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Abstract

In conjunction with renewable energy sources, energy-efficient technologies are required to meet
and reduce the global energy demand. Sunlight is the most ubiquitous and readily available
member of the renewable energy sources. Present endeavors are predominately focused on
photovoltaic technologies based on silicon. However, due to the inherently sluggish and energy-
intensive nature of silicon deployment, the development of new technologies is urgently

required.

In recent times, hybrid organic-inorganic lead-based perovskites (OIHP) have garnered
significant interest in photovoltaic (PV) applications, surpassing all other semiconductor
materials. This is due to their exceptional optoelectronic characteristics and straightforward
synthesis processes. Solar cells composed of these materials have successfully attained power
conversion efficiencies (PCE) of up to 26% in less than a decade. These materials exhibit
remarkable characteristics such as direct and adjustable bandgaps, high mobility of charge
carriers, and robust light absorption capabilities. The convergence of these remarkable attributes
facilitates the advancement of thin-film optoelectronic devices with superior performance, which

can be produced utilizing economical methodologies, particularly solution-based approaches.

On the other hand, it has been discovered that the PCE of optoelectronic devices is significantly
influenced by the morphology of perovskite thin films, in addition to other factors. However,
due to its low-temperature processing techniques and intrinsic chemical and structural properties,
this material inevitably develops detrimental defects at both the grain boundaries (GBs), surface
and bulk structure of the polycrystalline framework of the perovskite. The presence of these

defects may substantially compromise the PCE and overall stability of the material.

The principal objective of this thesis was to undertake an exhaustive examination of the defects
in the three-dimensional (3D) structure of methylammonium lead iodide (MAPI) perovskite
materials. The presence of these defects substantially impairs the functionality and durability of
PV devices constructed from such materials. To resolve these structural defects in the perovskite
thin films, we investigated several prospective materials and concepts as potential remedies. The
utilization of low-dimensional perovskites (LDP) within 3D MAPI perovskite structure is a
strategic passivation method. By incorporating LDP, mixed-dimensional (3D/LDP) perovskite

solar cells (PSCs) are designed to counteract defects in the perovskite lattice.
The first chapter of this thesis begins by outlining the theoretical foundations of the relevant
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subject field. The chapter opens with an overview of semiconductors and then details into its
practical applications, with a focus on solar cells. Following that, it discusses an alternate and
promising material utilized in solar cells: lead-based perovskite materials. Continuing within this
class, focus is on more stable subcategories, particularly low dimensional perovskite (LDP) such
as 2D and 1D variations. The second chapter provides introductory information on the

characterization approaches that are widely used in this field.

In chapter 3, we present the use of a new organic cation, 2-(thiophene-2yl-) pyridine-1-ium
iodide (ThPyl), on the surface of 3D methylammonium lead iodide (MAPI) perovskite films and
its integration into the bulk structure. ThPyl can serve as a passivator on top of 3D MAPI,
fabricating surface-passivated films with a stable 1D perovskite structure formed by unreacted
surface Pbl, and organic cation, or as an additive to accomplish bulk passivated 3D MAPI. In
both methods ThPyl improves PCE and increases solar cell stability. Cutting- edge
characterization techniques, such as Grazing Incidence Wide-Angle X-ray Scattering
(GIWAXS), show that ThPylI trigger to the preferred orientation of bulk MAPI slabs, improving
charge transfer. The bulk-passivated 3D arrangement is highly stable, maintaining 84% PCE
after 2000 hours of exposure without encapsulation. This paper presents novel methodologies
for using organic cations with various binding patterns and passivation approaches to address

faults in hybrid 3D/1D perovskite solar cells.

Finally In Chapter 4 , we utilize the formamidinium cation (FA+) employing 3,5-
difluorobenzene-1-carboximidamidium iodide (2F), 4-(trifluoromethyl)benzene-1-
carboximidamidium iodide (3F), and 2,3,4,5,6-pentafluorobenzene-1-carboximidamidium
iodide (5F) organic spacers as passivation layer in 3D/LDP OIHP solar cells. Fluorine atom
position and quantity in organic spacers change the optoelectronic characteristics of the
perovskites, enhancing hydrophobicity, facilitating LDP formation, and augmenting dipole
moments, thereby facilitating charge separation processes. PV performance analysis reveals
that 3F-treated 3D/LDP devices achieve the highest efficiency of 19.22%. Experimental results
and density functional theory (DFT) studies attribute the higher performance of 3F-modified
devices to effective LDP formation, enhanced passivation of defect states at perovskite surfaces
and grain boundaries, the highest dipole moment and lowest band gap among the evaluated
spacers. The stability tests show that, after 1000 hours, 3F- and 5F-modified 3D/LDP OIHP
devices retain over 85% of their initial efficiency. This research opens novel avenues for
designing appropriate organic spacers to attenuate defects in 3D/LDP PSCs.
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Introduction

1. Introduction

1.1 Global Energy Market and Outlook for Solar Energy

The global energy consumption is rapidly increasing on a near-daily basis, leading to an energy
crisis and environmental damage. The sustainability of energy derived from fossil fuels is at
risk due to their finite and depleting reserves in the next decades, as well as its adverse
environmental effects, including global warming.!*?l As a result, the need for environmentally
friendly and long-term sustainable alternative energy sources such as wind, hydrogen and solar

energy is increasing day by day.

Solar power is notable among renewable energy sources due to its scalability, allowing it to be
utilized on both an industrial level and for individual households. The solar energy potential is
estimated to exceed 23,000 terawatt-years (TWY). Given that the global energy consumption
in 2022 amounts to roughly 25.5 TWyj, it is feasible to satisfy the world's energy requirements
solely through solar energy.F!

Other RE: 8 GW 2%
Biomass: 8 GW 2%,

Hydro: 30 GW 8%

Wind: 79 GW 22%7

y

Figure 1.1 Schematic illustration of net renewable power generating quantity installed in 2022,

Photovoltaics (PV) is the process by which light energy from the sun is converted immediately
into electrical energy. In 2022, the worldwide cumulative capacity of photovoltaic systems
attained a value of 1.18 terawatts (TW).[*! A cumulative of 362 gigawatts (GW) of additional
renewable energy capacity was put into operation in 2022. The amount of energy generated

from solar systems will be 239 GW in 2022, which corresponds to 66% of the total amount

1



Introduction

generated from renewable energy sources).”! However, solar power continues to constitute a
negligible proportion of global electricity consumption, accounting for a mere 4.5% of global
power generation in 2022. The percentage has exhibited a positive trajectory, increasing from
3.7% in comparison to the preceding year. The aforementioned growth rate exceeds that of
alternative renewable energy sources, which, when integrated, supplied approximately 25.4%
of worldwide electricity production. It is evident from these details that the increased efficiency
and decreased manufacturing expenses of silicon-based solar cells have established this system
as a leading PV technology.is1 Furthermore, numerous PV technologies have been developed in

line with silicon solar cells over the past few decades to overcome the global energy crisis.

Second-generation thin film-based PV technologies, such as Cadmiumtelluride (CdTe) or
Copper indium gallium selenide (Cu(InGa)Se> or CIGS), have been identified as very
competitive alternatives to silicon (Si)-based PV.U-8 These technologies are also compatible
with scale manufacturing methods. Nevertheless, these devices are either excessively
poisonous or consist of relatively scarce elements such as indium, which is far less abundant

and more challenging to extract than Si, hence impeding widespread implementation.

The main reason behind the advancement of third-generation PV technologies was primarily
the potential for large-scale production without the need for high-temperature annealing and
high vacuum conditions during synthesis. The development of a highly efficient and solution-
processable technology for solid-state thin-film PV applications using hybrid perovskite
materials appears to be inevitable. The morphology and microstructure of the perovskite
material exert a substantial impact on the PV performance. Hence, a comprehensive

examination of their impact and subsequent optimization is imperative.
1.2 Semiconductors

The conductivity of materials is a fundamental property that determines their ability to carry
an electric current. Materials are categorized based on their property of electrical conductivity,
resulting in three classifications: conductors, semiconductors, and insulators.’! The values of
electrical conductivity (o) and resistivity (p = 1/0) for several materials within these three

classes are shown in Figure 1.2.110]

The initial exploration into semiconductors took place in 1874 when the rectifier, an AC-DC
converter, was developed. This was achieved with the development of a prototype transistor
made of germanium at Bell Labs in 1947.04
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Figure 1.2 The typical range of conductivities for insulators, semiconductors, and conductors.%

The many characteristics of semiconductor materials have facilitated major technological
advancements in the past century. Specifically, numerous implementations of semiconductor
devices have emerged as the fundamental support of contemporary technology. Smartphones
and computers, which contain numerous minuscule transistors composed of this substance, as
well as power sources, integrated circuits, and automobiles, are just a few examples of the

technology that are part of our everyday lives.

The origins of Si may be traced back to the 1960s, when it emerged as a viable substitute and
effectively replaced germanium (Ge) as the predominant semiconductor material. Due to its
low heat conductivity and strong thermal stability, Si is highly favored among other
semiconductor materials. Furthermore, it is highly feasible to manufacture this product in
significant volumes, and the capacity to achieve competitive pricing for the end product is a
further noteworthy aspect in terms of cost-efficient production when compared to alternative
semiconductors. Given the aforementioned characteristics, Si has become a highly researched
material and Si technology has surpassed all other semiconductor technologies in terms of

advancement and practicability.

1.2.1 Energy Band of Semiconductors

According to their electrical conductivity, materials were categorized as conductors,
semiconductors, or insulators, as stated in the preceding section. Indeed, this categorization
relies on the variations in the electronic structure properties of distinct substances, which are

determined by the types of bonds (ionic, covalent, and so forth) that exist between the

3



Introduction

constituent atoms. Put simply, the categorization of substances based on their electronic
configuration is grounded in the principles of band theory.[*?l It is a practical method for

virtualizing their differences.

The three categories of solid materials are identified as conduction band (CB) and valence band
(VB), in accordance with the principles of band theory, as illustrated in Figure 1.3. A region
that defines energies that the electrons cannot have in the solid state separates these bands.
Consequently, this area is referred to as the forbidden gap, or band gap (Eg), denoting the
difference in energy levels between the conduction band minimum (CBM) and the valence

band maximum (VBM).[}3-14]

The Fermi level (Er) is another significant parameter in band theory. The Er is defined as an
energy level where there is filled with electrons in a material with a probability of 50%.This
energy level that are lower than this value are typically occupied by electrons, whereas levels
that are higher than this number are typically unoccupied. The Er is the highest energy level

that electrons can occupy at 0 K.

A B C

Valance Band
Valance Band ik
Valance Band
Conductor Semiconductor Insulator

Figure 1.3 Schematic illustration of the CB and VB in a) a conductor, b) a semiconductor, and c) an insulator.

The dashed area indicates the region where the VB and CB overlap in the conductor.

A material is classified as a conductor if its Er falls within a band. Conversely, if the Ef is

4



Introduction

located between two widely spaced bands, the substance will exhibit insulating properties. On
the other hand, A material is defined as a semiconductor when the Er falls within closely
separated energy bands. Figure 1.3 displays the illustration of the energy bands in these

materials.

Insulators have a significant energy gap that prevents electrons from reaching the CB at
standard temperatures. In contrast, conductors do not have an Eg because the VB and CB
overlap, as shown by the dashed rectangular area in Figure 1.3. Unlike the principles mentioned
above, semiconductors have a narrow band gap. This enables thermal energy to bridge Eg for

only a minor portion of electrons, resulting in limited conductivity for the semiconductor.[*!

There are two types of semiconductors: intrinsic semiconductors and extrinsic semiconductors
as depicted in Figure 1.4. An intrinsic semiconductor refers to the pure form of a semiconductor
that is free from impurities. In Figure 1.4a, the Er for the intrinsic semiconductor is positioned
at the midpoint between the VB and CB. In an intrinsic semiconductor, the VB is fully
occupied, whereas the CB is entirely unoccupied. They possess neither good conductivity nor

insulation properties, and their ability to conduct is mostly influenced by temperature.

A B C

=,
>
o
W
++++ 4+
Valance Band Valance Band Valance Band
: n-type p-type
Intrinsic
semiconductor extrinsic semiconductor

Figure 1.4 Illustration of Energy band diagram of a) intrinsic, b) n-type, and c) p-type extrinsic semiconductors.

This non-conductivity of intrinsic semiconductors can be overcome by various processes. The
well-known method is doping.[*®! Dopants, which are foreign compounds or impurities into
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crystals, can be introduced into pure semiconductors to modify their characteristics and
enhance their electrical conductivity. Semiconductors which doping material is added are
called extrinsic semiconductors. Extrinsic semiconductors can be classified into two distinct

categories based on the doping element: n-type and p-type semiconductors.

In n-type semiconductors, the intrinsic material is intentionally doped with V group elements
(P, Bi, etc.) to introduce donor impurities. This results in the existence of unbounded extra
electrons that become free to pass into the CB. In this case, the probability of an electron being
in CB is higher than the probability of a hole being found in VB. Thus, Er is positioned close
to CB. In n-type semiconductors, the abundance of free electrons surpasses the number of holes
by a wide margin. Consequently, the flow of current is mostly facilitated by these electrons,
which are referred to as the majority charge carriers. On the other hand, holes, which are present
in less quantities, act as the minority charge carriers.[*®]

P-type semiconductors are doped with acceptor impurities, such as elements from the 111 group
(B, Al, etc.), to modify the pure material. Introducing an acceptor impurity results in the
generation of a significant quantity of holes within the VB. The quantity of vacancies in the
VB exceeds the quantity of electrons in the CB. Therefore, the likelihood of energy levels being
occupied by holes in the VB is higher than the likelihood of energy levels being occupied by
electrons in the CB. Due to this rationale, the Er is situated close to the VB. P-type materials
are characterized by a majority of charge carriers in the form of holes, whereas electrons are

present in smaller numbers as minority carriers.™4

Compared to insulators, the band gap energies of standard semiconductor materials are small
enough to excite electrons in PV devices with an external source such as visible light. Given
this fact, the excitation of electrons from VB to CB is considered as an alternative method. The
energy needed for the excitation process depends on both the characteristics and the energy
level of the Eg. The bandgap's characteristics are dictated by the relative positions of the VBM
and the CBM. The classification of Eg can be broadly categorized as direct and indirect, as
illustrated by the energy (E)- momentum (k) diagram in Figure 1.4. The k vector represents the
momentum of an electron within the semiconductor. When the two extreme points are
positioned diametrically opposite one other in k space, indicating that they possess identical
momentum, and the bandgap is defined as direct, as seen in Figure 1.4a, the electron can be
exclusively stimulated by the incoming light from the VB to the CB without any alteration in
momentum. When the two extreme points shift to each other, resulting in differing k values,

an indirect bandgap is created. This indicates that the electron needs an extra change in
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momentum to be excited into the CB, as depicted in Figure 1.4.b.[*"1 Therefore, the energy
required to excite the electron in the direct bandgap semiconductors is than indirect band

gap-counterparts.[*8l

a) b),

Conduction Band 4 Conduction Band

E

Ak

® /® T

Valance Band Valance Band

Direct transition Indirect transition

Figure 1.5 The provided diagram depicts a) direct and b) indirect bandgaps in semiconductors.

1.3 Working Principle of Solar Cells

In the year 1839, Alexandre-Edmond Becquerel was the first person to observe the PV effect.
Following that, in 1946, Russell Ohl was the one who came up with the idea for the first modern
solar cell that was composed of Si.[*1 The term "solar cell” refers to a type of electrical device
that utilizes the PV effect to transform light energy into electrical energy. A solar cell is
constructed using two distinct types of semiconductors, namely p-type and n-type, which are

also referred to as p-n junction semiconductors.

The process of charge separation takes place at the where n-doped and p-doped merge in
standard solar cells as shown in Figure 1.6a. This occurs when photogenerated charges flow
into the respective materials, thus establishing the junction. The excess electrons from the n-
doped zone undergo diffusion towards the p-doped region, whereas the excess holes migrate
in the opposite (reverse) direction. The electrons and holes unite at the contact area, forming
an electron-hole pair, which results in the formation of a depletion region devoid of any mobile
charges. The migration of electrons in the n-doped side results in the creation of the positively
charged zone, while the p-doped side acquires a negative charge in the depletion region. The
disparity in charge between the two entities gives rise to an electric field at the region of the

7
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junction where mobile charges are absent. Consequently, this leads to the generation of a built-
in voltage, commonly referred to as a potential difference. The fundamental importance of this
built-in voltage across the junction lies in its ability to hinder the movement of both holes and
electrons across the junction, which is why it is also referred to as the potential barrier. A free
charge necessitates additional energy to overcome with the barrier that now obstructs its ability
to pass through the depletion region. Given that the potential difference is dependent on the
bandgap, it can be asserted that as the bandgap expands, the amount of energy needed for free
carriers to surmount this obstacle will also rise, whereas a decrease in the bandgap will result
in a drop in the required energy.?>-21 Theoretically, the (1/V) curve observed at the output of a
standard solar cell is obtained by superimposing the dark responses of a diode and the

photogenerated current linearly.[?!

a) Photons b)

-

depletion zone

Current, |

1

metal contact

/ — Negative contact

Voltage, V

piype| v _ "SR v
‘,f L, +— Positive cantact

metal contact  recombination

Figure 1.6 a) Illustration of working principle of standard solar cell. b) Classic I-V characteristic of a solar cell in
the dark (black line) and in illumination (blue line).

In practice, the solar cell absorbs incident photons with energies greater than the Eg of the
semiconductor. Consequently, the electric field creates a separation between the electron-hole
pair in the depletion region. The direction of flow of the free electrons is designated by the
electric field. Thus, the formed free electron reaches contact after going through the depletion
region. Following its passage through the external circuit, the electron produces an electric

current.[?2

So far, silicon solar cells have dominated the PV market due to their stability, the material's
PCE in large-scale solar modules being already quite high, and the abundant availability of the
precursor material SiO>. Si, on the other hand, possesses an indirect bandgap that necessitates
relatively thick layers for adequate absorption. This results in the demand for additional

material and more stringent manufacturing techniques to attain the necessary high purity for
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enough charge carrier mobility. Consequently, the fabrication process of solar cells based on
Si is notably intricate and energy intensive.[?® Perovskite solar cells (PSCs) are a novel
category of thin-film photovoltaics that emerged within the past decade. By virtue of being
solution-processable at low temperatures, this material exhibits considerable potential in terms
of cost-effectiveness, lightweight construction, and exceptional performance. Consequently, it

establishes a paradigm shift in the PV industry.[?4]
1.4 Perovskite Solar Cell

Organic- inorganic Halide perovskites (OIHP) have gained significant attention in the scientific
community due to their potential in numerous optoelectronic applications. It has in particular
launched in an epoch characterized by cost-effectiveness and superior efficiency in solar cells.
Their exceptional PV performance can be attributed to their distinctive characteristics, which
include long charge carrier diffusion lengths, a high charge transport mobility, and a small

exciton binding energy.[?5-32

OIHP have lately made significant advancements in the field of PV. Over the past decade,
perovskite solar cells (PSCs) have shown great progress in PCE compared to other thin film
PV technologies.[*3-%] The breakthrough made highlights the considerable potential of OIHP
in the solar energy industry. The PCE of PSCs has increased significantly from 3.8% to 25.73%
(certified), which brings it closer to the Shockley-Queisser (S-Q) limit (~ 31%).[56-411

Figure 1.7 Schematic illustration of perovskite crystalline structure.[*?

The substance known as "perovskite” was called after the mineralogist Lew Alexejewitsch
Petrowski and its crystal structure type, CaTiOs, which was first found in 1839. The crystal

structure in question typically exhibits the chemical formula ABX3, as illustrated in Figure 1.7.
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A refers to cations having a large atomic radius, such as CHsNHs* (MA"), NH.CH=NH?*
(FA"), Cs*, whereas Pb?*, Sn?* are other cations with a small atomic radius. The symbols X are
used to represent anions, namely CI~, Br~, and 1".[4344 The B cation is surrounded by the X
anion in an octahedral coordination arrangement through corner-sharing which form extended
framework. The A cations fill the voids (cuboctahedral spaces) which are in the center of the

eight corner-sharing BXs octahedra within the structure.5-4¢l

The capacity to alter the arrangement encompasses the capability to change both positively
charged ions (cations) and negatively charged ions (anions). The stability of the structure is
defined by the electrostatic interactions between the positively charged cations situated at the

A-site and the negatively charged framework consisting of B-X."]

Materials having the composition ABX3 can exhibit many crystal forms, which are determined
by the size and interaction of the A cation and the corner-sharing BXs octahedra. The
Goldschmidt tolerance factor (t) is a dependable empirical indicator used to forecast the
preferred formation of a certain structure. Additionally, it serves as an indication of the
structural stability.[*®! The Goldschmidt tolerance factor is determined by the ionic radii of the
atoms, which may be computed using the following expression: where ra represents the radius

of the A cation, rg represents the radius of the B cation, and rx represents the radius of the X.

TA+1rX

t= J2(rB+rX)

Materials exhibiting a tolerance factor between 0.9 and 1.0 typically possess an ideal cubic

(1.1)

structure. Tilted octahedra constitute a distorted perovskite structure when the tolerance factor
is between 0.71 and 0.9. The formation of non-perovskite structures occurs at the tolerance

factor is higher (>1) or lower (<0.71).14l

Although the rule was initially formulated for oxide perovskites, it continues to hold true for
OIHP. A schematic representation of the correlation between the structure of the perovskite
and the tolerance factor can be observed in Figure 1.8.14%-% Formamidinium (FA), Cesium
(Cs), and Methylammonium (MA) are the only cations in the category of perovskite materials
that are regarded as “established.” Additional cations such as Sodium (Na), Potassium (K), and
guanidinium (GA), are seen as unsuitable for inclusion in the perovskite structure due to their
dimensions being either excessively small or large as illustrated in Figure 1.8. The variation in
the octahedral position and crystal structure of perovskites as a function of the Goldschmidt

tolerance factor is illustrated in Figure 1.9.
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Figure 1.8 The effect of the ionic radius size of the A-site cation on the tolerance factor.>

PSCs are commonly organized in either a n-i-p or p-i-n configuration. The perovskite absorber,
which is inherently intrinsic, is situated between a p-type hole transport layer (HTL) and an n-
type electron transport layer (ETL), conductive substrate (Indium doped thin oxide (ITO) or
fluorine doped tin oxide (FTQO)) metal contact such as gold (Au) in this arrangement, as
depicted in Figure 1.10a, b. Additionally, this arrangement may consist of a mesoporous
framework, which can be of either semiconducting or insulating nature, as illustrated in Figure
1.10c.

Cubic Tetragonal Orthorhombic

Figure 1.9 Schematic illustration of the impact of the Goldschmidt tolerance factor on the unit cell and the position

of octahedra in perovskite framework.
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Figure 1.11a, b illustrates a schematic energy level diagram of normal and inverted PSCs,
wherein the active layer consists of methylammonium lead iodide (MAPI). An exciton is
generated when solar irradiation causes an electron to jump from the VB to the CB in perovskite
material, thereby leaving a positively charged electron vacancy.

| HTL | N ETL | N HTL |

. l Perovskite
mp-Ti0Q,

ETL

Perovskite Perovskite

ETL HTL

Figure 1.10 A schematic illustration of various solar cell configurations. a) a n-i-p junction, b) a p-i-n junction,
C) a mesoporous structure.

The dissociation time of the exciton into a free charge carrier is relied on the electron-hole
binding energy (exciton binding energy). This process can occur in picoseconds. To prevent a
direct recombination of these two free charge carriers, they must be made to flow at their
respective electrodes ( electrons towards FTO while electron hole towards Au),as illustrated in
Figure 1.11a. An analogous phenomenon is identified within the p-i-n PSCs, as illustrated in
Figure 1.11b.018

Energy (eV)

' n

Q
S

m ETL m
On
nPerovskiten

O=, |:| HTL |:|

Figure 1.11 An illustrative sketch of the energy level diagram encompassing a) the n-i-p, b) p-i-n configurations

within a solar cell.

To optimize charge seperation, the system utilizes charge carrier transporters to generate an
energy cascade that compels the charge carriers to flow to the specified contacts. By utilizing
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an ETL with a CBM situated between the CBM of the FTO contact and the perovskite, the
electron is effectively routed towards the corresponding electrode. Efficient hole extraction is
achieved by selecting an HTL whose energy corresponds to the VBM energy that aligns
between the VBM of the perovskite and the energy of the corresponding electrode.?

1.5 Low-Dimensional Perovskites (LDP)

A significant impediment is the restricted composition that can be obtained from the ABXz3
perovskite structure. The Goldsmith tolerance factor imposes limitations on the selection of the
organic constituent, as only three A-site cations are capable of forming reasonable stable 3D
MAPI framework.531 As a consequence, the quantity of potential configurations is considerably
diminished, posing a substantial barrier to subsequent advancements.®*!

When the A cation in the 3D MAPI is replaced with large organic cations that do not fit into
the interstitial space between the metal halide BXs octahedra, the structure is forced to form
low-dimensional structure. The obtained low-dimensional phase has superior properties than
its 3D MAPI counterpart.®! Two-dimensional (2D) perovskites are the most well-known low-

dimensional perovskite (LDP) structures.[6l

2D perovskite can be considered as a dimensionally reduced version of the 3D perovskite
framework .The formation of 2D perovskite and its derivatives takes place by cutting along
different crystallographic directions (<100>, <110>, and <111>) from 3D MAPI perovskite
structure.57-%81 This process produces three distinct types of 2D perovskite families depending
on the crystallographic direction of layer slicing, (100)-, (110)-, and (111)-oriented 2D
perovskites. The (100)-oriented 2D perovskites are considered to be the most commonly
utilized light absorbers in PSCs due to its well-aligned structure.®® 2D perovskites are divided
into an additional category called Ruddlesden-Popper (RP)-type and the Dion-Jacobson (DJ)-
type perovskites, which are commonly used for materials in this group.[°-621 The classification
of these two primary categories of 2D perovskites is based on the sort of organic spacer

employed in their structure.

The RP and the DJ perovskites are represented by the general formulas as given A’2An-1BnX3zn+1
and A"An1BnXans1 respectively. In this context, A" and A" refer to aliphatic or aromatic
alkylammonium monovalent (R-NHs) and divalent (HsN-R-NH3) organic cations respectively,
and act as insulating layers. They intercalate between the inorganic An-1BnXan+12D LDPs. A is
a monovalent cation (MA*, FA*, etc.), B is a divalent metal cation and (Pb?*, Sn®* etc.), and X

is a halide from the halogen group. Furthermore, the variable n denotes the thickness of the 2D
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perovskite, which is determined by the quantity of corner-sharing [BXs]* octahedral inorganic
layers that are sandwiched between two organic spacers.[®37% The schematic diagram in figure

1.12 illustrates the RP and DJ types of 2D perovskite structures with a value of n equal to 2.

Furthermore, the 2D perovskite structure undergoes variation based on the value of n. When n
equals 1, the structure is pure 2D. When n is between 2 and 5, the structure is quasi-2D. The
value of n significantly influences the optoelectronic characteristics of 2D materials, such as
exciton binding energy, charge carrier mobility, and bandgap. Hence, it is imperative to
regulate the thickness of the inorganic layers. As the value of n increases, the thickness of the
layer also increases. Consequently, the exciton binding energy and bandgap energy values are
prone to falling. When n approaches infinity, the structure becomes a conventional 3D

perovskite structure.[’*721

The ability to tune optoelectronic properties in accordance with the thickness of the 2D RP
perovskite makes this class of material favorable for PV applications. Thus, The RP phase is
the most frequently examined in research. The organic cation's terminal amine forms hydrogen
bonds, interacting with the halide of the inorganic layer, as well as the nearby carbon chains of
the organic cations are held together by van der Waals force, thus resulting in the formation of
organic layers. A Van der Waals gap is observed between neighboring inorganic octahedral
layers, which is caused by the interdigitated organic spacers in the perovskite structure

expansion in the interlayer gap.

) Ruddlesden-Popper (RP) b) Dion-Jaconson (DJ)
Lateral i
offset "— Van der Waals gap

diammonTum
spacer cation

monoammonium
spacer cation

Figure 1.12 Schematic representation of RP and DJ perovskite structure.

Thus, inorganic octahedral layers are typically horizontally displaced by half an octahedral
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unit, as depicted in Figure 1.12a.[7%-82]

The DJ phase is less researched since there is a limited supply of easily accessible diamines.[®]
The two terminal amines in DJ-type perovskite structures are connected to the inorganic layer
via hydrogen bonds. The organic spacers often do not induce any lateral displacement of the
inorganic octahedral layer since they form hydrogen bonds with adjacent inorganic octahedral

layers as shown in figure 1.12b.[8+86]

2D perovskites often have a structure in which the perovskite layers are connected to each other
via corner sharing as shown in Figure 1.13a. Nevertheless, there are rare occasions in which
2D perovskites display edge-sharing and face-sharing arrangements, as illustrated in Figure
1.13b, c.1The variability in connection modes can be regulated by manipulating the length of
the organic amines employed in the substance which relies on the size of organic cations,
enabling a level of structural flexibility and adjustability."]

a ° b ° - c
* . » @ - @
. L e . e L
¢ . oS> <, »
” » e g ©
w © p

Figure 1.13 The connectivity modes in 2D perovskite are categorized into three types: (a) corner-sharing, (b)

edge-sharing, and (c) face-sharing.[*"]

2D perovskite structures, whether pure or quasi-2D, possess unique characteristics, such as
enhanced ambient and operational device stabilities, as compared to 3D MAPI counterparts.
There are some factors behind this trend such as stronger coulomb interaction between charge
carriers and hydrogen bonds as well as the hydrophobic nature of large organic cations.!®
These interactions serve to shield the perovskite's surface and internal structure from
degradation caused by moisture and humidity. Furthermore, the devices demonstrate enhanced

thermal stability as a result of the reduced volatility of the organic cations.[8%-°4

On the other hand, 2D perovskite has a higher quantum and dielectric confinement due to the
incorporation of large organic cations into the structure, resulting in higher Eg and exciton
binding energy.®? The quantum confinement of carriers occurs within the perovskite crystal
due to the inorganic layer acting as a "well" and the organic cation acting as a barrier.*I This
hinders the separation of charge carriers to the contacts, leading to a decline in the performance
of the 2D-based PSCs.[%+%]
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Figure 1.14 a 1D perovskitoid crystal structure serves as an illustration.[]

Furthermore, apart from 3D and its 2D equivalents, a distinct category of organic-inorganic
metal halides was discovered. These materials cannot be classified as perovskites since they do
not exclusively demonstrate corner-sharing BXs octahedral connectivity. The compounds
discussed exhibit BXs octahedra with either edge- and face-sharing connection patterns or a
combination of corner-, edge-, and face-sharing connections patterns. These structures, as
depicted in Figure 1.13b, c, do not meet the criteria to be classified as perovskites. The group
of materials known as "perovskitoids" are characterized by their enhanced environmental
stability, which is attributed to the stabilizing effect of the edge- and face-sharing structures on
the orbital energies of 5s? (Sn?*) or 6s? (Pb?*), which are normally dominant in the VB of
conventional perovskites. The 1D perovskitoid structures, such as CsPbls, exhibit greater

stability compared to their analogous 3D perovskites.[-%
1.6  Passivation Strategy for 3D MAPI Perovskite Solar Cells

3D MAPI PSCs have garnered significant interest within the photovoltaic sector. They are a
promising option for the future of the PV market due to their low cost, high efficiency, ease of
processing, and versatility in various applications. This makes them a preferable choice over
conventional semiconductors such as Si. Moreover, the perovskite thin-film technique has a
tangible capability to come close to the theoretical efficiency limit (known as the Shockley-
Queisser thermodynamic limit) for single-junction solar cells by effectively managing the

optoelectronic properties.%
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Figure 1.15 lllustration of possible defect categories in 3D MAPI.[101

Although 3D perovskite materials have several advantages, their chemical and structural
properties can lead to the development of undesirable defects on the surface and grain
boundaries (GBs), and bulk structure of the 3D perovskite framework during the fabrication of
solution-based low-temperature processes. These defects primarily arise from the disorder in
the structure of the polycrystalline perovskite crystals, as depicted in figure 1.15. The reason
for this is that they possess an ionic nature and often exhibit low activation energies for the
creation of defects.[1921%4] Defects in semiconductors are typically seen as harmful because they
negatively affect important features of semiconductors, such as charge carrier mobility,
conductivity.[!%! Furthermore, the existence of chemical element vacancies or physical
boundaries accelerates the deterioration of the 3D perovskite structure upon exposure to air
containing humidity and oxygen. Consequently, they can degrade the PCE and long-term
durability of PSCs.

The extensively researched perovskite compound, 3D MAPI exhibits a diverse range of
defects. The presence of defects within the band gap of 3D MAPI perovskite leads to the
creation of trap levels, which function as non-radiative recombination centers known as
Shockley-Read-Hall (SRH) centers.['%! They have a detrimental impact on the mobility of
charge carriers, resulting in a low open-circuit voltage (Voc).[%! The defects in 3D MAPI can
be categorized into two groups, shallow and deep based on their formation energies.[*%! Their
precise placements are dictated by the energy levels relative to the VBM or CBM.[92 97T | the
3D MAPI concepts, point defects with low formation energies such as in the form of MA

vacancy (Vma) and I vacancy (Vi), MA molecules on Pb site (MAgpp), | interstitials (l;) are

17



Introduction

depicted in Figure 1.16.107]
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Figure 1.16 Computed the energy levels of several defects in the 3D MAPI perovskite. The formation energies

of each defect type are indicated within parentheses.[1%"]

Given the mentioned limitations in the performance and stability of the 3D perovskite structure,
passivation is identified as a highly effective approach to mitigate defects, inhibit ion migration,
enhance interfacial contact, and optimize energy level alignment. This leads to improved
stability and performance due to its significant impact. Through the process of passivation, the
material's surface or interfaces can be treated to enhance its resistance to several variables,
including moisture, oxygen, and ion migration. Passivation can be applied to bulk materials,

surfaces, and GBs, depending on the specific locations and procedures used for passivation.

Passivation is the process of applying chemical compounds to defect locations on the surface
or within the bulk of perovskite materials in order to repair charged defects. This interaction
generates the creation of chemical bonds, which might be covalent or ionic.[*%! Among these
chemical compounds, the incorporation of low-dimensional perovskites (LDP) into 3D PSCs
is another strategy for the passivation method. Since, introducing an insulating spacer layer to
3D perovskites provides intrinsic long-term stability due to the hydrophobic nature of organic

spacers. 1109

The utilization of LDP perovskite increases the activation energy barrier for ion migration.
Thus, ion migration is inhibited in the 3D perovskite structure.™'% This improves the longevity
of PSCs and prevents the build-up of defects on the surface and GBs of the 3D perovskite
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structure, resulting in an increased V. of the devices.[*** In addition, the application of organic
cations on the surface of 3D MAPI can create a mixed-dimensional perovskite structure which
consisting of LDP and 3D perovskite components. This structure acts as a barrier layer,
preventing the recombination of charge carriers across the 3D/LDP perovskite.[*'? The use of
a LDP layer either within the bulk or on the surface of the 3D perovskite layer leads to longer
lifetimes of charge carriers compared to the 3D MAPI counterparts as the defects in the 3D

MAPI structure are effectively neutralized.
1.7  Outline of the Thesis

The primary objective of this thesis was to conduct extensive investigation into the defects that
manifest at the GBs, surface, and bulk structure of lead- based 3D MAPI perovskite
frameworks. The above-mentioned defects significantly impair the PCE, and stability of PV
devices constructed from such materials. To mitigate the impact of these defects, we
investigated a range of materials and concepts. Among these concepts, detailed research has
been conducted on the incorporation of low-dimensional perovskite (LDP) structure into the
3D MAPI framework. The advantages of two different perovskite types are combined in the
3D/LDP PSCs and they are fabricated to reduce defects in the perovskite-based PV device.
Thus, the performance and stability of 3D/LDP PSCs are enhanced.

Chapter 3 of the thesis, the utilization of a new organic cation called 2-(thiophene-2yl-)
pyridine-1-ium iodide (ThPyl) is demonstrated. This cation is applied to the surface of 3D
MAPI perovskite films as well as within its bulk structure. ThPyl is employed for two purposes:
firstly, as a passivator to generate surface passivated films on top of 3D MAPI, resulting in the
formation of stable 1D perovskite phase; secondly, as a byproduct of the unreacted surface Pbl>
and organic cation, or added separately into the 3D MAPI precursor to achieve bulk

passivation.

Chapter 4 of the thesis, the utilization of 3,5-difluorobenzene-1-carboximidamidium iodide
(2F),  4-(trifluoromethyl)benzene-1-carboximidamidium iodide (3F), and 2,3,4,5,6-
pentafluorobenzene-1-carboximidamidium iodide (5F) organic cations. They fulfilled a dual
function in the perovskite structure. These corresponding organic spacers are employed as

passivation agents and interact with Pbl, to fabricate mixed dimensional 3D/LDP MAPI PSCs.
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2. Characterization Techniques

2.1 X-Ray Diffraction (XRD)

The principal technique employed for the analysis of the atomic structure and composition of
crystalline substances is X-ray diffraction (XRD). It provides substantial insights into phase
identification and crystallite sizes. X-ray diffraction (XRD) measurements rely on the
scattering of electromagnetic waves, specifically X-rays, on structures in Angstrem range (10°

10 m).

X-rays are commonly produced by the collision of high-velocity electrons, which are
accelerated by several kilovolts (kV) in a cathode ray tube, with a metallic anode.
Subsequently, the target object (generally Cu, Mo, etc.) undergoes an electron bombardment.
After that, electrons in the target material which are in the ground state are forced out, leading
to the creation of holes. X-ray emission occurs when the holes created in the ground state are
filled again.™

Due to the similar wavelength of X-ray radiation to the distances between atoms in the crystal
lattice, monochromatic electromagnetic radiation can be elastically dispersed and experience
constructive and destructive interference, which is explained by Bragg's law in the equation
2.1. The following variables are defined in the equation 2.1 : the order of interference (n), the
(4) wavelength of X-rays, the lattice spacing of the material (d), and the angle of incidence
(0).121 CuK,, radiation with a wavelength of 1.5418 A makes copper the most popular target

material used in single crystal diffraction.
nl = 2dsin(6) (2.1)

According to Bragg's law When the sample is exposed to these X-rays, they interact with the
crystalline phases in the specimen, resulting in diffraction. Bragg’s law provides a clear
explanation of the necessary conditions for constructive interference. To capture all potential
lattice diffraction directions, the specimen is systematically scanned across a range of 20
angles, because of the material’s random orientation since each material has its own unique set
of d-spacings. A material is figured out by converting the diffraction peaks into d-spacings.
Thus, the diffraction peak of a material becomes visible on the detector at a certain angle.
Furthermore, the relative intensities of the peaks being distinct for each atom are contingent

upon the positions of the atoms within the lattice structure.
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Incident beam Diffracted beam

Figure 2.1 An X-ray diffraction diagram within the framework of a crystal lattice. Atoms serve as the scattering
nuclei, denoted by blue circles. 0 represents the incidence angle of X-rays. The distance between the reflecting

planes is denoted by d.

2.2 Grazing Incidence Wide Angle X-Ray Scattering (GIWAXY)

GIWAXS is a reliable technique used to gather data on the crystal phase and orientation of a

thin film in relation to the normal of the substrate surface.

Y

Figure 2.2 Visualization of wide-angle grazing-incidence scattering using vectors and important scattering angles.

In a standard XRD setup, which utilizes a point detector or a 1D-detector, scan configuration a

significant amount of signal from the substrate is collected. However, using low incidence
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angles in this advanced technique results in a substantially amplified signal, as the surface of
the film is merely studied by integration of the measurement with a 2D detector. Furthermore,

accurate data regarding the film's orientation is obtained.4l

To examine a sample, an X-ray beam is used which is characterized by the wave vector ki at
an angle of incidence ai that is normally in the range < 1°. This is usually selected around the
critical angle, that is, the entire external reflection of the wave takes place. Following surface
scattering, 2D detector is employed to find the intensity represented by the values of ¥, and as
which are quite small. They are expressed as lateral (gy) or vertical (g,) wavevectors
respectively. By using the 2D imaging technique, specific patterns can be acquired depending
on the orientation, showing partial rings or dots, as seen in single crystals or precisely oriented
thin films. When the crystal structure exhibits a random orientation, it forms Debye-Scherrer

rings with homogeneous density on the area detector.
2.3 Electron Microscopies

Electron microscopes are experimental tools that engage high-energy electrons, similar to light,
to visualize objects at a very small scale. This instrument offers comprehensive data on the
topography, morphology, composition, and crystallographic characteristics. There exist two
distinct categories of electron microscopes: transmission electron microscopy (TEM) and

scanning electron microscopy (SEM).
2.3.1 Scanning Electron Microscopy (SEM)

SEM is an imaging technology that uses a focused electron beam to provide information about
the topography and composition of the sample. As a result of the much smaller De Broglie
wavelength of the electrons, this technology is able to produce images with a much higher

resolution compared to light microscopes.

During this process, an electron beam is propelled by an electron gun within a high vacuum
environment, utilizing a voltage ranging from 1 kV to 30 kV. The beam is then concentrated
to achieve a diameter of a few nanometers or smaller using multiple lenses. Then, the electron
beam is moved across the sample, resulting in the generation electrons which are detected. The
variation in electron detection counts at different scanning points allows for the generation of

an image on the cathode-ray tube.’]

In SEM measurement, the sample is generally visualized by recording the scattering of

secondary electrons (SE) and backscattered electrons (BSE). SE have relatively low energy
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levels, often ranging from 0 to 50 electron volts (eV). They can only remove if they occur very
close to the surface of the sample, owing to the low energy levels. Thus, images recorded by

SE have a high spatial resolution.

They are generated through an inelastic scattering mechanism involving atoms, which are
excited during this process. The scattered secondary electrons provide valuable insights on the
morphology of the material being studied. On the other hand, BSE possessing energy levels
more than 50 eV yield valuable insights into the elemental composition of the sample.
Furthermore, characteristic X-rays can be utilized in SEM for elemental microanalysis.
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Figure 2.3 An illustration of the scanning electron microscope in schematic form. 8l

Cathodoluminescence (CL) is a technique utilized to identify and analyze nanoscale optical
properties. The photons emitted in the ultraviolet and near-infrared regions of the
electromagnetic spectrum are analyzed by CL techniques. Integration of functional optical
information with the high spatial resolution of SEM defines the power of CL. The integration
of functional optical data and the enhanced spatial resolution characteristic of electron

microscopy is achieved in CL. As a result, the method is particularly well-suited for an
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extensive range of applications within the domain of optics research.
2.3.2 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is a method in which an electron beam interacts with
an object by passing through it. The operational mechanism of TEM closely resembles that of
SEM. The resolution of this technique is significantly greater than that of SEM. Moreover,
unlike standard SEM, TEM offers image and diffraction data of the specimen. The entire path
of the electron ( source to screen) occurs in a vacuum; thus, the sample must be extremely thin
to permit it to go through.®! Figure 2.4 displays the geometry of the TEM. The robustness of
the samples is a major prerequisite for the analysis of samples using TEM. Using high voltages
ranging from 60 kV to 400 kV during the measurement can cause less stable samples to

deteriorate or decompose, resulting in reduced resolution and poor image quality.[*"]
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Figure 2.4 An illustration of the TEM imaging mode. !

When the electrons are generated by a source, they undergo concentration and magnification
by magnetic lenses. The condenser lenses confine the electron beam, so that the electron beam
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passes through the condenser aperture to strike the surface of the sample. The transmitted
beams, resulting from the elastic scattering of the electrons, go through the objective lens. The
image formation takes place within the objective lens. Thus, elastically scattered electrons
forming the image of the microscope are then selectively gathered in the objective and selected
area aperture. These electrons are chosen based on their trajectory within the objective and
through the determined area aperture. Finally, the beam is directed towards a magnifying

system, where the resulting image is displayed on the monitor.
2.4 Ultraviolet-Visible (UV-vis) Absorption Spectroscopy

By utilizing UV-vis spectroscopy method, the light absorption characteristics of molecules in
solution or the bulk material can be determined. UV-vis absorption spectroscopy measures the
absorption and reflection of a sample in a wavelength-dependent manner between the visible,
UV, and near-infrared regions of the electromagnetic spectrum. The visible spectrum extends
from 400 nm to 800 nm, whereas the UV spectrum spans 190 nm to 400 nm. A spectrometer
consists of a light source, a monochromator, a sample holder, and a detector to achieve this
aim. Light sources commonly employed to produce a continuous spectrum consist of a
deuterium arc lamp for the ultraviolet region and a tungsten filament or xenon arc lamp for the
visible region. Through light dispersion, the monochromator generates a wavelength-resolved
spectrum. A signal is ultimately detected by a photomultiplier, photodiode array, or charge-

coupled device.

Absorption behavior is typically characterized by the Lambert-Beer law, which is expressed in

equation 2.2 and provides the definition of absorbance A:
A= —|0910(1L)= excrxd (2.2)
0

The equation demonstrates that the absorption of the sample at a specific wavelength is linked
to the intensity of the incident (I) and measured (lo) beam. This law establishes that the
concentration of a substance in a solution correlates with A, the molar extinction coefficient
(€), the concentration of the solution (c), and the optical path length (L).1*Y In addition, the
Beer-Lambert Law cannot be used for samples with several layers as the light is scattered and
diffracted at the interfaces between two different media. Precise calculation of the absorbance
for this category of materials can be achieved through measurements utilizing an integrating

sphere, which is then adjusted by selecting an appropriate reference.[*

The interactions between light and the sample can be categorized into three possibilities:
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absorption, transmission, or reflection of light. Hence, the intensity of the incident light can be

expressed as the proportions of absorbed (%A), reflected (%R), and transmitted (%T) light.

The calculation of the absorbed light percentage, %A, can be determined using the following

equation:
%A =1-%T - %R (2.3)
The calculation of absorbance can be determined using the following equation:

A=-ogi0(1-%A) (2.4)

Afim= Asample'Areference (2.5)

A tauc plot is utilized to approximate the optical E4 of semiconductors. Tauc plot equation is

expressed given below in 2.6
(ahv)Y'= A(hv-Eg) (2.6)

In this equation, o represents the absorption coefficient of the material, v is frequency of light,
h and A are Planck’s constant and proportionality constant respectively. In the illustration of
a tauc plot, the energy of incident light (hv) is on the x-axis, and the quantity (ohv)' is on the
y-axis. The exponent r represents the characteristic of the transition, with r = 7 indicating direct
allowed transitions and r = 2 indicating indirect allowed transitions. Thus, the point where the
linear regression of the squared absorption coefficient and photon energy intersects the energy
axis corresponds to the band gap in semiconductors with a direct band gap. On the other hand,
in semiconductors with an indirect band gap, the band gap is calculated by the intersection of
the linear fit of the square root of the absorption coefficient and photon energy with the energy

axis.[*]
2.5 Photoluminescence Spectroscopy (PL)

Photoluminescence spectroscopy is a technique used to analyze the electronic properties of
materials, study the optoelectronic behavior of semiconductors, and detect defects in the
interface region. When light is directed onto a sample, it is absorbed and transfers excess energy
to the material through a process known as photo-excitation. Luminescence is the process by
which excess energy is released by the emission of light. When a photo-excitation occurs, the

resulting luminescence is referred to as photoluminescence (PL).

When the incident photon possesses an adequate amount of energy, it will stimulate an electron

moving from the VB to the CB across the band gap. Recombination is the process by which
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electrons return to equilibrium (Transitioning from an excited state down to the ground state),

this phenomenon can encompass radiative and non-radiative mechanisms.

Radiative recombination refers to the process of band-to-band recombination, in which the
excess energy is discharged through the emission of light. This means that when an electron
moves from the CB to the VB state, a photon is emitted. In addition, electron-hole
recombination can take place through non-radiative processes, wherein emission does not
occur. These processes can be attributed to surface states, bulk defects, and traps, as depicted
in Figure 2.5.014
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Figure 2.5 A diagram depicting the process of radiative and non-radiative recombination that occurs when a laser

is used to excite a material.

2.6 Time-Correlated Single Photon Counting (TCSPC)

TCSPC is a technique used to analyze the fluorescence characteristics of materials and
compounds. Unlike steady-state approaches that determine the photoluminescence (PL), this
spectroscopy is time-resolved. This method uses a short pulse of light to stimulate the specimen
and monitor its deterioration in a dark environment, while measuring the intensity of the signals

depending on time.

The duration required for the light intensity of a fluorescent sample to diminish to the
proportion 1/e is referred to as the lifetime of the sample. Essentially, lifetime describes the

average time at which a molecule remains in an excited state.
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Figure 2.6 Measurement of start-stop times in TCSPC.[*]
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The set-up measures the time between the generation of a pulse by the excitation source to the
emission of a photon, as depicted in Figure 2.6. Data is transmitted, and the intensity of the
released photons is graphed as a function of time. It is essential to measure only one photon at
a time and graph each photon on a histogram, as depicted in Figure 2.7. A decay curve is
produced subsequent to the accumulation of several photons. The photon count is utilized
because the emission intensity is correlated with the likelihood of detecting a photon at a certain

time.
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Figure 2.7 Histogram of start-stop times with TCSPC measurements.[*]

2.7 External Quantum Efficiency (EQE) Measurements

The quantum efficiency (QE) is the proportion of number of charge carriers collected by the

solar cell to the number of photons that hit the solar cell at each wavelength. It can be
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mathematically represented as a function of either the wavelength or the energy of the photon.
Quantum efficiency can be classified into two categories: internal quantum efficiency (IQE)
and external quantum efficiency (EQE). The EQE is commonly known as the IPCE, which
stands for internal photon-to-charge carrier conversion efficiency. The IQE can be calculated
from this value, representing the ratio of absorbed photons to produced charge carriers.[®] This
section will exclusively focus on explaining EQE, as the calculation of IQE is dependent on
EQE. The fundamental principle for determining the EQE (External Quantum Efficiency) of a
solar cell sample is to establish the ratio between the quantity of incident photons (npr) and the
photogenerated carriers (ne) in relation to the wavelength:

ne(A)
nph(A)

EQE(\) = 2.7)

The integrated photocurrent is another significant metric that can be calculated based on this
data. The value is determined by integrating the EQE curve and the photon flux at one sun.
This helps to validate and comprehend the Jsc values obtained from the J/V measurements of
the examined solar cell. In this context, Jint represents the integrated photocurrent, g denotes

the elemental charge, and ®(A) represents the photon flux of one sun.

Jin= qf,” ®(A)* EQEdioede(A)d (2.8)
Jint Of & solar cell value must fall around 90% of the Jsc to validate the Jsc.

2.8 Contact Angle Measurement

The contact angle is the angle that is defined between the interface of the liquid-vapor and the
solid-liquid at the point of contact of the three phases, as shown in Figure 2.8. This angle is
known as the wetting phenomenon. Typically, the contact is measured at the point where the
liquid and air come into touch with one another. To characterize the contact angle, the Young
equation is implemented:

Cosfyp="3_¥sL (2.9)

YL
The variables denoted as 6vp, ys, ysL, and yL represent contact angle, solid-liquid interface

energy, and liquid-gas interface energy, respectively.*”]
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Yo

Figure 2.8 Illustration of contact angle (6) and associated parameters.

The Young equation implies that the surface is an ideal, devoid of reactivity, and chemically
uniform. The Young equation predicts that surfaces with high surface energy have low contact
angles, whereas surfaces with low surface energy have high contact angles. Hydrophilic
surfaces are characterized by a water contact angle that is below 90°, while hydrophobic

surfaces exhibit contact angles that exceed 90°.[*l

The measurement of contact angles is conducted utilizing a goniometer apparatus. A syringe is
used to drop a small amount of liquid onto a sample stage that may be adjusted. A light source
is used to illuminate the droplet from the back, while a camera is employed to capture
photographs of the process of situating the droplet. The contact angle of the droplet curvature
is extracted by applying various fitting processes to the photos using analytic software. The
approach in question is commonly referred to as the sessile drop method. The wetting dynamics

of the wetting process can be investigated using a high-speed camera.
2.9 Photoelectron spectroscopy (PES)

PES is an important surface-sensitive instrument that serves for investigating the electron
energy distribution within a compound.[**1 It provides insights into various aspects such as the
elemental composition, chemical bond characteristics, electronic states, and VB energy levels.
In general, the sample is exposed to X-rays or ultraviolet photons of high energy radiation. The

ejected electrons have a dispersion of kinetic energies (KE) that depend on the binding energies.

They proceed from the sample to an energy analyzer, where the KEs are documented, and then

to a detector that enumerates the quantity of photoelectrons at different KEs.
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Figure 2.9 Schematic illustration of a photoelectron spectrometer.

By applying Einstein's equation (2.10) concerning the photoelectric effect, the ionization
(binding) energy of the emitted electron can be computed. In this equation, Exg, 4v, Ege, and
¢ represent the KE of the emitted electron, the energy of the incident photon, binding energy

of the electron, and work function of the solid sample respectively.
Exe=hv- EBe— ¢ (2.10)

The information obtained through the measurement is contingent upon the radiation source,
which is classified as ultraviolet photoelectron spectroscopy (UPS) or X-ray photoelectron

spectroscopy (XPS).
2.9.1 X-Ray Photoelectron Spectroscopy (XPS)

XPS utilizes soft X-rays with an energy range of 0.2-2 keV to analyze the core levels of a
sample's surface. The ionization and ejection of electrons from the core orbitals, resulting from
their relatively high energy, yield valuable insights about the chemical composition of the
surface of the material under investigation.? Furthermore, this methodology offers insights
into the oxidation state and subsequent surface reactions and alterations in surface states,
contingent upon the quantity of ejected electrons. This statement highlights the utilization of
the fact that atoms exhibiting a higher positive oxidation state possess a greater electron binding
energy which is due to the additional Coulomb interaction between the ejected electron and the

ionized core.
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2.9.2 Ultraviolet Photoelectron Spectroscopy (UPS)

Vacuum ultraviolet (UV) radiation with an energy range of 10-45 eV is employed for the
purpose of conducting ultraviolet photoelectron spectroscopy. The utilization of UPS is
employed for the purpose of defining the ionization energy of electrons within the valence
levels. In this experiment, the ionization and detection of electrons in the valence orbitals of
the sample under investigation provide significant knowledge into the binding energy and VB

energy of the sample under study.?!]
2.10 Raman Spectroscopy

Raman spectroscopy relies on the phenomenon of inelastic scattering of light by a sample,
resulting in a displacement of the scattered light's frequency. This shift allows for the

acquisition of valuable insights into the vibrational modes exhibited by the sample.

It is necessary for the polarizability of bonds to undergo alterations for vibrations to exhibit
Raman activity as a result of the scattering of monochromatic light.[??l Raman spectroscopy
involves the utilization of a laser to expose the sample to radiation. The light absorbed by the
sample stimulates an electron to transition from a vibrational state to a virtual energy state.

Subsequently, the scattered light is gathered and subjected to analysis.

The phenomenon of Rayleigh scattering is characterized by the elastic scattering of the primary
component at the same frequency as the incident light, accompanied by the inelastic scattering
of a minor fraction. The following equation represents the phenomenon of Rayleigh scattering.
The molecule or crystal lattice absorbs elastically scattered photons, causing a shift from the
ground state to an excited virtual state. The emission of a photon of the same wavelength occurs

as a result of subsequent relaxation to the ground state.
NVincident= NVscattered (2.11)

The light scattered in an elastic manner can exhibit either a greater frequency, known as anti-
Stokes scattering, or a lower frequency, known as Stokes scattering, in comparison to the
incident laser light. The frequency of the scattered light relies on the vibrational modes of the
sample. The energy of the scattered light in Stokes scattering is comparatively lower than that
of the incident light. As a consequence, the frequency of the scattered light shifted towards
lower values. Stokes scattering is the phenomenon in which the molecules of a scattering
material absorb the energy of incident light and subsequently re-emit it as a photon with lower

energy.
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Figure 2.10. Theory of Raman scattering. A) Schematic illustration of Raman and Rayleigh scattering. B)

Schematic representation of energy diagram of Raman, Rayleigh scattering and infrared absorption. 2%

Anti-Stokes scattering is characterized by the phenomenon where the energy of the scattered
light exceeds that of the incident light.

As a consequence, the frequency of the scattered light shifted towards higher values. The
phenomenon takes place when the energy of the incident light is utilized to stimulate the
molecules of the scattering material, resulting in the re-emission of a photon with a higher
energy. Anti-Stokes or Stokes shifts, which are noticed as shifts in frequency, are unique to
each molecule and provide insights into its molecular structure. Peaks at various frequencies
in the Raman spectrum of a sample indicate the vibrational modes of the chemical bonds
present in the sample. A molecule's functional groups can be identified, and its chemical

composition and structure can be determined using the Raman spectrum.[?4
2.11 Current-Voltage (J/V) Measurements

The measurement of the current-voltage (J/V) curve is considered the most effective method
for evaluating the performance of a solar cell. The J/V curve serves as a valuable tool for
obtaining important data, including power conversion efficiency (PCE), short circuit current
density (Jsc), open circuit voltage (Voc), and fill factor (FF). The J/V curve of a perovskite solar
cell is depicted in Figure 2.11.
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Figure 2.11 The J/V curve obtained from a solar cell and its distinctive photovoltaic properties.

An illuminated solar cell exhibits a J-V curve that closely simulates a diode model. The solar
cell design consists of a diode and current source optimized to minimize series and maximize
shunt resistances in the PV device designed to be useful for enhancing performance as shown
in Figure 2.12.

A current source is generated by the absorbed light. The diode imitates the directional
characteristic of the solar cell stack. Rs represents a series resistance in the open diode state,
while Rsh is a shunt resistance in the short-circuited diode state. These components are within
the equivalent circuit diagram. Hence, it is reasonable to obtain the total current flowing

through the circuit using the subsequent equation (2.12):
I=1L - Ip-Isu (2.12)
The output current of the solar cell is denoted as I, while the photogenerated current is

represented by I.. The diode current is denoted as Ip, and the shunt current is marked as Isn.

The performance coefficient of the voltage supplied by a solar cell when the net current passing
through the cell is zero is referred to as the open circuit voltage (Voc), which is the maximum
voltage value that can be obtained from a solar cell. Several factors, especially the bandgap of
the material, have an effect on it. In general, an increase in the bandgap is associated with a
higher Voc.
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Figure 2.12 The illustration of the diode model for a solar cell.

However, it is important to note that this parameter is also affected by another factors such as
the ratio of non-radiative to radiative recombination, interfacial recombination, and the lifetime
of charge carriers. The maximum current flow in the cell at zero bias voltage is defined by the
Jse. The determination of this value is dependent on the efficiency of charge carrier collection
and production rate, which in turn is influenced by optical parameters such as incident light
and the band gap of the material. It is worth noting that a narrower bandgap corresponds to a
higher number of absorbed photons, leading to the creation of charge carriers.?>1 The values of
Voc and Jsc (blue dotted lines) are shown in Figure 2.11.

The concept of the maximum power point (MPP) refers to the highest power output (Pwmpep) that
a solar cell is capable of producing. It is situated at the point where the J/V curve intersects
with the greatest rectangular region formed by the multiplication of the current (Jmep) and
voltage (Vwmpp), as shown in Figure 2.11. (red dotted lines). The power at each point of the J/V
curve can be calculated by multiplying the voltage and current to compute FF and determine
the maximum power of the solar cell. The variable FF serves as a measure of internal losses,
specifically indicating the peak value of the maximum power in relation to the product of V¢
and Jsc. The FF is a ratio between the maximum power and the total area covered by Vo and

Jsc can be calculated by the equation (2.13) given below:

P V;
FF = mpp_ _ Vmpp* Jmpp (2.13)
Voc*Jsc Voc* Jsc

The assessment of the solar cell's overall quality heavily relies on this crucial metric, which

might offer insights into potential malfunctions. This parameter is greatly affected by internal
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charge carrier losses, including high series resistance and interfacial recombination. The power
conversion efficiency (PCE) of solar cells is a measure of their overall efficiency. It precisely
related to the rate of the electricity generated to the incoming light power (Pin).[2%1 The equation
2.14 given below describes PCE.

VocFF
PCE =15¢/oc™® (2.14)

mn
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3.1 Introduction

During the last decade, three-dimensional (3D) organic-inorganic halide perovskites (OIHPS)
have emerged as promising absorber materials for photovoltaic applications due to their
superior properties such as high absorption coefficient, long diffusion length of the charge
carriers, fast charge transport and tunable bandgap. The 3D OIHPs have demonstrated rapid
increase in power conversion efficiency (PCE) from 3.8% to 25.2%.[*]

On the other hand, their moderate intrinsic stability against moisture and heat still has been a
concern with a view on possible commercialization.?®*4 Instability of the 3D MAPI
perovskite is assumed to be due to its crystalline structure. lonic migration is now well
recognized to affect the photovoltaic properties of perovskite solar cells. Especially, the ionic
migration causes the generation and displacement of vacancies in perovskite materials. OIHPs
are mixed ionic—electronic conductors with iodide ions as the majority ionic carriers. The
diffusion coefficient of 10712 cm? s™! for I” ions is several orders of magnitude higher than the
value of 107'® cm? s™! for CH3NHs*. The organic cations such as CHsNHs*or NH.CH = NH,*
show however moderate degrees of freedom for ion migration, which is one of the main reasons
why 3D perovskite structures have poor stability.[*>71 Adsorption of water and oxygen
molecules at vacancy sites is predominant than at pristine surfaces accelerating perovskite
degradation via the vacancy-assisted mechanism. When MAPI is exposed to water, it degrades
to lead(ll)iodide (Pbl,), iodide anions, and methylammonium cations (MA™).1}6-171 |n addition
to the instability issues, surface and bulk defects in 3D polycrystalline perovskites can strongly

affect the carrier recombination and hence performance of solar cells.

In the meantime, lower-dimensional relatives of the 3D halide perovskites have attracted
growing attention. Here, layers of larger organic cations separate slabs of octahedral
perovskite-like inorganic layers, with profound impact on band structure, charge carrier
transport and often much improved stability.['*1 However, the insulating nature of organic
spacers in the low-dimensional perovskite can limit the conductivity and can contribute to low

photovoltaic performance despite their enhanced environmental stability.[*]

To address the above-mentioned challenges, a strong research focus has been put on developing
new strategies and approaches to suppress recombination processes and to overcome the
stability issues of 3D halide perovskite structures.['>?1 Among the various passivating
additives, it has been reported that ammonium salts can effectively diminish the impact of

defects caused by dangling bonds or vacancies.?*?21 Another strategy for passivation is the
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introduction of low-dimensional perovskites in the 3D perovskite system.[?®] Following this
approach, the passivation of defects can be achieved, and the intrinsic stability issues of the 3D
MAPI structure can be addressed. Therefore, passivated and mixed-dimensional perovskite
solar cells (PSCs) have been fabricated using small organic molecular spacers.?*! The low-
dimensional (1D or 2D) perovskite structures found in the resulting mixed-dimensional
perovskites serve both as passivating agents to reduce the impact of defects and as
heterojunctions that enhance the fluorescence lifetimes in the perovskite structure.?!l Hence,
mixed-dimensional perovskites recently evolved as suitable photovoltaic (PV) candidates due
to their encouraging environmental stability and wide tunability of optical properties.[?>2
Here, the higher perovskite stability could be attributed to the hydrophobic nature of the organic
spacers used. 3132 For example, 1D perovskitoids can be used both on top of 3D perovskite
films or in the bulk perovskite by adding the desired organic cations to the precursor solution

to improve efficiency and stability of perovskite PV devices.[33%

It has been demonstrated that the metal halide bonds can break upon illumination, followed by
rearrangement of the perovskite crystal structure.®® The individual metal halide octahedra
formed during this reorganization are more stable than the regularly bonded ones.t %! In 1D
perovskitoid structures, the [Pbls]* octahedral framework structure based on edge, face, or
corner-sharing connect to the organic spacers. In this case, the metal halide octahedra are
surrounded by organic spacer molecules.®7 Among the reasons for the instability of tin and
lead based perovskites are the high-energy orbitals (5s% (Sn?*) /6s? (Pb?")) near the top of the
valance band, which are more reactive.l*®¥] The edge or face-sharing binding motif of 1D
structures stabilizes these high-energy orbitals, which leads to better environmental stability.
(391 For example, Liu et.al employed 1D Pbl,-bipyridine (BPy) to incorporate into the 3D MAPI
perovskite structure. Thereby, the obtained 1D perovskite layers reduced the ion migration by
improving the stability of the 3D/1D perovskite structure.*)l Gao et al. used thiazole
ammonium iodide (TAI) to form a 1D TAPbIs capping layer on 3D MAPI, improving the
stability and performance of corresponding PSCs compared to the 3D MAPI control device.
Yang et al. used polymerizable propargylammonium to fabricate 1D structures at the surface
and grain boundaries in a mixed-dimensional 3D/1D perovskite. By this means, they enhanced

the charge transport and decreased the tensile strain of perovskite layers.[4!

The solar cells with grain boundary passivation have been reported to be superior in

performance compared to those without passivation since grain boundaries can act as
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recombination centers. The most studied defects in MAPI perovskites are the point defects.
Twelve different types of defects are generally observed in MAPI, including vacancies,
interstitials, and anti-site occupations.[l Defects at grain boundaries in polycrystalline
perovskites are a major source for recombination of photo-generated carriers. Typical examples
for tailored passivation schemes of defects include the use of polymers, quaternary ammonium
salts, and other organic compounds.[>% In order to reduce non-radiative recombination in the
bulk and at grain boundaries, both inorganic additives (ClI-, SCN-, etc.) or organic molecules

have been introduced into the perovskite materials.!

In this work, a novel organic spacer 2-(thiophene-2yl-) pyridine-1-ium iodide (ThPyl) was
developed to fabricate mixed-dimensional bulk-passivated 3D and surface-passivated 3D/1D
perovskite solar cells. The ThPyl organic spacer is proposed to generate 1D structures at the
grain boundaries of surface-passivated 3D perovskite films. Further, the ThPyl organic spacer
is also viewed as a promising passivating agent for reducing other defects in the 3D MAPI and
as a suitable material to create 3D/1D heterostructure perovskites for efficient charge
separation. Employing the two different passivation methods of bulk and surface treatment, the
impact of this organic spacer on the photovoltaic performance, stability, structural as well as
optoelectronic properties of the corresponding perovskite solar cells was investigated. The
optimized PCE of bulk-passivated 3D and surface passivated 3D/1D mixed-dimensional PSCs
reached 14.10% and 19.60%, respectively, with significantly improved stability compared to
the reference 3D PSCs.

3.2. Results and Discussion

The molecular structure of the ThPyl organic spacer used in this work is illustrated in Figure
la. The characterization of ThPyl was performed with nuclear magnetic resonance (*H-,**C-
NMR) and mass spectroscopy (Figure Sla-d, Supporting Information). The so-called surface-

passivated 3D/1D device was prepared by spin-coating of ThPyl on top of MAPI films.

As for the bulk-passivated 3D perovskite, the fabrication process is similar to the case of MAPI,
with the addition of ThPyl into the precursor solution. The latter sample comprising both ThPyl
and methylammonium chloride (MACI) agents is called “bulk-passivated 3D from here on.
For the purpose of comparison with the bulk-passivated 3D perovskite, MAPI-based control
devices were fabricated with and without MACI additive. It is worthwhile mentioning that
based on a known effect, MACI is added to the bulk-passivated 3D MAPI to achieve
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preferential orientation of the crystal grains.** However, in the surface-passivated samples the
use of MACI was avoided due to the use of excess Pbl, (5% mol) in the precursor solution.
Further processing details are provided in the experimental section. Interestingly, both methods
of ThPyl-based surface and bulk passivation result in the formation of a new perovskite-related
phase, which is identified as the 1D perovskitoid structure (CisH16lsN2PbsS>), as explained in

the following.

3D-control

Figure 1. a) Molecular structure of ThPyl spacer. SEM images of b, ) 3D MAPI control film, c, f) surface-
passivated 3D/1D, and d, g) bulk-passivated 3D MAPI perovskite film.

To evaluate the morphology of 3D control, bulk-passivated 3D, and surface-passivated 3D/1D
MAPI perovskite films, scanning electron microscopy (SEM) measurements were performed.
As shown in the top-view SEM images of the corresponding films in Figure 1b-g, the active
MAPI layers completely cover the substrate surface. The grain-based morphology in the 3D
control and the surface-passivated 3D/1D films looks very similar. However, on the surface-
passivated 3D/1D perovskite film, needle-like new features form preferentially at the 3D
perovskite grain boundaries as shown in Figure 1c. These needles assemble into an
interconnected network which may affect the charge transport across the grains. In comparison
to the 3D MAPI control, bulk-passivated 3D MAPI perovskite film shows a different surface
morphology. In the 3D control with MACI, the interconnected needles were no longer

observable (Figure S2, Supporting Information).

The grains of bulk-passivated 3D perovskite seem to be more closely connected (or fused)

which appears to obscure their grain boundaries. At lower magnification (x 2000) the bulk
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passivated 3D perovskite shows interconnected needle-shape formations as shown in Figure
1d. It is well-known that needle-like morphology can offer enhanced charge collection
compared to pure planar films.>54 Here, the bulk-passivated 3D film shows homogenous

composition without any formations assigned to an additional phase.
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Figure 2. XRD patterns of pure 1D perovskitoid film and 1D single crystal powder, simulated 1D, 3D control,
bulk-passivated 3D, and surface-passivated 3D/1D perovskite thin films showing a) wide scan and b) enlarged
XRD pattern from 5 and 13°26. C) Raman spectra of powder forms taken of the ThPy ligand, ThPyl, Pbl,, the

mixture of Pbl, + ThPy, and the mixture of Pbl, + ThPyl. D) Narrow range Raman spectra taken from c).

X-ray diffraction (XRD) measurements were employed to investigate the crystallinity of a 1D
single crystal, 3D control, surface-passivated 3D/1D, and bulk-passivated 3D perovskite films
as shown in Figure 2a. The main XRD peaks of the 3D control appear at 14.19° and 28.50° 26,
which correspond to (110) and (220) planes, respectively. As illustrated in the XRD data, the
bulk-passivated 3D perovskite film (3D Bulk with MACI) fabricated using MACI also exhibits
these two dominant diffraction peaks. The lack of additional reflections or any peak shift
indicates that the addition of the ThPyl organic spacer into the 3D perovskite film does not
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change the MAPI lattice. The absence of other diffraction peaks from MAPI or a possible
second phase (including below <12° 26) confirms both the phase purity and the preferential
orientation of the MAPI grains. Here, the preferential orientation is achieved by the addition of
MACI, which is widely used in the literature as an additive to boost the PCE.[>]

As observed in the XRD pattern of the surface-passivated perovskite, a new peak appears at
low 268 values (7.54°). This additional peak can be related to the needle-like formations at the
3D perovskite grain boundaries shown in Figure 2c, f. Moreover, this new phase did not result
from Pbl, or from the pure ThPyl organic spacer according to the XRD patterns. To elucidate
the structure of the needle-like formations on the surface-passivated perovskite film, single
crystals were grown by reacting stoichiometric ratios of Pbl> and ThPyl (Figure S3, Supporting
Information). The structural analysis of the needle-shaped single crystals was performed using
both powder XRD data shown in Figure 2 and single crystal diffraction (Figure S4, Supporting

Information).

To further confirm the presence of both the 3D control MAPI and the 1D perovskitoid, powder
XRD measurements and Rietveld refinements were carried out. The results of the Rietveld
refinement of the structure and the Rietveld plot of the fit are presented in Figures S5-6 and
Table S2 in the Supporting Information. The whole powder pattern fitting procedure of the
1D-film (Figure S6) revealed a single phase 1D perovskitoid with unit cell parameters a =
25.494(4) A, b =61.82(1) A and ¢ = 4.5968(8) A, which are close to those observed for the
single crystal phase (Table S1, Supporting Information).

According to the single crystal diffraction results and the calculated powder diffraction pattern,
the single crystal data perfectly matches the XRD pattern of the 1D perovskitoid structure {with
reflections at 5.7° (040), 7.5° (220), 9.0° (240), 11.0° (260), and 11.4° (080)} The crystal
structure of the 1D perovskitoid corresponds to the unit cell formula C1gH1slsN2Pb3S; given in
Figure 3. In the crystal structure, three edge-shared octahedra are accompanied by two edge-
to-edge aligned organic spacer (ThPyl) molecules, which engage in strong N*-H:---I-Pb
hydrogen-bonding interactions (Figure S4, Supporting Information). According to the
obtained crystallographic data, the 1D perovskitoid features an orthorhombic crystal system
(Fdd2 space group) (Table S1, Supporting Information). In good agreement with the single
crystal XRD data of the 1D perovskitoid, the new peak emerging at 7.54° for the surface-
passivated sample can be assigned to the 1D perovskitoid phase as shown in Figure 2b. We

note that under these conditions, reflections corresponding to the 1D phase are missing in the
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diffractogram of bulk-passivated 3D MAPI. However, when the passivation is done without
(wo) added MACI, the dominant peak at 7.54° is clearly seen, which indicates the formation of

the 1D perovskitoid phase (Figure S7, Supporting Information).

To gain additional insight about the needles formed on the surface of the 3D/1D perovskite
film, Raman spectroscopy was employed as shown in Figure 2c, d.

: <=1 @)
Figure 3. Schematic representation of the crystal structure of the 1D perovskitoid unit cell. The free iodine atoms

which appear in the schematic are part of the octahedra of the adjacent unit cell which is not involved here.

The Raman spectra of the ThPyl organic spacer, its neutral form (ThPy, unprotonated), Pbly,
and mixtures of Pbl, + ThPy, and Pbl> + ThPyl were compared to eliminate the possibility that
the needles derive from a basic complex form of Pbl, with the organic spacer (Figure S8,
Supporting Information).*8! The Raman vibrational frequencies of the mixture of Pbl, + ThPy
appear at 74, 94, 112, 149, 309, 335, and 402 cm™ (red and green dashed lines in Figure 2d).
Some of these signals (red dashed lines) are shifted compared to those of Pbl, and ThPy.
Moreover, two Raman vibrational frequencies of free ThPy at 258 and 323 cm™ disappear,
while two new vibrational frequencies appear at 309 and 335 cm™ (green dashed lines). These
new signals are in the region of the metal-nitrogen stretching vibrations (200-600 cm™). In sum,
these observations suggest that a new phase has formed via a chemical reaction between Pbl,
and ThPy.7]

Unlike the mixture of Pbl> + ThPy, the Raman spectrum of the mixture of Pbl, + ThPyl shows
no shifts and/or new signals. This indicates that here the Raman signals are due to the unreacted
mixture of Pbl; and ThPyl since these overlap with the signals of pure Pbl, and ThPyl. To
support the Raman results for the unreacted Pbl, + ThPyl mixture, its solution-state *H-NMR
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was evaluated (Figure S1d-e, Supporting Information). In the Pbl>—ThPyl solution, no new
!H-NMR signal associated with a chemical reaction was recorded. Interestingly, the signal of
the proton (N*-H) of the pyridine group shows an up-field shift (shielding effect), which is a
specific hint as to the strong N*-H---I-Pb-1 hydrogen-bonding interactions. In addition to the
up-field shifted proton (N*-H), obvious up-field shifts for the neighboring protons of both rings
(ThPy) are also observed. Together, these results confirm that complexation between ThPyl
and Pbl; is not the cause of the needle-like formations after surface treatment.
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Figure 4. Nano-FTIR analysis of surface-passivated 3D/1D perovskite film. a) broadband, integrated near-field
amplitude image, b) spectra recorded from the positions in A and B shown in a), c) topography of the surface, and

d) spectral image recorded from the line scan in c).

To study the needle-like formations on the surface-passivated 3D/1D perovskite sample at the
nanoscale (10-20 nm spatial resolution), nano-FTIR spectroscopy was used.%®! Two locations
were identified from the broadband near-field amplitude image taken on the surface-passivated
3D/1D sample, presented in Figure 4a. While spot (A) was taken on the top of a 3D perovskite
grain, spot (B) was recorded from the needle-like formations (1D phase) which is observed in
SEM images (Figure 1c-f). The selected broadband infrared range for these two spots varied

from 1100 to 1900 cm as given in Figure 4b. In spot B the intense vibration at 1471 cm!
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(orange highlight) was assigned to the well-known symmetric NHs* bending of
methylammonium in MAPLB® Additionally, four new signals (highlighted in green) were
observed for position B corresponding to the needle-like formation, which are not seen in the
MAPI grain (position A).[% Furthermore, these new signals are similar but slightly shifted to
lower wavenumbers compared to those seen in the ThPyl organic spacer (Figure S9,
Supporting Information). The new vibrations can be assigned to the 1D perovskitoid phase.
The observed shift to lower wavenumbers in the 1D perovskitoid is attributed to the local
environment in the 1D perovskitoid crystal structure. To probe the distribution of the 1D
formations in detail, position-dependent measurements (one spectrum at every 30 nm) along a
1.2 um sample distance were carried out as indicated by the orange dashed arrow in Figure 4c.
We note that the signals from the 1D phase formations are predominantly observed at the 3D

perovskite grain boundaries as shown in Figure 4c-d.

Grazing incidence wide-angle X-ray scattering (GIWAXS) was conducted to evaluate the
orientation of perovskite crystallites in the 3D control, bulk-passivated 3D MAPI and surface-
passivated 3D/1D perovskite films with and without MACI respectively. The 3D reference
crystallizes with random orientation, observable through the diffraction rings as shown in
Figure 5a. This result is in accordance with previous studies.’®™ The reflection along the
azimuthal angle around 0°, below the first diffraction ring corresponding to MAPI, corresponds
to the (001) plane of Pbl>. Excess Pbl, is common for untreated 3D MAPI thin films and is
caused by surface degradation of the perovskite film, as well as by the excess use of Pbl; in the

precursor solution.[®?]

The 3D reference with MACI displays the same features, although the intensity of the Pbl>
reflection is increased and the MAPI diffraction rings show a slight (110) horizontal orientation
(orientation always with regard to the substrate plane), as shown in Figure 5d. The surface-
passivated 3D/1D samples display a new set of reflections in the lower g region, shown in
Figure 5b. These reflections appear with a horizontal orientation and can be assigned to the
(040), (220) and (240) reflections of the 1D perovskitoid phase. The surface-passivated 3D/1D
samples with MACI do not show any preferential orientation, or any diffraction corresponding
to the 1D perovskitoid phase, see Figure 5e. The bulk-passivated 3D MAPI without MACI
samples display oriented reflections for the 3D MAPI phase, indexed and shown in Figure 5c,

as well as the reflections of the 1D perovskitoid phase with a horizontal orientation.
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Figure 5. GIWAXS data of a) 3D control MAPI (with +5% excess Pbl,), b) surface-passivated 3D/1D without
MACI, c) surface-passivated 3D/1D with MACI, d) 3D control MAPI of the bulk-passivated sample with MACI,
e) bulk-passivated 3D MAPI without MACI, and f) bulk-passivated 3D MAPI with MACI. g, h) TEM images of
bulk-passivated 3D MAPI (without MACI) perovskite film and corresponding fast Fourier transforms (FFT) taken

from the marked areas in A, B and C.

These GIWAXS result are consistent with the XRD results where the 1D perovskitoid phase
can be clearly seen in the bulk-passivated 3D film MAPI without MACI (Figure S7a,
Supporting information). Lastly, the bulk passivated 3D MAPI with MACI displays a different
orientation for the MAPI reflections and only a very weak reflection of the (220) plane
corresponding to the 1D perovskitoid phase. For both bulk-passivated 3D MAPI samples, the
ThPyI spacer has a strong influence on the orientation of the MAPI film, while the (110) planes
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reorient from horizontal to vertical orientation with respect to the substrate if MACI is
additionally employed to control the crystallization. The absence of any strong diffraction,
corresponding to the 1D phase in the bulk-passivated 3D MAPI with MACI sample (Figure 5f
and Figure S7a, Supporting information), points towards an interaction between MACI and
ThPyl in the crystallization process. The additional MA™ in the crystallization competes with
the amount of Pb?* ions, which is the same for both thin films, i.e., the same amount of Pbl; in
the precursor solution. This is also evident in the surface passivated 3D/1D samples, where if
MACI is used in combination with the ThPyl spacer no 1D phase is observed, but rather a

complete consumption of the excessive Pbl, into MAPI (Fig. 5e).

In conclusion for the surface-passivated 3D/1D samples, the combination of the data from the
SEM, Nano FTIR and GIWAXS confirm the formation of the 1D phase at the surface and grain
boundaries of the perovskite thin film. The ThPyl bulk passivated sample shows evidence of
the 1D phase formation in addition to a pronounced horizonal orientation of (110) planes of the
3D MAPI perovskite phase. However, when MACI is used as a co-additive in the bulk-
passivated sample, the 3D MAPI perovskite orientation is changed toward vertical (110)
orientation and the diffraction peaks of the 1D phase are missing or have a noticeable intensity
attenuation. At this stage it is not clear if the ThPyl spacer in the presence of MACI forms an
amorphous 1D phase or if it prefers to stay in amorphous molecular (pure ThPyl) form. The
impact of the ThPyl and MACI agents on the morphology of surface-passivated and bulk-
passivated perovskite films is schematically illustrated in Figure 6a-f.To further elucidate the
structural properties of the bulk passivated 3D MAPI samples (without MACI), high-resolution
transmission electron microscopy (HR-TEM) studies were carried out as shown in Figure 5g,
h. The HR-TEM images from selected locations confirm the existence of different lattice
spacings. The calculated d-spacings corresponding to these planes are summarized (Table S3,
Supporting Information). The narrow interplanar lattice spacing of 2.87 A corresponds to the
(231) diffraction peak of the 3D MAPI phase in Figure 5g.

On the other hand, the lattice spacings of 7.7 and 11.74 A match the (080) and (220) planes of
the 1D perovskitoid, respectively, as shown in Figure 5g, h. Overall, the interplanar lattice
distances agree with the corresponding XRD data (Table S4, Supporting Information). The
HR-TEM results demonstrate that the 1D perovskitoid phase distributes in the 3D perovskite
phase. TEM images were also recorded from bulk-passivated 3D MAPI prepared using MACI.

In this case we observed nanoscopic objects like nanorods which after recrystallization under
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the intensive electron beam yielded crystallites (of unknown structure) with lattice spacing

equal to 7.7 A (Figure S10, Supporting Information).

UV-vis absorption spectroscopy was employed to investigate the optoelectronic characteristics
of the perovskite films (Figure S11a, Supporting Information). In comparison with the 3D
MAPI control film, surface-passivated 3D/1D films (thickness of about 600 nm) show no
significant changes, implying that the 1D perovskitoid on top of the 3D structure does not
significantly change the absorption features of the photoactive film. However, the bulk-
passivated 3D film exhibits a weaker absorption while retaining the spectral features of MAPI.
This is attributed to the different thickness of the bulk-passivated 3D film (400 nm).
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Figure 6. Schematic representation of crystal domain orientation in a) 3D MAPI control (with +5% excess Pbly),
b) ThPyl-surface-passivated 3D/1D c¢) ThPyl-surface-passivated 3D/1D with MACI d) 3D MAPI control with
MACI e) ThPyl-bulk-passivated 3D without MACI, and f) ThPyl-bulk-passivated 3D with MACI.

In line with the similar optical absorption spectrum, the surface-passivated 3D/1D hybrid
device shows an EQE response similar to the 3D MAPI control (Figure S12a, Supporting
Information). In the case of the bulk-passivated 3D MAPI sample, the EQE is higher than that
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of the corresponding 3D MAPI reference with MACI (Figure S12b, Supporting Information).
To determine the energy levels of the bulk-passivated 3D MAPI phase, ultraviolet
photoelectron spectroscopy (UPS) was employed (Figure S11b, Supporting Information). The
valence band maximum (VB) and conduction band minimum (CB) of the bulk-passivated 3D
perovskite are estimated at —5.81 and —4.21 eV, respectively, which are very close to the values
of 3D MAPI. These energy levels are also compatible with the hole transport layer comprising
poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS), (-5.1 eV; VB) and
the electron transport layer comprising phenyl-Ce1-butyric acid methyl ester, PCe1BM, (-3.8
eV; VB).

Steady-state photoluminescence (SSPL) and time-resolved photoluminescence decay (TRPL)
measurements were carried out to unravel the charge recombination processes in the 3D MAPI
control, bulk-passivated 3D, and surface-passivated 3D/1D films as shown in Figure 7a—d. In
the case of the bulk-passivated 3D sample, a perovskite film with MACI is considered as the
control sample to specify the influence of the ThPylI passivator additive. Notably, more intense
PL emission peaks are observed in the surface-passivated 3D/1D and bulk-passivated 3D

perovskite films compared to the 3D control, shown in Figure 7a, b.

The high PL intensity is an indicator for the elimination of sub-bandgap states in perovskite
films that are linked to defect states.®¥] The emission peak of the surface-passivated 3D/1D
perovskite is slightly blue shifted compared with the 3D control film in Figure 7a, which can
be attributed to the 1D phase formed on top (Figure S13, Supporting Information). The
emission peak of the bulk-passivated 3D perovskite appears at similar wavelength comparable
with the 3D control with MACI as shown in Figure 7b. 6%

The TRPL decay spectra of the corresponding films prepared on glass substrates are shown in
Figure 7c, d. The TRPL curve was fitted using the following biexponential equation (1):

y = Avexp () + Az exp(5) + o 1)

where A1 and A; are the amplitudes. The symbols 71 and 7 express short and long charge carrier
recombination times, respectively.[®® Here, we propose thatz: is related to the trap-assisted
nonradiative recombination arising at the grain boundaries. On the other hand, = is associated
with bulk carrier recombination.[®”1 The resulting charge carrier lifetimes of the perovskite films

are listed (Table S5, Supporting Information).
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Figure 7. a, b) SSPL and TRPL spectra of 3D MAPI control and surface-passivated 3D/1D film, c, d) SSPL and
TRPL spectra of 3D control with MACI and bulk-passivated 3D film.

In the 3D control film, the 7 and = values are equal to 50 and 114 ns, respectively. The values
7r and n of both bulk-passivated 3D and surface-passivated 3D/1D films are significantly
extended compared to the control sample. The low 71 value indicates that the trap-assisted
nonradiative recombination is reduced and radiative recombination of carriers dominates the
PL decay in the bulk-passivated 3D and 3D/1D phases. 58]

The trap-state density of the corresponding films was quantified by the space-charge-limited

current (SCLC) method for electron/hole-only devices, using the following equation (2):

Nt = 2eeoVrrL/qL? (2)
where Nt is the trap-state density of electron or hole, ¢ is the relative dielectric constant of MAPI
perovskite (e = 25), eo is vacuum permittivity (8.85x107'2 F m1), VL is the trap-filled limit
voltage, q is elementary charge (1.602x107° C) and L is the thickness of the perovskite film.[°]

Electron-only devices were fabricated for this measurement and dark J-V curves were recorded

(Figure S14, Supporting Information). The linear region seen in the dark J-V curve at low bias
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voltage is the ohmic region. The intermediate bias region where the traps are filled with the
charge carriers is known as the trap-filled region. The trap-free region is defined at the high-
bias voltage. The Vr.r is determined as the bias voltage at the inflection point between the
ohmic region and the trap-filled region. The calculated trap state density of the 3D MAPI
control device is 7.58x10%® cm 3. For the surface-passivated 3D/1D device, the trap-state
density is calculated to be 6.18x10™ cm ~3. The lower trap-state density in the surface-
passivated 3D/1D perovskite device confirms that the low-dimensional 1D phase has a
passivation effect and reduces the traps in the corresponding devices. In the case of bulk-
passivated 3D perovskite the trap-state density was found to be 1.20x10% cm 3, and for the 3D
MAPI control with the same device architecture it was found to be equal to 1.31x10 cm =3,
These results suggest that in the bulk-passivated 3D film the ThPyI also acts as a passivator for

the trap states, albeit with more moderate effect.
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Figure 8. Device structure of a) bulk-passivated 3D and b) surface-passivated 3D/1D perovskite devices. ¢, d) J-
V curves of surface-passivated 3D/1D and bulk-passivated 3D perovskite devices e) long-term stability, and f)
light-thermal stability of 3D control, surface-passivated 3D/1D, and bulk-passivated 3D devices.

To evaluate further the effect of the 1D phase on the photovoltaic performance, the normal (n-
i-p) planar perovskite solar cells for the 3D MAPI control and the surface-passivated 3D/1D
phases were fabricated as shown in Figure 8a. The device architecture of bulk-passivated 3D

MAPI was kept inverted (p-i-n) because of the need for better energy alignment between the
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different layers given in Figure 8b. As noted above, to increase the preferential orientation of
perovskite slabs, MACI was used as an additive which plays an important role in improving
the PCE of bulk-passivated 3D MAPI. Bulk-passivated 3D devices with and without MACI
were fabricated for the purpose of comparison. Devices with the MACI/MALI 0.5 weight ratio
show the highest performance (Figure S15, Supporting Information). The results of
photovoltaic J-V characterization of the optimized devices, performed under AM 1.5G (1000
W/m?), are presented in Figure 8c, d and Table S6 (Supporting Information). Moreover,
statistical distributions of the photovoltaic parameters are given (Figure S16, Supporting

Information).

The 3D MAPI control perovskite film yielded a short-circuit current density (Jsc¢) of 22.35
mA/cm?, an open-circuit voltage (Voc) of 1.09 V, and a fill factor (FF) of 74%, which gives an
overall PCE equal to 18.08% (for the best performing device). As seen in the forward and
backward scans, the 3D control device suffers from hysteresis. On the other hand, the surface-
passivated 3D/1D device exhibits a higher PCE (19.60%) with improved Vo of 1.11 V, Js of
22.69 mA/cm?, and a FF of 78%. The improved Vo suggests that the low-dimensional 1D phase
grown at the grain boundaries of the 3D perovskite suppresses the trap-assisted recombination
that is associated with surface defects. As for the optimized bulk-passivated 3D MAPI
perovskite, the overall PCE was 14.10% with a Jsc of 18.98 mA/cm?, V. of 1.02, and FF of
74% (For the best performing device). Hence, the efficiency of bulk-passivated 3D MAPI
devices is lower than that of the surface-passivated 3D/1D perovskite device, presumably since
it contains a high fraction of organic passivation agent (ThPyl: Pbl,; 2:3 mole ratio). We note
that this is one of the first studies where 3D MAPI perovskite is prepared with a high volume

fraction of organic agents in bulk-passivated perovskite solar cells.

The stability of the unencapsulated devices was studied under ambient conditions in air (room
temperature, relative humidity 40-45%) as shown in Figure 8c. The surface-passivated 3D/1D
perovskite device retained 86% of its PCE after a 1000 h stability test (under dark) whereas the
PCE of the 3D control device dropped to 74% of its original PCE. On the other hand, the bulk-
passivated 3D perovskite device showed the best environmental stability among these devices,
keeping 95.3% of its initial PCE after 1000 h, and 84% after 2000 h under N2 atmosphere
(dark). Furthermore, a combined light-thermal stability test of the corresponding devices was
conducted under one sun at 60 °C for 24 h under N2 atmosphere. The bulk-passivated 3D device

also showed the highest light-thermal stability by retaining 92% of its initial efficiency under
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continuous light soaking after 24 h as shown in Figure 8d. In comparison, the initial PCE of
surface-passivated 3D/1D and 3D MAPI control devices decreased to 82% and 52%,
respectively. The improved stability of the surface-passivated 3D/1D device is attributed to the
presence of the low-dimensional 1D phase, which is proposed to inhibit ion migration, moisture
penetration, to improve film quality, and to reduce defects in the perovskite film. On the other
hand, the high-volume fraction of hydrophobic ThPyl spacer used in the bulk-passivated 3D
MAPI film should efficiently prevent moisture penetration, which apparently explains the
higher stability. Remarkably, and in line with this assessment, the bulk-passivated 3D MAPI
film retained its structure in air for four months after which time only a very weak diffraction

peak of Pbl, emerged (Figure S17, Supporting Information).

To find out the impact of the ThPyl-based low-dimensional new phase treatment on the
hydrophobicity, the water contact angles of 3D MAPbIs control, 1D perovskitoid, surface-
passivated 3D/1D, and bulk-passivated 3D perovskite films were measured. (Figure S18,
Supporting Information). The pure 1D perovskitoid shows the highest water contact angle of
around 73° compared to the others. As compared to the 3D MAPbI3 control with an angle of
60°, the surface- and bulk-treated forms of the 3D perovskite films exhibit increased water
contact angles of around 67° and 69°, respectively. The greater water contact angles of the 1D
and treated 3D perovskite films compared to the 3D MAPbIz control reveal the enhanced

hydrophobicity of the treated forms of the 3D perovskite.

The same films that were evaluated in the water contact angle measurements were immersed
in water to further solidify their behavior in water. As expected, 3D control MAPbI3 and its
surface- and bulk-treated 3D films were decomposed into Pbl; in a few seconds, which shows
it with the characteristic yellow color of Pbls. Interestingly, in the 1D film, no changes related
to the color was observed. After removing the samples from the water and drying the
corresponding films, XRD measurements were carried out to understand their behavior in water
(Figure S19, Supporting Information). In comparison with the 3D control film and its treated
forms, which show complete decomposition into Pbl,, the ThPyl-based low-dimensional pure
new phase shows no decomposition. These water contact angle measurements and XRD
diffractions of the water-immersed films show the water stability of the 1D phase compared

with its 3D counterparts.
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3.3. Conclusions

In summary, a novel thiophene based ThPyl organic spacer with heterocyclic structure was
developed and used both as a defect passivator and as an organic spacer in surface- and bulk-
passivated 3D MAPI-based perovskite devices. Our results demonstrate that the ThPyl organic
spacer is a suitable candidate for creating 1D perovskitoids in perovskite-based photovoltaic
devices. TRPL results showed that the fluorescence lifetimes in both passivated devices
become longer and contribute to the better performance. Moreover, the ThPyl based perovskite
devices offered high efficiency and environmental stability compared to their 3D counterparts.
The bulk-passivated 3D PV devices showed significantly higher environmental as well as light-
thermal stability even compared to the surface-passivated devices. Importantly, this novel
organic agent promoted the preferential orientation of the 3D perovskite slabs crystalline
orientation (vertical orientation of the (110) planes with respect to the substrate) in the films
much more efficiently than the MACI additive. This study enriches the literature on thiophane-
based organic spacers and presents a different perspective on organic spacer design. We
envision that the above results can help to bring on a rational strategy for the design of organic
agents that play a multiple role as defect passivator, crystalline orientation promoter and

organic spacer for various perovskite-based solar cells.

65



A Novel Multi-Functional Thiophene-Based Organic Cation as Passivation, Crystalline
Orientation, and Organic Spacer Agent for Low-Dimensional 3D/1D Perovskite Solar Cells

3.4  Experimental Section

Materials and reagents

The SnO; colloid precursor was purchased from Alfa Aesar (tin (IV) oxide, 15% in H.O
colloidal dispersion). Before spin-coating as an ETL, the SnO, nanoparticles were diluted with
DI water to 2.67 wt.%. The organic spacer precursor 2-(2-thienyl) pyridine (unprotonated
form), as well as Pbl> and MAI were purchased from TCI. MACI, BCP, solvents (DMSO,
DMF, etc.) and freshly delivered hydroiodic acid (HI ~57 wt.%) were purchased from Sigma-
Aldrich. The Spiro-OMeTAD used as an HTL material was purchased from Borun Chem. The
PEDOT:PSS aqueous solution and PCe1:BM were purchased from Ossila.

Solar cell fabrication:
Fabrication of bulk-passivated 3D MAPI solar cell

ITO substrates (3 cm x 3 cm) were first etched using 3 M HCI and Zn powder and later rinsed
with deionized water. This was followed by sonication of the substrates in 2% detergent
(Hellmanex™ 111) aqueous solution, DI water, ethanol, and isopropanol for 15 min each,
respectively. Afterwards the substrates were dried in nitrogen flow and treated with nitrogen
plasma for 15 min. PEDOT: PSS was spin-coated onto pre-cleaned ITO substrates at 2500 rpm
for 40 s and annealed at 140 C for 20 min in air. After this process, the substrates were
transferred into a glovebox for device fabrication.

Bulk-passivated 3D perovskite precursor solution was prepared from the stoichiometric ratio
of Pblz, MAI and ThPyl at molar ratio 3:2:2, respectively, ina 1 ml DMF: DMSO (8:1 volume
ratio) mixture. For the devices where MACI was used as an additive for preferential crystal
orientation, the amount of MACI was adjusted to MACI/MAI 0.5 wt.%. The prepared solution
was stirred for 12 h at 70 ‘C . The prepared bulk-passivated 3D perovskite solution was spin
coated onto ITO/PEDOT:PSS substrate at 6000 rpm for 40 s. Toluene (350 ul) was dropped
onto the perovskite film during the last 15 s of the spin-coating process, followed by heat
treatment at 100 C for 15 min. PCs:BM (20 mg/mL in CB) and BCP (0.6 mg/mL in IPA) were
spin-coated subsequently onto the perovskite active layer at 1000 rpm for 30 s, respectively. In
the last step, a 100 nm thick silver electrode was thermally evaporated under vacuum (1x10
Pa). The active area was fixed to 0.0831 cm? using a metal mask. 3D MAPI control devices
with and without MACI were fabricated using similar steps as given above but without using

ThPyl in the precursor solutions.
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Solar cell fabrication with surface-passivated 3D/1D perovskite

FTO substrates (3 cm x 3 cm) were first etched using 3 M HCI and Zn powder and later rinsed
with deionized water. This was followed by sonication of the substrates in 2% detergent
(Hellmanex™ [11) solution, DI water, ethanol, and isopropanol for 15 min each, respectively.
Afterwards the substrates were dried in nitrogen flow and treated with nitrogen plasma for 15
min. A diluted SnO nanoparticle solution (2.67 wt% in water) was spin-coated onto the FTO
substrate in air at 4000 r.p.m. for 35 s, and then annealed in air at 150 °C for 30 min. Before
the perovskite coating, the SnO> coated substrates were cleaned once again using the UV-Os
environment for 10 min. Using the one-step “anti-solvent” method, the precursors of the
perovskite — Pblz (1.68 M, 5% excess), MAI (1.60 M), and DMSO (1.60 M) in 1 mL DMF
were deposited on top of the SnO- layer at 1000 rpm for 10 s, followed by fast spinning at 3500
rpm for 20 s. Ethyl acetate as an anti-solvent was dropped onto the perovskite film during the
last 10 s while spinning. The sample was then annealed at 130 °C for 10 min. For the surface
treatment, the 2-(thiophen-2-yl) pyridin-1-ium iodide salt in isopropanol solution (3.9 mg/ml)
was spin-coated onto the perovskite films at 1000 r.p.m for 30 s followed by 5000 r.p.m for 5
s. This was followed by heat treatment of the latter substrate at 100 °C for 10 min. The hole
transport material (HTM) was deposited by spin-coating (3000 rpm for 30 s) a solution
containing 72.3 mg spiro-OMeTAD, 35 ul bis(trifluoromethane) sulfonimide lithium salt
(LiTFSI) stock solution (270 mg LiTFSI in 1 ml acetonitrile), 30 ul 4-tert-butylpyridine and 1
ml chlorobenzene. Finally, a 70 nm thin film of Au was thermally evaporated under high

vacuum on top of the HTM layer.
General characterization techniques:

UV-vis absorption (UV-vis): were recorded using a Perkin EImer Lambda 1050 spectrometer

with an integrating sphere. Time-resolved photoluminescence

Photoluminescence (PL): spectroscopy was performed with a Picoquant Fluotime 300
spectrofluorometer using an excitation wavelength of 375 nm. Current-voltage (J-V)
characteristics were measured under ambient conditions using a Newport OrielSol 2A solar
simulator (AM 1.5G - 100 MW cm™) and a Keithley 2400 source meter.

The solar simulator: was calibrated with a Fraunhofer ISE certified silicon cell (KG5-filtered).
The active area of the solar cells was defined by a square metal aperture mask with an area

equal to 0.0831 cm?. J-V curves were recorded by scanning the input bias from -0.1 V to 1.2
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V(forward scan) at a scan rate of 0.1 V/s after the devices had been at 1.2 V for 5 s under
illumination. For the light intensity-dependent J-V-measurements, a white light LED was used
as a light source. The LED intensity was adjusted with a Keithley 2200-20-5 Power Supply. A
highly linear photodiode was used to control the light intensity over a range of 0.1 — 1.2 suns.

J-V-curves were measured with a Keithley 2401 source meter.

External Quantum Efficiency (EQE): To obtain the EQE spectra, the PV cells were
illuminated with a chopped light (tungsten lamp) and the beam was passed through a
monochromator. Further, the light beam was split to illuminate the sample as well as a reference
silicon photodetector (Hamamatsu S2281-01) at the same time. The resulting wavelength-
dependent current response of both devices was recorded simultaneously by two lock-in
amplifiers (Signal Recovery 7265, Stanford Research Systems 830) at a chopping frequency
of 14 Hz. The incident illumination power, determined via the reference photodetector, was

used to calculate the EQE response of the perovskite solar cell.

X-Ray Diffraction (XRD): (XRD) measurements were performed with a Bruker D8 Discover
X-ray diffractometer operating at 40 kV and 30 mA. The diffracted X-ray beam was passed
through a Ni filter. The Cu Kol radiation (A = 1.5406 A) and a position-sensitive LynxEye

detector were used.

Powder X-Ray Diffraction (P-XRD): P-XRD measurements were carried out on a STOE STADI
P diffractometer in Debye-Scherrer geometry, operating at 40 kV and 40 mA, using
monochromated (Ge(111) single crystal monochromator) Cu-Kg; radiation (A = 1.5406 A) and

a DECTRIS MYTHEN 1K detector.

Grazing-incidence wide-angle X-ray scattering (GIWAXS): GIWAXS data measurements
were performed on an Anton-Paar Saxspoint 2.0 with a Primux 100 microfocus source with
Cu-K.a radiation (A = 1.5406 A) and a Dectris Eiger R 1M 2D Detector.

Scanning Electron Microscopy (SEM): For SEM, an FEI Helios Nanolab G3 UC DualBeam
scanning electron microscope (SEM) equipped with an Oxford Aztec Advanced X-Max 80
EDX detector was used. SEM images were recorded at an acceleration voltage of 2 kV. Top
view images were recorded using both a backscattered electron detector and a secondary

electron through-the-lens detector.

HR-TEM studies: Transmission electron microscopy (TEM) studies were carried out with a
JEOL 2100F instrument operating at 200 kV. MAPI perovskite thin films (without MACI)
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were used as source material. Sample preparations were achieved by removing perovskite from

the substrate and transferring it on the surface of a lacey coated copper TEM grid.

Single-Crystal X-Ray Diffraction (SC-XRD): The frames were integrated with the Bruker
SAINT software package.[" Data were corrected for absorption effects using the Multi-Scan
method (SADABS).["l, The structure was solved and refined using the Bruker SHELXTL
Software Package.[’? All hydrogen atoms have been calculated in ideal geometry riding on
their parent atoms. The structure has been refined as a 2-component inversion twin. The domain
volume ratio refined to 0.87/0.13. The disorder of the organic cation has been described by a
split model. The ratio of site occupation factors of the two disordered parts refined to 0.58/0.42.
All atoms of the organic cation have been refined isotropically. Atoms of the main part have
been used as geometrical model for the minor part (SAME instruction in SHELX). The SIMU
restraint has been applied for disordered atoms with a distance of 0.8 A or closer. The figures
have been drawn at the 25% ellipsoid probability level.l’®] In the case of disorder the less-

occupied parts have been neglected for the figures.

Crystallographic data have been deposited with the Cambridge Crystallographic Data Centre,
CCDC, 12 Union Road, Cambridge CB21EZ, UK. Copies of the data can be obtained free of
charge on quoting the depository numbers CCDC-2237540
(https://www.ccdc.cam.ac.uk/structures/).

Nano-FTIR: For nano-FTIR measurements, a commercially available near-field microscope
(neaSNOM, Neaspec) was used. For this technique, based on scattering-type scanning optical
near-field microscopy (s-SNOM), a sharp, metal-coated AFM tip was illuminated by a
broadband IR source. The light backscattered from the oscillating metallic tip was analyzed
with an asymmetric Fourier transform spectrometer, which was based on a Michelson
interferometer.* This allowed for the simultaneous recording of optical amplitude and phase of
the backscattered light. To suppress the background light the tip was oscillated harmonically
with a small tapping amplitude A and frequency Q (here A =65 nm, Q =247 kHz) and the
detector signal was demodulated at higher harmonics nQ of this frequency. For n > 2 the
background is completely suppressed, delivering local near-field amplitude and phase spectra.
To eliminate the microscope response function, the spectra were normalized to the spectra
obtained from a spectrally flat reference (Si substrate). This resulted in local reflectivity and
absorption spectra of the investigated materials. The latter was used for chemical identification
according to standard FTIR databases.®
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To record the nano-FTIR data, silicon wafer (2.5 cm X 2.5 cm) substrates were used. The
substrates were sonicated in 2% detergent solution, DI water, ethanol, and isopropanol for 15
min each, respectively. Subsequently, dried substrates were further cleaned via ultraviolet
ozone treatment for 15 min before the perovskite coating. The architecture of the thin film
follows the order: silicon wafer/MAPbIs/ w/-, w/o the 2-(thiophen-2-yl)pyridin-1-ium iodide
salt. Neat perovskite and surface treated perovskite films were fabricated using the same
method employed for solar cell fabrication.

Space-Charge Limited Current (SCLC): To evaluate the surface passivation effects on trap-
density via the space-charge limited current (SCLC) method, electron-only devices were
prepared with the device configuration of ITO/SnO2/MAPbIsw or wo ThPyl /PCBM/Au. For
bulk-passivated 3D MAPI, the electron-only device configuration is ITO/SnO2/ Perovskite
with MACI w or wo ThPyl /PCBM/BCP/Ag.

Ultraviolet Photoelectron Spectroscopy (UPS). Photoelectron spectroscopy was performed
with a PHI 5000 VersaProbe at the Clustertool at InnovationLab GmbH in Heidelberg. The
samples were introduced from the glovebox with exposures to air <1 min. UPS was carried out
with a He-discharge lamp using the He-1 emission with an energy of 21.22 eV. Pass energies
of 2.95, and 0.59 eV were used for UPS valence band and UPS secondary electron cut-offs,
respectively. For the measurements of the secondary electron cut-off, a bias of =5 V was
applied. The take-off angle for all measurements was 90°. The Fermi level of clean silver (Ar
sputtered) was used to calibrate the UPS data.

Syntheses:
Synthesis of 2-(thiophen-2-yl)pyridin-1-ium iodide salt

The organic spacer precursor (29, 12.16 mmol) — 2-(2-thienyl)pyridine (unprotonated form)
—was dissolved in 20 ml IPA. After cooling down to 0 °C in an ice bath, subsequently hydriodic
acid ~57 wt.% (1.93 ml, 14.59 mmol) was dropped into the solution. After stirring at 0 °C for
2 h, a yellowish precipitate was observed and then collected by filtration. Collected solids were
washed with diethyl ether for three times, dried under vacuum at 50 °C for 24 h to afford the
yellowish solid product (3.24 g 92 % yield). *H NMR (400 MHz, DMSO-ds) & 8.62 (ddd, J =
5.3,1.7,1.0 Hz, 1H), 8.14 - 8.03 (m, 2H), 7.92 (dd, J = 3.7, 1.2 Hz, 1H), 7.80 (dd, J = 5.0, 1.2
Hz, 1H), 7.50 (ddd, J = 6.9, 5.2, 1.7 Hz, 1H), 7.24 (dd, J = 5.0, 3.7 Hz, 1H), 7.13 (s, 1H). 13C
NMR (101 MHz, DMSO) ¢ 149.47, 146.65, 140.68, 140.29, 130.38, 128.85, 127.59, 123.21,
120.79. HRMS (ESI, m/z): calculated for CeHgNS* 162.04; found 162.03733 [M+H]".

70



A Novel Multi-Functional Thiophene-Based Organic Cation as Passivation, Crystalline
Orientation, and Organic Spacer Agent for Low-Dimensional 3D/1D Perovskite Solar Cells

Synthesis of single crystals

Pbl> (0.3 M) and 2-(2-thienyl)pyridine, unprotonated form) (0.3 M) were mixed in a round
bottom flask in fresh hydriodic acid ~57 wt.% (20 mL) and stirred at room temperature for 10
minutes. Subsequently, the resulting mixture was heated up to 140 °C and stirred at this
temperature for 1 h. After stirring for 1 h, the transparent yellow solution was slowly cooled
down to room temperature. During the cooling, at about 110 °C, yellow needle-shape crystals
were observed in the solution. The needle-shaped crystals were collected by filtration to remove
unreacted Pbl, which is soluble in the reaction mixture, and subsequently washed several times

with diethyl ether. Finally, they were dried at 60 °C in air for 24 h.
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Figure S1b. **C-NMR spectra of ThPyl organic spacer
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Chemical Formula: CoHgNS"
Exact Mass: 162.04
Molecular Weight: 162.23
m/z: 162.04 (100.0%), 163.04 (10.6%), 164.03 (4.5%)
Elemental Analysis: C, 66.63; H, 4.97; N, 8.63; S, 19.76

Figure Slc. Mass spectrum of ThPyl organic spacer with a distinctive m/z peak at 162.037.
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Figure S1d. *H-NMR spectra of Pbl, + ThPyl mixture at different temperatures
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Figure Sle. Photos of the Pbl, + ThPyl mixture after heating at different temperatures.
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Figure S2. SEM images of a, b) 3D control with MACI.
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Figure S3. Photos of the 1D single crystals forming during the synthesis.

Figure S4. N*-H:--I-Pbls hydrogen-bonding interaction (I(H1-14) = 2.8118(2) A
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Figure S5. Rietveld plot for the 3D-control sample. Red dots — Yps, black line — Ya, line below — Difference,

Vertical bars — Bragg positions.
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Figure S6. Le Bail Profile fitting of powder diffraction pattern of thelD film.
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Figure S7. a) Powder XRD patterns of bulk-passivated 3D MAPI with different amount of MACI added
(MACI/MALI wt. ratio) b) XRD patterns of 1D and bulk-passivated 3D perovskite with MACI (MACI/MALI (0.5
wit. ratio) and without MACI.

b)

Figure S8. Left to right: a) Photos of the ThPy ligand (unprotonated form of the organic salt) in its pure (solid)
form, its solution form in DMF, and its mixture with Pbl, in DMF; photos of the ThPyl (organic salt) in its pure
(solid) form, its solution form in DMF, and its mixture with Pbl, in DMF. b) Photos of the mixtures of Pbl, +
ThPy, and Pbl, + ThPyl in DMF with a large amount of toluene, which was stirred at room temperature for 1
hour. ¢) Photos of the Pbl, + ThPy, and Pbl, + ThPyl precipitates in powder forms which were many times washed
with toluene and isopropanol to remove unreacted ligand and its salt form, respectively, dried under vacuum at

room temperature for 24 hours.
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Figure S9. Nano-FTIR Spectra of pure ThPyl.
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Figure S10. TEM images of bulk-passivated 3D (with MACI) perovskite film.
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Figure S11. Absorption spectra of 3D MAPI control, surface-passivated 3D/1D and bulk-passivated 3D MAPI.
b) Helium Ia (hv = 21.22 eV) spectra of SE (secondary electron) cutoff of bulk-passivated 3D perovskite films.
¢) Schematic energy level diagrams of bulk-passivated 3D perovskite film.
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Figure S12. a) EQE of 3D MAPI Control and 3D/1D surface passivated device, b) EQE of 3D MAPI control
with MACI and bulk-passivated 3D perovskite.
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Figure S14. a-b) Electron only devices of the 3D MAPI control, surface-passivated 3D/1D, 3D MAPI control

with MACI, and bulk-passivated 3D.
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Figure S15. The statistical distribution of photovoltaic parameters of the bulk-3D MAPI with different ratios of
MACI in the presence of ThPyl (for example 0.3 MACI means MACI/MAL: 0.3 wt. ratio).
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Figure S16. The statistical distribution of photovoltaic parameters of a) Surface-passivated and b) Bulk passivated

devices.
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Figure S17. XRD patterns of bulk-passivated 3D perovskite thin films in air after 2 and 4 months.
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Figure S18. Contact angle measurements of a) 3D MAPbI; control, b) 1D perovskitoid, ¢) surface-passivated
3D/1D, and d) bulk-passivated 3D perovskite film.

e) 30000
—— Bulk-passivated 3D
&Iz —— Surface-passivated 3D/1D
25000 - —— 1D perovskitoid
| —— 3D Control
20000 - ) —
2 15000 -
5 1l
z )
£ 10000
5000
0 A .
T+ 1+ 1 ' 1 1 T ~ T * T T * T * 1 7
5 10 15 20 25 30 35 40 45 50 55 60
20[°]

Figure S19. Photos of films, from left to right: a) 3D control, 1D, surface-passivated 3D/1D and bulk-passivated

3D, before water immersion, b) in water, c) after immersion (c), d) after drying, and €) XRD measurements.
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Table S1. Crystallographic data of the 1D single crystal

net formula CisH16lsN2PbsS;
Mr/g mol-1 1961.22

crystal size/mm 0.140 x 0.020 x 0.020
T/IK 297.(2)

radiation MoKa
diffractometer 'Bruker D8 Venture TXS'
crystal system orthorhombic
space group 'Fdd2'

/A 25.389(3)

b/A 61.606(6)

c/A 4.5767(5)

a/° 90

p/e 90

y/° 90

V/A3 7158.5(13)

Z 8

calc. density/g cm-3 3.639

wmm-1 21.106
absorption correction Multi-Scan
transmission factor range 0.33-0.68

refls. measured 24469

Rint 0.0577

mean o(1)/1 0.0488

0 range 3.094-28.281
observed refls. 3993

X, Y (weighting scheme) 0.0099, 1443.4072
hydrogen refinement constr

Flack parameter 0.126(18)

refls in refinement 4361

parameters 117

restraints 16
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R(Fobs) 0.0620
RW(F2) 0.1383
S 1.144
shift/errormax 0.001
max electron density/e A-3 2.351
min electron density/e A-3 -3.356

Table S2. Refined structural parameters of the 3D-Control sample.
Refinement was performed using Topas V4.2 SG- l4cm.l4

Unit cell parameters

a(A) 8.8706(15)

¢ (A) 12.6404(23)

Site Np X y z Atom  Occ Beq
C1 4 0.50000 0.00000 0.61000 C 1 9.475
Hlcl 16 0.41950 0.06230 0.58460 H 0.25 11.08
Hlnl 16 0.46420 0.91500 0.75200 H 0.25 11.08
H2cl1 16 0.59420 0.03860 0.58460 H 0.25 11.08
H2nl 16 0.59150 0.01150 0.75200 H 0.25 11.08
H3cl 16 0.48630 0.89910 0.58460 H 0.25 11.08
H3nl 16 0.44420 0.07350 0.75200 H 0.25 11.08
11 4 0.00000 0.00000 0.1214(58) 1 1 9.8(3)
12 8 0.72360(27) 0.22360(27) 0.3590(53) | 1 6.57(1)
N1 4 0.50000 0.00000 0.72900 N 1 9.475
Pbl 4 0.00000 0.00000 0.3727(51) Pb 1 3.41(8)
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Table S3. a) Part of the Calculated Powder Diffraction Pattern for CuKal radiation of the
ThPyl based 1D crystal structure data obtained from single crystal.

h k1 dA) F(real)  F(imag) |F| 20 I M ID(A) Phase
0 4 0 15.4015 331.564 59.7401 336.903 223302 2 1 1
2 2 0 11.737 2072.66 303.527 2094.77 100 4 1 1
2 4 0 9.79595 -751.68 -114.89 760.41 9.15337 4 1 1
2 6 0 798325 -251.85 -77.194 263.416 0.72611 4 1 1
0 8 0 7.70074 -767.67 -66.537 770.553 2.88768 2 1 1
2 8 0 6.58405 209.808 42.3422 214.038 13.4373 0.32396 4 1 1
4 0 0 6.34735 954.273 47.4506 955.452 13.9409 299516 2 1 1
4 2 0 6.21674 -399.51 -9.8048 399.634 14.2353 1.00437 4 1 1
4 4 0 586851 478.925 61.4956 482.857 15.0847 1.30293 4 1 1
2 10 0 5.54243 242.154 47.2985 246.73 15.9779 0.3025 4 1 1

Table S4. The interplanar lattice distances of some planes.

h k | dA)
2 2 0 11.74
0 8 0 7.7

2 3 1 2.87

Table S5. Time-resolved photoluminescence decay components of MAPI reference, surface,
and bulk-treated MAPI films.

Sample A41(%) 71 (us) Az (%) Tz (1s) Tave. (1S)
3D MAPI Control 58.19 0.050 41.81 0.114 0.076
Surface passivated

38.14 0.068 61.86 0.214 0.158
3D/1D
Bulk-passivated 3D 36.06 0.055 63.94 0.154 0.118
3D control with MACI  50.12 0.049 49.88 0.087 0.068
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Table S6. Photovoltaic Parameters for the champion devices (reverse scan values are

reported in parentheses)

Integrated )
) Jsc Hysteresis
Device PCE % Voc (V) FF Photocurrent
(mA\cm?) Index %
(mA\cm?)
3D
22.35(22.17) 18.08(17.01) 1.09(1.07) 0.74(0.72)  21.305 (Jsc -4,7%) 5.92
Control
3D/1D
22.69(22.79) 19.60(19.53) 1.11(1.10) 0.78(0.78)  21.692 (Jsc -4,4%) 0.35
Surface
3D
control
h 17.81(16.54) 12.53(9.68) 1.03(1.02) 0.66(0.55) 16.09 (Jsc-9.6%) 16.9
wi
MACI
Bul- 3D
MAP| 18.98(18.94)  13(14.10) 1.02(1.01) 0.72(0.74)  18.00 (Jsc-5.11 %) 2.55
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4.1 Introduction

In recent years, organic-inorganic 3D halide perovskites (OIHP) have gained prominence as a
top contender in advanced thin film photovoltaic (PV) technology, demonstrating significant
advancements.!*¥1 The power conversion efficiency (PCE) of 3D OIHP has risen considerably,
increasing from 3.8% to 25.73% (certified).[*® OIHP is a potential material for low-cost PV
due to its unique features, which include a high absorption coefficient, low binding energy,
long charge carrier diffusion length, high carrier mobility, and adjustable bandgap.5° The
industrial use of 3D perovskite solar cells (PSCs) continues to be hampered by their poor
intrinsic stability against moisture and temperature under ambient operating conditions, despite

the significant progress that has been made in PCE.[10-14]

The film quality of perovskite material is an important factor in the high performance and
stability of PSCs. When perovskite films are produced using the conventional solution
technique, there is a high probability that defects will occur at the surfaces and grain boundaries
(GBs).15%81 |t is common knowledge that the defect sites that are present at either the surface
or the GBs are the typical starting point for the degradation of perovskite. Therefore, the
presence of GBs makes it easier for moisture and oxygen from the surrounding environment to
penetrate into perovskite films, which in turn speeds up the process of perovskite
decomposition.”**I Previous studies have shown that the instability of PSCs is mainly caused
by trapped charges. Organic cations such as CHsNHz" (MA™) or NH.CH=NH," (FA™) have
limited freedom for ion migration at higher temperatures, thus contributing to the instability of
3D perovskite frameworks. The defects result in decreased efficiency by affecting charge
carrier dynamics due to an imbalanced distribution of charges and the unstable nature of the
PSCs.[20-241 Defects arise when perovskite sheet crystallizes in-situ, leading to non-radiative
recombination losses in device operations. Common point defects with low formation energies
in MAPI thin films include uncoordinated Pb?*, uncoordinated halide ions, Pb clusters, and Pb-
| antisite defects. Hence, it is essential to eliminate imperfections in perovskite films to enhance

stability without compromising the efficiency of PSCs.[?5-31

Low-dimensional PSCs have drawn increasing interest over the past couple of years.2 A
commonly employed approach to reduce non-radiative recombination in 3D MAPI perovskites
is to either treat surface defects with properly functionalized molecules or introduce low-
dimensional perovskites (1D or 2D).[3361 A wide range of substances, including Lewis bases,

and acids, metal cations, metal anions, and alkylammonium halogenides, have been employed
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as passivation agents to mitigate the structural defects in perovskites.*1 Moreover, when
introduced into 3D perovskite frameworks, LDPs act as passivating agents, minimizing the
influence of defects. Additionally, the LDPs act as heterojunctions, enhancing the fluorescence
lifetimes inside the perovskite framework.[*¥ In comparison to their 3D counterparts, the
presence of large organic spacer cations greatly increases the moisture resistance of LDP
structures. However, the LDP PSCs typically exhibit a comparatively diminished PCE due to
the limited charge transport capabilities, high exciton binding energies, and wider band gap,

acting as insulators.3%-4°1

Mixed-dimensional perovskites (3D/LDP) are considered a promising strategy for PSCs. Thus,
the advantages of two different perovskite derivatives are combined. The 3D perovskite
controls optical absorption and charge transport qualities, while a thin hydrophobic LDP seals
defects on the surface and protects the 3D perovskite from moisture. The LDP also aligns the
energy bands and regulates the film quality of the 3D perovskite structure.[*:21 For example,
advancements in 3D/LDP PSCs have mostly focused on modifying the optoelectronic
characteristics of 2D Ruddlesden-Popper phases by altering the organic spacers.3 LDP often
exhibit a significantly higher exciton binding energy due to their robust quantum and dielectric
confinement.*l To decrease the dielectric confinement leading to low charge transfer in
perovskite devices, an effective strategy is to create organic spacers with a high dielectric
constant through enhancing molecular dipole moments. Functional groups with high
electronegativity are utilized to create an appropriate organic spacer for this purpose. Fluorine
(F) as the most electronegative element is often used as a functional unit to design organic
spacers to raise the dipole moment and dielectric constant.[*>*81 Wie et al. were among the
pioneers who introduced F atoms into lead-based PSCs.1¥ Following that, organic spacers 4-
Trifluoromethyl-phenethylammonium  (CFs-PEA),  4-(trifluoromethyl)benzylammonium
iodide (TFMBALI), 4-(trifluoromethyl) benzylamine (4TFBZA), 3-fluoro-benzyl ammonium
iodide (3FBAI), and 2-[4-phenyl]ethanamine were utilized in 2D and 3D/2D PSCs.[5%%%] The
fluorinated substances are reported to improve device performance. In general, organic spacers
that incorporate amine (-NH>) functional groups are extensively employed to supplement the
3D perovskite film with an LDP protective layer.[® Conversely, when compared to the amine
groups, the formamidinium (FA) functional group interacts more strongly with Pb-I
octahedrons and demonstrates superior charge transport capability.[7-%¢1 To fabricate an LDP

perovskite structure, organic spacers containing FA group (e.g., benzamidine (PhFA), 2-
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thiopheneformamidinium (ThFA), and para-fluorobenzamidine (p-FPhFA)) have been the
subject of very few investigations.[>°-%% Given this knowledge, it is clear that a systematic study
is required for building organic spacers to obtain insight into the mix-dimensional perovskite

formation, which influences the passivation mechanism and efficiency of PSCs.

In this study, 3,5-difluorobenzene-1-carboximidamidium iodide, 4-(trifluoromethyl)benzene-
1-carboximidamidium iodide, and 2,3,4,5,6-pentafluorobenzene-1-carboximidamidium iodide
from the same family containing F atoms and FA functional groups, referred to as 2F, 3F, and
5F, were utilized to create an LDP on 3D MAPI PSCs. The acronyms 2F, 3F, and 5F represent
the number of F atoms contained in the molecules. The study examined how the dipole moment
of organic spacers affects the performance of PSCs by the passivation of trap states.
Cathodoluminescence (CL) investigations, a powerful technique, also reveal certain aspects of
LDP generation on perovskite surfaces. High-resolution transmission electron microscopy
(HR-TEM) observations provided additional evidence for the existence of LDP, as seen by the
significant lattice spacings obtained. To gain more insight into the effect of these fluorinated
spacers, we conduct DFT calculations to examine the interactions between the passivation
species and the 3D MAPI surface. The stability investigation involves calculating the binding
energy (Ep) of fluorinated organic molecules on the Pb-I terminated perovskite surfaces. The
DFT calculations show that the bonding strength between fluorinated molecules and MAPI
surfaces is significantly increased. The strongest binding is found for the 3F spacer, due to its
largest dipole moment. This enhancement plays a major role in the passivation of the perovskite

surface.
4.2 Results and Discussion

Figure la—c depicts the molecular structure of the organic spacers 2F, 3F, and 5F utilized in
this study. Nuclear magnetic resonance (*H-, 1°F-NMR) and mass spectroscopy were used to
characterize the compounds (Figure S1-S4, Supporting Information). All three organic spacers
possess FA and F as functional groups, which are either directly or indirectly connected to a
benzene ring. Previous studies have shown that fluorinated organic spacer cations with high
polarity can increase the dielectric constant.51 This results in a reduction of the coulomb force
between the exciton's electron and hole pair, thereby promoting effective charge separation.
Research indicates that the use of fluorinated spacers enhances several characteristics of low-

dimensional perovskites, mostly due to their tunable dipole moments.[6?!
Dipole moments of organic spacers were calculated to comprehend how the number of F atoms
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and their position in the aromatic ring affect the dipole moment as illustrated in Figure 1d-e.
The respective dipole moments of molecules 2F, 5F, and 3F are calculated in DFT calculations,
and values of 3.55, 3.76, and 4.56 D, were obtained, respectively. The differences in dipole
moments have a significant impact on the quality of the modified perovskite films and the

performance of the devices.

The 3D/LDP PSCs device was fabricated by spin-coating organic spacers to form an LDP
perovskite structure on 3D MAPI films. Scanning electron microscopy (SEM) studies were
conducted to assess the morphology of 3D control with 5% of excess lead iodide (Pbly), 2F,
3F, and 5F-3D/LDP MAPI perovskite films. The top-view SEM images in Figures 2a—d
demonstrate that the active MAPI layers fully coat the substrate surface. Additionally, there is
excess Pbl, along grain boundaries, which appear in the form of small particles (yellow circles)
in the 3D control (Figure 2a).
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Figure 1. a-c) Molecular structure of 2F, 3F, 5F organic spacer, respectively. d) Electrostatic potential (ESP)
analysis of the xF-organic spacers (x=2, 3, 5). The color bar indicates the self-consistent field coulomb potential
(SCF-Coulpot): negative (red) and positive (blue); e) Calculated molecular dipole moments of 2F, 3F and 5F

molecules.

The crystal grains of the 3D control with clear boundaries vary from several hundred
nanometers to a micron range size as depicted in Figure 2a. On the other side, the modified
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perovskite films display less obvious grain boundaries, as shown in Figure 2b-d, suggesting
the occurrence of surface passivation.®? The size of the grains remains similar when compared
to the 3D control film. A small-size conglomeration was found on the surface of 2F-treated
films as presented in Figure 2b. Upon analyzing the perovskite phase treated with 3F, one can
observe larger and more clearly defined conglomerated formations along the grain boundaries
as shown in Figure 2c. It demonstrates that 5F follows a similar pattern in Figure 2d.
Moreover, the excess Pbl> situated at the interfaces of the perovskite grains undergoes partial
consumption when treated with 2F, while experiencing a more substantial consumption in the
case of perovskite treated with 3F and 5F (as shown below in CL part). The FA* functional
group of these spacers is expected to react with uncoordinated surface Pb atoms.® The
conglomerations can influence the charge transfer across the grains due to changes in the
interfacial dipole caused by this interaction.[®®! SEM analysis was also performed on perovskite
film surfaces treated with various concentrations of corresponding organic spacers (Figure
S5a-c, Supporting Information). SEM images captured with a backscattered electron detector
(BED) unveil the presence of distinct phases exhibiting different contrast (Figure S6a-d,
Supporting Information). Structures with a brighter color are smaller in size compared to the
MAPI grains, primarily appearing between the grains as nanoparticles with irregular shapes.
The brighter structures observed at the grain boundaries in the 3D control sample, which
includes excess Pbl. (5%), are attributable to Pbl>. In the treated samples, the alterations in
shape, size, and distribution density of these agglomerates indicate that they are not the same
excess Pbl> particles observed in the 3D control film (Figure S6b-d, Supporting Information).
The hypothesis is that, in the sample exposed to 2F and 3F, the concentration of Pbl;
diminishes, allowing for the emergence of LDP. In contrast, the 5F passivated sample
undergoes complete conversion of Pbl,, resulting in the formation of LDP on the surface of
MAPI grains. Additionally, small spots are observed on the MAPI grains, especially in the 2F-
and 3F-treated films. In the case of the S5F-treated sample, there are fewer tiny formations, and
most of the agglomerates are situated between the MAPI grains. However, the analysis with
backscattered electrons cannot unambiguously distinguish between Pbl, and LDP phases.

CL has proven to be an effective tool for studying the recombination behavior of charge carriers
in PV materials, with sub-micrometer spatial resolution. Moreover, for highly emitting
materials (such as MAPI), CL can be useful in distinguishing different phases, when X-ray

microanalysis or backscattered electron imaging encounter unfavorable conditions (e.g.
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materials very sensitive to irradiations). Xiao et al. thoroughly investigated the effect of
accelerating voltage and incident electron beam current on the emission parameters of MAPI
perovskite films.¥ Their extensive research dives into the changes in emission intensity and
spectrum caused by various e-beam excitation settings. A comparison of MAPI emission
spectra at various accelerating voltage and beam current settings revealed unique influences on
emission properties with time and found that irradiation with low beam energy (such as 2 KeV)
at low beam current (<4 nA) are suitable to detect a clear signal without degradation of the
sample. We analyzed the surface of specimens with 2 KeV beam energy and ~0.06 nA beam
current. In these conditions, the sample was not visibly degrading, and the CL signal was high
enough for analysis. The CL intensity measurement of solution-cast MAPI films developed on
ITO-coated glass slides with a SnO- layer (about 40 nm) on top of the ITO is shown in Figure
2e. The most intense emission is localized at the Pbl> grains (two of them indicated with yellow
circles in Figure 2e). We observed that the intensity of the different features is subject to a time-
dependent process (Figure S7, Supporting Information). At the beginning (i.e. after minimum
exposition to e-beam) the most intense emission come from the MAPI grains (Figure S7b,
Supporting Information), and in many cases there is an intensity difference between the grains
(see also Figure 2f). This indicates that different grains have varied nonradiative recombination
rates near the film surface. We hypothesize that the intensity variation can be attributed to
different concentrations of surface defects among distinct grains. Longer exposure results in a
decrease in perovskite CL intensity , whereas the Pbl, grains preserve a pronounced CL
emission (Figure S7c-e, Supporting Information). In treated perovskite films, there are also
darker spots exhibiting much lower (or none) emission as shown in Figure 2f-h (some of them
indicated by circles). The appearance of darker spots in the treated films support the
disappearance of Pbl, and validate the formation of a new phase that could be assigned to LDP.
In the SEM image captured with a SED detector (Figure 2a-d), these formations appear white.
The average size of these structures in the 2F-treated perovskite is less than 100 nm, while the

LDP agglomerates in the 3F and 5F typically range between 100 and 300 nm.

Utilizing an atomic force microscope (AFM), the passivated perovskite films were further
investigated for changes in their surface roughness. The root mean square (RMS) roughness of
the 3D control film is determined to be 10.7 nm. On the other hand, after the treatment the 2F,
3F, and 5F perovskite thin films show RMS values of 7.6 nm, 7.2 nm, and 7.7 nm, respectively

(Figure S8, Supporting Information). The lower RMS values are favorable for the deposition
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of hole transport material (HTM). In addition, the decreased surface roughness of the mixed
3D/LDP film can be accepted to have a positive impact on charge carrier transport resulting in
an enhanced performance of derived PSCs.

X-ray diffraction (XRD) was used to analyze the crystallinity of 3D control, and 3D/LDP
perovskite films as shown in Figure 2i. The primary XRD peaks of the 3D control are observed
at 14.19° and 28.50° 20, corresponding to the (110) and (220) planes of MAPI, respectively.¢]
The diffraction peak corresponding to excess Pbl, was noted at 12.7°. This peak exhibited a
decrease in the 2F, 3F, and 5F-treated perovskite films compared to the 3D control, suggesting
the conversion of excess Pbl, to LDP. So that, extra peaks are observed at low 20 angles of 6.1,
5.4, and 8.2° in the XRD pattern of the 3D/LDP perovskite films treated with 2F, 3F, and 5F,
respectively. It was determined that these new signals did not originate from the corresponding
organic spacers, as evidenced by the comparison with the XRD analysis of pure organic spacers
(Figure S9, Supporting Information). Therefore, the extra peaks are associated with the
combined new phases on the 3D perovskite surface as illustrated in Figure 2b-d. The weak
reflections at the low 26 angle (<10°) suggest the presence of LDP formed during annealing,

as reported in prior research, 2 651

X-ray photoelectron spectroscopy (XPS) investigation was conducted to study the surface
composition of the treated perovskite films. The passivated samples were found to have the F
element from the corresponding organic spacers. The distinct photoemission peak of F atom in
core level Fls was detected in the treated perovskite films (Figure S10 Supporting
Information). The binding energies of the Pb 4fs; and Pb 4f7 orbitals in the 3D control
perovskite, at 143.0 and 138.2 eV are associated with the Pb*?, as illustrated in Figure 2j. The
binding energies of 13dz and 13ds/2 in the pure perovskite are 630.6 and 619.1 eV, respectively,
as shown in Figure 2k. In all treated films with the 2F, 3F and 5F organic spacers, both peaks
of Pb and I shifted towards lower binding energy compared to the 3D control film (Table S1,
Supporting Information). These downward shifts in binding energies suggest that the
corresponding organic spacers interact with the uncoordinated Pb?* ions and iodine atoms. 66!
In addition, the downward shift in binding energy indicates that LDP facilitates charge transfer
in the perovskite structure because the core level signals in the treated films are located closer
to the Fermi level .[*6571 The most notable decrease in binding energies within the Pb4f and 13d
spectra was observed in the perovskite film treated with 3F, as compared to those treated with

2F and 5F. This suggests that (—NHz) in the 3F perovskite film may be in closer proximity to
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the [PbXs]*" octahedron because of enhanced hydrogen bond interactions caused by the

electron-withdrawing impact of X-positioned F atoms. 8]
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Figure 2. SEM images of 3D MAPI control film, 2F-3D/LDP, 3F-3D/LDP, and 5F-3D/LDP MAPI perovskite
films were recorded using a-d) SED and e-h) CL detectors. i) XRD patterns and j) Pb 4f core level, k) 3d core
level XPS spectra of 3D MAPI control film, 2F-3D/LDP, 3F-3D/LDP, and 5F-3D/LDP perovskite films.
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Nuclear magnetic resonance (*H-NMR) was employed to verify NH-I hydrogen-bonding
interactions between organic spacers and inorganic lead iodide species (e.g. [Pbla(H20)2]*" or
[Pble]*]) (Figure S11, Supporting Information). To indirectly support this observation, *H-
NMR analysis was performed by mixing 3F molecule, containing -CFz group, with Pbly, the
building block of [Pblg]* octahedral in the 3D perovskite crystal. When the spacer and Pbl, are
combined, the protons of the formamidinium -NH2zgroup in the organic cation that interact with
Pbl> experience a shift towards higher magnetic field values (shielding effect) compared to the
!H-NMR spectrum of the pure 3F molecule. This indirectly indicates that the organic cation

interacts with Pbl, via the FA* cation end.[%%

Grazing incidence wide-angle X-ray scattering (GIWAXS) was employed to assess the
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orientation of perovskite crystallites to the substrate in both the 3D control film and the treated
perovskite film with 2F, 3F, and 5F organic spacers. The 3D reference material shows a random
orientation, which can be seen through the diffraction rings displayed in Figure 3a.["%l The
reflection at the azimuthal angle near 0°, beneath the first reflection ring related to 3D MAPI,
corresponds to the (001) plane of Pblz. 3D Control MAPI thin films commonly have an excess
of Pbl> due to surface deterioration of the perovskite layer and the excessive usage of Pbl> in
the perovskite precursor solution.”*! All other materials show similar reflections and random
orientation for the 3D MAPI phase. In the 2F and 3F samples, the intensity of the Pbl;
reflections is reduced whereas it is not observable anymore for 5F as shown in Figure 3b-d,
demonstrating the partial (2F and 3F) and complete (5F) consumption of the excess Pblo.
Furthermore, additional reflections in the low g region, below the first 3D MAPI reflection
ring, can be observed for all three treated materials. For comparison with the XRD and TEM
results, a pseudo 2 Theta plot of the low q scattering region is given (Figure S12, Supporting

Information).

While the origin of these low-angle reflections was shown not to originate from the pure
organic spacer materials, we cannot assign them unambiguously to a solved structure.
Nonetheless, the large unit cell parameters required for the low g region scattering point
towards the formation of low-dimensional phases on the surface of the 3D MAPI thin film. The
lattice planes of the observed reflections of these LDPs are predominantly oriented parallel to
the substrate, as seen by the reflections being located around the azimuthal angle of 0° as shown
in Figure 3b-d. Lastly, for 3F the different orientation profiles of the additional reflections, i.e.
a broad reflection ring at gr = 3.37 nm™ (4.76° 260) and a sharp reflection at gr = 4.08 nm*
(5.72° 26) could point to more than one new phase being present.

HR-TEM studies were conducted to clarify the structural features of the 3D/LDP MAPI
samples treated with 3F, as depicted in Figure 3e, f. The interplane spacings, which are
assessed from the Fast Fourier transform (FFT) images and correlate to the fingerprint of LDP
lattice fringes, are visible in the HR-TEM images. The HR-TEM images from certain areas
validate the presence of different lattice spacings. The small distance between adjacent crystal
planes of 3.2 A is associated with the (220) diffraction peak of the 3D MAPI tetragonal phase
(COD file: 1548467) as shown in Figure 3e.[’?l Furthermore, the 3F-treated perovskite films
show interplanar d- spacing of 7.1, 7.7 and 11.8 A, which are correlated with the LDP (Figure

3e, ). The observed interplanar d-spacings in HR-TEM are mainly consistent with those of 2D
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LDP as reported in previous studies in the literature.’*"4 Furthermore, The XRD and
GIWAXS studies also support the 2D LDP formation within the 3D MAPI structure.[*" 7
These results indicate that the final structure we obtained is potentially a mixed-dimensional
3D/2D PSCs.

~

Figure 3. GIWAXS data of a) 3D control MAPI (with +5% excess Pbl.), b) 2F- 3D/LDP, c¢) 3F- 3D/LDP, d) 5F-
3D/LDP perovskite films. e, f) TEM images of 3D/LDP perovskite film treated with 3F and corresponding fast

Fourier transforms (FFT) taken from the marked areas.

Our experimental results suggest that the treatment with the fluorine-functionalized organic
cations has the potential to improve the efficiency as well as the stability of the MAPI-based
solar cells, as a result of LDP formation. We hypothesize that these fluorinated organic spacers
passivate also defects on grain boundaries and surfaces of the perovskite film at molecular
level, as shown schematically in Figure 4a. To gain more insight into the effect of these
fluorinated spacers, we conduct DFT calculations to examine the interactions between the used
agents and the 3D MAPI surface.

We started with an MA-I terminated perovskite surface and replaced MA cations with xF
cations to compare the stability of these modified perovskite surfaces relative to that of 3D
MAPI, shown as in Figure 4b. In addition to the xF cations studied experimentally in this
work, we also investigated the effect of the NH group in passivating the surface by substituting
it with a CH2 group in the 3F cation. This organic spacer will be referred to as 3FC, amphiphilic
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4-(trifluoromethyl)benzylammonium iodide (TFMBAI), which is often reported as a
passivation agent previously in literature.®? To assess the stability of adsorbed molecules, we
performed calculations of the binding energy (Ep) for the MA-I ion pair and xF-1 structures on
the Pb-I terminated perovskite surface. Details of the structural models and the calculations can
be found in supporting information note for DFT calculations. The calculations were done both
for full coverage and low coverage (25%) of the surface with xXF organic spacers, as shown in

Figure 4b.
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Figure 4. a) A schematic illustration showing how an LDP layer is formed on top of a 3D MAPI, with a perovskite
grain boundary passivated by fluorinated organic spacers.; b) a diagram showing the perovskite surface with
partially fluorinated organic spacers decoration on the right and full organic spacer decoration on the left.; c) the
binding energy for the perovskite surface fully covered with fluorinated organic cations; d) the binding energy for

the perovskite surface with a low coverage of fluorinated organic cations.

The Ep calculation results for the surface fully and partially covered with fluorine-
functionalized organic cations are shown in Figure 4c and in Figure 4d respectively. When
considering the entire coverage, it is evident that the perovskite surface has a better passivation
effect because all the fluorinated organic cations bind to the Pb-1 ended surface more firmly
than the MA and 3FC organic spacer. Whereas 2F, 3F, and 5F cations have approximately the
same EDb, interestingly, a more distinct trend becomes apparent when reducing the coverage.

3F forms the strongest bond with the surface, followed by 5F and 2F as shown in Figure 4d.
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This trend can be explained by the dipole moments of the fluorinated molecules themselves, in
Figure le, where the larger dipole moment of the molecule corresponds to stronger binding to
the surface. This trend is the same as the one experimentally established for the PCE,

confirming the most effective defect passivation effect of the 3F organic spacer.

It is important to mention that only very small amounts of the organic cations were used in our
experiments. This suggests that it is unlikely for the passivation with organic spacers to fully
cover the surface, therefore 3F emerges as the best passivator at low coverage. However, using
a large amount of organic cations may also have drawbacks. The insulating character of the
organic spacers can be attributed to their predicted band gaps, which exceed 3 eV in according
to DFT calculations. Among the organic spacers, 5F has the highest insulation (Figure S13,
Supporting Information). Applying high concentration of the organic spacers can therefore
hinder the charge transport, since the insulating properties of the fluorinated compounds would
be more dominant than the beneficial effect of passivation. We highlight that the passivation
effect of these organic cations also improves the stability and performance of the perovskite
films and devices, by immobilizing surface halide species and passivating dangling Pb bonds.
Here, with the largest surface binding energies, both 3F and 5F significantly improve the long-
term stability of the solar cells, with 5F being slightly superior to 3F due to its more

hydrophobic nature, as demonstrated in Figure 6a.

UV-vis absorption spectroscopy was used to study the optoelectronic properties of the
perovskite films shown in Figure 5a. Compared to the 3D MAPI control film, surface-modified
3D/LDP films (approximately 550 nm thick, Figure S14, Supporting Information) exhibit no
notable absorption differences. It indicates that the presence of the LDP phase atop the 3D
structure does not cause a significant change in the absorption characteristics of the photoactive

film.

As depicted in Figure 5b-c, steady-state photoluminescence (SSPL) and time-resolved
photoluminescence decay (TRPL) measurements were performed on the 3D MAPI control and
treated 3D/LDP perovskite samples to elucidate the charge recombination processes. The
passivated film including 2F shows slightly increased peaks in PL emission, while the pristine
perovskite films modified with 3F and 5F demonstrate elevated PL emission peaks, as depicted

in Figure 5b.
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Figure 5. a-c) Absorption, SSPL and TRPL spectra of 3D MAPI control, 2F-3D/LDP, 3F-3D/LDP, and 5F-
3D/LDP perovskite films on glass substrate. d) SCLC curves of the Electron only devices for 3D MAPI control,
3D/LDP with 2F, 3F and 5F. e) Device structure of corresponding PSCs reported in this study. f) J-V curves of
champion devices of 3D control 2F-3D/LDP, 3F-3D/LDP, and 5F-3D/LDP perovskite films respectively. g)
Histograms display the distribution of PCE for both the 3D control and 3F-3D/LDP PSCs, for 15 devices each. h)
The MPP of PSCs under AM 1.5G light. i) EQE of corresponding devices.

The high PL intensity serves as an indicator of the elimination of defect-related sub-bandgap
states in perovskite films.’® The observed high PL emissions in 3D/LDP perovskite films
treated with 3F and 5F can be attributed to ability of the surface defect passivation and LDP
phase formation to inhibit non-radiative recombination losses. Figure 5c illustrates the TRPL
decay spectra of the films that were prepared on glass substrates. The TRPL curve was fitted

with the biexponential equation (1) given below:

-t -t
y = Arexp () + Az exp() + ¥o (1)
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where A; and A, denote the signal amplitudes. The symbols 71 and 7 represent, the short and
long charge carrier recombination times, respectively. In essence, 71 is linked to nonradiative
trap-assisted recombination taking place at the perovskite grain boundaries, while z is

associated with bulk carrier recombination, conversely.[77]

A compilation of the charge carrier lifetimes of the perovskite films is provided in Table S2,
Supporting Information. The respective 71 and 7> values in the 3D control film are 50 and 114
ns, respectively. There is no major change in these values in the film treated with 2F. In
particular, the 3F-treated 3D/LDP perovskite films exhibit considerably longer 71 and 7 values
than the control sample. The diminished 7. value signifies that in the passivated 3F and 5F
3D/LDP, radiative recombination of carriers predominates over trap-assisted nonradiative
recombination. Reduced nonradiative recombination is likely linked to a lower defect density,
as indicated by the extended lifetimes. This, in turn, promotes charge carrier transport and

contributes to an increased open-circuit voltage (Voc).["®!

The trap-state density of the corresponding films was determined using the space-charge-
limited current (SCLC) method, which is applicable to electron/hole-only devices. The
equation (2) for this calculation is as follows:

Nt = 2eeoVTrL/q L2 (2)

Where N represents the electron or hole trap-state density, ¢ is the relative dielectric constant
of MAPI perovskite (e = 25), eo represents the vacuum permittivity (8.85x1072 F m™), Ve
signifies the trap-filled limit voltage, g is the fundamental charge (1.602x107° C), and L
symbolizes the thickness of the perovskite film. For this experiment, electron-only devices
were produced and current density-voltage (J-V) curves in the dark were collected as shown in
Figure 5d."°1 The ohmic region is the linear segment observed in the dark J-V curve at low
bias voltage. The region characterized by an intermediate bias, where charge carriers occupy
traps, is termed the trap-filled region. The region devoid of traps is established at the high-bias
voltage. The bias voltage at the inflection points between the ohmic region and the trap-filled
region is used to calculate the Vr.r. The calculated trap state density of the 3D MAPI control
device is 6.17x10% cm=3. The trap-state density of the 3D/LDP perovskite the 2F device is
measured at 5.88x10° cm~3. Although the trap density value of the 2F-modified device is lower
compared to the 3D control, there is no significant difference. The trap-state densities of 3F

and 5F-designed 3D/LDP perovskites were determined to be 4.97x10* cm~3 and 5.26x10%
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cm3, respectively. The 3D/LDP perovskite device with 3F demonstrates the least trap-state
density. This confirms the passivation impact of the fluorinated organic spacers and LDPs ,
reducing nonradiative recombination and facilitating efficient charge transfer. These factors

are pivotal for improving the photovoltaic performance of PSCs.

To assess the impact of the molecular passivation and LDPs on the photovoltaic performance,
the n-i-p planar (ITO/SnO2/3D or 3D/LDP/Spiro-OMeTAD/Au) PSCs with 3D MAPI and
3D/LDP mix-dimensional were fabricated as shown in Figure 5e. The results of the best
performing devices, as determined through J-V characterization at an Air Mass (AM) of 1.5G
(1000 W/m?), are depicted in Figure 5f and detailed in Table S3 (Supporting Information).
Furthermore, statistical distributions are provided for the photovoltaic parameters to
demonstrate the reproducibility of the corresponding devices within acceptable limits as well
as to define the best concentration value of LDP film. (Figure S15-S17, Supporting

Information).

The 3D MAPI control perovskite device achieved a short-circuit current density (Jsc) of 21.99
mA/cm?, an Vo 0f 1.07 V, and a fill factor (FF) of 74%. Consequently, the best-performing
control device attained a PCE of 17.62%. As can be seen in the forward and reverse scans, the
3D control unit suffers from hysteresis. When optimizing with 2F, the efficacy of 3D/LDP
PSCs does not increase significantly (17.91%) in comparison to the 3D control. Concerning
the 3D/LDP devices treated with 5F, there is an observed improvement in PCE to 18.93% with
an increased Voc of 1.09 V, a higher Jsc of 22.13 mA/cm?, and an elevated FF of 76%. The
highest performance of 19.22% was achieved by 3D/LDP PSCs treated with 3F, outperforming
other devices. The 3F-treated 3D/LDP devices have the following photovoltaic parameters: Vo
=1.10 V, Jsc = 22.34 mA/cm?, and FF = 77%. The observable rise in Voc suggests that the trap-
assisted recombination associated with defects is alleviated through the surface defect
passivation and formation of the low-dimensional LDP phase at the grain boundaries of the 3D
perovskite, achieved with 3F and 5F organic spacers. Additionally, the improvement in Voc and
FF is further facilitated by the acceleration of charge transport induced by surface dipoles. The
higher dipole moment and lower band gap (3.26 eV) of 3F molecule, as determined by DFT,
can be attributed to its superior PV performance compared to the 5F (3.54 eV) (Figure S13,

Supporting Information).

Moreover, the reproducibility of PSCs devices is assessed by conducting tests on 15 cells to

determine the influence of the 3F passivation on the performance of the devices, as depicted in
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Figure 5g. The optimal power output at the maximum power point (MPP) is achieved by the
top-performing devices when operating under 40-45% relative humidity (RH) conditions
within the initial 2-minute period, as illustrated in Figure 5h. The average PCE of the PSCs
treated with 3F is calculated to be 18.98%, which closely matches the PCE obtained from J-V

measurements.

The external quantum efficiency spectra (EQE) of the PSCs were measured due to their
identical optical absorption spectrum as shown in Figure 5i. Given their identical optical
absorption spectrum slight change has been observed in the range from 300 to 850 nm. The 2F-
treated 3D/LDP hybrid device exhibits an integrated Js response of 21.03 mA/cm?, similar to
the 20.94 mA/cm? of the 3D MAPI control. The integrated Jsc values for the 3F and 5F modified
3D/LDP PSCs samples surpass those of the control device, with values of 21.44 mA/cm? and
21.23 mA/cm?, respectively. After treatment with the corresponding organic cations of the
perovskite layer, the PSCs show improved efficiency in converting the absorbed light into

electrical energy, which is even more evident for 3F-3D/LDP-PSCs.

The stability of unencapsulated devices was examined in ambient air conditions (room
temperature, RH (40-45%), as depicted in Figure 6a. Perovskite devices treated with 2F and
3F kept 74% and 85% of their PCE following a 1000 h stability test in the dark respectively.
In comparison, the PCE of the untreated 3D control device decreased to 70% of its initial value.
The 5F-modified 3D/LDP PSCs exhibited superior environmental stability compared to other
devices, retaining 88% of their initial PCE after 1000 h under a N2 atmosphere (dark), which
is quite comparable with 3F-modified 3D/LDP PSCs (retaining 85% of their initial PCE after
1000 h). In contrast, the long-term stability of the 2F-treated perovskite films was negligible,
similar to that of the 3D control device.

A light-thermal stability test was also performed on the devices by exposing them to one sun
at 60 °C for 800 mins in an N2 environment. The 3D/LDP perovskite device treated with 5F
exhibited the highest light-thermal stability, maintaining 80% of its initial efficiency after 12 h
of continuous light soaking, as depicted in Figure 6b, followed with 3F-treated device
maintaining 75% of its initial efficiency. The PCE of 3D MAPI control and 2F-treated 3D
devices reduced to 52% and 58% of their initial values, respectively. The increased stability
observed in the 5F- and 3F-modified devices is attributed to several factors such as the
formation of LDP phase and higher hydrophobicity, which is believed to impede ion migration

and moisture infiltration, improve film quality, and reduce defects in the perovskite layer.
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Although the 3F molecule has higher Ep, the increased hydrophobicity of the 5F molecule
provides slightly better stability, hence preserving the PCE performance. On the other hand,
the lower stability in 2F treated films can be explained with the smaller binding energy and
lower hydrophobicity. The rapid degradation of all devices under light-thermal stress can be

attributed to the presence of the spiro-OMeTAD layer in the device architecture.®]
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Figure 6. a) Long-term stability tests, and b) light-thermal stability curves of 3D control, 2F-3D/LDP, 3F-
3D/LDP, and 5F-3D/LDP. Contact angle measurements of ¢) 3D MAPI control, d) 2-F, ) 3F-, and f) 5F-
treated 3D/LDP perovskite film.

To investigate the effect of the hydrophobic nature of the F atom on stability, in conjunction
with the F-number of the organic spacers, the water contact angles of 3D/LDP perovskite films
treated with 2F, 3F, and 5F were evaluated in comparison to the 3D MAPI control film as
shown in Figure 6¢-f. The 5F-modified 3D/LDP structure has the largest water contact angle,
measuring around 79°, followed with 3F-modified 3D/LDP perovskite film with contact angle
of around 74°. In contrast, the water contact angle of the 2F-modified 3D/LDP perovskite film
is roughly 62°, quite close to that of the 3D MAPI control film (58°). We can deduce that LDP
passivation in general has a favorable effect on the water contact angle, resulting in

hydrophobic surface.
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4.3. Conclusion

In summary, fluorine functionalized organic spacers were used to reduce defects and to
fabricate mixed-dimensional 3D/LDP MAPI perovskite devices. DFT calculations showed that
the 3F has the highest molecular dipole moment, followed by the 5F and 2F. When considering
partial coverage, the calculated Ep of these fluorinated organic spacers on the Pb-I-terminated
perovskite surface, follows an increasing trend in the sequence: 2F, 5F, and 3F. The efficacy
of the passivating organic spacers and LDP was demonstrated by SSPL and TRPL studies,
which suggested possible decreases in non-radiative recombination losses in treated perovskite
films. CL analysis was utilized to provide a more comprehensive understanding of the emission
characteristics of both the untreated and treated perovskite films. Although the 3D control
displayed emission from both MAPI and excess Pbly, the treated films that formed LDP
exhibited non-emissive properties from the agglomerates and emitted a signal from the 3D
MAPI. Low-dimensional phases were revealed by additional investigations using XRD,
GIWAXS, and HR-TEM. These analyses also revealed changes in crystallinity, surface
composition, and crystallite orientation of the passivated films.

Among these fluorinated spacers, the 3F structure showed the highest PCE. Firstly, its higher
dipole moment potentially increases the dielectric constant, reducing the Coulomb force
between the exciton's electron and hole pair in the formed low-dimensional perovskite phases,
thereby promoting effective charge separation. Secondly, the molecular structure of 3F, with
its higher flexibility and trifluoromethyl unit located in the para position of the benzene ring
rather than a direct attachment of F atoms to the benzene ring, gives rise to larger molecular
dipole and facilitates more effective interaction between its amino group and the perovskite
surface. This leads to enhanced defect passivation and, consequently, improved device
performance. In addition, the presence of three F atoms in 3F provides an optimal balance that
gives the perovskite layer sufficient hydrophobicity to protect it from moisture without
compromising the electronic properties of the material. Therefore, 3F emerges as the most

promising structure, offering an ideal combination of efficiency and stability.

Our study highlights the intricate relationship between surface morphology, molecular
structure, and optoelectronic characteristics in PSCs, providing valuable insights for optimizing
and improving device performance, while also emphasizing the key role of molecular design
in tuning these properties through comparative analyses of these organic spacers within the

same family group.

110



The Role of Fluorine-Functionalized Organic Spacers for Defect Passivation and Low-
Dimensional Phase in 3D MAPI Perovskite Solar Cells

4.4 Experimental Section

Materials and reagents

The SnO; colloid precursor, containing tin (IV) oxide at 15% in H20 colloidal dispersion, was
procured from Alfa Aesar. Prior to spin-coating as an electron transport layer (ETL), the SnO>
nanoparticles were diluted with deionized water (DI) to a concentration of 2.67 wt.%. The
organic spacer precursor 2-(2-thienyl) pyridine (98% unprotonated form), as well as Pbl, and
methyl ammonium iodide (MAI), were sourced from TCI. Solvents such as dimethyl sulfoxide
(DMSO0), N,N-dimethylformamide (DMF), and others, along with freshly delivered hydroiodic
acid (HI ~57 wt.%), were obtained from Sigma-Aldrich. The hole transport layer (HTL)
material, 2,2',7,7'-tetrakis-(N,N-di-4-methoxyphenyl amino)-9,9’-spirobifluorene (Spiro-
OMeTAD), was purchased from Borun Chem. 4-(trifluoromethyl)benzonitrile, 3,5-
difluorobenzonitrile, 2,3,4,5,6-pentafluorobenzonitrile, Trimethylaluminum (Al(CHs3)3), NHal,
and toluene were purchased from commercial suppliers and used as received. All solvents were
dried according to standard procedures. Air-sensitive reactions were carried out under nitrogen
atmosphere. Analytical thin-layer chromatography (TLC) was performed using aluminum-
coated Merck Kieselgel 60 F254 plates.

Synthetic details and characterization

The corresponding fluorinated benzene-1-carboximidamidium iodide was synthesized with a
slight modification of a previously reported procedure. All the compounds showed identical

spectroscopic properties to those reported therein.[*-1
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Figure S1. Synthetic pathway for the preparation of fluorinated benzene-1-carboximidamidium iodide.

Over a suspension of NHal (3 eq) in dry toluene (15 mL), a 2M solution of AlMes in toluene

(3 eq) was added dropwise at 0 °C using an ice bath under N2 atmosphere. After the addition,
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the mixture was warmed to r. t. and stirred for 1 h until gas evolution ceased. Then, the
corresponding fluoro-substituted benzonitrile (1 eq) was added to the mixture dissolved in
additional dry toluene (15 mL). The mixture was heated at 80 °C during 48h. After cooling
down to r. t., the reaction the reaction was quenched with the addition of MeOH and a white
precipitate was formed. The white solid was removed by filtration and washed with additional
MeOH. The organic solvents were removed under reduced pressure and the remaining solid
was suspended in diethyl ether, filtered and washed with additional diethyl ether and pentane
to afford the fluorinated benzenecarboximidamidium iodide as off-white solids, yielding from

67 to 82%. The organic cations were used for device fabrication without further purification.
Synthesis of 3,5-difluorobenzene-1-carboximidamidium iodide (2F)

Following the general procedure, 3,5-difluorobenzonitrile (1 g, 7.19 mmol), AlMe3 (21.57
mmol, 10.8 mL) and NHal (3.13 g, 21.57 mmol) were mixed to give rise the desired
benzenecarboximidamidium iodide salt (1.67 g, mmol, 82 % vyield). *H NMR (400 MHz,
DMSO-ds) &/ppm: 8.54 (s, 1H), 8.50 (s, 2H), 7.84 (br, 4H); °F NMR (376 MHz, DMSO-ds,
298 K) 8/ppm: -61.27 (s) ppm; Mass analysis calcd for C7H7F2N2* [M™], 157.05; found 157.0.

(trifluoromethyl)benzene-1-carboximidamidium iodide (3F)

Following the general procedure, 4-(trifluoromethyl)benzonitrile (1 g, 5.84 mmol), AlMe3
(17.53 mmol, 8.8 mL) and NHal (2.54 g, 17.53 mmol) were mixed to give rise the desired
benzenecarboximidamidium iodide salt (1.44 g, mmol, 78 % yield). 'H NMR (400 MHz,
DMSO-ds) 8/ppm: 8.03 (m, 4H), 7.81 (br, 4H); 1°F NMR (376 MHz, DMSO-ds, 298 K) &/ppm:
-61.68 (s) ppm; Mass analysis calcd for CsHgFsN2* [M*], 189.06; found 189.0.

2,3,4,5,6-pentafluorobenzene-1-carboximidamidium iodide (5F)

Following the general procedure, 2,3,4,5,6-pentafluorobenzonitrile (1 g, 5.18 mmol), AlMes
(15.54 mmol, 7.8 mL) and NHal (2.25 g, 15.54 mmol) were mixed to give rise the desired
benzenecarboximidamidium iodide salt (1.17 g, mmol, 67 % yield). *H NMR (400 MHz,
DMSO-ds) 8/ppm: 7.57 (br, 4H); *°F NMR (376 MHz, DMSO-ds, 298 K) &/ppm: -138.84 (m),
-147.15 (t, J = 17 Hz), -160.21 (m) ppm; Mass analysis calcd for C7HsFsN2* [M*], 211.03;
found 211.0.

Fabrication of 3D/LDP Perovskite Solar Cells

Prior to further processing, the ITO substrates measuring 3 cm x 3 cm underwent a sequence

of cleaning procedures. Initially, they were etched using a solution consisting of 3 M
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hydrochloric acid (HCI) and Zn powder and then cleaned by washing with deionized water.
Afterwards, the substrates underwent sequential sonication in a 2% detergent (Hellmanex™
[11) solution, DI water, ethanol, and isopropanol, with each step lasting 15 minutes.
Subsequently, the specimens were subjected to nitrogen flow drying and subsequently exposed
to nitrogen plasma for 15 minutes. The ITO substrate was spin-coated with a diluted solution
of SnO2 nanoparticles (2.67 wt% in water) at 4000 rpm for 35 seconds in air, followed by 30
minutes of annealing at 150°C in air. Before perovskite coating, the SnO»-coated substrates
were subjected to an additional 10-minute cleaning stage in a UV-O3 environment. To deposit
perovskites, the precursors employed in the one-step "anti-solvent” method were Pbl, (1.68 M,
5% excess), MAI (1.60 M), and DMSO (1.60 M) in 1 mL DMF. These precursors were applied
to the SnO- layer. After 10 seconds of deposition at 1000 rpm, the material was rapidly spun
at 3500 rpm for 20 seconds. Anti-solvent ethyl acetate was introduced onto the perovskite film
in the final 10 s of the spinning process. The sample was subsequently annealed at 130°C for
ten minutes. To apply surface treatment to the perovskite films, a solution containing 2 mg/mi
of each organic spacers in isopropanol was spin-coated onto the films at 4000 rpm for 30
seconds. Subsequently, the substrate was subjected to heat treatment at 100°C for 5 minutes.
A solution consisting of 72.3 mg spiro-OMeTAD, 35 ul bis(trifluoromethane) sulfonimide
lithium salt (LiTFSI) stock solution (270 mg LiTFSI in 1 ml acetonitrile), 30 pl 4-tert-
butylpyridine, and 1 ml chlorobenzene was spin-coated to deposit the hole transport material
(HTM). The process lasted 30 seconds at 3000 rpm. A 70 nanometer thin film of Au was

subsequently thermally evaporated onto the HTM layer under a high vacuum.
General characterization techniques:

Nuclear Magnetic Resonance spectroscopy (NMR): was recorded on a Bruker Advance 300
(*H: 400 MHz; 3C: 101 MHz) spectrometer at 298 K using partially deuterated solvents as
internal standards. Coupling constants (J) are denoted in Hz and chemical shifts (8) in ppm.

Multiplicities are denoted as follows: s = singlet, d = doublet, t = triplet, m = multiplet.
FTIR spectra: were recorded on a Bruker Tensor 27 (ATR device) spectrometer.

Mass spectra: were performed using a Mass Spectrophotometer QTOF Bruker Impact 11 using

electrospray ionization (ESI).

UV-vis absorption (UV-vis): measured using a Perkin Elmer Lambda 1050 spectrometer

equipped with an integrating sphere.

113



The Role of Fluorine-Functionalized Organic Spacers for Defect Passivation and Low-
Dimensional Phase in 3D MAPI Perovskite Solar Cells

Photoluminescence (PL): spectroscopy utilized a Picoquant Fluotime 300 spectrofluorometer,
employing an excitation wavelength of 375 nm. Current-voltage (J-V) characteristics were
measured under ambient conditions using a Newport OrielSol 2A solar simulator (AM 1.5G -

100 mW cm™2) in conjunction with a Keithley 2400 source meter.

The solar simulator: The solar simulator was calibrated using a silicon cell certified by
Fraunhofer ISE with KG5-filtered light. The active area of the solar cells was defined by a
square metal aperture mask, with an area equal to 0.0831 cm?. J-V curves were recorded by
scanning the input bias from -0.1 V to 1.2 V (forward scan) at a scan rate of 0.1 V/s after
maintaining the devices at 1.2 V for 5 seconds under illumination. For light intensity-dependent
J-V measurements, a white light LED served as the light source, with intensity adjusted using
a Keithley 2200-20-5 Power Supply. A highly linear photodiode controlled the light intensity
within the range of 0.1 — 1.2 suns, and J-V curves were measured using a Keithley 2401 source

meter.

External Quantum Efficiency (EQE): For acquiring EQE spectra, the photovoltaic cells
underwent illumination with modulated light from a tungsten lamp, directed through a
monochromator. The light beam was then divided to simultaneously illuminate the sample and
a reference silicon photodetector (Hamamatsu S2281-01). The wavelength-dependent current
responses of both devices were recorded concurrently using two lock-in amplifiers (Signal
Recovery 7265, Stanford Research Systems 830) at a chopping frequency of 14 Hz. The
incident illumination power, determined through the reference photodetector, was utilized to

calculate the EQE response of the perovskite solar cell.

X-Ray Diffraction (XRD): was conducted using a Bruker D8 Discover X-ray diffractometer,
operated at 40 kV and 30 mA. The diffracted X-ray beam passed through a Ni filter, and Cu
Kal radiation (A = 1.5406 A) along with a position sensitive LynxEye detector was employed.

Powder X-Ray Diffraction (P-XRD): measurements were performed using a STOE STADI P
diffractometer in Debye—Scherrer geometry, operating at 40 kV and 40 mA. The system
utilized monochromated Cu-Kal radiation (A = 1.5406 A) with a Ge(111) single crystal
monochromator and a DECTRIS MYTHEN 1K detector.

Grazing-incidence wide-angle X-ray scattering (GIWAXS): Measurements of GIWAXS data
were conducted using an Anton-Paar Saxspoint 2.0 equipped with a Primux 100 microfocus
source utilizing Cu-Kal radiation (A = 1.5406 A) and a Dectris Eiger R 1M 2D Detector.
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Scanning Electron Microscopy (SEM) Cathodoluminescence (CL): SEM/CL analysis was
carried out through a field-emission scanning electron microscope (JSM-7100f, JEOL)
equipped with secondary electron detector (SED), backscattered electron detector (BED) and
cathodoluminescence (CL) detector (MonoCL4, GATAN). CL maps have been acquired in
panchromatic mode. Beam parameters for SED/BED imaging: beam energy 5 KeV; probe

current 0.1 nA. For SEM/CL mapping: beam energy 2 KeV; probe current ~0.06 nA.

Atomic Force Microscopy (AFM): measurements were conducted in NeaSNOM instrument
(AFM mode) from attocube systems AG. Silicon tips (Arrow-NcPt) were used at a resonant
frequency (R.F ~ 258 kHz) in intermittent contact mode and at a tapping amplitude of 80 nm
before landing. Gwyddion software was used for image processing and the images shown were
flattened by plane subtraction and background polynomial removal.

HR-TEM studies: Transmission Electron Microscopy (TEM) investigations were performed
using a JEOL 2100F instrument operating at 200 kV. MAPI perovskite thin films served as the
source material. Sample preparations involved removing the perovskite from the substrate and

transferring it onto the surface of a lacey coated copper TEM grid.

Space-Charge Limited Current (SCLC): To assess the impact of surface passivation on trap-
density using the SCLC technique, electron-only devices consisting of ITO/SnO2/MAPI with
or without ThPylI/PCBM/Au were fabricated. The electron-only device configuration for bulk-
passivated 3D MAPI is ITO/SnO2/Perovskite with 2F (or 3F or 5F)/PCBM/BCP/Ag.

X-ray Photoelectron Spectroscopy (XPS): analyses were taken with a Thermo Scientific XPS

microprobe using monochromatic Al Ko X-ray.

DFT Calculations: DFT calculations were performed using the Projector Augmented Wave
(PAW) method as implemented in the Vienna Ab-initio Simulation Package (VASP).[6% The
Perdew, Burke, and Ernzerhof (PBE) functional was used as the exchange-correlation
functional within the generalized gradient approximation.l®! To account for van der Waals
(VdW) interactions, the D3 correction was employed.[*”) The force and energy convergence

criteria in the calculations were set to 0.02eV/A and 107°eV, respectively.

For the geometry optimization, and the calculations of the binding energies, MAI-terminated
MAPbI; slabs were used, composed of a 2x2x3 super cell and a vacuum region of ~ 20A to
separate the slabs. The primitive unit cells used are cubic with a lattice parameter of a=6.37A.

A 3x3x1 Monkhorst-Pack k-point mesh was used.[** The plane-wave basis cutoff energy was
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set to 500 eV. During the geometry optimization, the atomic positions of the top and the bottom

layers were allowed to relax, and the middle layer remained fixed.

To study the effect of passivation ligands, the surface of the slab is changed from MA-I to xF-
| layers, after which the slab is relaxed again. The binding energy of low coverage of the xF-I

on the Pb-I terminated surface was calculated using the equation:

E, = E(MAPbDI; slab, xFI terminated) — E(MAPDI; slab, Pbl terminated) — E (xFI) —

3E(MALI), and for full coverage, it was calculated using
E;, = E(MAPbDI; slab, XFI terminated) — E(MAPDI; slab, Pbl terminated) — 4E (XFI).

The xFI ligand-halide ion pairs have been relaxed in VASP in a 30Ax30Ax30A box. The
electrostatic potential and the dipole moment of these systems were evaluated using a TZP
basis set incorporated in the Amsterdam Density Functional (ADF) program.™? This was done
using Becke’s three-parameter hybrid method and the Lee-Yang-Parr’s correlation functional
(B3LYP).I'324] Besides the projected density of states (pDOS) was calculated for the bare

molecules without the I-H group of which the results are shown below in Figure S13.
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Figure S2a. "H NMR (400 MHz, DMSO-ds, 298 K) of 2F. 3,5-difluorobenzene- 1 -carboximidamidium iodide
(2F).
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Figure S2b. **F NMR (376 MHz, DMSO-ds, 298 K) of 2F. 3,5-difluorobenzene-1-carboximidamidium iodide
(2F).
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Figure S2c. MS-ESI mass spectrum of 3,5-difluorobenzene-1-carboximidamidium iodide (2F).
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Figure S3a. 'H NMR (400 MHz, DMSO-ds, 298 K) of (trifluoromethyl)benzene-1-carboximidamidium iodide
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Figure S3b. °F NMR (376 MHz, DMSO-ds, 298 K) of (trifluoromethyl)benzene-1-carboximidamidium iodide

(3F).
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Figure S3c. MS-ESI mass spectrum of (trifluoromethyl)benzene-1-carboximidamidium iodide (3F).
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Figure S4a. 'H NMR (400 MHz, DMSO-ds, 298 K) of 2,3,4,5,6-pentafluorobenzene-1-carboximidamidium
iodide (5F).
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Figure S4b. ”F NMR (376 MHz, DMSO-ds, 298 K) of 2,3,4,5 6-pentafluorobenzene-1-carboximidamidium
iodide (5F).
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Figure S4c. MS-ESI mass spectrum of 2,3,4,5,6-pentafluorobenzene-1-carboximidamidium iodide (5F).
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Figure S6. SEM images of a-d) 3D MAPI control film, 2F-3D/LDP, 3F-3D/LDP, and 5F-3D/LDP MAPI

perovskite films were recorded using BED detectors respectively.
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Figure S7. SEM image of 3D Control recorded using (a) SED and (b-e) CL detectors. The CL images are recorded
with 2 min delay time (b = 0 min). (f) Spectrum recorded from 3D control.
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Figure S8. AFM surface morphologies and roughness (RMS values) a) 3D Control, b)2F-, ¢) 3F-, d) 5F- treated
3D/LDP perovskite films.

122



The Role of Fluorine-Functionalized Organic Spacers for Defect Passivation and Low-
Dimensional Phase in 3D MAPI Perovskite Solar Cells

Pure Org. Spa.5F
Pure Org. Spa.3F
- Pure Org. Spa. 2F
=
n
£ — L
e
=
E°)
Q
N
©
£
*]
=
1 T 1 T T " T T T T T T T "

5 10 15 20 25 30 35
207

Figure S9. Powder XRD patterns of pure organic spacers 2F, 3F, 5F respectively.
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Figure S10. F1s core level XPS spectra of 3D MAPI control film, 2F-3D/LDP, 3F-3D/LDP, and 5F-3D/LDP
MAPI perovskite films.
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Figure S11. 'H-NMR spectra of 3F organic spacer with and without Pbl; in de- DMSO.
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Figure S12. Pseudo-XRD data extracted by integrating the intensity 2D GIWAXS data for corresponding

perovskite films in a) g space and b) angular space.
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FigureS13. Projected density of states of xF molecules (2F, 3F, 5F, 3FC), calculated by DFT. The PDOS of 3F
and 3FC were aligned with respect to the core levels of Pb, and the 2F and 5F are aligned with respect to the core
levels of the fluorine atoms.
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FigureS14. a-d) SEM-crossection view of the corresponding perovskite films on ITO/SnO,.
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Figure S15. The statistical distribution of 3D Control and 2F-treated 3D/LDP photovoltaic parameters.
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Figure S16. The statistical distribution of photovoltaic parameters of the 3D Control, 3F-treated 3D/LDP.
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Figure S17. The statistical distribution of photovoltaic parameters of the 3D Control, 5F-treated 3D/LDP.
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Table S1. Binding energies of the Pb4fs;2, Pb4f72, 13ds/2 and 13ds/2 orbitals of corresponding

perovskite films.

Sample Pbst2 (V)  Pbrz (eV) I3412 (eV) Isa2 (eV)
3D MAPI Control 143 138.2 630.6 619.1
oF 142.7 137.9 630.3 618.8
3F 142.6 137.8 630.1 618.6
5F 142.7 137.9 630.2 618.7

Table S2. Time-resolved photoluminescence decay components of 3D MAPI reference, and
treated 3D/LDP perovskite films.

Sample A,(%) 71 (is) A2 (%) 7, (1) Tave, (15)
3D MAPI Control 57.92 0.049 42.08 0.112 0.075

2F 48.16 0.052 51.84 0.142 0.088

3F 38.48 0.057 61.52 0.213 0.156

5F 39.09 0.061 60.91 0.190 0.140

Table S3. PV parameters for the champion devices. The values obtained from the reverse

scan are indicated within parenthesis.

Integrated .
. Jsc Hysteresis
Device PCE % Voc (V) FF Photocurrent
(mA\cm?) Index %
(mA\cm?)
3D
Control  21.99(21.52) 17.61(16.52) 1.07(1.06) 0.74(0.72) 20.94 (Jsc -4.77%) 6.2
2F 22.03(21.72) 17.91(17.00) 1.08(1.07) 0.75(0.73) 21.03 (Jsc -4.53%) 5.1
3F 22.34(22.19) 19.22(19.05) 1.10(1.09) 0.77(0.77) 21.44 (Jsc-4.45%) 0.9
SF 22.13(22.05) 18.93(18.65) 1.09(1.08) 0.76(0.76) 21.23 (Jsc-4.10 %) 15
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5. CONCLUSION

In this thesis, we focused on doing extensive study on the defects that appear at the surfaces,
grain boundaries and bulk structure of polycrystalline lead-based 3D MAPI perovskite
materials. These defects have a significant negative impact on the performance and long-term
stability of PV devices made with these materials. To address these unavoidable defects caused
by low-temperature solution-based processing methods, we studied different materials and
concepts with the goal of developing feasible solutions to these issues. Among different
passivation strategies, incorporation of the low dimensional phase (LDP) into the 3D MAPI
structure is a rational approach, and 3D/LDP mixed dimensional PSCs are fabricated to
neutralize the defects occurring in the perovskite structure.

Firstly, our research focused on developing and applying a novel thiophene-based organic
spacer, ThPyl, with a heterocyclic structure in perovskite solar cells. A new thiophene-based
ThPyl organic spacer with a heterocyclic structure was created and used as both a defect
passivator and an organic spacer in surface- and bulk-passivated 3D MAPI-based perovskite
devices. Our findings show that the ThPyl organic spacer is a viable option for producing 1D
perovskitoids in perovskite-based solar cells. TRPL results indicated that the fluorescence
lifetimes in both passivated devices increased, contributing to improved performance.
Furthermore, ThPyl-based perovskite devices outperformed their 3D counterparts in terms of
efficiency and environmental stability. Bulk-passivated 3D PV devices demonstrated much
improved environmental and light-thermal stability when compared to surface-passivated
devices. Importantly, this unique organic compound significantly triggered the preferential
orientation of the 3D perovskite slabs' crystalline orientation (vertical orientation of the (110)
planes with respect to the substrate) in the films compared to the MACI additive. This study
contributes to the literature on thiophane-based organic spacers and offers a new perspective
on organic spacer design. We believe that the above findings will contribute to the development
of a logical method for the design of organic agents that serve numerous functions as defect
passivators, crystalline orientation promoters, and organic spacers in diverse perovskite-based

solar cells.

Then, fluorine-functionalized organic spacers (2F, 3F, and 5F) were successfully implemented
to minimize defects and produce mixed-dimensional 3D/LDP MAPI perovskite devices.
Dipole moment research (evaluation) reveals how fluorine atoms influence the properties of

molecules. Dipole moment study demonstrates the impact of fluorine atoms on molecular
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properties. Considering both full and partial coverage, we computed the Eb of these chemical
structures on the Pb-I terminated perovskite surface. Our DFT results show that the stability
and efficiency of MAPI-based solar cells are enhanced by fluorine-functionalized organic
cations. The immobilization of fluorine-containing molecules on surfaces, as well as the
passivation of exposed Pb bonds by these organic cations, significantly improve the endurance
of perovskite- based solar cells. The efficacy of the passivating molecules and LDP was
established by SSPL and TRPL analysis, which revealed potential reductions in non-radiative
recombination losses in treated films. CL analysis was used to provide a more complete
understanding of the emission properties of both untreated and treated perovskite films.
Although the 3D control showed emission from both MAPI and excess Pbly, the treated films
that formed LDP showed non-emissive qualities from the agglomerates while emitting a signal
from the 3D MAPI. Additional experiments employing XRD, GIWAXS, and HR-TEM
revealed LDP structures. These studies of treated films revealed variations in crystallinity and
surface composition. These findings provide light on the complex relationship between surface
morphology, molecular structure, and optoelectronic properties in PSCs, giving critical
information for optimizing and increasing device performance. This study brings up new
possibilities for developing organic spacers to reduce the consequences of defects in 3D/LDP
PSC.
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