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OZET

Giines hiicrelerinde molekiiler temas, farkli malzemelerin molekiiler diizeyde
bulustugu ve etkilesime girdigi arayiizii ifade eder; bu temas, verimli yiik
transferi icin kritik 6neme sahiptir. Zayif temaslar enerji kayiplarina yol
acarak hiicrenin verimliligini azaltabilir. Son zamanlarda rapor edilen
sofistike tek katmanlar icin Py3 molekiiliiniin iist kismini, gesitli atom ve
molekiiller ekleyip baglayarak Py3’iin birkag hesaplamali tiirevini olugturmak
amaciyla degistirdik. On iki farkli modifikasyonun kapsamli bir analizini
yaparak, bu molekiillerin katmanlar arasinda farkli davraniglar sergiledigini
gozlemledik. 2-(5-aminopyren-1-yl)ethyl)phosphonic acid molekiilii, per-
ovskit katmani ile en yiiksek etkilesimi gosterdi. Eklenen atom veya
molekiile bagh olarak, perovskit katmani ile etkilesimler degisti ve bu
siire¢te yalnizca daha stabil bir molekiiler kontak tabakasi1 elde etmekle
kalmayip, ayni zamanda I'TO-Perovskit arasindaki yiik transferini arttirmay1
hedefledik. Paralel olarak, kursunsuz alternatifler olarak formamidinyum
kalay iyodiir (FASnI3), metilamonyum kalay iyodiir (M ASnI3) ve karigik
katyon formamidinyum-metilamonyum kalay iyodiir (FAMASnI3) per-
ovskit malzemelerde yiizey kusur olusumlarini inceledik. Cihaz perfor-
mansini olumsuz etkileyebilecek kusurlari belirlemek amaciyla, bosluklar,
arayer atomlar1 ve antisite gibi genis bir kusur yapisim sistematik olarak
arastirdik. (")zellikle, iyot arayer atomlari, FA antisitesi ve iyot bogluklarinin

diisiik olugsum enerjilerine sahip zararl kusurlar oldugunu tespit ettik.
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ABSTRACT

Molecular contact in solar cells refers to the interface where different
materials meet and interact at the molecular level, crucial for efficient
charge transfer. Poor contacts can lead to energy losses, reducing the
cell’s efficiency. In a result for sofisticaded monolayers Py3 was lately
reported, we modified the top portion of Py3, a recently reported in-
terface molecule, by adding and bonding different atoms and molecules
to create several computational derivatives of Py3. Through a compre-
hensive analysis of twelve distinct modifications, we observed varying
behaviors of these molecules between layers, with the 2-(5-aminopyren-1-
yl)ethyl)phosphonic acid molecule demonstrating the highest interaction
with the perovskite layer. Depending on the inserted atoms or molecules,
the interactions with the perovskite layer changed, aiming not only to
improve the stability but also to achieve an enhanced charge transfer be-
tween ITO and Perovskite layers. In parallel, we examined surface defect
formations in formamidinium tin iodide (FASnI3), methylammonium tin
iodide (MASnI3), and mixed cation formamidinium-methylammonium
tin iodide (FAMASNI3) perovskite materials as lead-free alternatives. We
systematically investigated a wide range of defect structures, including
vacancies, interstitials, and antisites, to identify detrimental defects that
could impact device performance. Notably, we found that iodine inter-
stitials, FA antisites, and iodine vacancies are harmful defects with low

formation energies.
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T, : Goldschmidt’s tolerance factor
R4 : Ionic radii of the A ion
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ABBREVIATIONS

SAM : Self Assembled Monolayers
ITO : Indium Tin Oxide

DFT : Density Functional Theory
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HTL : Hole Transport Layer
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1. INTRODUCTION

The global demand for energy has been steadily increasing over the past decades,
driven by rapid population growth, industrialization, and the pursuit of higher living
standards. According to the International Energy Agency (IEA), the world’s energy
demand is expected to rise by approximately 25% by 2040, with much of this growth
concentrated in developing economies [1]. This surge in energy consumption presents
significant challenges, particularly in the context of environmental sustainability and
climate change. Currently, fossil fuels, including coal, oil, and natural gas, dominate
the global energy landscape, supplying about 80% of the world’s energy needs [2].
However, the extensive use of these energy sources has led to severe environmental
consequences, including air pollution, greenhouse gas emissions, and global warm-
ing [3]. As a result, there is an urgent need to transition to renewable energy sources
that can meet the growing energy demand while minimizing environmental impact.
Solar energy, one of the most abundant and cleanest renewable energy sources, has
emerged as a key player in the global effort to reduce reliance on fossil fuels. The sun
provides an immense amount of energy, with estimates suggesting that the amount
of solar energy reaching the Earth’s surface in one hour is sufficient to meet the
world’s energy needs for an entire year [4]. Harnessing this energy through PV tech-
nology has thus become a central focus of research and development in the renewable
energy sector. Traditional silicon-based solar cells have dominated the photovoltaic
market for decades due to their relatively high efficiency and stability. However, the
high production costs and energy-intensive manufacturing processes associated with
silicon photovoltaics have spurred interest in alternative materials that can offer
similar or better performance at lower costs [5]. Among these alternatives, PSCs
have garnered significant attention over the past decade. The rapid development
of perovskite-based materials has revolutionized the field of photovoltaic research,
positioning PSCs as one of the most promising technologies for next-generation so-
lar energy conversion. The journey of perovskites from obscurity to the forefront of

photovoltaic innovation is a testament to the remarkable versatility and potential of
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Figure 1.1 Perovskite crysral structure.

these materials [6]. Perovskites, originally discovered in 1839 by Russian mineralo-
gist Lev Perovski in the Ural Mountains, were initially recognized for their unique
crystal structure, characterized by the general formula ABXj3, where ‘A’ and ‘B’ are
cations and ‘X’ is an anion. This structure, which allows for a wide range of chemical
substitutions, grants perovskites a remarkable degree of tunability in their physical
and chemical properties [7]. For decades, perovskites were primarily of interest in
fields such as catalysis, ferroelectrics, and superconductivity, but their potential as
a light-harvesting material in photovoltaic devices remained unexplored until much
later. The modern era of perovskite research in photovoltaics began in 2009 when a
group of researchers led by Tsutomu Miyasaka at Toin University of Yokohama first
demonstrated the use of a perovskite material as a light absorber in a dye-sensitized
solar cell (DSSC) [8]. Although the initial efficiency of around 3.8 % was modest,
this study marked a pivotal moment, introducing the scientific community to the
potential of perovskites in solar energy conversion. These early efforts were focused
on the use of organic-inorganic lead halide perovskites, which exhibited promising
optoelectronic properties but suffered from poor stability due to the use of a liquid
electrolyte in the device structure [9]. The true breakthrough in perovskite solar
cells came in 2012 when researchers successfully replaced the liquid electrolyte with
a solid-state hole transport material, leading to significant improvements in both the
efficiency and stability of the devices. This innovation sparked a rapid surge in re-

search and development, propelling perovskite solar cells from laboratory curiosities
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Figure 1.2 Graph showing the rapid growth of PVC efficiency in the latest years. [11]

to serious contenders in the race for high-efficiency, low-cost photovoltaic technolo-
gies. Within just a few years, the power PCE of perovskite solar cells increased
dramatically, surpassing 10% by 2012, 20% by 2014, and reaching over 25% in re-
cent laboratory demonstrations. This meteoric rise in efficiency, combined with the
relatively low cost of materials and ease of fabrication, has positioned perovskites
as a leading candidate for the next generation of solar cells, capable of rivaling and
even surpassing traditional silicon-based technologies [10]. The exceptional perfor-
mance of perovskite solar cells can be attributed to several key factors, including
their high absorption coefficients, tunable bandgaps, long carrier diffusion lengths,
and low exciton binding energies. These properties enable efficient light absorp-
tion, charge separation, and charge transport within the perovskite layer, which is
typically sandwiched between electron transport layers (ETL) and hole transport
layers (HTL) in a solar cell architecture [12]. The quality of the interfaces between
the perovskite layer and the transport layers is critical for optimizing device per-
formance. Poorly managed interfaces can lead to significant energy losses, charge
recombination, and reduced device stability [13]. To address these challenges, var-

ious strategies have been developed, with one of the most promising being the use



of self-assembled monolayers (SAMs). SAMs are two-dimensional nanomaterials
that can modify electrode surfaces by forming organized molecular structures that
improve charge injection or extraction at the interfaces [14]. The incorporation of
SAMs has been shown to significantly enhance the performance and stability of
perovskite solar cells by reducing trap densities and improving the electronic prop-
erties of the interfaces. These improvements are crucial for achieving high-efficiency

devices that can maintain their performance over extended periods [15].

Despite the impressive progress made with lead-based perovskites, the inherent
toxicity and environmental concerns associated with lead have spurred an urgent
search for lead-free alternatives. The widespread adoption of lead-based perovskite
solar cells is hindered by the potential environmental and health risks posed by lead,
particularly in the event of material degradation or improper disposal. This has be-
come a major area of focus within the perovskite research community, as the long-
term sustainability of PSCs depends on finding materials that can deliver similar or
better performance without the associated risks of lead [16]. Among the lead-free
candidates, tin halide perovskites have garnered significant attention due to their
similar optoelectronic properties to lead-based perovskites. Tin halide perovskites,
particularly those incorporating formamidinium (FA) and methylammonium (MA)
cations, have shown promise as viable alternatives, offering comparable bandgaps
and charge transport properties. However, one of the critical challenges in their
application is the formation of surface defects, which can significantly impact the
performance and stability of these materials. Surface defects, such as vacancies,
interstitials, and antisites, create deep trap states within the bandgap, adversely af-
fecting charge carrier dynamics and leading to recombination losses. These defects
not only reduce the efficiency of tin-based perovskite solar cells but also contribute
to their rapid degradation under operational conditions, posing a significant barrier
to their commercial viability [17]. To address these challenges, a deeper understand-
ing of the nature of surface defects in tin halide perovskites and the development
of effective strategies for their passivation are essential. Research has shown that

the stability and electronic properties of these materials are highly dependent on



their surface termination and the surrounding growth conditions. For instance,
Snl,-terminated surfaces exhibit a higher tolerance to defect formation, suggesting
that careful control of surface termination could be a viable strategy for improving
the stability of tin halide perovskites. Additionally, the exploration of mixed-cation
tin halide perovskites, such as those combining FA and MA cations, offers poten-
tial pathways for optimizing the material’s properties by balancing the trade-offs

between stability and performance [18].

Despite the differences between lead-based and lead-free perovskites, both sys-
tems share common challenges related to defect management and interfacial opti-
mization. In lead-based perovskites, significant efforts have been directed towards
enhancing the quality of the perovskite/ETL and perovskite/HTL interfaces through
the incorporation of SAMs and other molecular modifications. These strategies aim
to create well-matched energy levels and reduce non-radiative recombination losses,
thereby improving device efficiency and stability. For instance, the use of SAMs
has been shown to effectively passivate surface defects and improve the alignment
of energy levels at the interfaces, leading to more efficient charge transfer and re-
duced recombination losses. In contrast, lead-free perovskites, particularly tin-based
variants, require a deeper understanding of intrinsic defect formation and the de-
velopment of passivation techniques to mitigate the impact of surface defects on
carrier dynamics. The challenges associated with tin-based perovskites are com-
pounded by their higher sensitivity to oxidation and other environmental factors,
which can exacerbate defect formation and accelerate material degradation. There-
fore, developing robust passivation strategies and optimizing growth conditions are
critical to unlocking the full potential of tin-based perovskites for photovoltaic appli-
cations [19]. This study seeks to integrate the insights and methodologies from both
lead-based and lead-free perovskite research to develop a comprehensive approach
to improving perovskite solar cell performance. By combining the use of SAMs
and other interfacial engineering techniques from lead-based systems with defect
passivation strategies from lead-free systems, we aim to address the challenges of

both material classes. Specifically, we will explore the potential of novel SAMs to



enhance the electronic properties of tin halide perovskites, focusing on minimizing
surface defects and improving charge transport across interfaces. Furthermore, we
will investigate the effects of various growth conditions and surface terminations
on the stability and electronic properties of tin halide perovskites, with the goal of
identifying optimal fabrication processes that minimize defect formation. Through
this multidisciplinary approach, we hope to advance the development of more stable,
efficient, and environmentally friendly perovskite solar cells [14]. By bridging the
gap between lead-based and lead-free perovskite research, our work will contribute
to the broader effort of creating sustainable and high-performance optoelectronic
devices that can meet the growing global demand for renewable energy solutions.
The insights gained from this research will not only enhance our understanding of
perovskite materials but also pave the way for the development of new strategies
to overcome the current limitations of perovskite solar cells, ultimately bringing us
closer to realizing the full potential of this promising technology. As the world faces
increasing pressures to transition to renewable energy sources, the development of ef-
ficient, cost-effective, and environmentally friendly solar technologies like perovskite

solar cells will play a crucial role in shaping the future of global energy production.

2. METHODS

2.1. Density Functional Theory

Density Functional Theory is a computational quantum mechanical modeling method
that has become indispensable in the fields of chemistry, physics, and materials sci-
ence. It is used to study the electronic structure of atoms, molecules, and condensed
matter systems. The appeal of DFT lies in its ability to provide a good balance be-
tween accuracy and computational efficiency, making it suitable for a wide range
of applications. The fundamental principle of DF'T is rooted in the idea that the
properties of a many-electron system can be uniquely determined by its electron

density, rather than by the many-body wavefunction, which is much more complex



to handle. This concept was first formalized by Hohenberg and Kohn in 1964, who
proved that the ground state energy of a system is a unique functional of the elec-
tron density [20]. This was a groundbreaking realization because it shifted the focus
from solving the Schrodinger equation for the wavefunction, a task that becomes
increasingly difficult as the number of electrons increases, to a more manageable
problem involving the electron density. The Kohn-Sham formalism, introduced by
Kohn and Sham in 1965, further developed DFT by introducing a system of non-
interacting particles that have the same electron density as the interacting system
of interest [21]. This approach allowed for the practical implementation of DFT,
making it feasible to calculate the properties of real systems. A key component of
this approach is the exchange-correlation functional, which accounts for the com-
plex many-body interactions, including both exchange and correlation effects be-
tween electrons. However, the exact form of the exchange-correlation functional is
unknown, and various approximations are used, such as the Local Density Approx-
imation (LDA) and the GGA [22]. DFT has been successfully applied to a wide
variety of problems, from calculating the electronic structure of molecules to pre-
dicting the properties of new materials. Its versatility and efficiency have made it
a standard tool in computational material science and chemistry. However, DFT is
not without limitations. The accuracy of DFT calculations depends heavily on the
choice of the exchange-correlation functional, and some systems, such as those with
strong electron correlation effects, are challenging for standard DFT approaches [23].
Despite these challenges, ongoing research continues to refine and extend the capa-
bilities of DF'T, ensuring its continued relevance in the study of complex systems.
The electronic configuration of a material provides crucial information about its
characteristics. Examining the electron ground state allows for the comprehension
of the material’s stability, vibrational dynamics, and insulating properties. There-
fore, precise knowledge of electronic structures is vital. The total energy Fy, of
a system with multiple electrons can be determined using Equation 2.1, where ¥

represents the many-body wave function and H denotes the system’s Hamiltonian.



By = (U|H|U) = /drl...drM\If*(rl,...,rM)I:[\I/(rl, o Tap). (2.1)

The Hamiltonian for a system with multiple electrons can be represented in

Equation 2.2, which is then simplified into a more concise expression in Equation

2.3.:

. 1
H(ry, 1o, .. ry) = _Z§V? + va(ri) Z ‘r - (2.2)
j j N J#z ! ’
T, Kinetic energy Externaﬁoten‘cial Z, Coulomb energy
Erot = (U] Y V1) W) + (U|T + Z|T) . (2.3)

DFT represents a computational approach that relies on the electron probability
density rather than the traditional wave function used in quantum mechanics. This
method was initially proposed by Hohenberg and Kohn in their seminal 1964 pa-
per. However, it wasn’t until the development of high-performance supercomputers
that DFT became a fundamental tool in materials science, enabling researchers to

perform complex calculations that were previously impractical.

The foundational idea behind DFT is rooted in the work of Hohenberg and
Kohn, which revolutionized the way scientists approach the study of many-electron
systems. The theory allows us to express the total energy Ej.; of such a system as
a functional of the wave function ¥, mathematically represented as E;; = F[¥].
This relationship highlights that the total energy F,, is inherently dependent on
the many-body wave function ¥, which governs the behavior of electrons within
the system. The theorem derived by Hohenberg and Kohn establishes several key
principles: External Nuclear Potential Determination®**: The ground state electron
density n uniquely determines the external potential V,,, exerted by the nuclei. This
relationship is crucial because it indicates that the electron density alone contains

all the necessary information about the external forces acting on the electrons, as



expressed in Equation 2.2. Wave Function Uniqueness®*: The wave function W
of the system is uniquely determined by the external potential V,, in any state,
whether it is the ground state or an excited state. This implies that once the
external potential is known, the wave function can be precisely calculated, and
therefore, the behavior of the entire electron system can be predicted. Energy as a
Functional**: The total energy FE;,; of the system can be described as a functional
of the many-body wave function ¥ across any state, as highlighted in Equation 2.1.
This functional relationship is central to DFT, as it simplifies the calculation of
total energy by focusing on the wave function’s dependencies. By combining these
principles, we arrive at a critical conclusion: the ground state electron density n
uniquely determines the total energy F,,. In other words, the total energy of a
system can be expressed as a functional of the electron density, E;; = F[n]. This
insight is fundamental to DFT, as it shifts the focus from the complex many-body
wave function to the more manageable electron density, making it a powerful tool

for analyzing and predicting the properties of materials.

B = Fln(r)] = / drn(r)V, (r) + (U[n]|T + Z|¥[n]) . (2.4)

In this context, T and Z denote the kinetic and Coulomb energies, respectively,
with their dependence on n being implied rather than explicitly stated. However,
the first term in the functional directly depends on n. In 1965, Kohn and Sham
refined the original formulation by separating the implicit components into kinetic
energy and the Hartree potential for non-interacting electrons. They also introduced
an additional term, E,., to account for exchange and correlation energy. While the
precise form of this functional is still unknown, various useful approximations have

been developed since the foundational work of Hohenberg and Kohn.

Equation 2.5 is essentially a reformulation of Equation 2.4:



The independent electron approximation energy

Etot:]drn Z/dr¢ //dd’ |>+&C,U'

~~ —~  XC energy

External potential g
p Kinetic energy Hartree potentlal

(2.5)

To calculate the total energy Ey,; of the system, we apply the relation Ey,; = F[n],
which is based on the electron density n. The electron density is obtained using the
Hohenberg-Kohn variational principle, which asserts that the ground state density
no minimizes Ey,; = F[n]. This principle results in the formulation of the Kohn-

Sham equations:
[ — %Vz + ‘/tot(r):| P;(r) = e;9;(r), (2.6)

Viot(r) = Vi (r) + Vi (r) + Vio(r). (2.7)

In periodic systems such as crystal structures, the Kohn-Sham wavefunctions

can be represented using a plane wave basis to enhance computational efficiency.:

Z ¢;(G) expG™), (2.8)

G

In this context, 1,(r) is expressed as a linear combination of plane waves that
adhere to periodic boundary conditions. The vectors G correspond to the reciprocal
lattice vectors. Although the summation can theoretically involve an infinite number
of terms, only a finite number of G vectors are actually used, forming a series. The
maximum G vector in this series determines the level of detail in the calculation.
The collection of all plane waves in the series is referred to as the basis set, with the

cutoff for the plane waves defined by:

10



(2.9)

In the independent electron model, the electron charge density n(r) is calculated

by aggregating the probabilities of locating electrons in each filled state j.:

n(r) =3 )" (2.10)

By reformulating Equation 2.7 with the plane wave representation provided in

Equation 2.8, we obtain:

@cj(c;) + ) via(G — G)g(G) = £;¢5(G), (2.11)

These are the Kohn-Sham equations, which can be resolved through iterative

self-consistent calculations until the desired level of accuracy is reached [24].

11



2.2. Computational Details for Rational Design of Self-Assembled
Monolayers toward Efficient and Stable Perovskite So-
lar Cells

We carried out the computational aspect of this study using density functional the-
ory (DFT) and first-principles calculations. The VASP software [25,26] was utilized,
employing a plane-wave basis set and the projected augmented wave (PAW) method.
For the exchange-correlation functional, we used the Perdew-Burke-ErnzDuring the
geometry optimizations, a 4 x 4 x 1 I' -centered k-mesh was applied, and the energy
cutoff for the plane-wave basis was set at 400 eV. Atomic positions and cell volumes
were carefully relaxed using until the forces wore less than 0.03 eV/ A. Additionally,
a vacuum slab with a thickness of 10-15 A was introduced between the periodic
slab-molecule structure along the z-axis. The optimized geometry of the perovskite-
molecule interface was used to determine the molecular stacking energy. This was
done by first calculating the total energy of the OSC layer, which consisted of 2
molecules, then calculating the free energy of the isolated molecules. The molec-
ular stacking energy was obtained by subtracting the free energy of the 2 isolated

molecules from the total energy of the OSC layer.
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2.3. Computational Details for Formation of Surface De-

fects in Lead-Free Tin Halide Perovskites

We performed first-principles calculations by using DFT with plane-wave basis set
and the projected augmented wave (PAW) method within the Vienna Ab initio
Simulation Package (VASP) [25,26]. For all geometry optimizations, revised Perdew-
Burke-Ernzerhof (PBEsol) [27]for solids and surfaces is used as Generalized-gradient-
approximation GGA functional. For self consistent calculations, range separated
HSEO06 [28] hybrid functional is also performed consecutively to PBEsol with the
inclusion of spin-orbit coupling (SOC) [29] . The overall calculation procedure is
PBEsol+HSE06 with SOC included. A plane-wave basis with 400 eV kinetic energy
cutoff is used. 4 x 4 x 1 I'-centered k-mesh is used for geometry optimizations. Site
positions were allowed to relax until all residual forces are smaller than 0.01 eV/A.
All perovskite layers for computing formation energies are konsrtructed along [001]
growth direction. We considered 3 different types of terminations: (i) I-terminated,
(ii) Snlp-terminated, and (iii) Al-terminated surfaces, where A can be FA, MA,

FAMA (see Figure 1). Surface formation energies are calculated (See SI for detail).

Subsequently, we investigate intrinsic point defects as introduced on one side of
the slabs, including vacancies (Vx), anti-site defects (Xy ), and interstitial defects
(X;). The formation energies of the relaxed slabs with these defects are calculated

using the following formula:

AH(‘; = E';l — Epr + ZXiniPJi + (](EF + EVBM) + Ecorr (212)

Here, q and d denote the charge state and defect type, respectively. Epr repre-
sents the energy of the pristine slab, and ni refers to the change in the number of
elements exchanged from the reservoir to form the corresponding defect. u;, Ep |
and Ey gy stand for the chemical potential, Fermi energy, and valence-band max-

imum energy, respectively. E.,.. is the energy correction applied due to the finite
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sizes of the super-cells considered in the formation energy calculations. The chemical

potentials of Sn, I, FA, and MA are calculated from
= fio + Ao (2.13)

where 1o denotes the ”intrinsic” chemical potential, derived from the stable cell
energy of the material, and Au represents the ”external” chemical potential, which
varies based on environmental (growth) conditions. The permissible values for the
external chemical potentials of Sn, I, FA, and MA, relevant for the formation of
FASnl3, MASnl;, and FAMASnI; under thermal equilibrium, are determined by
adapting the methodology from Yin et al. [30].
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3. RESULTS AND DISCUSSION

3.1. Rational Design of Self-Assembled Monolayers toward
Efficient and Stable Perovskite Solar Cells

3.1.1. Candidate Molecules

Figure 3.1 shows a 3 layered crystal representing solar cell structure, and a series
of molecules which are designed to fit the middle layer of the crystal and often
adressed self assembled monolayers or lately called molecular contact part. Fig-
ure. 3.1 a) illustrates an intricately designed multilayer architecture consisting of
FAPbDI3 perovskite, a Py3 SAM, and ITO. Each layer is depicted with a precise
color-coded scheme to facilitate understanding of the structural and functional rela-
tionships. The top layer showcases FAPbI3, a lead halide perovskite renowned for its
outstanding optoelectronic properties, which are critical in the field of photovoltaic

technology [31]:

Lead (Pb) atoms, represented in dark gray, form the central framework of the
perovskite lattice. This structure provides the necessary pathways for electron trans-
port, significantly contributing to the material’s high carrier mobility [32]. Iodine
(I) atoms, shown in purple, are crucial for completing the octahedral configura-
tion around the lead atoms. This arrangement facilitates efficient charge separation
and transport, minimizing losses due to recombination. Formamidinium (FA) ions,
composed of carbon (C) in orange, nitrogen (N) in blue, and hydrogen (H) in light
pink, are interspersed within the lattice. These organic cations play a pivotal role in
stabilizing the perovskite structure, influencing both the bandgap and the thermal
stability of the material [33]. The perovskite’s crystalline lattice is known for its re-
markable light absorption capabilities across the visible spectrum, which is essential
for generating a high photocurrent. Its unique structural properties allow for the

facile tuning of electronic and optical characteristics, making it a versatile material
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in the development of high-efficiency solar cells [34].

As for the middle layer Py3 as a SAM is strategically placed beneath the per-
ovskite layer, serving as a crucial interface modifier that enhances the device’s overall
performance: Carbon (C) atoms in orange form the backbone of the SAM, providing
structural integrity and flexibility. Nitrogen (N) atoms, depicted in blue, contribute
to the electronic functionality and chemical reactivity of the SAM, facilitating in-
teractions with other layers. Hydrogen (H) atoms, shown in light pink, engage in
hydrogen bonding, which can further stabilize the interface and reduce defect den-
sities. Phosphorous (P) atoms, shown in dark purple and the oxygen atoms (O)
shown in red form the phosphonic acid part which bonds the SAM molecule to the
ITO layer. The Py3 SAM acts as a passivation layer, effectively reducing surface de-
fects and mitigating the formation of trap states that could otherwise hinder charge
carrier mobility. By improving the alignment of energy levels between the perovskite
and the ITO, the SAM plays a critical role in enhancing charge transfer efficiency.

This optimization is essential for reducing recombination rates and increasing the
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Figure 3.1 a) The crystal structure of three layers, b) Py3 derived molecules and
their structure.
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device’s fill factor and open-circuit voltage. The chemical and physical stability
provided by the SAM contributes to the longevity and reliability of the solar cell
under operational conditions [35]. When it comes to the bottom Layer ITO forms
the base of the structure, offering a combination of transparency and conductivity
that is indispensable for the function of optoelectronic devices: Tin (Sn) atoms in
light blue and Indium (In) atoms in dark blue collectively form a conductive net-
work that supports efficient charge collection and transport [36]. Oxygen (O) atoms,
depicted in red, are integral to maintaining the structural and electronic properties
of the I'TO layer, ensuring stability and performance. ITO is widely utilized in pho-
tovoltaic applications due to its excellent electrical conductivity paired with optical
transparency, allowing for efficient light penetration and charge collection.The op-
timization of ITO’s properties, such as surface morphology and work function, is
crucial for minimizing resistive losses and achieving high power conversion efficien-
cies. The interactions between these layers are meticulously engineered to maximize
device performance. The Py3 SAM not only enhances the electronic interface but
also provides a robust chemical barrier, protecting the perovskite layer from envi-
ronmental degradation. This careful design minimizes charge carrier recombination
and ensures efficient charge extraction, critical for achieving high power conversion
efficiencies [37]. In conclusion, the multilayer structure exemplifies a sophisticated
integration of materials, each contributing distinct yet complementary properties to
the overall device. By leveraging the unique characteristics of FAPbI;, Py3 SAM,
and I'TO, this architecture achieves enhanced efficiency, improved stability, and scal-
ability potential, representing a significant advancement in photovoltaic technology.
Such innovations highlight the transformative potential of hybrid material systems
in developing next-generation solar cells that are both efficient and economically
viable, paving the way for broader adoption of sustainable energy solutions [38].
Py3 is the primary molecule of our SAMS cluster, with certain modifications made
in the shaded area of Fig. 1 a), which is in contact with the perovskite layer. The
stable modifications can be seen in Fig. 1(b), they are named as follows and each

olecule is marked with a letter as shown bellow.
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e A - (2-(pyren-1-yl)ethyl)phosphonic acid

e B - (2-(benzo[lmn|phenanthridin-8-yl)ethyl)phosphonic acid (-)
e C - (2-(5,7-diaminopyren-1-yl)ethyl)phosphonic acid

e D - (2-(5,6-diaminopyren-1-yl)ethyl)phosphonic acid

e E - (2-(6-methylpyren-1-yl)ethyl)phosphonic acid

e [ - (2-(5-aminopyren-1-yl)ethyl)phosphonic acid

e G - (2-(5h-ammonia-7-aminopyren-1-yl)ethyl)phosphonic acid

e I - (2-(5-(diaminomethyl)pyren-1-yl)ethyl)phosphonic acid (+)

J - (2-(5,7-dimethylpyren-1-yl)ethyl)phosphonic acid
e K - (2-(5-ammoniapyren-1-yl)ethyl)phosphonic acid
e L - (2-(5-amino-7-ammoniapyren-1-yl)ethyl)phosphonic acid

e M - (2-(5-(diaminomethyl)pyren-1-yl)ethyl)phosphonic acid

In the first column of molecules in Fig. 1 b), carbon atoms were attached on top
of Py3, resulting in the formation of B and C. In the second column, we have D,
where one carbon atom was replaced with a nitrogen atom. This is followed by E
and F, which were formed by attaching nitrogen atoms on top of Py3. In the third
column, NH2 and NH3 groups were added to Py3 in different positions, forming G,
H, I, and J. Lastly, there are K and L modifications. Other molecule models were
also calculated, but only those appearing in the figure represent the stable group of

the overall number of designed molecules.
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3.1.2. Molecule-ITO and Molecule-Perovskite interaction

After defining the molecules, we placed each of them between a Perovskite layer and
an ITO layer as shown in Figure. 3.2 a). Computational optimization was made
for every three-layered crystal structure in order to see how these molecules would
behave as a SAM layers and also to gain more information about the interactions
of every molecule with two other layers. In Figure. 3.2 we can clearly see the
possibility of each case appearing and even get information about bonds and physical

connections between the three layers.

From Figure. 3.2 a) it can be seen that Py3 and its modifications with carbon
atoms do not really have any strong interactions with the Perovskite layer, but they

do make a good bonding with the ITO layer, where B is the leading molecule, as we
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Figure 3.2 Shows the physical contact and binding ranges Between SAMs and
Perovskite and SAMs and ITO.
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Figure 3.3 Represents a visual interpretation of the distace of a particular hydrogen
atom with the closest Iodine atom of Perovskite layer.

know from Figure. 3.1 graph a) that the bottom part of the molecules is (2-(pyren-
1-yl)ethyl)phosphonic acid and it is well known that this part of the molecule does
form good bonds with ITO [39]. In graph b) it is clear that D, E, and F have similar
binding energies with the ITO layer, as when it comes to the Perovskite layer D and
E do have similar physical connections but F is an exception, and represents the
molecule that has the most promising contact with the perovskite layer among all
other molecules. K molecule Figure. 3.2 graph c¢) and H molecule graph d) do have
better physical connections with the Perovskite layer compared to other molecules
in their groups. In both of the last graphs of Figure. 3.2 all of the molecules do
form good chemical bonding with the ITO layer.

We also calculated the distances between SAMs atoms and Perovskite atoms
where thr physical contact was created Figure 3.4, Figure 3.5. Both figures represent
the distances highlight how different parts of the same SAM molecules interact with

the perovskite layer. If the atoms depicted in Figure 3.4 are closer to the perovskite
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Figure 3.4 Shows the shortest calculated interatomic distance between all SAM
layers and Perovskite layer and their comparison.
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Figure 3.5 Shows the second shortest calculated interatomic distance between all
SAM layers and Perovskite layer and their comparison.
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layer compared to those in Figure 3.5, this suggests that the molecules may be
tilting or bending in a way that brings certain functional groups closer to the surface
while others remain further away. This conformational arrangement can significantly
impact the electronic properties and the stability of the SAM /perovskite interface.
The difference in distances might indicate how various functional groups within the
SAM interact with the perovskite surface. For example, if the atoms in Figure
3.4 belong to functional groups designed for strong binding or charge transfer, their
closer proximity to the perovskite would enhance these interactions. Meanwhile, the
atoms shown in Figure 3.5 could belong to parts of the molecule that do not directly

contribute to charge transfer, resulting in a greater distance from the surface.

23



Energy (eV)
=

Energy (eV)
=

A B c D E F
Molecules Molecules

—

)
N
=)

Energy (eV)

5 o
Energy (eV)

S o

(&)
o

G H | J K L
Molecules Molecules

Figure 3.6 (a) Example image of lower stacking energy molecules,(b) Example im-
age of higher stacking energy molecules, (c), (d), (e), (f) show the comparisons of
stacking energies for each molecule within their group and betwen the groups of
molecules.

3.1.3. Stacking Energy

As important as it is the relation between the layers the interaction between the
SAM molecules themself is also quite important. In addition to studying the na-
tive stability of each molecule, we also considered if they were stable in terms of
their 2D structural integrity. The core was the conjugation unit that always can
drive m-7 stacking interactions between molecules and one of the essential factors
for their self-assembly into well-ordered, periodic structures. The thin films stack
and this stacking property is important not only because it underpins the stabil-
ity of these molecules in their solid form but also as a way to order them at the
molecular level. We can then have a better prediction of the performance in different
applications knowing how these components interact [40]. By calculating the stack-
ing energy of each molecule, we obtained the information shown in Figure. 3.6 In
Figure. 3.6 (a) and (b) we have image examples from above of two different opti-

mized ITO, Perovskite sandwiched SAMs molecules where in (a) image, we see two
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perfectly aligned molecules which holds the meaning that these molecules have lower
stacking energy a reliable case. The rest of Fig.3 shows the graphs that represent
the stacking energy of each group of molecules. In image (b) we can notice that the
molecules slightly repel each other, by that we can conclude that these molecules
have a high stacking energy, which is not the most favorable case. Graph (c) shows
stacking energy values for (A, B, C) where A has the lowest stacking energy followed
by B. In graph (d) is showed the stacking energy of molecules (D, E, F) it appears
that all three of them have high stacking energy in close ranges to each other, the
same situation reappears in graph (e) for (J, K, L) as for graph e) from the three of

molecules (G, H, I), G has the lowest stacking energy compared to , F and 1.

3.1.4. Charge Transfer Properties

Charge density difference maps are crucial tools for visualizing and understand-
ing the redistribution of electronic density when molecules interact with surfaces
or other molecules. In the context of organic-inorganic interfaces, such as those
formed between ITO and perovskite materials, CDD maps can reveal how charge
is transferred across the interface, which is essential for optimizing device perfor-
mance in applications like photovoltaics and optoelectronics [41]. The Figure. 3.7
represent the CDD profiles for 12 different molecules sandwiched between ITO and
perovskite. These molecules act as charge transfer mediators, and the CDD maps
provide insights into how their specific functional groups influence the charge dis-
tribution across the interface. By analyzing these profiles, one can determine the
effectiveness of each molecule in facilitating charge transfer, which is critical for
improving the efficiency and stability of devices that rely on these interfaces. The
variations observed across different molecules highlight the importance of molecular
design in tuning the interfacial properties for enhanced charge transport. The CDD
maps provided offer valuable insights into the charge transfer characteristics of the
12 molecules studied, each positioned between ITO and perovskite. In these graphs,
the larger peaks indicate regions of more significant charge transfer, which is critical

for understanding the efficiency and effectiveness of each molecule as a mediator
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Figure 3.7 Provides detailed information about CTP for each molecule groups by
helping us make a healthy difference between each group.

in charge transport. Figure. 3.7 Graph a) shows the CDD profiles for molecules
with varying alkyl groups (A, B, and D). The peaks observed in the profiles suggest
that all these molecules facilitate charge transfer to some extent, but the intensity
and location of the peaks differ. Notably, the molecule labeled ”A” shows slightly
higher peaks compared to "B” and ”C,” suggesting it may facilitate a more sub-
stantial charge transfer at specific distances from the I'TO surface. The presence of
multiple peaks along the distance axis indicates that charge redistribution occurs
in distinct regions across the interface. In Graph b) the molecules with different
amino groups (D, E, F) are compared. The profiles are more closely aligned with
each other, but slight differences in peak height and position are evident. The ”F”
molecule, in particular, shows slightly higher peaks, indicating it could be the most
effective among the three. CDD maps The uniformity in the shape of the peaks
suggests that the charge transfer mechanism may be similar across these molecules
but with varying efficiencies. Graph ¢) compares molecules with double amino func-
tionalization (G, H, I). The CDD profiles here are relatively similar, with moderate
peaks throughout, suggesting that these molecules are generally effective in charge
transfer. However, the ”G” molecule displays slightly higher peaks, especially at
specific distances, indicating it might be more efficient in facilitating charge trans-
fer compared to the other two. The presence of these consistent peaks across the

molecules suggests that double amino functionalization could be a robust strategy
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Figure 3.10 Charge density maps in addition to CDD graphs for molecules (H, I,
J, K)

for enhancing charge transfer. Graph d): The final graph in Figure.3.7 examines
the charge transfer characteristics of a parallel orientation of the G molecule (J)
and formic acid in both its neutral (L) and ionized (K) forms. The CDD profiles
reveal distinct charge transfer behaviors, with "K” showing the most pronounced
peaks, indicating significant charge transfer. This suggests that the ionized form of
formic acid is particularly effective in facilitating charge redistribution across the
interface. The ”J” molecule also shows notable peaks, reinforcing its potential as a
good charge mediator, while the neutral formic acid (L) displays the lowest peaks,
indicating lesser charge transfer activity. Overall, these CDD maps underscore the
critical role of molecular design in influencing charge transfer at the I'TO-perovskite
interface. Molecules with larger peaks are likely more effective in facilitating charge
transfer, which could lead to better performance in devices where such interfaces
are key. The variation in peak intensities and distributions among the different
molecules highlights the importance of functional group selection and molecular ori-
entation in optimizing interfacial charge transfer. Figure 3.8-10 present visual CDD

maps where the yellow coloured clouds represent electron clouds and blue ones rep-
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resent hole clouds. From CDD maps we can clearly observe that the electron and
hole clouds perfectly match CTP graphs in Figure 3.7 aligning with the fact that J

molecule has better physical contact with Perovskite layer.

3.2. Formation of Surface Defects in Lead-Free Tin Halide

Perovskites

In Figure. 3.11, Figure. 3.12, and Figure 3.13 we present defect formation energies
of FASnI;, MASnl;, and FAMASnI; for different surface terminations. In FASnlIs,
the defects with the lowest formation energies are VpA, SnpA, IpA for the FAI
surface, Sni for the I surface, and I; for the Snl, surface.In MASnl3, VA, Sny A,
I,y A for the MAI surface, Sn; for the I surface, VI , Sni, and Snl for the Snl,
surface have lowest formation energies. In FAMASnI3, the defects with the lowest
formation energies are Vy A, Sny A, SngpA, VpA for the FAMAI surface, Sn; for
the surface, MASn for the Snly surface. To sum up, the tendency of evaporation of
A-site molecule causes vacancy (V) and antisite (Snga, 14) defect formations in all
AT (A:FA, MA, FAMA) surfaces.In all I terminations, surface iodines are ready to
attract a tin ion. Snl, surface is the most defect-tolerant surface among the others
since it has the highest number of positive defect formation energies. Additionally,
AT surfaces have the highest number of stable defects (low DFE). Therefore, FAMAI
surface is the most prone to defect formation due to being the most stable surface

when compared to FAI and MAI surfaces.

Even though any point defect with low formation energy can be commonly occur
in the material, further analyzes are need to identify the defect as harmful. Thus,
we studied charge transitions in different growth conditions (Sn-rich, I-rich, and
moderate) to reveal the influence of the defect on the electronic band structure of

the material.

29



FASNI,

V'- (a) ] [FA! surfacs| FAl Surface  Snl, Surface | Surface
Vea ¢ (A P :
Sn, j vy 'y
Sn; ] @ TS

S P — (©)
g ! Vs

o : i
FA/ | | | | | [ sl ]

-2 -1 0 1 2 3 sni{ ]
b Formation Energy (eV) ls ‘
(b) i
V| ] | surface FASn':’
Sn; FA; |
II FAI' - :

-1 0 1 2 3 o 1 2 3
Formation Energy (eV) Formation Energy (eV)

-2
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3.3. Publications

This thesis part of study as:

S. M. Oner, D. Acikgoz, E. Sezen, E. Latifi, E. Demiroglu, I. Yavuz, and C. Deger:
Formation and Passivation of Surface Defects in Lead-Free Tin Halide Perovskites,

Journal of Physical Chemistry C (under rewiew)

E. Latifi and C. Deger (in preparation): Rational Design of Self-Assembled
Monolayers toward Efficient and Stable Perovskite Solar Cells
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4. CONCLUSION

In this study, we successfully designed and investigated a series of Self-Assembled
Monolayers (SAMs) for improving the performance and stability of perovskite solar
cells. We also studied, defect formation in FASnl3, MASnI3, and FAMASnI; varies
with surface termination, with Al surfaces prone to vacancies and antisite defects.
The Snly surface is the most defect-tolerant, while FAMALI is most susceptible to
defect formation. Further analysis is needed to determine the impact of these defects
on the material’s electronic properties. Through detailed computational modeling,
abot the SAMs part we explored the interactions between various modified Py3
molecules, the perovskite layer, and the ITO substrate. Our findings indicate that
specific molecular modifications can significantly enhance the bonding and charge
transfer efficiency at the perovskite/SAM/ITO interface, which is crucial for the
device’s overall efficiency. Notably, molecules like B, D, F, K, and H demonstrated
strong physical connections and favorable charge density distributions, particularly
with the perovskite layer. The stacking energy analysis further highlighted the im-
portance of molecular design in ensuring stable self-assembly and reducing energy
losses within the SAM layer. Molecules with lower stacking energies showed better
alignment and stability, crucial for forming a well-ordered SAM structure. Charge
Density Difference maps revealed distinct charge transfer behaviors across different
SAM molecules, emphasizing the role of functional groups in tuning the interfacial
properties. Molecules such as ”A,” ”7J,” and "K” exhibited enhanced charge transfer
characteristics, suggesting their potential for optimizing device performance. This
aspect is particularly important for the development of environmentally friendly and
sustainable photovoltaic technologies. Overall, this study presents a comprehensive
analysis of SAMs in perovskite solar cells, offering insights into how molecular mod-
ifications can be leveraged to improve device efficiency and stability. These findings
pave the way for future developments in photovoltaic technology, where precise
molecular engineering can lead to the creation of more efficient and durable solar

cells, particularly in the context of lead-free tin halide perovskites.
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