principles DFT calculations were performed to
obtain optimised crystal structure, electronic band structure and density of states of
MAPbI; by using different functional theories, which were LDA, PBE/GGA,
PW91/GGA and WC/GGA in CASTEP [109]. Refractive index and extinction
coefficients of MAPbI3 doped with Br or Cl and MAPbBrs; doped with Cl or I was
obtained using the exchange-correlation function of PBE with CASTEP [110]. As for
lead-free perovskites, Cs3Sby Iy was examined in terms of electronic band structure, the
partial density of states (PDOS) and absorption coefficient with the help of PAW
method with the Heyd-Scuseria-Ernzerhof (HSE) functional in VASP [111]. Electronic
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band structure, optical absorption spectra, DOS and PDOS of bi-based perovskite of
Cs3BiyIg were obtained using the PAW method with GGA-PBE functional and HSE
with and without spin-orbit coupling (SOC) in VASP [112].

In this work, Cs3Bis Iy, Cs3Bir Brg, and Cs3Bi; Bralg have been examined in terms of
their optimised crystal structure, electronic band structure, the density of states and
absorption coefficients. First-principles DFT calculations were employed to
investigate the structural, electronic, and optical properties of the perovskites with the
help of the CASTEP computer program code. CASTEP was not used to seek the
characteristics of the inorganic Bi-based perovskites before this study.

4.1 Crystal Structure

The crystal structure of Cs3Bi,Ig is built once bioctahedral [Bi219]3* clusters, which are
formed by face-sharing Bils, are surrounded by Cs™ cations [113]. Cs3Bix Iy crystallises
in the hexagonal space group of P63 /mmc with the lattice parameters of a=b=8.294 A,
c=21.312 A, a=p=90°, and y=120°. Figure 4.1 shows the crystal structure of Cs3zBiyIy
obtained from two different software, Jmol (top) and VESTA (bottom). The unit cell
from Jmol involves only double Cs3zBi; Iy atoms” locations, whereas the unit cell from
VESTA includes all atom positions after being symmetrically propagated. As shown
in the figure, Cs3Biy Iy consists of a stacking of hexagonal CsI3 layers in a close-packed
structure in which Cs has twelve I nearest-neighbours while Bi atoms are surrounded

by six I atoms to fill octahedral spaces [94].

Cs3BipBrg owns trigonal crystal structure in P3m1 the hexagonal space group with the
lattice parameters of a=b=7.901 A, c=9.823 A, a=p=90°, and y=120°. Cs3BiyBrg crystal
structure consists of Cs and Br atoms in cubic closest packing and corrugated layers,
which are created by BiBrg octahedra sharing three vertices [95]. Figure 4.2
demonstrates the crystal structures of Cs3Bi, Brg, which were obtained by Jmol (top)
and VESTA (bottom). The crystal structure from Jmol indicates the atomic positions of
a single Cs3Biy Brg in a unit cell and lattice parameters. On the other hand, the crystal
structure from VESTA gives all atomic positions occupied by Cs3Bip Brg atoms in a
unit cell.

The crystal structure of Cs3BiyBrzIs belong to the trigonal space group P3m1 with the
lattice parameters of a=b=8.143 A, c=10.033 A, «=B=90°, and y=120°. Cs3BiyBr31s
crystal structure was illustrated using Jmol and VESTA, whose results were given in
Figure 4.3. The crystal structure obtained from Jmol showed the atomic positions of a
single Cs3Bip BrsIg perovskite in a unit cell, whereas the crystal structure from VESTA

demonstrated a unit cell which was fully occupied from Cs3Biy Br3ls atoms.
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4.2 Electronic Structure

The electronic band structure and density of states of Cs3BizIg are given in

Figure 4.4-(a) and Figure 4.4-(b), respectively, in which Fermi energy levels were set to
zero. The calculated band structure results show that the valence band maximum
(VBM) is located at K, while the conduction band minimum (CBM) is at I', which
indicates Cs3BizIg has an indirect bandgap. The indirect band gap was found as 1.99
eV, which is in good agreement with the previously reported experimental value of 1.9
eV [114]. On the other hand, the narrowest direct band gap of Cs3Biylg, which is
placed at I', was calculated as 2.13 eV. Additionally, the density of states is given in
Figure 4.4-(b).

The perovskite of Cs3Biy Brg was examined in terms of electronic band structure and
density of states in Figure 4.5-(a) and Figure 4.5-(b), respectively, in which the dashed
lines stand for Fermi energy level, which was set to zero. Figure 4.5-(a) demonstrates
that both VBM and CBM are located at I" and thereby Cs3Biy Brg owns a direct band
gap calculated as 2.42 eV. On the other hand, Figure 4.5-(b) illustrates the density of
states of Cs3Bi,Bro.

Figure 4.6-(a) demonstrates the energy band diagram of Cs3Bi,Br3ls, which was
obtained calculating the energy of electronic states as a function of wave vectors, k, in
reciprocal space. Fermi level was denoted by dashed lines at 0 eV. The occupied
energy levels below the Fermi level were clearly separated from the unoccupied
energy levels, which showed that the perovskite was a semiconductor. Additionally,
VBM and CBM were located at different high symmetry k-points, which means
Cs3BipBr3ls owns an indirect band gap. The magnitude of the energy band gap was
calculated as 1.83 eV. Figure 4.6-(b) illustrates the distribution of energy bands via

density of states.

Figure 4.7-(a), Figure 4.8-(a), and Figure 4.9-(a) shows the electronic density of states
for Cs3Biylg, Cs3Biy Brg, and Cs3Biy Bro, respectively. Results in Figure 4.7 and

Figure 4.8 were obtained by OptaDOS. The electronic density of states was compatible
with the results, which were obtained using CASTEP in Figure 4.4-b, Figure 4.5-b, and
Figure 4.6-b. Besides, Figure 4.7-(b), Figure 4.8-(b), and Figure 4.9-(b) demonstrate the
joint electronic density of states of related perovskites.

4.3 Optical Properties

The absorption coefficients of Cs3BiyIo and Cs3Bi; Brg are demonstrated in

Figure 4.10-(a) and Figure 4.10-(b), respectively. It was observed that absorption
coefficients showed blue-shifted movement when the halogen in Cs3Bi; X9 changed
from I to Br, which was compatible with the fact that the perovskites with Br had a
higher energy band gap compared to the perovskites with I [110]. The absorption
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coefficient edge of Cs3Bis Iy was recorded at 2.04 eV, whereas that of Cs3Bi; Brg was at
2.26 eV.

The absorption coefficient of the inorganic dual halide perovskite of Cs3zBiy Br3ls is
demonstrated in Figure 4.11. The band gap energy has an important role in the
light-harvesting capability of an optoelectronic device [115]. The absorption coefficient
onset of Cs3BiyBr3ls was observed at 1.74 eV, which was slightly different from the
calculated energy band gap of Cs3BipBr3ls, which was 1.83 eV. Additionally, the
energy band gap and absorption coefficient onset energy were compatible with each
other for the perovskite of Cs3Biy Iy with the values of 1.99 eV and 2.04 eV. However, a
significant difference between the absorption coefficient onset and band gap energies
was observed in the results of Cs3BiyBrg. The absorption coefficient edge of Cs3BiyBro
was recorded at 2.26 eV, whereas the energy band gap was calculated as 2.42 eV.

4.4 Discussion

This study aimed to theoretically investigate three Bi-based perovskites, Cs3Bi Iy,
Cs3BipBrg and Cs3BipBrslg in terms of structural, electronic and optical features using
the first principle DFT calculations with CASTEP. The purpose of investigation on
Bi-based perovskites was that they provide better stability, high PV performance, and
more extensive usage in PV applications in addition to lower toxicity compared to
Pb-based counterparts [116]. Additionally, DFT calculations along with CASTEP
modelling software offer a useful tool to investigate structural, chemical, optical,
spectroscopic, elastic, vibrational and thermodynamic properties in solid-state
physics [117]. Therefore, it was aimed that the results contribute to the literature in

terms of the theoretical research on determining the properties of the perovskites.

The crystallographic results showed that Cs3Bi Iy was in the hexagonal space group of
P63 /mmc after the geometry optimisation via CASTED, which was compatible with a
study on the crystal structure of Cs3Biy Iy using DFT calculations via VASP [118].
Furthermore, electronic band structure calculations showed that Cs3Bi,Ig had a direct
band gap of 2.13 eV, which was in good agreement with the value of 2.12 eV in a study
on Cs3Biy Iy via VASP [119]. Moreover, the calculations demonstrated that Cs3BisIg
owned the indirect band gap energy of 1.99 eV, which was coherent with 2.02 eV from
a DFT study on Cs3Bi, Iy using a Quantum Espresso package [120].

As for the structural properties of Cs3BipBrg, the crystal structure of it possessed
trigonal distortion and P3m1 symmetry after the geometry optimisation via CASTEP,
which was compatible with the findings in a study on Cs3Biy Brg perovskites using
DFT [121]. However, the calculated direct band gap energy of Cs3Biy Brg was
inconsistent with the values in the literature. In this study, the band gap energy of 2.42
eV was underestimated by DFT calculations via CASTEP, whereas the band gap of
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Cs3BiyBrg was calculated as 2.66 eV in a study using DFT via VASP [122]. The band
gap energy difference between the calculated value via CASTEP and the value from
VASP in literature was attributed to cell parameters of the unit cell of Cs3BipBrg. A
c-doubled unit cell was suggested to obtain more compatible results with the ones in
the literature. The c-doubled P3m1 trigonal unit cell could be utilised with the cell
parameters of a=b=7.8804 A and c = 19.5572 A instead of a=b=7.901 A and ¢=9.823
A[123].

4.5 Conclusion

The inorganic Bi-based perovskites of CszBizlg, Cs3Bip Brg and Cs3Bip Br3ls were
theoretically investigated to obtain crystal structure, electronic and optical properties
using DFT via CASTEP in this study. The results showed that Cs3Biz Iy belonged to
P63 /mmc hexagonal space group, whereas Cs3Biy Brg had P3m1 hexagonal space
group. Additionally, the calculated electronic band structures of the perovskites
demonstrated that Cs3Bis I had an indirect band gap, while Cs3Bi; Brg owned a direct
band gap. Moreover, absorption coefficient peaks performed blue-shifted tendency
the halide X in Cs3Biy X9 structure changed from I to Br. Before this study, no
theoretical investigation for structural, electronic and optical properties of the
inorganic halide Bi-based perovskites of Cs3Biyly, Cs3BizBrg and Cs3Biy Br3ls was
conducted using the CASTEP code.
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FIGURE 4.1: Crystal structure of Cs3Biyly simulated by Jmol (top) and VESTA (bot-

tom). In the unit cell from Jmol, Cs, Bi and I are shown in violet, purple and magenta,

respectively. In the unit cell from VESTA, Cs, Bi and I are represented in blue, red, and

yellow, respectively. Cell parameters of the unit cell are given at the top left corner of
the figure.
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FIGURE 4.2: Crystal structure of Cs3BiyBrg obtained by Jmol (top) and VESTA (bot-

tom). Cs, Bi and Br atoms are presented in violet, purple and red, respectively, in the

unit cell from Jmol. Additionally, in the crystal structure obtained from VESTA, Cs, Bi

and Br atoms are presented in blue, red, and green, respectively. Cell parameters are
given at the left corner of the figure.
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FIGURE 4.3: Crystal structure of Cs3Biy Br3ls obtained by Jmol (top) and VESTA (bot-

tom). Cs, Bi, Br and I atoms are presented in violet, purple, red and magenta, respec-

tively, in the unit cell from Jmol, whereas Cs, Bi, Br and I atoms are presented in blue,

red, green and yellow, respectively, in the unit cell from VESTA. Cell parameters are
given at the left corner of the figure.
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FIGURE 4.4: Calculated electronic band structure (a) and density of states (b) of
Cs3Bizlg. Dashed lines represent Fermi energy level, which was set to zero.
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FIGURE 4.5: Calculated electronic band structure (a) and density of states (b) of
Cs3BiBrg. Dashed lines represent Fermi energy level, which was set to zero.
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FIGURE 4.6: Calculated electronic band structure (a) and density of states (b) of
Cs3BiyBrsls. Dashed lines represent Fermi energy level, which were set to zero.
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FIGURE 4.7: (a) Electronic density of states and (b) joint density of states of Cs3Biylo,

which were calculated using OptaDOS.
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FIGURE 4.8: (a) Electronic density of states and (b) joint density of states of Cs3Biy Bry,

which were calculated using OptaDOS.
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FIGURE 4.9: (a) Electronic density of states and (b) joint density of states of
Cs3Biy Br3ls, which were calculated using OptaDOS.
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FIGURE 4.10: Calculated absorption coefficients of (a) Cs3Bizlg and (b) Cs3BipBro,
which are obtained by OptaDOS.
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Chapter 5

Photovoltaic Characteristics of
Cs3BisBrylg_, Perovskite Solar
Cells

Perovskite solar cells (PSCs) are produced using various cations, metals, and anions in
the basic chemical structure of ABX3. It was observed that the usage of Br ions or I
ions did not significantly affect the PCE of PSCs because M APbI3 solar cells and
MAPbBr3 solar cells performed similar PCE values, which were 3.81% and 3.13%,
respectively [10]. However, it was observed that the substitution of Br~ for I~ in
MAPbI3 improved the stability of the cells under ambient conditions with controlled
humidity [124]. Additionally, it was reported that the incorporation of MAPbBr3 into
FAPUbI3 provided the stabilisation of the perovskite phase with a uniform and dense
morphology in addition to improved PCE [77].

On the other hand, the usage of bismuth as the metal part in the ABX3 structure
provided an alternative solution to overcome the toxicity issue of lead-based
perovskites. Additionally, it was observed that M A3Bi, Iy PSCs were stable in ambient
air and humidity conditions [24]. Besides, the fully inorganic Cs3Bi; Iy PSC performed
higher PCE than the organic-inorganic bi-based counterparts [107].

In this study, binary halide organic bi-based perovskites with the structure of
Cs3BiyBrylo_y were used to produce PSCs where the x value varies from 0 to 9.
Therefore, it was aimed to fabricate a solar cell with low toxicity, high stability and
improved PCE.
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5.1 Spectral Response

Absorption graphs of Cs3Bizlg and CszBiy Brg, which were obtained by diffuse
reflectance spectroscopy (DRS) and transmittance spectroscopy, are demonstrated in
Figure 5.1. Figure 5.1-a illustrates the absorption spectra of the precursor solutions
with 10 mmol/L concentration, whereas Figure 5.1-b shows the absorbance curves
from thin films of the perovskites. There is a blue-shifted change of the absorption
curves when the halogen part X of the Cs3Biy X9 perovskite is changed from I to Br,
which is compatible with our computational absorption coefficient results.
Additionally, absorption peaks go to the blue-shifted region further when the
perovskites are in DMF in Figure 5.1-a.
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FIGURE 5.1: (a) Absorption spectra of the precursor solutions of Cs3Biylg, Cs3BixBry,
BiBr3 and Bilz obtained from transmittance spectroscopy. (b) Absorption spectra of
perovskite thin films from DRS and transmittance spectroscopy.

The energy band gaps for Cs3Bis Iy and Cs3Bir Brg were experimentally estimated from
the Kubelka-Munk function using the reflectance data of DRS results [125]. Figure 5.2
demonstrates the Tauc plots of the perovskites to determine their band gaps.

Figure 5.2-a illustrates that the indirect band gap perovskite of CszBiyIg has a 2.00 eV
energy band gap, which is in great agreement with our calculated energy band gap of
1.99 eV by CASTEP. On the other hand, in Figure 5.2-b, the band gap of Cs3BiyBrg was
obtained as 2.68 eV, which is compatible with the previously reported value of 2.67

eV [126].

Figure 5.3 shows the absorbance graphs of Cs3Biy Iy and Cs3Bip Brg with different
layers. It was observed that there was not a clear difference in the curves of Cs3BisIg
thin films with different layers in Figure 5.3-(a). This means that the solvent, DMF,
completely solves the crystallised perovskite thin film on the ITO-glass substrate
while applying another layer. As for the absorbance curves of Cs3BiyBrg in

Figure 5.3-(b), an increase in the number of layers induced an increase in absorbance
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FIGURE 5.2: Tauc plots of (a) Cs3Bizlg and (b) Cs3BixBrg using Kubelka-Munk func-
tion.

peaks. Therefore, it would be better to apply the perovskite of Cs3Biy Brg several times
to capture more light.
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FIGURE 5.3: Absorbance spectra of (a) Cs3Biy Iy and (b) Cs3Bip Brg with different layers

Figure 5.4 illustrates the absorbance spectra of the Cs3Bip Brylg_, perovskite thin films
on quartz substrates by using transmittance spectroscopy. The absorption spectra
edge moved to lower wavelengths while the x value in Cs3Bip Brylg_, chemical
structure increased from 0 to 9. The absorption edge of Cs3Biy Iy was around 610 nm,
whereas the absorption edge of Cs3Biy Brg was around 480 nm. As for the peak
intensities, there were not any continuous patterns observed while the molar ratios
between I and Br changed. The highest peak intensities were obtained from the
perovskites with a single halogen.



74  Chapter 5. Photovoltaic Characteristics of Cs3BiyBryIg_x Perovskite Solar Cells

0.30 T T T T T
—— Cs;Bislg
0254 — Cs3BiBrlg | |
Cs;Bi,Br,l;
=) N\ —— Cs;Bi,Brglg
< 0201 Cs4BiBr,ls |
o) .
o — Cs3Bi,Brgl,
8 0154 Cs;BiBrgly | -
§ — Cs;Bi,Bryl,
< 5104 —— Cs;3Bi,Brgl i
— Cs;Bi,Bry
0.05
0.00

T T T T T
400 450 500 550 600 650 700
Wavelength (nm)

FIGURE 5.4: Absorbance spectra of Cs3BipBrylg_, where x varies from 0 to 9.

Figure 5.5 demonstrates the Tauc plots of Cs3Biy BryIg_, perovskite thin films on
quartz substrates. The estimated energy band gaps of the perovskites were obtained
from the reflectance data of transmittance spectroscopy using the Kubelka-Munk
function in Table 5.1. The energy band gaps systematically increased with varying x
from 0 to 9, which was compatible with the blue-shifted pattern in the absorption
edges with increasing x in Cs3BipBrylg_y.
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FIGURE 5.5: Tauc plots of Cs3BiyBryly_, where x is varying from 0 to 9.
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Perovskites Band gap (eV)

Cs3Bislg 1.99
Cs3BiyBrlg 2.03
Cs3BiyBrplIy 2.06
Cs3BiyBrslg 2.08
Cs3BisBryls 2.14
Cs3BiBrsly 2.19
Cs3BiyBrgl; 2.24
Cs3BiyBryl, 2.32
Cs3BiyBrgl 2.39
Cs3BiBry 2.66

TABLE 5.1: Energy band gaps of Cs3Biy BrylIg_, perovskites from Tauc plots

5.2 Current Density-Voltage Characteristics

The bi-based perovskite solar cells were fabricated using the architecture of
ITO-glass/c-TiO, / perovskite/spiro-MeOTAD/ Au, whose preparation procedure was
given in Section 3.2.4. The c-TiO, solution was produced using two different recipes,
whose preparation method was explained in Section 3.2.2. Figure 5.6 demonstrates the
J-V curves from Cs3Bi; Iy perovskite solar cells with two different c-TiO, recipes. The
photovoltaic characteristics of the solar cell with recipe 1 c-TiO, layer were recorded
as PCE of 0.05%, FF of 0.16, V,. of 0.69 V and J. of 0.44 mA.cm 2 in Figure 5.6-(a). On
the other hand, the solar cell with recipe 2 ¢-TiO, layer provided PCE of 0.05% with FF
0f 0.23, V. of 0.61 V and Js. of 0.39 mA.cm™2 in Figure 5.6-(b). Although the PCEs of
the Cs3BiyIg solar cells with two different c-TiO; recipes were quite like each other,
recipe 2 was chosen to produce the bi-based solar cells because the microscope images

of recipe 1 ¢-TiO; layer showed non-uniform film coverage in Section 3.2.2.

Figure 5.7 illustrates J-V curves of Cs3Bip Brylg_y perovskite solar cells under
illumination. The solar cells were produced using the cell architecture of ITO-glass/
c-TiO, / perovskite/spiro-OMeTAD/Au. The c-TiO, solution was produced using
recipe 2. The photovoltaic characteristics of the solar cells were given in Table 5.2. It
was observed that the V, of the solar cells increased while the x value changed from 0
to 8, which was attributed to the increase in energy band gaps with increasing x. The
increase in V,. with Br addition originates from the fact that the conduction band of
Br is higher than that of I [10].

On the other hand, the J,. of the solar cells decreased while the x value increased. The
decrease in Js. with increasing the x value stems from the fact that the absorption
edges are blue shifted with increasing x [124]. The J-V curves in Figure 5.7 showed



76 Chapter 5. Photovoltaic Characteristics of Cs3BiyBryIg_x Perovskite Solar Cells
(@) (b)
0.75 T T T 7 0.60 T T T 7T
— Dark / — Dark
— llluminated 0454 | llluminated /
& 050 / & /
c / £
9o 9 0.30
< <
E E
> 025 > o5l
2 2
c C
8 8 0.00
< 0.0 _— =
c — [=
g _— g
8 _ 8 -0.15
-0.25- g
-0.30
050 , : : : 045 . . . . .
0.0 0.2 04 0.6 0.8 1.0 1.2 0.00 0.25 0.50 0.75 1.00 1.25 1.50
Voltage (V) Voltage (V)

FIGURE 5.6: J-V characteristic of Cs3Bi Iy perovskite solar cells prepared using c-TiO,

with recipe 1 and recipe 2.

that the highest PCE of 0.067% was obtained from the Cs3Biy Br3Is solar cell with V.
0f 0.684 V and J,. of 0.211 mA.cm 2, whereas the lowest PCE of 0.016% was recorded
from the Cs3BiyBrg solar cell provided the lowest J,. of 0.077 mA.cm 2.

In Table 5.2, the PCEs of the Cs3Biy Bry Iy, solar cells were obtained by taking the
PSCs with the best photovoltaic performance. The error estimation of the reported

efficiencies could be performed considering all data sets with different PCEs of the

PSCs structured with the same configuration. The best estimation for the correct value

of PCEs would be the mean of the measured values. Additionally, the uncertainty in

the mean could be given by the standard error. Therefore, the best estimate of PCE for

a specific PSC would be given by the mean of the measurements, and its accuracy
would be given by the standard error on the mean. The PCE of the PSC would be
demonstrated as mean+standard error.

Perovskites PCE (%) Jsc (mAcm™2) V. (V)
Css3Biplg 0.058 0.232 0.651
Cs3BiyBrlg 0.051 0.226 0.653
Cs3BiyBry Iy 0.053 0.226 0.674
Cs3BirBrslg 0.067 0.211 0.684
Cs3BipBryls 0.056 0.185 0.753
Cs3BipBrgls 0.051 0.173 0.746
Cs3BiyBrylp 0.039 0.148 0.755
Cs3BipBrgl 0.037 0.123 0.776
Cs3BipBrg 0.016 0.077 0.533

TABLE 5.2: J-V characteristics of Cs3Biy Brylg_, perovskite solar cells
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FIGURE 5.7: J-V curves of Cs3BipBrylg_, perovskite solar cells.

5.3 Discussion

This study aimed to investigate UV-vis and J-V characteristics of inorganic Bi-based
perovskites of Cs3BiyBrylg_, where x was varying from 0 to 9. Therefore, it was
targeted to find a perovskite with optimal PV characteristics and to obtain solar cells
with improved stability. According to PCE of the Bi-based PSCs, the highest efficiency
was obtained from the solar cell with Cs3Bi;Brsls, which inspired the theoretical
investigation of that specific dual halide perovskite in terms of structural, electronic

and optical properties given in Chapter 4.

The UV-vis results revealed that the energy band gap of Cs3Biy Iy was 2.00 eV from the
Tauc plots using the Kubelka-Munk function with DRS data, which was the same as
the indirect band gap value of Cs3Bi> Iy obtained from the UV-vis spectrum in a

study [120]. Additionally, the experimental band gap value of 2.00 eV was coherent
with the theoretically calculated band gap of 1.99 eV using CASTEP. As for the energy
band gap of Cs3BiyBry, it was estimated as 2.68 eV using Tauc plots, which was
consistent with the 2.67 eV energy band gap of Cs3BiBrg from Tauc plots in a

study [127]. Furthermore, the Tauc plots obtained by transmittance spectroscopy data
demonstrated that the energy band gaps of Cs3BixBrylg_, perovskites were varying
from 1.99 eV to 2.66 eV with changing x value from 0 to 9.

The J-V results showed that the best photovoltaic performance was achieved from the
solar cell produced using Cs3BipBr3 I perovskite with the PCE of 0.067%, whereas the
lowest PCE was obtained from the Cs3Bi;Brg solar cell with 0.016% PCE. Inorganic
halide Bi-based PSCs could not achieve PCE as high as their lead-based counterparts.
The highest PCE of 3.2% was obtained from a study on Cs3BiyIg solar cells with Cul as
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HTM so far [19]. However, the PCEs of the Cs3BiyBr,Iy_, PSCs were much lower than
expected, which was attributed low current density values of the solar cells. The low
current density originated from the poor absorption of the perovskites as light
absorbers [128].

5.4 Conclusion

The binary halide bi-based perovskites, Cs3Bip Brylg_y, were experimentally examined
to seek their spectral response and J-V characteristics in solar cells in this study.
UV-vis spectra of the Cs3Bip Brylg_, perovskites showed that the absorption edges
shifted to lower wavelengths when the molar ratio of Br increased. Additionally, the
energy band gaps of the Cs3Biy BryIo_, perovskites increased with rising the x value in
Cs3BipyBryIy_, chemical structure. Moreover, the V,. values of the Cs3Biy BryIg_, solar
cells rose while the molar ratio of Br increased. On the other hand, the J,. values of the
Cs3BipBrylg_y solar cells decreased with increasing the x value. Although there were a
few studies on Cs3Bi; Brylg_, PSCs [126, 129, 130], the Bi-based PSCs were not
produced using c-TiO, and spiro-MeOTAD as ETM and HTM, respectively.
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Chapter 6

Degradation Study of MAPbI3/Tint
Perovskite Solar Cells

Perovskite solar cells are produced by sandwiching a perovskite film between an ETL
and HTL, so charge carriers are collected and transported to electrodes. TiO, can be
used as an ETM because of its wide band gap, suitable conduction band alignment
and great electron-transport ability [131]. In addition to c-TiO,, mesoporous TiO, has
gained considerable interest thanks to a striking increase in PCE from a lead-based
perovskite solar cell with mesoscopic TiO, film [91]. Various mesoporous TiO; have
been introduced, such as nanosheets, nanowires/nanofibers, nanorods, and
nanotubes. It was shown that a lead-based perovskite solar cell with TiO, nanotubes
performed higher PCE than PCE of the perovskite solar cell produced with TiO,
nanoparticles [132]. In this study, MAPbI; perovskites with Tint were employed to
fabricate solar cells. The production method of precursors and solar cells with Tint

was given Section 3.3.

Perovskites have instability issues under the conditions of moisture, heat, light,
oxygen, and electric field [21]. Here, we have introduced a treatment method using
MATI to recover degraded MAPbI3/Tint. In this perspective, the degradation and
recovery study of the MAPbI3/Tint perovskite solar cells was conducted. Firstly, the
UV-vis spectra of precursors were examined, and the energy band gap of
MAPbI;/Tint was obtained using the Kubelka-Munk function. Additionally, FTIR
spectra of the precursors were investigated. Besides, photovoltaic characteristics of
MAPbI;/Tint solar cells were sought before and after degradation and MAI treatment.
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6.1 Spectral Response

Diffuse reflectance spectroscopy (DRS) was used to seek the optical properties of Tint,
Pb/Tint, Pbl,/Tint, and M APbI3/Tint precursor powders with different molar ratios
between Pb*" and Tint. The UV-vis characteristics of them were given in Figure 6.1.

The absorption spectra of Tint and Pb/Tint with the different ratios were shown in
Figure 6.1-(a). The absorption onset wavelength of (2) Pb/Tint was shifted to longer
wavelengths compared to Tint. Additionally, a more dramatic red-shift was observed
for the absorption onset wavelengths of (1) Pb/Tint and (3) Pb/Tint. The absorption
edge of (1) Pb/Tint was 500 nm, while the absorption edge of Tint was 400 nm. As for
absorption intensity peaks, there was not considerable difference between Tint and
Pb/Tint.

Figure 6.1-(b) illustrates the absorption spectra of Pbl,/Tint powders with different
molar ratios between Pb?>* and Tint. Although the absorption onset wavelength of 650
nm was the same for all the powders, there was a significant increase in the absorption
peaks of (1) Pbl,/Tint and (3) PbI,/Tint after 550 nm compared to (2) PbI,/Tint.

The absorption spectra of MAPbI3/Tint perovskites were demonstrated in

Figure 6.1-(c). The sharp increase in absorption edges of the perovskites with Tint
showed that the perovskites had direct band gap, which was coherent with the direct
band gap of the MAPbI; perovskite [74]. Moreover, there was a significant increase in
the absorption intensities of (1) MAPbI3/Tint and (3) MAPbIz/Tint compared to (2)
MAPbI3/Tint.

Figure 6.2-(a) shows the absorption spectra of Tint, (1) Pb/Tint, (1) Pbl,/Tint and (1)
MAPbI3/Tint. A considerable shift to longer wavelengths was observed in the
absorption onset wavelengths of the precursors from Tint to MAPbI3/Tint. The
absorption edges were found as 400 nm, 500 nm, 700 nm, and 900 nm for Tint, (1)
Pb/Tint, (1) Pbl,/Tint and (1) MAPbI3/Tint, respectively.

The reflectance data of DRS was used to obtain Tauc plots employing Kubelka-Mulk
function, and so the energy band gaps of the MAPbI3/Tint perovskites were
determined [125]. Accordingly, the energy band gaps of all MAPbIz/Tint perovskites
were estimated as 1.56 eV, which was compatible with the 1.5-1.6 eV energy band gap
range of MAPbI3 [77]. Figure 6.2-(b) demonstrates the Tauc plot of (1) MAPbIz/Tint.

The diffuse absorbance spectra of fresh-, old-, degraded-, and treated-(1) MAPbI3/Tint
powders were demonstrated in Figure 6.3. It was observed that all absorption curves
of the perovskites steeply increased around 800 nm, which was attributed to a direct
band gap of the lead-based perovskites. The highest absorption intensity and the
absorption onset wavelength were obtained from the freshly made (1) MAPbI3/Tint,
F-MAPbI3/Tint. The diffuse absorption spectrum of the O-MAPbI3/Tint showed that
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FIGURE 6.1: Absorption spectra of (a) Tint and Pb/Tint, (b) Pbl,/Tint, and (c)
MAPbI3/ Tint.

the absorption intensity significantly decreased, while the absorption onset slightly
shifted to lower wavelengths compared to the F-MAPbI3/Tint. However, a dramatic
decrease in both the absorption intensity and the absorption onset wavelength was
observed in degraded-(1) MAPbI3/Tint, D-MAPbI3 /Tint. Additionally, the diffuse
absorption curve of the D-MAPbI3/Tint had a significant shoulder at 550 nm
wavelength, which was compatible with the diffuse absorption onset wavelength of
(1) Pbl,/Tint in Figure 6.2-(a). Moreover, it was observed that there was no shoulder
in the absorption curves of F-MAPbI3/Tint and T-MAPbI3/Tint at 550 nm in

Figure 6.3. The shoulder behaviour of the absorption curves was attributed to the
decrease in MAI and increase in Pbl,/Tint in the MAPbI;/Tint perovskite powders.
After the treatment with MAI, the shoulder in the diffuse absorption curve
disappeared, and the absorption intensity significantly increased. Although the
absorption intensity of the treated-(1) MAPbI3/Tint, T-M APbI3/Tint, did not reach
the intensity of F-MAPbI3/Tint, it surpassed the intensity of O-MAPbI3/Tint, which
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FIGURE 6.3: Absorption spectra of fresh-, old-, degraded-, treated-(1) MAPbI;/Tint.

indicated a significant recovery of D-MAPbI3/Tint.

Fourier-transform infrared (FTIR) spectroscopy was used to seek transmittance
spectra of the Tint, Pb/Tint, Pbl,/Tint, and MAPbI3/Tint precursor powders with
different molar ratios between Pb** and Tint. Figure 6.4 demonstrates the FTIR
spectra of the Tint, Pb/Tint, and Pbl,/Tint.

The FTIR spectra of Tint, (1) Pb/Tint, (2) Pb/Tint and (3) Pb/Tint were given in

Figure 6.4-a. Two significant peaks appeared at the spectra, which were located at the
wavenumbers of 3365.02 cm ! and 1645.58 cm~!. The first one was attributed to O-H
stretching vibration because of the Tint, while the second one was attributed to H-O-H
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FIGURE 6.4: FTIR spectra of (a) Tint and Pb/Tint, and (b) PbI,/Tint.

bending owing to the crystalline water in the Tint denoted H,Ti307.xH>0. Although
the addition of Pb** did not cause any changes in the peak positions, the peak
intensities decreased with increasing Pb* at 3365.02 cm !, which was attributed to an
increase in the substitution of Pb*" with H during the ion-exchange process.

100

98 i
0] o p
O 96 /) \ . e
2 | ° N M 2
E - b o E T
g g 8 g g \ g
c 944 2 « - \ B IS
= LI 5 \ = /
@ 3' ‘ 60 © l Q 4
© \ ; )
" - ‘ C o S
0| [ (1)MAPbITint Lo . /
. | 4 -
—— (2)MAPbI,Tint 8 \ %0 g 3 3
. © -
(3MAPbITint g “\ 2 3
90 T T T T T I‘ 40 T T T T T T
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™) Wavenumber (cm™)

FIGURE 6.5: FTIR spectra of (a) MAPbI3/Tint, and (b) MAL

Figure 6.4-b illustrates the FTIR spectra of Pbl,/Tint precursors with different molar
ratios between Pb** and Tint. The O-H stretching peak positions of Pbl,/Tint
precursor powders shifted to lower wavenumbers, 3299.31 cm ™! after the HI addition.
The crystalline water contribution remained at the same peak position. Besides, the
peak intensities of (1) PbI,/Tint were the lowest, whereas the (3) Pbl,/Tint peak
intensities were the highest throughout the FTIR spectra in Figure 6.4-b.

Figure 6.5 demonstrates the FTIR spectra of (1) MAPbI3/Tint, (2) MAPbI3/Tint, (3)
MAPbI3/Tint and MAL In Figure 6.5-a, it was observed that the MATI addition
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significantly affected the peak positions and intensities of M APbI3/Tint compared to
the FTIR spectra of Pbl,/Tint in Figure 6.4-b except for the peak position of H-O-H
bending. In Figure 6.5-a, the broad peak of (2) MAPbI3/Tint located around 3225.21

! was attributed to O-H stretching vibration. On the other hand, the sharp peaks
of (1) MAPbI3/Tint and (3) MAPbI5/Tint located at 3099.39 cm ™! were attributed to
N-H stretching vibrations, which were observed at 3076.26 cm~lin Figure 6.5-b. The
C-H stretching at 2960.66 cm ! in Figure 6.5-b was observed at 2976.10 cm ! in
Figure 6.5-a. Moreover, the C-H bending vibrations were seen in the FTIR spectra of
the MAPbI;/Tint perovskites at 1466.23 cm ™!, which appeared at 1483.54 cm ™! in the
FTIR spectra of MAL

cm

Figure 6.6-a illustrates the changes at the FTIR spectra of the precursor powders from
the Tint to MAPbI;/Tint with the 1:1 molar ratio between Pb?* and Tint. The FTIR
peak positions attributed to O-H sketching did not change for the Tint, (1) Pb/Tint, (1)
Pbl, /Tint, whereas the peak intensities of (1) Pb/Tint and (1) PbI,/Tint considerably
decreased compared to Tint. The peak position of (1) MAPbIz/Tint shifted to higher
wavenumbers because of N-H stretching vibrations from MAI. Furthermore, MAI
provided C-H bending and C-N stretching vibrations to the (1) MAPbI;/Tint spectra
at 1466.23 cm™! and 904.58 cm .
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FIGURE 6.6: FTIR spectra of (a) Tint, (1) Pb/Tint, (1) Pbl,/Tint and (1) MAPbI3/Tint,
and (b) fresh-(1) MAPbI3/Tint in addition to its degraded and treated versions.

Figure 6.6-b shows the FTIR spectra of fresh- (F-) (1) MAPbI3/Tint along with
degraded- (D-) and treated- (T-) (1) MAPbI3/Tint. After the degradation of F-(1)
MAPbI;/Tint, the FTIR peak at 3099.36 cm ™! shifted to higher wavenumbers, and its
peak intensity decreased. However, after the treatment with MAI, the T-(1)
MAPbI3/Tint peak position corresponding to N-H stretching vibration recovered.
Besides, the peak intensity related to C-H bending vibration at 1464.62 cm~*
significantly increased in T-(1) MAPbIz /Tint.
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6.2 Current Density-Voltage Characteristics

The photovoltaic characteristics of the solar cells produced using MAPbI3/Tint and
Pbl,/Tint as light absorbers were investigated using J-V curves in the dark and under
illumination. Additionally, the solar cells exposed to heavy humidity conditions were
examined using their J-V characteristics. Moreover, the MAI was used to recover the
degraded solar cells, and the photovoltaic performance of the treated solar cells was
examined.

6.2.1 MAPDI3/Tint Perovskite Solar Cells

The J-V characteristics of MAPbI3/Tint perovskite solar cells were investigated using
spiro-MeOTAD and Al as HTM and counter electrode, respectively. The lead-based
perovskite solar cells were examined using M APbI3/Tint with different molar ratios
between P2 and Tint. Furthermore, the influence of an additional ¢-TiO, layer on

the photovoltaic performance was searched.
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FIGURE 6.7: J-V characteristics of the perovskite solar cell with (1) MAPbI3/Tint.

Figure 6.7 demonstrates the J-V curves of a solar cell with the configuration of
ITO-glass/(1) MAPbI3/Tint/spiro-MeOTAD/ Al in the dark and under illumination.
Although there is not a separate ETL in the configuration, the electrons produced at
the absorber layer were successfully transported to the anode thanks to the Tint. The
highest PCE obtained from the (1) MAPbIz/Tint perovskite solar cell was recorded as

0.32 % with the values of J;.=0.73 mA.cm 2, V,,=0.96 V, and FF=0.50.
Figure 6.8 illustrates -V characteristics of the perovskite solar cells structured as

ITO-glass/c-TiO, / perovskite/spiro-MeOTAD/ Al using (1) MAPbI3/Tint and (3)
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FIGURE 6.8: J-V characteristics of the perovskite solar cells with (a) (1) MAPbI3/Tint
and (b) (3) MAPbI;/Tint measured at several minutely intervals under illumination.
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FIGURE 6.9: J-V characteristics of (1) MAPbI;/Tint perovskite solar cells (a) in the
absence and (b) in the presence of c-TiO; layer.

MAPbI3/Tint under illumination. The solar cells produced using (2) MAPbI3/Tint
did not provide proper J-V curves, which was attributed to the low concentration of
Pb2+ to build perovskite as the light absorber. Figure 6.8-a shows the ]J-V curves of the
(1) MAPbI3/Tint solar cell after sequential interval measurements. It was observed
that the V. value of the solar cell was continuously increasing in time, whereas the J
value of the cell was varying between 0.28 and 0.44 mA.cm 2. Additionally, the J-V
curves of the solar cell with (3) MAPbIz/Tint showed the same tendency for the V.
value towards the minute interval measurements in Figure 6.8-b. However, the J,.

value of the cell remained the same at around 0.5 mA.cm~2 after 2 minutes.

Figure 6.9 demonstrates the impact of the ¢-TiO; layer in the architecture of the

lead-based perovskite solar cells on their performance. Figure 6.9-a shows the J-V
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curves of the (1) MAPbDI3/Tint solar cell without ETL in the dark and under
illumination, while Figure 6.9-b illustrates the J-V curves of the (1) MAPbI3/Tint solar
cell with ETL. In Figure 6.9-b, the discontinuity in the J-V curve in the dark originated
from an experimental mistake during the measurement, which was that the applied
voltage was mistakenly set until 1 V. In the absence of ETL, the PCE of the cell was
0.05 % with J;.=0.16 mA.cm~2, V,.=0.70 V, and FF=0.50, whereas the solar cell with
ETL performed twice as much PCE of 0.10 % because of the increase in the V,. value
to 1.33 V. The Js. and FF of the solar cell with the ¢-TiO; layer was found as 0.16
mA.cm 2 and 0.54, respectively.

There was a significant difference between the J-V characteristics of the solar cells with
the same configuration, ITO-glass/(1) MAPbI3/Tint/spiro-MeOTAD/ Al, in Figure 6.7
and Figure 6.9-a. The results in Figure 6.7 were obtained from the cell produced
immediately after the synthesis of (1) MAPbI3/Tint denoted F-(1)M APbI3/Tint. The
photovoltaic performance of the solar cells produced using (1) MAPbIz/Tint
deteriorated in time, although the (1) MAPbI3/Tint powder was firmly sealed and
saved in the dark. Figure 6.9-a presented the J-V characteristics of the solar cell
produced using (1) MAPbI3/Tint sealed several months denoted O-(1) MAPbI3/Tint.
The F-(1) MAPbI3/Tint solar cell achieved a PCE of 0.32 %, whereas the PCE of the
O-(1) MAPbI3/Tint solar cell was recorded as 0.05 %, which was attributed to the
decomposition of MAPbI3 into MAI and Pbl, [133].
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FIGURE 6.10: ]-V characteristics of the perovskite solar cells with (a) D-(1)
MAPbI3/Tint and (b) T-(1) MAPbI3/Tint.

The O-(1) MAPbIz/Tint solar cell was placed in heavy humidity conditions to be
degraded. The J-V characteristics of the degraded solar cell denoted as D-(1)
MAPbI3/Tint solar cell is given in Figure 6.10-a. Unexpectedly, the cell generated
some current when it was illuminated, although it was degraded. After the MAI
treatment of the degraded cell, a significant recovery was observed in the photovoltaic
performance of the treated cell denoted the T-(1) MAPbI3/Tint solar cell in
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Figure 6.10-b. The T-(1) MAPbI3/Tint solar cell achieved the PCE of 0.19 with the
values of J,.=0.20 mA.cm ™2, V,,=2.45 V, and FF=0.40.

Figure 6.11 illustrates the J-V characteristics of another degraded perovskite solar cell
with (1) MAPbDI3/Tint in the dark and under illumination. The J-V curve of the cell
under illumination slightly increased when the applied voltage changed from 0 V to
10 V.
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FIGURE 6.12: J-V characteristics of the (1) MAPbI3/Tint solar cells with (a) Cu and (b)
Ni as the counter electrode.

Additionally, the counter electrode influence on the performance of the (1)

MAPbI;/Tint solar cells was investigated using Cu and Ni instead of Al. The solar

cells were constructed with the architecture of ITO-glass/perovskite/spiro-MeOTAD/
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counter electrode. The J-V curve of the solar cell with Cu did not show a diode shape
in the dark, and it gave positive current under illumination shown in Figure 6.12-a.
On the other hand, the solar cell with Ni did not produce current under illumination
although the diode-shaped J-V curve was observed in the dark in Figure 6.12-b.

6.2.2 Pbl,/Tint Solar Cells

The (1) Pbl,/Tint precursor was used as the light absorber to fabricate solar cells with
the configuration of ITO-glass/light absorber/spiro-MeOTAD/ Al. The solar cells
provided current under illumination, although they were not produced using
perovskites. The (1) Pbl,/Tint layer successfully absorbed the light, and separated
charge carriers were collected by the terminals of the cells. Therefore, the (1) Pbl,/Tint
solar cells produced current under illumination shown in Figure 6.13.
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FIGURE 6.13: J-V characteristics of (1) Pbl,/Tint solar cells (a) immediately measured
after the preparation and (b) hourly measured under illumination.

Figure 6.13-a demonstrates the J-V curves of a (1) Pbl,/Tint solar cell in the dark and
under illumination. The solar cell provided the PCE of 0.035 % with Js.=0.15
mA.cm ™2, V,.=0.58 V and FF=0.40. The J-V curves of the solar cell were measured at
hour intervals in Figure 6.13-b. The J;. of the cell increased to 0.25 mA.cm 2 after an
hour and remained almost the same after four hours. On the other hand, the V. of the
cell considerably changed in time. The V,. of 9.59 V was recorded at the fourth hour,
whereas it was 0.58 V at the first measurement after preparation. The increase in the
V,c was attributed to interactions between Pbl, and Al

The photovoltaic characteristics of the (1) PbI,/Tint solar cell were examined after
degradation and treatment using MAIL The J-V characteristics of the degraded-(1)
Pbl,/Tint and treated-(1) Pbl,/Tint solar cells were shown in Figure 6.14-a and
Figure 6.14-b, respectively. The degraded cell did not provide proper ]J-V curves in the
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FIGURE 6.14: J-V characteristics of the solar cells with (a) degraded-(1) Pbl,/Tint and

(b) treated-(1) PbI,/Tint.

dark and under illumination. However, it unexpectedly produced some current with
Jsc=0.06 mA.cm~2 under illumination similar to the D-(1) MAPbI3/Tint solar cell in

Figure 6.10-a. The solar cell performance of the solar cell significantly improved after
the treatment with MAI in Figure 6.14-b. The treated-(1) PbI,/Tint solar cell achieved

the PCE of 0.43 % with J,.=0.55 mA.cm 2, V,.=1.86 V, and FF=0.42.

0.15

0.12
0.09
0.06

0.03

Current Density (mA.cm)

o
Lty N W
i

—— Dark
— llluminated

\
A Y

P i U

*\*W““V‘W "_w\)\\Mw\ W

mﬁw"‘w/‘“

S
e

A
mW
W

4
Voltage (V)

6

FIGURE 6.15: ]-V characteristics of the degraded-(1) Pbl,/Tint solar cell exposed to
higher voltage.

Figure 6.15 demonstrates the J-V curves of degraded-(1) Pbl,/Tint solar cell exposed
to the external voltage from 0 V to 10 V. The V. of the cell recorded at 7.1 V, while its
Jsc was at 0.06 mA.cm 2. Therefore, the degradation caused an increase in V,. and a
decrease in Js. compared to the (1) PbI,/Tint solar cell in Figure 6.13-a. After the MAI
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treatment, the V. of the cell decreased, whereas the ] considerably rose in
Figure 6.14-b.

6.3 Discussion

Enhancements in the stability of perovskites have significant importance in fabricating
PSCs with long-lasting PCE. In this study, an experimental method was introduced to
recover degraded lead-based PSCs using MAL It was suggested that MAI treatment
would provide a feasible solution to improve the stability of degraded solar cells.
Additionally, Tint was combined with the organic-inorganic lead-based perovskite of
MAPbI; with different molar ratios to be utilised as ETM. Therefore, the need for

additional ETL in the solar cell configuration was eliminated.

The absorption curves obtained from diffuse reflectance spectroscopy demonstrated
that the Pbl,/Tint powders had a strong absorption increase at the wavelength of 550
nm, which was compatible with the optical absorption edge of PbI, at 520 nm from
optical absorbance spectroscopy in a study [134]. The absorption curve of the
MAPbI;/Tint perovskites significantly increased around 800 nm, which was
consistent with the absorption edge at ~800 nm [135]. Additionally, the energy band
gap of MAPbI;/Tint was estimated as 1.56 eV from the Tauc plot using the
Kubelka-Munk function, which was coherent with the 1.563 eV energy band gap of
MAPbI; obtained from UV-vis absorption spectra in a study [136].

FTIR results of Tint and Pb/Tint showed that two peaks were observed at 3365.02
cm ! and 1645.58 cm !, which were attributed to the crystalline water in Tint.
Therefore, those two peaks originated from O-H stretching and H-O-H bending
vibrations, respectively, which were compatible with the O-H stretching in the
3250-3400 cm ! and H-O-H bending at 1645-1660 cm ™! in a study [137]. After the
formation of Pbl,/Tint, the O-H stretching vibration peak position shifted to 3299.32
cm~!. The FTIR spectra of MAPbI;/Tint perovskites showed that the N-H stretching
vibration peak position appeared at 3099.39 cm~!, which were attributed to MAI
contribution and consistent with the N-H stretching at 3000-3300 cm ! in a

study [138]. Additionally, the vibration peak at 1466.23 cm ™! was attributed to the C-H
bending vibration and coherent with the C-H bending at 1465 cm~! in a study [139].

The MALI treatment on degraded-MAPbI;/Tint perovskite powders was investigated
using UV-vis and FTIR spectroscopy. The UV-vis results showed that the absorption
curve of the degraded-M APbI3/Tint powder had a shoulder at 550 nm, which was
attributed to the formation of Pbl,/Tint as a result of MAI lost in the perovskite
powder. After the MAI treatment, the shoulder at the absorption curve disappeared
and the absorption curve owned the same pattern as the absorption curve of
MAPbI;/Tint before the degradation. As for the FTIR results, the transmittance
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curves showed that MAI treatment on degraded-MAPbIz / Tint perovskite powder
recovered the vibration peak positions at 3099.36 cm~! and 1464.62 cm !, which were
corresponding to N-H stretching and C-H bending vibrations.

6.4 Conclusion

A treatment method for degraded-perovskite solar cells was introduced in this study.
The Tint was used as ETM in lead-based perovskites solar cells. The precursors of
Pb/Tint and Pbl,/Tint were produced, and MAPbI3/Tint perovskites were
synthesised to be used as the light absorber in the solar cells. The spectral response of
the precursor powders was examined using UV-vis and FTIR spectroscopy, whereas
photovoltaic characteristics of the solar cells were investigated using J-V curves. The
diffuse absorption spectra of MAPbI3/Tint showed that the lead-based perovskite had
a direct band gap. Besides, the FTIR results showed the peak positions shifted lower
wavelengths when the precursors changed from Pb/Tint to Pbl,/Tint and from
Pbl,/Tint to MAPbI3/Tint. Spectral results showed that the degraded-MAPbI3/Tint
precursor powders almost transformed to their original form after the MAI treatment.
Moreover, J-V results showed that MAPbI3/Tint solar cells provided promising PCE
under illumination. Furthermore, the treated solar cells significantly recovered their
initial photovoltaic properties before degradation. The treatment of MAI and the
usage of Tint as ETM in PSCs were first introduced in this study.
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Conclusion

This PhD project aimed to fabricate perovskites with enhanced stability and to
evaluate perovskite solar cells utilising computational and experimental methods.
Considering the objectives of the project, inorganic halide Bi-based perovskites of
Cs3Biyly, Cs3BipBrg and Cs3Bip Brals were chosen as low-toxic perovskite materials.
The structural, electronic and optical properties of the Bi-based perovskites were
investigated theoretically using first principles DFT calculations via CASTEP code.
Additionally, the wet-chemical synthesis method was used to produce the precursors
of the solar cells, while the spin-coating, sputter-coating, and doctor-blading methods
were employed to build the layers of the solar cell configurations. Furthermore,
MAPbI; perovskites were combined with Tint to act as the ETM in the lead-based
perovskite photovoltaic devices. Moreover, the MAI treatment technique was
introduced to recover degraded lead-based perovskite solar cells. The main results of

the computational and experimental studies are summarised in the following.

First-principles DFT calculations have been performed to investigate structural,
electronic, and optical properties of Cs3Bizlg, Cs3Bix Brg and Cs3Biy Br3ls by CASTEP.
The crystal structure of the perovskites showed that both crystallise in the hexagonal
space group. The energy band gap of Cs3Biz Iy was obtained as 1.99 eV and 2.00 eV by
computational and experimental studies, respectively. The band gap energy of
Cs3BiyBrg was estimated as 2.42 eV by CASTEP, while it was found as 2.68 eV by Tauc
plots. Therefore, the band gaps of Cs3Biy Iy from computational and experimental
studies are coherent. However, there is a slight difference between the calculated band
gap of Cs3BiyBrg and the value obtained from DRS data. CASTEP code
underestimated the energy band gap of Cs3Bi> Brg, which can be overcome using a
c-double crystal structure of Cs3BiyBrg as it was used for Cs3Biylg.

As for the experimental characterisation of the Bi-based perovskites of Cs3BizBrylg_y,
where x is varying from 0 to 9, the UV-vis spectroscopy was used to elicit the spectral

response of the inorganic halide perovskites. Besides, photovoltaic characteristics of
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the perovskite solar devices were investigated using an Ossila solar cell I-V test
system. The Tauc plots of Cs3Bi; Bryly_, perovskites showed that their energy band
gaps increased with increasing the x value. Additionally, J-V characteristics of the
Cs3BipBrylo_y solar cells demonstrated that the perovskite solar cell with Cs3Bi;Brsls
performed the highest PCE of 0.067% compared to the other Bi-based cells.

The impact of MAI treatment on the photovoltaic characteristics of MAPbI3/Tint solar
cells has been investigated. The UV-vis characteristics of Tint, Pb/Tint, PbI, /Tint, and
MAPbI3/Tint have been investigated using diffuse reflectance spectroscopy. The J-V
curves of the MAPbI3/Tint solar cells have been obtained for degraded and treated
cells in addition to the cells with freshly prepared and previously prepared
MAPbI3/Tint. The results have shown that MAI treatment significantly recovered
both the diffuse absorbance response of MAPbI3/Tint and J-V characteristics of the
MAPbI;/Tint solar cells.

7.1 Publication Plan

It is expected that the findings of this PhD study will yield two research articles on
organic and inorganic perovskite solar devices. Two drafts of the articles have been
prepared and submitted to the main supervisor for revision. It is expected that they

will become suitable for submission and publication in a few months.

The title of the first article draft is "First-principles calculations on structural,
electronic, and optical properties of Cs3Bip X9 (X=Br, I)". The abstract of the draft is
"Bi-based perovskites are promising materials to be used as light absorbers in solar
cells because they provide higher stability and lower toxicity compared to lead-based
counterparts. Thus, they have attracted the attention of researchers in the realm of
photovoltaic devices. In this study, two inorganic Bi-based perovskites, Cs3Biylg and
Cs3BiyBrg, have been investigated in terms of their structural, electronic, and optical
properties using first-principles calculations with Cambridge Serial Total Energy
Package (CASTEP). Additionally, the UV-vis characteristics of the perovskites have
been examined using diffuse reflectance spectroscopy (DRS) and transmittance
spectroscopy. Results showed that the computational results for CASTEP were

coherent with the experimental results.”.

As for the second article, the title of the second article draft is "The investigation into
MALI treatment on M APbI; solar cells with titanate nanotubes’. The abstract of the
second article draft is "We have investigated the effect of MAI treatment on the
photovoltaic characteristics of MAPbI3 solar cells with titanate nanotubes. The UV-Vis
characteristics of the precursor powders with titanate nanotubes have been reported.
Besides, the current density-voltage characteristics of the M APbI; solar cells have

been examined before and after the MAI treatment on degraded cells. The results
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reveal that the MAI treatment recovers the optical and photovoltaic properties of the
MAPbI; with titanate nanotubes.’.

7.2 Future Work

In this study, three different Bi-based perovskites, Cs3Bizlg, Cs3Biy Brg, and
Cs3BiyBrslg, were theoretically examined in terms of crystal structure, electronic band
structure, density of states, joint density of states, and absorption coefficient with the
help of DFT via CASTEP. In the next stage of the computational study, the other
low-toxic binary halide Bi-based perovskites, in which bromine substitution for iodine
is performed, will be investigated using CASTEP. Therefore, the theoretical results of
Cs3BipBrylo_y perovskites, where x varies from 0 to 9, will be compared to the

experimental results of this study.

The spectral results of the Bi-based perovskites were obtained from UV-vis
spectroscopy and showed that energy band gaps of the perovskites were compatible
with the findings in the literature. Nevertheless, the performance of produced
Bi-based PSCs was lower compared to the ones in the literature. The reason for the
poor photovoltaic performance might be problems in the preparation procedure of the
precursors. XPS will be used to check if the precursors are prepared as intended.
Thus, XPS will be a useful tool to control Br substitution in CszBis BryIg_y.

Additionally, the energy band alignment between adjacent layers in the solar cell
architecture has great importance in facilitating charge carrier movement. The
disagreement between the conduction band minima and/or valence band maxima of
the precursors might have caused the poor performance. An energy level diagram
will be outlined to examine if electron and hole movements face any obstacles related
to conflicts in band levels of adjacent layers. UPS will be used to investigate the
valence band edges of the precursors. Furthermore, the organic hole transport
material, spiro-MeOTAD, was used in the preparation of Bi-based PSCs. The inorganic
hole transport materials of Cul and CuSCN will be utilised in addition to
spiro-MeOTAD. Energy band edges of the inorganic counterparts will be determined
by employing UPS.

The production techniques have great importance for the fabrication of solar cells with
high performance. The commonly used spin-coating method was used to build all
layers in the Bi-based PSCs architecture except the counter electrode layer, which was
performed via the sputter-coating method. Additionally, the doctor-blading method
was used to fabricate MAPbI3/Tint perovskites solar devices. The cell production
details will be revised to improve the photovoltaic performance. Besides, SEM will be

used to observe film coverage quality and film thickness of PSCs. Therefore, the
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morphology of the layers will be investigated to facilitate charge carrier movement
and improve PV performance.
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