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Abstract

Perovskite solar cells (PSCs) have attracted widespread attention as
next-generation photovoltaic technologies due to their high power con-
version efficiencies, low-cost fabrication, and solution-processable nature.
However, challenges such as phase instability and defect-induced recombi-
nation continue to limit their commercial viability.

In this work, the primary goal was to stabilize the photoactive a-phase
of formamidinium lead iodide (FAPbI3), which is essential for achieving
efficient and stable PSCs. To accomplish this, compositional engineering
was employed—first through partial substitution with methylammonium
(MAT), followed by the development of a triple-cation perovskite incorpo-
rating cesium (Cs™), resulting in the composition-

Cso.05FAgs1MAg 14Pbls 55Brg 45. All devices were fabricated via a solution-
based method inside a nitrogen-filled glovebox to preserve film quality.

Devices based on FA/MA compositions achieved a power conversion ef-
ficiency (PCE) of 13.33%, while triple-cation devices showed significantly
improved performance, reaching a PCE of 17.46%, with enhanced J,., V.,
and fill factor. To further reduce non-radiative losses and passivate interfa-
cial defects, formamidinium acetate (FAAc), an ionic liquid, was introduced
as an interface modifier. FAAc-treated devices exhibited improved V,. and
film uniformity, with a champion PCE of 11.15%.

This study demonstrates the effectiveness of combining compositional
tuning and interfacial engineering to enhance both efficiency and stability
in PSCs. The findings provide valuable insights into phase stabilization, de-
fect passivation, and interface optimization strategies for high-performance
perovskite photovoltaics.

v



Contents

1 Introduction 1
1.1 Historical Background of Solar Cells. . . . . . . . .. .. .. 1
1.2 Generation and Types of SCs . . . . . . ... ... .. ... 2
1.3 Hybrid Halide Perovskite . . . . . ... .. ... ... ... 3
1.4  Properties of Perovskite Material . . . . .. . ... ... .. 6

1.4.1 Absorption . . . . .. .. ... ... 6
1.4.2  Carrier Diffusion Length . . . . ... ... ... ... 7
1.4.3 Electronic Structure . . . ... ... ... ... ... 7
1.5 Perovskite Solar Cell (PSC) . . . ... ... ... ... ... 8
1.6  Description of the Device Layers . . . . . . . ... ... ... 10
1.7 Working Mechanism of PSCs . . . . . . ... ... ... ... 11
1.8 Fundamental Challenges in PSCs . . . . . . ... ... ... 12
1.9 Historical Efficiency Evolution of Hybrid Halide PSCs . . . . 15

2 Compositional Variations of Halide Perovskite Materials
for Solar Cells 17
2.1 Formamidinium Lead lodide (FAPbI3) . . . ... ... ... 17
2.2 Strategies to Stabilize a-FAPbI3 . . . . . . .. ... ... .. 18
2.3 Triple Cation Perovskite composition . . . . . . . . ... .. 18

3 Optimizing Interfaces in PSC Architectures 21
3.1 FAAc as an lonic Liquid Additive in PSCs . . . . . . . ... 22

4 Experimental Techniques and Procedures 25
4.1 Device Fabrication Process . . . . . . .. .. ... ... ... 25

4.1.1 Preparation of the Substrate . . . . . . ... ... .. 26
4.2 Device Fabrication of FAMA PSCs . . . . . ... ... ... 29
4.3 Device Fabrication of Triple Cation Perovskite . . . . . . .. 30

4.4 Incorporating lonic Liquids for Interface Engineering in PSCs 31



5 Experimental Results and Interpretation

5.1 X-Ray Diffraction (XRD) : Revealing Crystal Structures . .
5.2 UV-Vis Spectroscopy: A Tool for Bandgap Analysis . . . . .
5.3 Scanning Electron Microscopy (SEM): . . . ... ... ...
5.4 J-V Testing for Device Performance . . . . . . . .. ... ..

5.4.1 Solar Simulator . . . . ... .. ... . 0L

5.4.2 J-V Measurmmnet . . . ... ... ... ... .....
5.5 PCE Distribution Analysis . . . . . .. ... ... ... ...
5.6 Statistical Analysis of Photovoltaic Parameters. . . . . . . .

6 Conclusion

vi

33
33
34
36
37
37
38
41
42

45



List of Figures

1.1
1.2
1.3

1.4

1.5

1.6

1.7

1.8
1.9

2.1

2.2

3.1
3.2

4.1
4.2
4.3
4.4
4.5
4.6

Development of SCs . . . . .. .. ... ...
Successive SCs Technology. . . . . . .. . .. ... ... ...
3D schematic diagram of Perovskite (b) 2D schematic di-
agram of Perovskite. (c¢) Chemical schematic diagram of
perovskite.[1] . . . ...
Calculated tolerance Factor (¢) for different A-Cite cations.
(2] .
Band edge positions and energy gaps of different halide per-
ovskite compositions.[3] . . . . ..o
Key features making perovskites suitable for high-performance
solarcells. . . . . . . Lo
(a) mesoporous n-i-p structure, (b) conventional planar n-i-p
structure, and (c) inverted planar p-i-n structure.[4] . . . . .
Working principle of a PSC with an n-i-p architecture.[5] . .
The major challenges associated with perovskite solar cells. .

Phase transition in FAPbI;: transformation between the

photoactive phase (a-FAPbI3) and the non photoactive phase.

Strategies used to convert the yellow phase of FAPbI3 into
the light-sensitive black a-phase. . . . . .. . ... ... ..

Advantages of FAAc incorporation in PSCs. . . . . . . . ..
(a) FAAc passivation at Pb and halide vacancy sites in the
perovskite lattice.[6] . . . . ... ..o

Followed Protocol for Device Fabrication . . . . ... .. ..
PSC architecture used in this study. . . . . . .. .. ... ..
Thermal vapour deposition of silver. . . . . . . ... ... ..
Preparation Method for FAMA-Based Perovskite Solar Cells
Preparation Method for triple cation PSCs. . . . . . . . . ..

Preparation Method for FAAc modified Perovskite Solar Cells.

vil

9
11
13

18

19

23

24

25
27
29
30
32
32



5.1

5.2

5.3

5.4

5.6

5.8

Normalized XRD patterns of (a) FAMA and (b) Triple Cation

perovskite films. . . . . . ... oo 34
Optical bandgap determination using Tauc plots for (a) FAMA
and (b) triple cation perovskite films. . . . . . .. ... ... 35
(6) SEM images and (7) grain size distributions for (a) FAPbI;
and (b) triple-cation perovskite films. . . . . ... ... .. 36

6 (a) Solar Simulator, 6 (b) ) J-V curve of the FAMA PSC,
7 (a) J-V curve of the Triple Cation PSC, 7 (b) J-V curves

of the control and FAAc-modified PSCs. . . . . . . ... .. 40
PCE distribution of control and FAAc modified perovskite
solar cells . . . . . ... 41
Box plot comparison of key photovoltaic parameters for FAAc
modified perovskite solar cells devices. . . . . .. ... ... 43

viil



List of Tables

5.1 PV performance parameters of FAMA and triple cation-
based PSCs. . . . . . . .. 39
5.2 PV parameters of control and FAAc (1%) treated devices. . 39



Chapter 1

Introduction

1.1 Historical Background of Solar Cells

Among various renewable sources, solar energy is an up-and-coming option
for sustainable power generation, with the potential to eventually replace
conventional fossil fuels. Its environmentally friendly and pollution-free
characteristics have sparked significant scientific and technological advance-
ments in recent years [7]. Unlike fossil fuel combustion, which contributes
significantly to environmental issues such as ozone layer depletion, the en-
ergy we get from the sun is a sustainable and eco-friendly. It is freely
available in nature, inexhaustible, and can be harnessed efficiently through
modern technology [8]. Solar cells (SCs), which form the backbone of
photovoltaic (PV) technology, convert sunlight into electricity using the
photovoltaic effect. The term photo relates to light, while voltaic pertains
to electricity. The origin of this phenomenon dates back to 1839, when
Alexandre-Edmond Becquerel observed that light could enhance the elec-
trical output in an electrolytic cell. By the 1870s, the PV effect was further
explored in solid-state materials like selenium, although early devices suf-
fered from low efficiency and high production costs. A major breakthrough
came with the introduction of the Czochralski method, which enabled the
growth of high-purity silicon crystals, an essential advancement for the
solar industry [9]. Today, silicon remains the most commonly used mate-
rial for SCs manufacturing because of its availability, excellent electronic
properties, and proven long-term stability. However, the relatively high
production cost of silicon-based SCs has inspired researchers to explore
alternative materials that are more cost-effective yet still deliver compet-
itive performance. These efforts are crucial for making solar energy more
accessible and for accelerating the global shift toward renewable energy so-



lutions. The development of the SCs has been very well illustrated in Fig.
1.1
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Figure 1.1: Development of SCs

1.2 Generation and Types of SCs

Based on advancements in innovation and the materials used, SCs are gen-
erally divided into three distinct generations, as illustrated in Figure 1.2.

first-generation SCs are based on wafer-based crystalline silicon tech-
nology and include monocrystalline and polycrystalline silicon cells. Monocrys-
talline cells offer higher efficiency but are relatively expensive, whereas
polycrystalline cells are more affordable with slightly lower efficiency.

Second-generation SCs are developed using thin-film technology, al-
lowing lightweight and flexible devices. Examples in this generation include
solar cells made from CIGS, a-Si, and CdTe materials, each offering advan-
tages in cost and material usage but often compromising on efficiency or
environmental impact.

third generation (next-generation SCs), represents advanced and emerg-
ing technologies designed to overcome the limitations of earlier generations.
This category comprises various types such as Technologies in this category
encompass DSSCs, organic/polymer PV devices, PSCs, quantum dot SCs,
and multi-junction SCs. This group focuses on achieving good efficiencies,
lowering production costs, and improving flexibility.
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Figure 1.2: Successive SCs Technology.

1.3 Hybrid Halide Perovskite

Perovskite, a fascinating mineral first discovered in the Ural Mountains,
takes its name from the unique crystal structure of calcium titanium oxide
(CaTiO3). This mineral was identified by the German mineralogist Gus-
tav Rose in 1839 and described in detail by Russian mineralogist Lev A.
Perovski, whose characterization of its distinctive cubic lattice structure
laid the foundation for numerous advancements in material science and
solid-state physics.

Perovskite compounds generally conform to the chemical formula ABX3,
A and B are cations of different sizes, and X is an anion—commonly a
halide, oxide, or alkali element. In most cases, the A- cation is larger than
the B- B-cation. The B-cation is coordinated by six X-site anions, forming
a BXg octahedron. These octahedra are corner-sharing, creating a three-
dimensional network. The larger A-site cations occupy the voids within
this framework, as illustrated in Fig. 1.3.



In the ABXj perovskite structure, the monovalent A*-site cation is com-

monly methylammonium (MA*: CH3NHY ), formamidinium (FA*: HC(NH,)3),
Cs*, RbT, or a combinations of these ions. The B?** cations are usually
divalent metals such as Pb?*, Sn?*, Ge?*, or combinations of these metals.
The X-site anions are typically halides as I7, Br~, Cl~, or a combination
of these halides [10]. These organic components introduce additional func-
tionalities and flexibility in the structure that are not present in purely
inorganic perovskites. Weber and Naturforsch first reported the incorpo-
ration of the (MA™) into halide perovskites in 1978, using iodide (I7),
chloride (C17), and bromide (Br™) as the halide components.[11].

O

() Assite cation
® B-site cation

© X-site anion

Figure 1.3: 3D schematic diagram of Perovskite (b) 2D schematic diagram
of Perovskite. (¢) Chemical schematic diagram of perovskite.[1]

Goldschmidt Tolerance Factor

The Goldschmidt tolerance factor (t) reflects the compatibility of ionic radii
within the perovskite structure. This factor, introduced by Goldschmidt,
serves as a guideline for adjusting the ionic radii about cubic symmetry,
offering a method to assess the stability of the perovskite structure. [12].

o ftat Rx (1.1)
\/é(RB + Rx)

Where R4, Rp, and Rx indicate the ionic sizes of the A-site and B-site
cations, and the X-site anion.

Cubic structures form in oxide perovskites when ¢ is between 0.89 and 1,
and in halide perovskites when t is between 0.85 and 1.11 [13]. This cubic
symmetry optimizes electronic properties through strong ionic bonding.

Deviations from the ideal tolerance range cause octahedral tilting, neg-
atively affecting these properties. When ¢t < 1, B-X bonds compress while
A—X bonds become tense to fill voids, leading to reduced symmetry. Con-
versely, when ¢ > 1, typically due to smaller B-site cations or larger A-site,
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the structure gains higher symmetry and stability, often adopting a hexag-
onal arrangement.

Additionally, the dimensionality of perovskites varies based on the sizes
of their components as shown in Fig. 1.4

Tolerance factor of APbl; compounds
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Figure 1.4: Calculated tolerance Factor (t) for different A-Cite cations. [2]

Octahedral Factor

Li and co-workers proposed the octahedral factor (u) [14], which quantifies
the ratio between the ionic radius of the B-site cation and that of the X-site
anion, and is expressed as follows:

Rp

=72 (1.2)

Octahedral factor (u)

(p) is directly related to the stability of the (BXg) octahedron. Halide
perovskite formation is generally possible when p > 0.442. If the octahedral
factor falls below this threshold, the (BXg) octahedron becomes unstable,
thereby preventing the formation of a stable perovskite structure.

While (@), in conjunction with the tolerance factor, provides a useful
guideline for assessing the formability of halide perovskites, these param-
eters alone are not sufficient to predict all structural formations of the
perovskite family [15].



1.4 Properties of Perovskite Material

1.4.1 Absorption

Hybrid perovskites are known for their outstanding optical absorption ca-
pabilities, which enable the use of much thinner active layers in solar cells
compared to traditional materials. A perovskite film as thin as 500 nm
can efficiently absorb light across the entire visible spectrum, whereas con-
ventional solar cell materials typically require active layers around 2 pm
thick to achieve similar absorption. This ultra-thin profile not only reduces
material usage but also enhances charge carrier collection efficiency.

Recent advancements have demonstrated that mixed-cation perovskites,
such as MASn,Pb;_,I3, can extend the absorption edge significantly. As
the tin content (z) increases from 0.3 to 1.0, the absorption edge shifts from
1000 nm to 1300 nm, effectively moving into the near-infrared region. This
shift is attributed to changes in the electronic band structure: the valence
band lowers from 5.12 eV to 4.73 eV, while the conduction band rises from
3.18 eV to 3.63 V.

Additionally, perovskites based on formamidinium lead iodide (FAPbI;3)
exhibit reduced band gaps of around 1.48 eV, with absorption onsets near
850 nm. Further band gap tuning can be achieved by partially substitut-
ing iodide with bromide in the composition FAPbl3;_,Br,, enabling precise
control over optical properties to match specific device requirements.

These trends are clearly illustrated in Figure 1.5, which compares the
band edge positions and energy gaps of various halide perovskite composi-
tions, highlighting their tunability and potential for high-efficiency photo-

voltaic applications.

Evac
1+ & o o & v & & @
Q T 3 Q a o 3 ¢ D B T =
o1 & 2 % & 5o & & 3 : & 5
3 L = =2 W w = uw =2 = w w
383 R 377 54g 377 347 36 229
4+ : 417 4.25 4.07 438 207 412
451 4.47 436 I
© . - 4.74 A
54+ o X @© 5 Q d i
Sl - ® o o = I F—d k-
E E o a @ =1 = 5.34
61 e 567 oo o 560 539 >
603 . 5.93 ‘oo
74+ 6.44 653 66 67 Bas '
6.85 6.92 6.94 68 R
g4 738
E (eV)

Figure 1.5: Band edge positions and energy gaps of different halide per-
ovskite compositions. [3]



1.4.2 Carrier Diffusion Length

Carrier diffusion length is a key parameter that influences charge collec-
tion efficiency in photovoltaic materials. In methylammonium lead iodide
(MAPbDI3), diffusion lengths of up to 100 nm for both electrons and holes
have been observed using transient photoluminescence (PL) techniques.[16]
However, significantly longer diffusion lengths exceeding 1 pym have been
reported in mixed halide perovskites such as MAPbI;_,Cl,, indicating im-
proved charge transport properties.

More notably, Dong et al. demonstrated that single crystals of MAPDbI;
exhibit carrier diffusion lengths beyond 175 pm under standard 1 sun il-
lumination. This substantial enhancement is attributed to several factors:
higher carrier mobility, extended carrier lifetimes, and a lower density of
trap states within the crystalline lattice.[17] These improvements showing
the potential of high-quality perovskite single crystals for achieving the sta-
ble solar cells, as they enable more effective charge extraction and reduce
recombination losses.

1.4.3 Electronic Structure

Extensive research into the electronic structures of both two-dimensional
(2D) and three-dimensional (3D) hybrid perovskites has revealed that their
band edges are primarily governed by interactions within the inorganic
framework. Specifically, the valence band maximum (VBM) originates from
an antibonding hybrid state formed between the B-site metal s-orbitals
and the halide p-orbitals (B—s and X—p). In contrast, the conduction band
minimum (CBM) arises from a non-bonding interaction involving the B-site
p-orbitals and the halide p-orbitals (B—p and X-—p).

First-principles pseudopotential calculations conducted by Park and
Chang in 2004 examined the electronic properties of MAPbI3 and CsPbXj3
systems. Their findings indicated that the electronic levels associated with
the organic methylammonium (MA) cation lie deep in the VB and CB,
contributing minimally to the electronic properties near the band edges.
As a result, the frontier electronic states are primarily determined by the
BXg octahedra.

This also explains why the substitution of the A site from organic
(MA™) to inorganic (Cs™) has only a minor influence on the band struc-
ture, mainly due to lattice distortion effects. However, changes in the halide
composition significantly affect the electronic states, allowing for band gap
tuning.
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Figure 1.6: Key features making perovskites suitable for high-performance
solar cells.

1.5 Perovskite Solar Cell (PSC)

The journey of hybrid perovskites in solar technology began in 2006, when
Miyasaka and his team introduced CH3NH3PbBrj3 as a light-absorbing ma-
terial in (DSSCs). Utilizing a nanoporous TiO, layer and a liquid elec-
trolyte, this early device gained a modest power conversion efficiency of
2.2%. Despite the humble beginning, this milestone sparked a wave of re-
search interest in organic-inorganic hybrid halide perovskites. Since that
time, significant progress in material engineering and device structures has
greatly enhanced the efficiency and stability of PSC, positioning them as a
strong contender for future energy applications.

Types of PSC

PSCs are classified into various types depending on their composition
and structure. According to the architecture, they can be grouped into
three main categories.

1. Mesoporous PSC In this configuration, fig. 1.7 (c), the device
typically begins with FTO. A compact layer of titanium dioxide (TiO,),
approximately 80 nm thick, is deposited on top to function as the (ETL).
Above this, a mesoporous TiO, scaffold—around 350 nm in thickness—is
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Figure 1.7: (a) mesoporous n-i-p structure, (b) conventional planar n-i-p
structure, and (c) inverted planar p-i-n structure.[4]

applied to provide structural support and facilitate the infiltration of the
perovskite absorber material. Once the perovskite is incorporated into the
scaffold, a (HTL) is added, commonly using the organic semiconductor
spiro-OMeTAD. Finally, the device is completed with the deposition of a
gold layer, about 100 nm thick, which acts as the top electrode. This layered
design enables efficient charge separation and collection, contributing to the
high performance of mesoporous PSCs .[18]

2. Planar n-i-p PSC A common n-i-p structure consists of the follow-
ing layers in order: TCO/ETL/Perovskite/HTL/Metal. In this arrange-
ment, the ETL is applied first, followed by the perovskite absorber, and
finally the HTL.

3. Planar p-i-n PSC Conversely, the p-i-n configuration represents
an inverted structure, and its layer order is: Glass/TCO/HTL/Perovskite
J/ETL/metal. In this structure, the HTL is deposited first.

Figure 1.7 explains the complete device structure, including the meso-
porous architecture and layer sequences of both n-i-p and p-i-n configura-
tions.



1.6 Description of the Device Layers

1. Transparent Conductive Oxides (TCOs): TCOs are essential com-
ponents in PSCs, functioning as the front electrode. They enable light to
enter the device while also conducting the charge carriers generated dur-
ing operation. Commonly used TCOs are fluorine-doped tin oxide (FTO)
and indium tin oxide (ITO). FTO is preferred for its thermal stability
and compatibility with high-temperature processes, while ITO offers better
transparency and lower resistivity but is more expensive and less thermally
stable.

TCOs form the base layer on which the rest of the device structure is
built. They must have high optical transmittance, low electrical resistance,
and good chemical and mechanical stability. Although alternative materials
like aluminum-doped zinc oxide (AZO) are being explored, FTO and ITO
remain the most widely used in both research and early-stage commercial
devices.

2. Electron Transport Layer (ETL): ETLs are essential in PSCs
as they facilitate the effective collection and movement of photo-generated
electrons. Besides their primary role in electron collection, ETLs also act
as hole-blocking layers, effectively minimizing charge recombination at the
interface and thereby increasing the overall PCE of the device.

Inorganic and organic materials have been utilized as ETLs in PSCs.
Common inorganic ETLs include titanium dioxide (TiO,), zinc oxide (ZnO),
and tin oxide (SnOy), while organic ETLs primarily consist of materials like
phenyl-C61-butyric acid methyl ester (PCBM) and C60.

Among these, SnOy has gained particular attention in n-i-p structured
devices due to its excellent electron mobility, high optical transparency,
low-temperature processability, and long-term operational stability. These

features make it a highly promising candidate for scalable and efficient
PSC. [19]

3.Perovskite Layer: The perovskite layer, typically composed of organic-

inorganic metal halide compounds with the formula ABXj3 (e.g., MAPDI;,
FAPDI3, etc.), serves as the light-absorbing material in PSCs. Because
of its direct band gap, high absorption coefficient, long carrier diffusion
lengths, and tunable optoelectronic properties, this layer plays an impor-
tant role in efficient photon harvesting and charge carrier generation. Its
solution-processability and compatibility with low-temperature fabrication
further enable cost-effective and scalable device production.

4. Hole Trasport Layer (HTL) : HTL is essential for efficiently ex-
tracting and transporting photogenerated holes from the perovskite’s pho-

10



toactive layer to the top electrode in PSCs. Choosing the right HTL mate-
rial depends on factors like hole mobility, stability, HOMO level alignment,
and compatibility with the device fabrication process.

In 2012, spiropyridine-OMeTAD (spiro-OMeTAD) was introduced as
the first HTM in all-solid-state PSCs and remains the most widely used due
to its effective hole transport properties. However, its performance often
requires additives like 4-tert-butylpyridine (tBP) and Li-TFSI to improve
conductivity and stability.

Although spiro-OMeTAD remains dominant, ongoing research is ex-
ploring alternative HTMs to enhance stability, reduce costs, and improve
scalability for commercial applications.[20]

5.Charge Collection Electrode: In PSCs, gold is used as the top
electrode due to its high conductivity and stability. However, its high
cost is a drawback, making silver a more economical alternative, as it is
approximately 65 times cheaper. The major issue with silver electrodes
is corrosion, which occurs when silver forms silver halides upon contact
with perovskite material. This corrosion typically begins within days of
fabrication, leading to discoloration and a decrease in device efficiency.

Research is ongoing to address silver corrosion, with efforts exploring
corrosion-resistant alloys or alternative materials like copper and carbon,
along with encapsulation techniques to improve device stability.

1.7 Working Mechanism of PSCs

The operation of a PV cell involves several key steps, as illustrated in
Figure 1.8, which can be summarized as follows:
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Figure 1.8: Working principle of a PSC with an n-i-p architecture.[5]
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1. Absorption of Photons: When sunlight irradiates the SCs surface,
photons are absorbed by the active layer, typically composed of a per-
ovskite semiconductor. This photon absorption excites electrons from the
VB to the CB, resulting in the generation of excitons, which subsequently

dissociate into free charge carriers under thermal energy or internal electric
fields.

2. Seperation of charges: FEfficient charge separation is facilitated by
the energy level alignment of the adjacent charge transport layers:ETL
and HTL. ETL selectively extracts electrons from the perovskite layer and
blocks holes, while the HTL performs the inverse function. This band
alignment creates a built-in electric field that drives the spatial separation
of electrons and holes, significantly suppressing recombination losses and
enhancing charge extraction efficiency.

3. Collection of Charges: The free carriers are then transported to the
respective electrodes via the ETL and HTL. TCOs (e.g., indium tin oxide)
or metallic contacts (e.g., silver or gold) are employed as electrodes, en-
abling efficient collection of electrons and holes. These electrodes establish
electrical contact with the external circuit.

4. Current Generation: Under illumination, photogenerated electrons
and holes are transported through their respective selective layerselectrons
via the ETL and holes via the HTL toward the cathode and anode, respec-
tively. When an external electrical load is connected across the electrodes,
a closed-loop circuit is established. The separated charge carriers are then
driven through the external circuit due to the built-in potential difference
across the device, resulting in the generation of a direct current (DC). [21]

1.8 Fundamental Challenges in PSCs

PSCs have gained significant attention as a leading PV technology because
of their outstanding PCE, low-cost fabrication processes, and tunable op-
toelectronic properties. However, despite the rapid progress in laboratory-
scale devices, several critical challenges hinder their commercial viability
and large-scale deployment. These issues can be broadly categorized into
the following areas: fig. 1.9

12



Toxicity Ion
of Lead Migration

Major
issues with
Perovskite
Solar Cells

Defects
and Trap
States

Interface
Instability

Scalability
and
Reproduci
bility

Figure 1.9: The major challenges associated with perovskite solar cells.

Stability

Perovskite materials are very sensitive to external factors such as moisture,
oxygen, ultraviolet radiation, and heat. Exposure to these conditions can
lead to rapid degradation of the perovskite layer, resulting in significant
performance losses over time. The intrinsic thermal and chemical instabil-
ity of some perovskite compositions, such as pure FAPbI;, also contributes
to phase transitions from the photoactive phase to a non-photoactive phase
under ambient conditions. [3]

Ion Migration

The flexible ionic structure of perovskite materials enables ion migration
within the lattice. (e.g., I", MAT, FA™) within the lattice under the in-
fluence of an electric field or illumination. This ion migration can cause
current—voltage hysteresis, affect device reproducibility, and contribute to
long-term performance instability. Additionally, mobile ions can accumu-
late at interfaces and degrade the transport layers or electrodes.[3]
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Defects and Trap States

Perovskite thin films often contain structural imperfections such as grain
boundaries, surface defects, and undercoordinated ions. These defects serve
as the centers for non-radiative recombination, limiting charge carrier life-
times and reducing open-circuit voltage. Defect passivation remains a ma-
jor research focus to improve the stability of PSCs.[22]

Scalability and Reproducibility

Although high efficiencies have been gained in small-area devices, scaling
up PSCs to large-area modules while maintaining uniform film quality and
device performance remains challenging. Variations in precursor solution
chemistry, film crystallization kinetics, and interface engineering strategies
can lead to inconsistent results across different fabrication batches and
laboratories.[23]

Toxicity of Lead

The PSCs are based on lead halide compounds, which raise environmental
and health concerns. While the total amount of lead in a single device is rel-
atively small, the risk of lead leakage during degradation or disposal poses a
potential hazard. Research is ongoing to develop lead-free or lead-reduced
alternatives, but these materials currently suffer from lower efficiencies and
reduced stability.[24]

Interface Instability

Interfacial regions connecting the perovskite layer with the charge extrac-
tion layers are often chemically reactive or structurally mismatched. Degra-
dation can occur due to interdiffusion, unfavorable reactions, or the forma-
tion of energy barriers, all of which hinder efficient charge extraction and
reduce device lifetime. Proper interface engineering is essential to overcome
these issues.[25]

In summary, while PSCs are great for next-generation PV, overcoming
their stability, toxicity, and scalability challenges is essential for transi-
tioning from laboratory prototypes to commercially viable products. Ad-
dressing these issues requires a holistic approach involving material design,
device architecture optimization, and advanced encapsulation strategies.
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1.9 Historical Efficiency Evolution of Hybrid
Halide PSCs

The development of hybrid halide PSCs has redefined the landscape of pho-
tovoltaic research due to their exceptional and rapid rise in PCE. Over a
span of just 15 years, PSCs have progressed from laboratory curiosities to
serious contenders in the commercial solar energy market. This section out-
lines the major efficiency milestones in the evolution of PSCs, highlighting
the underlying breakthroughs that enabled this growth.

2009 — Initial Demonstrations

Kojima et al. first introduced PSCs in 2009, reporting a PCE of 3.8%.
They employed MAPbX3, where X = CI, Br, or I, as the light-absorbing
material within a DSSC configuration using a liquid electrolyte. While the
efficiency was modest, the study was significant for showcasing the strong
light absorption capabilities of perovskite materials and their potential as
photovoltaic absorbers.

20122015 — Rapid Optimization and Transition to
Solid-State Devices

A key breakthrough occurred in 2012 when perovskites were incorporated
into solid-state architectures using hole transport materials like spiro-OMeTAD
and inorganic metal oxides such as TiOy. The elimination of liquid elec-
trolytes significantly improved device stability and allowed researchers to
explore film deposition techniques, leading to better morphology and inter-
face quality. During this period, PCEs quickly rose from “9% to over 19%,
driven by advances such as improved control over perovskite crystalliza-
tion, the introduction of mixed halide systems (e.g., MAPbI3_,Cl,), and
the use of mesoscopic scaffolds to enhance charge extraction.|[26]

2015-2018 — Technological Maturity and Compositional
Engineering

This period marked the transition from methylammonium (MA)-based per-
ovskites to more thermally and structurally stable formulations using for-

mamidinium (FA), cesium (Cs), and mixed-cation/anion compositions. For
example, triple-cation perovskites (FA,MA,Cs;_,_,Pbl;_.Br,) provided
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enhanced thermal stability, reduced trap densities, and better phase pu-
rity, which collectively contributed to more consistent and higher efficien-
cies. Researchers also began focusing on interface engineering, defect pas-
sivation, and optimization of transport layers, pushing device efficiencies
above 20%.[27]

20182025 — State-of-the-Art Devices and Record Ef-
ficiencies

By 2018, certified PCEs surpassed 23%, and further refinement in mate-
rials chemistry and device architecture led to the development of record-
breaking devices. As of 2025, the efficiency of single-junction PSCs has
reached 26.1%, rivaling established technologies like monocrystalline sili-
con. This progress is attributed to precise control over perovskite film qual-
ity, improved charge carrier mobility, minimized non-radiative recombina-
tion, and the adoption of scalable fabrication techniques. Additionally, the
emergence of tandem solar cells—especially perovskite/silicon tandems—
has opened a new frontier, with efficiencies exceeding 33%, signaling the
potential of perovskites in breaking the limitations of single-junction de-
vices.

In summary, the efficiency progression of hybrid halide PSCs from 3.8%
to 26.1% within approximately 15 years is unprecedented in photovoltaic
research. Each stage of this evolution reflects significant material and engi-
neering innovations, including the shift from liquid to solid-state architec-
tures, compositional tuning, crystallization control, and defect mitigation.
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Chapter 2

Compositional Variations of
Halide Perovskite Materials
for Solar Cells

2.1 Formamidinium Lead Iodide (FAPbDI;)

FAPDI; exhibits two main phases: a cubic perovskite structure, which ap-
pears black and is stable only at temperatures above 150°C, and a yellow-
colored, non-perovskite hexagonal phase that is more stable at room tem-
perature [?], as shown in Fig. 2.1. The black perovskite phase, referred to
as a-FAPDIj, is particularly advantageous for PSCs due to its band gap of
1.48 eV. This value closely matches the ideal band gap of 1.4 eV predicted
by the Shockley—Queisser limit, enabling the material to achieve power
conversion efficiencies exceeding 32% [28].

Compared to MAPDI3, the a-FAPDbI; phase offers superior thermal sta-
bility [29], making it a strong candidate for photovoltaic applications. How-
ever, maintaining its photoactive black phase at room temperature is chal-
lenging, as it tends to revert to the non-photoactive yellow phase. Achieving
a stable a-FAPDI3 film often requires high processing temperatures, which
may lead to partial decomposition into Pbls.

The structural stability of FAPbI; is largely influenced by entropy,
which is linked to the dynamic behavior of FAT (formamidinium) cations.
At elevated temperatures, these cations exhibit random motion, resulting
in high configurational entropy that stabilizes the cubic a-phase.
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Figure 2.1: Phase transition in FAPbI3: transformation between the pho-
toactive phase (a-FAPDI3) and the non photoactive phase.

2.2 Strategies to Stabilize a-FAPDbI;

The conversion from the yellow non photoactive phase to the photoactive
black a-phase in FAPbI; is difficult because it involves overcoming a high
energy barrier. This challenge makes it hard to obtain a pure and stable
black photoactive perovskite phase under ambient conditions.

However, several strategies have been proposed to reduce this energy
barrier and stabilize the photoactive a-phase as shown in fig. 2.2 Re-
searchers have explored a variety of approaches to achieve the formation of
the black phase, including:

e Manipulation of the Intermediate Phase: Controlling the intermedi-
ate phase during film formation can guide the transition toward the
desired black perovskite structure.

e Strain Engineering: Applying lattice strain through substrate inter-
action or material additives can energetically favor the formation of
the a-phase.

e Two-Step Solution Process: Sequential deposition techniques, such
as a two-step solution method, have proven effective in promoting
the phase transition with enhanced film uniformity and crystallinity.

These techniques are instrumental in overcoming the thermodynamic
limitations associated with the phase transition.

2.3 Triple Cation Perovskite composition

Compositional engineering is a well-established method to stabilize the
photoactive black a-phase of FAPbI3.Research suggests that incorporating
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Figure 2.2: Strategies used to convert the yellow phase of FAPDbI; into the
light-sensitive black a-phase.

monovalent cations such as MA™, Rb*, and Cs*, or halide anions like Br—,
can help maintain the structural and thermal stability of the perovskite
lattice [30].

Partial substitution of the formamidinium (FA* or HC(NHy);) cation
with Cs™ in the range of 5-10% has been shown to significantly improve
the humidity resistance and photostability of perovskite layers. One key
reason for this stabilization is that the incorporation of Cs™ lowers the
Goldschmidt tolerance factor [31], leading to enhanced lattice stability and
phase retention.

Incorporating 15% MAPDBr3 into FAPbI3 forms a more stable per-
ovskite composition, namely (FAPbI3)g.s5( MAPbBr3)g.15. This ternary struc-
ture benefits from the strong dipole moment of MA™ approximately ten
times stronger than that of FA™ which enhances the rigidity of the Pblg
octahedral network [32]. Furthermore, Br~ anions form stronger bonds
with the surrounding lattice compared to I~, providing additional struc-
tural reinforcement and improved phase stability.

Given these benefits, a triple-cation perovskite composition was selected
for this study. Experimental fabrication of stacked n-i-p structured SCs was
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carried out in a controlled glovebox environment to prevent moisture and
oxygen exposure. This approach was employed to simultaneously enhance
both device stability and efficiency while ensuring a reproducible and op-
timized fabrication process.
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Chapter 3

Optimizing Interfaces in PSC
Architectures

In PSCs, the interfaces between different functional layers play a very im-
portant role in determining the overall performance, stability, and repro-
ducibility of the device. These interfaces include the junctions between the
perovskite absorber layer and the charge transport layers, as well as the
interfaces with electrodes. Imperfections at these interfaces, such as trap
states, energy level mismatches, poor adhesion, or chemical incompatibili-
ties, can lead to increased recombination losses, reduced charge extraction
efficiency, and degraded device stability.

Interface modification refers to the strategic engineering of these inter-
facial regions to overcome such limitations and to increase the performance
of PSCs. This can involve the introduction of interfacial layers, surface
passivation agents, molecular additives, ionic liquids, or two-dimensional
materials that improve the electronic properties of the interface.

The goals of interface modification include:

e Defect passivation: Reducing trap states and recombination centers
that exist at grain boundaries or surfaces.

e Energy level alignment: Tailoring energy band alignment to facilitate
efficient charge extraction and reduce energy losses.

e Enhancing stability: Preventing ion migration and improving resis-
tance to moisture and thermal stress.

e Improving morphology: Promoting uniform perovskite film growth
with better coverage and fewer pinholes.
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In this thesis, interface modification was explored as a method to pas-
sivate defects and enhance the stability and performance of the fabricated
PSCs. By adding a small amount of the ionic liquid formamidine acetate
(FAAc) into the Pbl, precursor, changes at the interface were induced that
contributed to improved open-circuit voltage and device behavior. This ap-
proach highlights the importance of precise interfacial control in achieving
high-efficiency and stable PSCs.

3.1 FAAcas an Ionic Liquid Additive in PSCs

The incorporation of formamidine acetate (FAAc) into the Pbl, precursor
solution plays a multifaceted role in enhancing the performance of PSCs,
primarily through defect passivation, crystal quality improvement, and in-
terface modulation.

FAAc contains formamidinium (FA™) cations and acetate (CH3COO™)
anions. Upon addition to the Pbl, precursor, the FAT ions contribute
to the perovskite lattice formation, while the acetate ions interact with
undercoordinated Pb?*" ions at the surface and grain boundaries. This
interaction can reduce non-radiative recombination centers, which are of-
ten associated with iodide vacancies or undercoordinated lead atoms, by
passivating surface and interfacial defects.

The strong interaction between acetate anions and Pb?* ions leads to
the formation of intermediate phases, which play a key role in controlling
the perovskite crystallization dynamics.

These intermediates can regulate the nucleation and growth kinetics of
the perovskite film, leading to larger grain sizes, reduced grain boundary
density, and improved film uniformity. As a result, the perovskite layer
exhibits fewer charge-trapping sites and better carrier transport pathways.

Furthermore, the FA™ cations help in stabilizing the photoactive black-
phase (a-phase) of formamidinium lead iodide (FAPbI3), which is ther-
modynamically unstable in its pure form under ambient conditions. The
presence of FAT from FAAc supplementation enhances the compositional
balance and supports the retention of the a-phase, contributing to long-
term device stability.

Experimentally, the inclusion of 1 mol% FAAc in the Pbl, precursor
was found to enhance the (Voc), which is a clear indicator of reduced non-
radiative recombination losses. Although a reduction in Jgc and FF was
observed in this specific configuration, the increase in Vo¢ confirms the
defect passivation role of FAAc. In summary, FAAc improves the quality
of the perovskite layer both structurally and electronically. Its dual role
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acting as a passivating agent and stabilizer, contributes to enhanced charge
carrier dynamics and improved photovoltaic performance. These findings
underline the significance of interfacial chemical engineering in optimizing
the performance and reliability of PSCs [6]

Regulation
of
Crystallizati
on
kinematics

Lower Trap Defect
state density Passivation

FAAcin
Perovskite
Solar cell

Blocking
Perovskite
Hydration

Supression of
Ion migration

Figure 3.1: Advantages of FAAc incorporation in PSCs.
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Figure 3.2: (a) FAAc passivation at Pb and halide vacancy sites in the
perovskite lattice.[6]
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Chapter 4

Experimental Techniques and
Procedures

4.1 Device Fabrication Process

Perovskite materials have shown the ability to perform all the essential
roles needed for photovoltaic (PV) operation. As a result, planar configu-
rations have become a key design choice for these materials. In our device
fabrication, we are focusing on the planar n-i-p perovskite structure. Fig.
4.1 shows the complete device fabrication Process.
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4.1.1 Preparation of the Substrate

Substrate Cleaning Procedure: In the standard n-i-p device architec-
ture, I'TO serve as the transparent conductive electrode. Cleaning the ITO
substrate is a fundamental and essential step in the fabrication of PSCs.
Even minute surface contaminants can adversely affect film uniformity,
layer adhesion, and overall device efficiency.

The ITO substrates, typically cut to dimensions of 2 cm x 1.5 cm, un-
dergo a rigorous cleaning process to ensure a pristine surface for subsequent
layer deposition [33]. The cleaning protocol consists of the following steps:

1. Scrub the substrates thoroughly with a Hellmanex cleaning solution,
taking care to avoid surface scratches or damage to the I'TO layer.

2. Rinse the substrates extensively with deionized (DI) water to remove
any residual detergent.

3. Place the substrates in an ultrasonic bath filled with DI water and
sonicate for approximately 15 minutes.

4. Transfer the substrates to a second ultrasonic bath containing iso-
propanol (IPA) and sonicate for another 15 minutes.

5. Rinse thoroughly with fresh TPA to eliminate any remaining impuri-
ties.

6. Rapidly dry the substrates using a strong flow of nitrogen gas.

7. Expose the substrates to UV-ozone treatment for 30 minutes. This
step increases the hydrophilicity of the surface, enhancing wettability
and promoting uniform film formation, which is critical for achieving

high-efficiency PSCs.

It is essential to proceed with the deposition steps immediately after
the cleaning process to prevent recontamination of the substrate surface.

Etching Mechanism: Precise patterning of the I'TO layer is essential
for the fabrication of PSCs. Selective removal of the ITO layer is achieved
by masking designated regions using Kapton tape, followed by a chemi-
cal etching process. The etching involves applying zinc powder and 3M
hydrochloric acid (HCI) solution onto the unmasked areas.

e Chemical Reaction: Zinc reacts with hydrochloric acid to produce
nascent hydrogen (Hs) and zinc chloride (ZnCly), as shown in Equa-
tion 4.1.
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Zn (s) + 2HCI (aq) — ZnCly(aq) + Ha(g) (4.1)

e Reduction of ITO: The nascent hydrogen acts as a reducing agent,
breaking down the indium oxide (InyO3) and tin oxide (SnOs) com-
ponents of ITO into their metallic or soluble forms, as illustrated in
Equation 4.2.

In203 + 6H2 — 2In + 3HQO (42)

After etching, the exposed regions are carefully cleaned using a cotton
swab, followed by thorough rinsing with deionized (DI) water to remove
any residual etchants or by-products. This patterning process is critical to
achieving efficient device architecture, enabling accurate electrical isolation
and optimized performance of PSCs.

Layers Deposition The fabrication process of PSCs involves spin-coating
multiple functional layers, each playing a vital role in the device perfor-
mance. The PSC fabricated in this study adopts the following n-i-p ar-
chitecture: ITO / ETL (SnOg) / Perovskite / HTL (Spiro-OMeTAD) /
Ag. This structure is also depicted schematically in Fig. 4.2, showing
the layer-by-layer configuration essential for efficient charge transport and
extraction.

Figure 4.2: PSC architecture used in this study.
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Electron transport layer (ETL) To deposit the ETL, a SnO, solution
was prepared by diluting commercially available tin oxide colloidal disper-
sion (15% in H,O, Alfa Aesar) with DI water in a 1:4 volume ratio [34].
The diluted SnOy solution was then spin-coated onto the ITO substrates
immediately after the UV-ozone treatment. Spin-coating was performed at
a rpm of 3000 for 30 seconds to ensure uniform film formation. Following
deposition, the substrates were subjected to a thermal annealing step at
150°C for 30 minutes to promote adhesion and crystallization of the ETL
layer. Both the preparation of the SnO, solution and the spin-coating
process were conducted under ambient atmospheric conditions.

Hole transport layer (HTL) The HTL was deposited using Spiro-
OMeTAD as the transport material. To prepare the HTL solution, 86 mg
of Spiro-OMeTAD was mixed in 1 mL of chlorobenzene. To enhance the
conductivity and stability of the layer, the following dopants were added
to the solution:

e 20 puL of LITFSI from a 500 mg/mL stock solution in acetonitrile
(ACN),

e 11 puL of FK 209 (tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)cobalt(II)
bis(hexafluorophosphate)) from a 300 mg/mL stock solution in ACN,

e 34 uL of 4-tert-butylpyridine.

The resulting HTL solution was dynamically spin-coated onto the per-
ovskite layer at 4000 rpm for 30 seconds to ensure uniform coverage.

After spin coating, the samples were stored overnight in a dry-air en-
vironment to allow for oxidation of the Spiro-OMeTAD, which is essential
for achieving optimal hole transport properties [35].

Chagre Transport Layer Deposition The next day, the silver back
contact was deposited using thermal evaporation to ensure a uniform and
stable electrode layer. The deposition process was carried out in a Thermal
vapor deposition unit at a controlled rate of 1 A per second, achieving a final
thickness of approximately 80 nm. A conformal mask made of stainless steel
with eight defined pixels (cells) was used during the evaporation process to
pattern the electrode. Fig. 4.3 showing the thermal vapour deposition of
silver. After the silver deposition was complete, the masks were carefully
removed from the films, leaving behind well-defined contact areas.
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Figure 4.3: Thermal vapour deposition of silver.

4.2 Device Fabrication of FAMA PSCs

Methodology for FAPbI; thin film deposition The perovskite ab-
sorber layer was deposited using a two-step spin-coating process. First,
a precursor solution containing 1.5 M lead iodide was prepared in a sol-
vent mixture of N,N-dimethylformamide (DMF) and dimethyl sulfoxide
(DMSO) in a 9:1 volume ratio. This solution was spin-coated onto the
ITO substrate at 1500 rpm for 30 seconds. The coated film was then an-
nealed at 70°C for 1 minute and allowed to cool to room temperature.

In the second step, a mixed organic halide solution containing formami-
dinium iodide (FAI), methylammonium chloride (MACI), and methylam-
monium bromide (MABr) in a molar ratio of 90:9:9 was prepared in tert-
butyl alcohol (TBA). This solution was dynamically spin-coated over the
pre-deposited Pbl, layer at 2000 rpm for 30 seconds.

Following deposition, the films were subjected to thermal annealing at
150°C for 15 minutes under inert conditions inside a nitrogen-filled glove
box. This thermal treatment facilitated the complete conversion of precur-
sors into a uniform and crystalline FAPbI3 perovskite phase.
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Device Fabrication The device fabrication in this study was based on
the planar n—i—p architecture. All layers were deposited via spin coating,
with careful control over environmental conditions to ensure high-quality
film formation and device performance.

The SnOy electron transport layer was deposited under ambient at-
mospheric conditions. Additionally, the second-step spin-coating process
where a solution of FA:MACLI:MABr (90:9:9) in tert-butyl alcohol was ap-
plied, was also performed in ambient air.

All other deposition steps, including the Pblsy layer, Spiro-OMeTAD
hole transport layer, and the final silver electrode, were carried out under
an inert nitrogen atmosphere inside a glove box. This controlled environ-
ment minimized moisture and oxygen exposure, which is important for the
stability and reproducibility of perovskite solar cells. Fig. 4.4 shows the
complete device fabrication process for FAMA PSCs.
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Figure 4.4: Preparation Method for FAMA-Based Perovskite Solar Cells

4.3 Device Fabrication of Triple Cation Per-
ovskite

For the active perovskite layer, a triple-cation perovskite composition with
the formula Csg 05FAg g1 MAg.14Pbls 55Brg 45 was employed. The perovskite
precursor solution was prepared 1.2 M using a solvent mixture of DMF and
DMSO.

Cesium incorporation was achieved by first preparing a 1.5 M Csl stock
solution in DMSO. A precise volume of this Csl solution was added to
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the perovskite precursor. The complete preparation and processing were
conducted inside a nitrogen-filled glove box.

Prior to perovskite deposition, the electron transport layer (ETL)-coated
substrates underwent UV-ozone treatment for 30 minutes to improve sur-
face wettability and film uniformity.

The perovskite film was deposited using a two-step spin-coating process:

e Step 1: 2000 rpm for 10 seconds
e Step 2: 3000 rpm for 20 seconds

During the second spin step, 60 pli of chlorobenzene was dynamically
dispensed onto the substrate 5 seconds before the end of the spin cycle.
This antisolvent step was critical for improving crystallinity and achieving
uniform film morphology.

Immediately after spin coating, the films exhibited a characteristic black
color, indicating successful crystallization of the perovskite phase. The
films were then annealed at 100°C for 15 minutes to further enhance crystal
growth. Both the spin-coating and annealing steps were performed entirely
within the glove box to ensure a controlled atmosphere.

Subsequent to perovskite deposition, the hole transport layer (Spiro-
OMeTAD) was applied, followed by thermal evaporation of silver (Ag) to
complete the device structure. The complete device fabrication process of
Triple cation perovskite is shown in the fig. 4.5

4.4 Incorporating Ionic Liquids for Interface
Engineering in PSCs

All fabrication steps were identical to those used for FAMA perovskite
solar cells. However, to modify the crystallization behavior, 1 mol% of
formamidinium acetate (FAAc) relative to Pbly was added to the Pbl,
precursor solution. Fig. 4.6 shows the complete fabrication process of

FAAc modified PSCs.
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Chapter 5

Experimental Results and
Interpretation

This part provides an in-depth discussion of the experimental results ob-
tained from all the fabricated PSCs devices. It encompasses a thorough
analysis of their structural, optical, morphological, and PV properties. The
insights gained from these evaluations help in understanding the factors in-
fluencing device efficiency and reliability, thereby guiding further improve-
ments in materials selection and fabrication techniques.

5.1 X-Ray Diffraction (XRD) : Revealing Crys-
tal Structures

XRD is a powerful and widely adopted technique to investigate the crystal
structure of perovskite films. It provides valuable information about crys-
talline phases, preferred orientations, lattice parameters, and the presence
of secondary phases or impurities.

In this analysis, a diffractometer equipped with a Cu Ka radiation
source (A = 1.5406 A) was used. The system includes a sample holder and
a detector that records the intensity of diffracted X-rays. The diffraction
patterns were collected across a 26 range of 10° to 55°, enabling compre-
hensive structural characterization.

The normalized XRD patterns of the FAMA and Triple Cation per-
ovskite films are presented in Fig. 5.1a and Fig. 5.1b, respectively.
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Figure 5.1: Normalized XRD patterns of (a) FAMA and (b) Triple Cation
perovskite films.

In Fig. 5.1a, the XRD pattern of the FAMA perovskite shows distinct
diffraction peaks at 14.1°, 28.4°, and 31.8°, corresponding to the (001),
(002), and (012) planes of the a-FAPbI3 phase. A small peak near 12.6°%is
attributed to unreacted Pbl,, indicating slight residual precursor, which
can sometimes help in reducing interfacial defects.

In contrast, Fig. 5.1b displays the XRD pattern for the Triple Cation
perovskite film with composition Csg g5 FAg g1 MAg 14Pbls 55Brg45. The peaks
are sharper and more intense, reflecting a highly ordered crystalline struc-
ture. The addition of Cs™ ions appears to suppress the formation of non-
perovskite phases, with no significant peaks corresponding to the d-phase,
indicating improved phase stability.

These observations suggest that the Triple Cation composition leads to
better structural properties and stability, which are essential for efficient
and durable perovskite solar cell performance.

5.2 UV-Vis Spectroscopy: A Tool for Bandgap
Analysis

UV-Visible spectroscopy is a fundamental technique for studying how ma-
terials interact with ultraviolet and visible light. It provides significant
understanding of their optical and electronic characteristics through mea-
suring light absorption, transmission, and reflection. One of the most im-
portant applications of UV-Visible spectroscopy is determining the band
gap, a key property that defines the energy levels of material and its ability
to absorb light efficiently. The Tauc plots presented in fig. 5.2a and fig.
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5.2b correspond to the FAMA and triple-cation perovskite films, respec-
tively, highlighting their distinct optical bandgaps.
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Figure 5.2: Optical bandgap determination using Tauc plots for (a) FAMA
and (b) triple cation perovskite films.

The optical bandgap energies of the FAMA and triple-cation perovskite
thin films were determined using Tauc plots, which are widely applied for
analyzing the bandgap of direct bandgap semiconductors. The Tauc rela-
tion,

(ahv)? = A(hv — E,),

where « is the absorption coefficient, hv is the photon energy, and £ is the
optical bandgap, was used to estimate the values. As shown in Fig. 5.2a,
the extrapolation of the linear region of the (ahv)? versus hv plot for the
FAMA film intersects the energy axis at approximately 1.48 eV, indicating
its optical bandgap.

Similarly, for the triple-cation perovskite film, the Tauc plot shown in
Fig. 5.2b reveals a slightly higher bandgap of about 1.51 eV. The incorpo-
ration of Cs™ ions in the triple-cation structure is known to slightly modify
the lattice and electronic properties, leading to a small bandgap widening.
These bandgap values are optimal for single-junction photovoltaic applica-
tions, offering efficient sunlight absorption while minimizing thermalization
losses. The slight variation in bandgap also reflects the tunability of the
perovskite material system through compositional engineering.
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5.3 Scanning Electron Microscopy (SEM):

SEM plays a vital role in characterizing the surface morphology and mi-
crostructural features of perovskite films. This high-resolution imaging
technique enables detailed visualization of surface texture, grain bound-
aries, and crystallinity at the micro and nanoscale, making it indispensable
for evaluating the quality of perovskite absorber layers, key determinants
of SC performance.

SEM was employed to examine the surface morphology of FAMA and
triple-cation perovskite films. The captured images were analyzed using
ImageJ software to estimate the grain sizes by measuring individual grain
dimensions across various regions of each film. Subsequently, the grain size
data were plotted into histograms using Origin software, providing a clear
statistical representation of the grain size distribution and morphological
variations between the two compositions.
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Figure 5.3: (6) SEM images and (7) grain size distributions for (a) FAPbI3
and (b) triple-cation perovskite films.

36



As shown in Figure 5.3, the FAMA film exhibits a broad grain size
distribution, with an average grain size of approximately 891.52 nm. The
histogram reveals a Gaussian-like distribution, indicative of uniform grain
growth with instances of grain coalescence. Larger grains generally suggest
fewer grain boundaries, which serve as charge carrier recombination centers.
Their reduction facilitates improved charge transport and overall device
efficiency.

Conversely, Figure 5.3 shows the grain size distribution of the triple-
cation perovskite film, revealing a smaller average grain size of around
550 nm. The distribution is more symmetric and compact, reflecting a
more uniform crystallization process. This refinement is attributed to the
incorporation of Cs™ and MA™ in the perovskite composition, which is
known to influence nucleation and growth dynamics during film formation.

Grain size impacts the PV performance of perovskite solar cells. Larger
grains help suppress non-radiative recombination by reducing the number
of grain boundaries, thereby enhancing the efficiency of charge collection.
On the other hand, smaller, uniformly distributed grains while offering
slightly higher boundary density can improve film uniformity and mechan-
ical stability.

Therefore, SEM-based grain size analysis is not merely a visualization
technique, but a critical diagnostic tool for correlating the morphological
quality of perovskite films with their electronic behavior and photovoltaic
performance.

5.4 J-V Testing for Device Performance

The perovskite solar cell (PSC) architecture with the configuration I'TO/SnO,
/Perovskite /Spiro/Ag was successfully fabricated using well established
experimental procedures. To evaluate their performance, the fabricated
cells were subjected to testing under a solar simulator, simulating stan-
dard sunlight conditions. This testing provided critical insights into the
cells light responsiveness and overall efficiency, ensuring their suitability
for photovoltaic applications.

5.4.1 Solar Simulator

A solar simulator is an essential instrument for testing and characterizing
solar cells, including perovskite-based devices. It accurately mimics natu-
ral sunlight to evaluate the electrical performance of SCs under controlled
laboratory conditions. In this study, the solar simulator was calibrated to
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produce the AM1.5G spectrum, which closely resembles the solar irradi-
ance received on Earth’s surface. The light intensity was adjusted using a
calibrated fluxmeter to replicate standard illumination conditions (1 sun,
i.e., 100 mW /cm?) as shown in Fig. 5.4 6 (a).

From the J-V measurements, several key PV parameters were extracted:

Short-circuit current density (Js): Defined as the current per unit area
when the voltage across the cell is zero. It indicates the peak photocurrent
the device can generate and is calculated as:

where A is the active area of the SC.

Fill Factor (FF): This parameter measures how square the J-V curve is.
It is the ratio of the maximum power output (V,, X Jp,,) to the product
of open-circuit voltage and short-circuit current density:

Vi X J,
FF =M= me
‘/:)C >< JSC

Power Conversion Efficiency (PCE): A key performance indicator
showing how efficiently the SC converts sunlight into electricity. It is given
by the ratio of electrical power output to the input solar power:

Voe X Jge X F'F

PCE = x 100%

mn

where P, is the incident light power density, usually 100 mW /cm? under
standard testing conditions (1 sun).

These parameters provide a comprehensive assessment of solar cell per-
formance and are crucial for evaluating and optimizing the design of per-
ovskite solar cells.

5.4.2 J-V Measurmnet

J—V measurements are one of the most fundamental and informative tech-
niques for characterizing PV devices, including PSCs. This provides direct
insights into the electrical behavior and performance of the solar cell under
illumination. In particular, it enables the extraction of key PV parameters
such as Jg), Voe, FF, and PCE. These metrics help evaluate device qual-
ity, identify loss mechanisms, and compare the impact of different material
compositions and processing strategies.
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The J-V characteristics were obtained under simulated AM1.5G illumi-
nation using the Ossila Solar Cell I-V Test System. Forward and reverse
scans were performed between —0.1 V and 1.1 V. The resulting curves are

shown in Fig. 5.4, while the extracted parameters are summarized in table
5.1.

Table 5.1: PV performance parameters of FAMA and triple cation-based
PSCs.

Perovskite Composition | Scan Direction | J,. (mA/cm?) | FF (%) | Vo (V) | PCE (%)
FAMA Reverse 20.64 68.64 0.96 13.33
FAMA Forward 19.83 53.29 0.89 9.40
Triple cation Reverse 22.21 75.53 1.04 17.46
Triple cation Forward 21.97 59.03 1.03 13.37

Table 5.2: PV parameters of control and FAAc (1%) treated devices.

Sample | Scan Direction | J;. (mA/cm?) | FF (%) | Ve (V) | PCE (%)
Control Reverse 20.33 67.06 0.85 11.65
Control Forward 20.33 65.39 0.82 10.94
FAAc-1% | Reverse 17.57 65.05 0.97 11.15
FAAc-1% | Forward 17.52 46.15 0.89 7.24

FAMA-Based Devices: Figure 5.4 shows clear hysteresis behavior,
with the reverse scan yielding a significantly higher PCE (13.33%) than
the forward scan (9.4%). The decrease in FF and V. in the forward scan
indicates ionic migration and interfacial instability.

Triple-Cation Devices: As shown in Fig. 5.4, the triple-cation per-
ovskite demonstrates improved performance with minimal hysteresis. The
reverse scan yields a high PCE of 17.46%, and the forward scan main-
tains a decent 13.37%, signifying improved film morphology and energetic
alignment due to compositional engineering.

FAAc Treatment: FAAc (1%) treatment enhances V. (up to 0.97
V) in the reverse scan, suggesting reduced defect-assisted recombination.
However, the sharp FF drop (46.15%) in the forward scan (Figure 5.4)
leads to a lower forward PCE (7.24%), implying possible adverse effects at
the interface or increased ion migration due to additive incorporation.

Moreover, hysteresis behavior, deduced from forward and reverse scans,
can reveal underlying phenomena such as ionic migration, interfacial traps,
or capacitive effects.
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5.5 PCE Distribution Analysis

To evaluate the statistical performance and reproducibility of the fabri-
cated PSCs, histograms showing the distribution of PCE were analyzed for
different compositions and processing conditions.
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Figure 5.6: PCE distribution of control and FA Ac modified perovskite solar
cells
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Fig. 5.5a displays the PCE distribution for FAMA-based perovskite so-
lar cells. The histogram reveals that the majority of devices exhibited PCEs
in the range of 6% to 10%, with a strong peak around 8-10%. Notably,
over 25 devices demonstrated PCE values in this high-performing range,
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suggesting a relatively good reproducibility and moderate performance for
this composition.

In contrast, Fig. 5.5b presents the PCE distribution for triple-cation-
based perovskite solar cells. The PCE values are more broadly distributed,
spanning from 2% to 18%. Several devices reached PCEs above 14%, with
three distinct peaks observed at 6%, 10%, and 14%, respectively. This
wider distribution indicates greater variability in device performance but
also demonstrates the potential for achieving higher efficiencies with triple-
cation formulations compared to FAMA.

Furthermore, Fig. 5.6 compares the PCE distribution of control de-
vices with those processed with 1% FAAc additive. The histogram clearly
shows a shift toward higher efficiency in FAAc-treated devices. The control
devices mainly peaked around 8-10%, while the FAAc group exhibited a
broader and more balanced distribution, with a noticeable increase in de-
vice counts in the 6-9% range. The FAAc additive appears to improve not
only the average PCE but also the uniformity of device performance, likely
by enhancing film morphology and defect passivation.

Overall, these PCE distribution analyses provide key insights into the
impact of compositional engineering and additive processing on device ef-
ficiency and reproducibility.

5.6 Statistical Analysis of Photovoltaic Pa-
rameters

To gain deeper insights into device performance and uniformity, box plots
were generated to evaluate the distribution of key photovoltaic parame-
ters, namely PCE, FF, J,., and V,. for different device compositions and
treatments.

Fig. 5.7a and fig. 5.7b compares the photovoltaic performance between
FAMA and triple-cation-based perovskite devices. For PCE (panel A),
the triple-cation devices exhibit a significantly higher median value and a
narrower spread, indicating improved efficiency and better reproducibility.
The fill factor (panel B) follows a similar trend, with triple-cation compo-
sitions achieving higher and more consistent FF values.

The J,. (panel C) for triple-cation devices also shows an improvement,
with both a higher median and reduced variation compared to FAMA.
However, for V,. (panel D), both systems show similar distributions, though
the triple-cation devices display a slightly tighter range, reflecting enhanced
uniformity.
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Figure 5.8 compares the impact of FAAc (1%) additive treatment on
device performance relative to untreated control devices. While the control
devices generally exhibit higher median values for PCE, FF, and J,., the
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FAAc-treated devices demonstrate a wider distribution. This indicates
that although FAAc improves film formation, there may be batch-to-batch
variability or incomplete optimization at the tested concentration.

Interestingly, the V,. (panel D) shows a higher average in FAAc-treated
devices, suggesting potential benefits in defect passivation and improved
charge carrier lifetimes. The broader data range in some parameters also
suggests ongoing optimization is necessary to fully harness the benefits of
FAAc incorporation.

Overall, these box plot analyses highlight the superior reproducibility
and performance of triple-cation devices and the potential of FAAc as a
performance-tuning additive in FAMA-based perovskites.
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Chapter 6

Conclusion

This thesis demonstrates a comprehensive understanding of compositional
engineering in perovskite precursors aimed at stabilizing the photoactive
a-phase. Initially, two types of PSCs, FAMA and triple-cation, were fabri-
cated. The PV performance of these devices yielded PCEs of 17.46% and
13.33%, with FF of 68% and 75%, Voc of 0.96 V and 1.04 V, and Jgc of
20.64 mA /cm? and 22.21 mA /cm?; respectively.

These results highlighted critical factors influencing device performance,
such as compositional tuning, crystallinity, and defect passivation.

To further explore defect mitigation and enhance device stability, the
thesis investigates the addition of the ionic liquid formamidine acetate
(FAAc) into the Pbly precursor. A 1 mol% of FAAc, relative to Pbly,
was introduced into the Pbl, precursor solution. This modification led to
a notable enhancement in the Vg, indicating effective defect passivation.
The modified device exhibited a PCE of 11.15%, with a Voc of 0.89 V, Jg¢
of 17.57 mA /cm?, and FF of 65.05%.

Overall, this work underscores the need for a holistic approach to opti-
mize precursor composition, enhance phase stability, and minimize defect
states. The findings from this research offer a solid basis for advancing
interface and composition engineering in future perovskite solar cell tech-
nologies.
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