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ABSTRACT

Perovskite solar cells (PSCs) have attracted significant attention for their impressive

power conversion efficiencies (PCEs) in recent years However, further improvements

in device performance remain a major challenge. One of the key limiting factors is the

presence of surface defects in the perovskite layer, which promote nonradiative

recombination and cause carrier transport losses, particularly at the interface

between the perovskite and the electron-selective contact layer (e.g., C₆₀). To address

these issues, interface engineering of the perovskite absorber layer has emerged as a

widely adopted and effective strategy for minimizing interfacial losses and enhancing

overall device efficiency. Organic ammonium halide salts are commonly used as

surface modifiers in the form of 2D perovskites to create 2D/3D bilayer structures

that enhance efficiency and stability. This thesis investigates the use of

phenethylammonium iodide (PEAI) as a 2D passivation for surface passivation of

triple-cation perovskite materials, specifically Cs0.05(MA0.02FA0.98)0.95Pb(I0.98Br0.02)3.

We demonstrate that PEAI passivation effectively reduces surface defects, suppresses

nonradiative recombination, and leads to enhanced charge carrier dynamics. As a

result, devices treated with PEAI achieve a PCE of 20.6%, compared to 18.9% for the

control device. This overall improvement in PCE primarily arises from increases in

open-circuit voltage (Voc) and fill factor (FF), attributed to the beneficial passivation

effect of the 2D layer. This is further supported by enhanced photoluminescence (PL)

and electroluminescence (EL) emission. In contrast, the short-circuit current density

(Jsc) remains nearly unchanged, consistent with the unaltered optical absorption and

external quantum efficiency (EQE) spectra. Despite their benefits, 2D perovskite

layers can damage the underlying 3D perovskite during post-annealing and introduce

exciton transport barriers due to degradation of the 2D itself. To avoid these issues,

we directly applied phenethylammonium iodide (PEAI) without post-annealing. This

prevents the formation of a separate 2D phase and preserves efficient charge

transport in the 3D structure, while still enhancing device performance.

Keywords: perovskite solar cell, phenethylammonium iodide, surface passivation,

nonradiative recombination, 2D perovskite, power conversion efficiency
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CHAPTER ONE

1. INTRODUCTION

1.1 Background of study
The increasing global energy demand and the depletion of fossil fuels have

accelerated the finding for alternative energy resources. Various renewable energy

technologies, including wind, hydroelectric, geothermal, and conventional solar

power, are currently under investigation (Ang et al., 2022); however, inorganic-

organic perovskite solar cells (PSCs) have attracted considerable research central goal

as a promising PV technology (R. He et al., 2021). Perovskite materials demonstrate

high potential in different optoelectronic devices, including photovoltaics, light-

emitting diodes, photodetectors, and lasers (Jeon et al., 2018). Among these

applications, the enhancement of solution processed perovskites in PVs is noteworthy;

due to their super light absorption and exciton transport properties have led to PCEs

surpassing 27% (Jiang et al., 2019; Li et al., 2019).

This elevated attention is attributed to their production cost effectiveness and rapidly

improving PCEs, which now surpass 27% (Sharma et al., 2022). However, it is

important to emphasize that even with these remarkable PCE values, they still do not

reach the Shockley-Queisser limit (Zhou et al., 2021). As short circuit current density

(Jsc) approaches its theoretical limits (∼ 26 mA cm-2) and the fill factor (FF) achieves

high levels exceeding 80% (Liu et al., 2019; Yoo et al., 2019). Significant efforts are

being dedicated to enhancing the open-circuit voltage (Voc) of PSCs. To further

enhance the efficiency of PSCs devices and facilitate their widespread implementation

for sustainable and affordable energy solutions, numerous research strategies are

being actively pursued, although certain obstacles persist. Along with compositional

engineering and the modulation of the work function of the charge transport layers,

(Hu et al., 2018; Wang et al., 2017), passivation of imperfection is recently a

prevalent and efficient approach to reduce Voc loss, given the strong correlation

between nonradiative recombination of charge and the Voc of PSCs. Notably,

nonradiative recombination cause a significant challenge that requiring in-depth study

(Tao et al., 2024), as the passivation of detrimental defects at perovskite surfaces

and/or grain boundaries is essential to minimize the formation of undesirable
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recombination centers that trap photo generated charge carriers (Seshaiah & Kim,

2024).

Various research technique are being extensively explored to improve the

performance of perovskite devices. These strategies encompass the improvement of

perovskite material composition, interface engineering, antisolvent methods for film

crystallization control, and perovskite surface passivation. Among the various surface

passivation strategies reported are thin protective capping layer (Bi et al., 2017),

Lewis bases (Wang et al., 2020), low-dimensional perovskite (Liu et al., 2020), and

organic ammonium halide salts (Akin et al., 2021). These surface Passivation

techniques can be strategically implemented at different interfaces of PSCs device,

including at the HTL/perovskite layer, perovskite layer/ETL, HTL/anode,

ETL/cathode, and also at grain boundaries within the perovskite layer.

A central objective of perovskite surface passivation is to suppress surface defects (Fu

et al., 2020) and enhance operational stability of perovskite devices (Gu et al., 2021).

These passivation materials can be classified into two categories: those that modify

only the perovskite surface without forming any new perovskite layer on top of the

3D perovskite (Wu et al., 2022), and those that form a 2D perovskite layer on top of

the 3D perovskite layer (Yu et al., 2022). Organic ammonium halide salts offer a

versatile approach, that capable of enhancing the in-situ formation of 2D/3D

perovskite heterostructures to enhance both device stability and efficiency. Although

post-annealing treatments are applied most of time to enhance crystallinity, some

studies have reported that such thermal steps may negatively affect the underlying 3D

perovskite and introduce time and energy inefficiencies (Jiang et al., 2021),

Consequently, direct deposition without post annealing has used as a promising

strategy to protect the bulk 3D perovskite while minimizing interfacial charge

transport barriers. This approach not only maintains bulk integrity but also promotes

defect passivation without introducing a significant resistive interface (Jiang et al.,

2019).

The most efficient way to enhance the performance of PSCs devices often involves

treating their surfaces, since the surface is particularly exposed to imperfections.

Consequently, the application of 2D perovskite materials for surface defect treatment
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become a promising approach (Cho et al., 2018; Iagher & Etgar, 2018). Due to the

strong electronegativity of fluorine, fluorinated organic ammonium halides typically

repel water and shows poor wettability. Poor wettablity resulted from reduced

dispersion forces is the main reason for their use as passivation layers in the form of

2D perovskites to create stable and high performing PSCs (Chen et al., 2020;

Ishikawa et al., 2020). Jiang, Q., et al., (Jiang et al., 2019), demonstrated that the

direct application of phenethylammonium iodide (PEAI) for 3D perovskite surface

passivation, without forming a distinct 2D layer, resulted in a significant PCE of

23.3%, attributed to a reduction in defect density. In contrast, Researchers led by

Bolink also described the creation of 2D/3D/2D perovskite structures with well-

defined boundaries by employing a dual-source vacuum deposition method (La-Placa

et al., 2019). Nevertheless, the resulting PEA2PbI4 2D perovskite layer, which

exhibited a parallel arrangement and high compositional uniformity, was found to

significantly impede the movement of electrical charges. This suggests that while 2D

perovskite passivation exhibit great potential, the specific processing condition,

method and resulting interfacial properties are critical. Ultimately, future surface

passivation strategies may also benefit from innovative approaches such as the

solution based integration of perovskite quantum dots (Wu et al., 2022).

In this work we focused on surface passivation of triple cation perovskite materials,

specifically Cs0.05(MA0.02FA0.98)0.95Pb(I0.98Br0.02)3, using PEAI. This post deposition

surface treatment strategy is designed to reduce surface defect densities and suppress

nonradiative recombination, thereby enhancing the Voc, FF and overall PCE. By

avoiding the formation of a distinct insulating 2D layer, this approach maintains

favorable charge transport pathways and demonstrates the critical role of interface-

sensitive passivation strategies in boosting the performance of PSCs. Through various

optical and electrical characterizations, we found that PEAI surface passivation

enhances both photoluminescence (PL) and electroluminescence (EL) emission,

without altering the intrinsic optical properties of the device.
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1.2 Statement of problem

Nowadays PSCs become thematic research area as a promising PV technology due to

their advantage such as cost effectiveness and high PCEs. despite, the advancements

in PSCs development and the achievement of high PCEs, the performance of these

devices is challenged by losses within the perovskite layer (Sharma et al., 2022). The

formation of nonradiative recombination within the perovskite material are the critical

challenge in PSC technology (Wolff et al., 2019). Specifically, nonradiative

recombination occurs most of the time at surface and grain boundary sites of

perovskite materials, so that the energy is lost as heat instead of being converted to

electricity (Luo et al., 2020). To tackle the issue of nonradiative recombination, a

different of surface passivation techniques have been developed. Among these, the

utilization of organic ammonium halide salts to passivate surface and grain boundary

sites has demonstrated considerable promise in reducing nonradiative recombination.

This thesis investigates the use of phenylethylammonium iodide (PEAI) to passivate

the surface of 3D perovskite layer without post annealing process, aiming to mitigate

nonradiative recombination and thereby enhance the efficiency of PSCS.

1.3 Objectives

1.3.1 General objective

The general objective of this thesis is to improve the efficiency of PSCs

(Cs0.05(MA0.02FA0.98)0.95Pb(I0.98Br0.02)3) by employing phenylethylammonium iodide

(PEAI) to passivate surface of perovskite layer.

1.3.2 Specific objectives

To achieve the goal of this study, the specific objectives can be summarized as below:

 To synthesis Cs0.05(MA0.02FA0.98)0.95Pb(I0.98Br0.02)3 thin film by spin coating and

characterize it by XRD, UV, PL, EL, and SEM.

 To passivate surface of Cs0.05(MA0.02FA0.98)0.95Pb(I0.98Br0.02)3 with PEAI solution

by spin coating method and characterize the PEAI treated perovskite film with

XRD, UV, PL, EL, and SEM.

 To fabricate planar inverted perovskite solar cell device with sequence of

glass/ITO/MeO-2PACz/Cs0.05(MA0.02FA0.98)0.95Pb(I0.98Br0.02)3/(PEAI)/C60/BCP/Cu

and characterize device with J-V and EQE.
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1.4 Significance of the study
To satisfy the increasing global energy demand, the pursuit of renewable and

environmentally friendly energy sources has become critical. For the past 40 years,

the world energy consumption has more than doubled, reaching around 18.5 terawatt-

years by 2022 (Polo, 2021). Prediction indicate that, between 2020 and 2040, global

energy consumption from fossil fuels such as natural gas , oil, and coal is predicted to

grow at an average annual rate of 0.6% (Zhukovskiy et al., 2021). However, these

conventional energy sources are become a large contributors to carbon dioxide (CO₂)

emissions, which are the main factor of anthropogenic greenhouse gases and global

warming. In Ethiopia, a substantial portion of the population resides in rural areas,

where access to electricity remains limited to access. The nation electricity supply is

basically generated from hydropower, accounting for over 96%, while biofuels

continue to meet the majority of household energy needs for cooking, heating, and off

grid lighting. Nevertheless, Ethiopia has set an ambitious goal to transition toward

carbon neutral energy sources by 2025 (Njenga & Phiri, 2024). The development of

renewable energy technologies specifically, highly efficient solar cell devices, possess

a promising option to tackle global energy and environmental challenges. This work

aims to contribute to better energy access for rural populations in Ethiopia by

harnessing solar power. Importantly, the fabrication approach explored in this study

enables the production of PSCs inside controlled environments, such as glove boxes,

thereby enhance the overall efficiency of the devices.
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1.5 Scope of the study
This study is centered on the preparation and characterization of PSCs that contain a

mixed-cation, mixed halide perovskite absorber layer with the composition

Cs0.05(MA0.02FA0.98)0.95Pb(I0.98Br0.02)3. This perovskite material was synthesized by

dissolving perovskite precursor in 4:1 ratio of DMF and DMSO respectively, whereas

the interfacial layers MeO-2PACz and phenylethylammonium iodide (PEAI) were

prepared by dissolving their precursors in ethanol and isopropanol solvents,

respectively. Then the device was fabricated by spin-coating MeO-2PACz as HTL

material on ITO glass, followed by annealing on hot plate, perovskite active layer

were then deposited by spin coating, and subsequent coating of the PEAI passivation

layer. Finally the device is transferred to chamber where thermal evaporation of C60

and BCP electron transport layers are take place, and finally, copper (Cu) was

deposited as the top electrode, resulting in a complete p-i-n structured device with the

configuration with and without PEAI treatment as ITO/MeO-2PACz

/Cs0.05(MA0.02FA0.98)0.95Pb(I0.98Br0.02)3/PEAI/C60/BCP/Cu. Then once the synthesis of

perovskite films were done, it is subjected to different characterization techniques

including X-ray diffraction (XRD), ultraviolet-visible (UV-Vis) spectroscopy,

photoluminescence (PL), electroluminescence (EL), and scanning electron

microscopy (SEM) to evaluate their structural, optical, and morphological properties.

Finally, the fabricated devices, with and without the PEAI passivation, were

characterized for photovoltaic performance using J–V measurements under simulated

solar illumination, enable to study the photovoltaic efficiency and the role of surface

passivation in device performance enhancement.
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CHAPTER TWO

2. LITERATURE REVIEW

2.1 Solar energy
Energy generation has become a serious issue since the industrial revolution,

especially with the rapid growth of the world population. This increase the need for

energy, specially electrical energy, which is fueled by the expansion of migration to

previously unpopulated areas, communities, and ongoing technological progress.

(Jaiswal et al., 2022). Natural gas, oil, and fossil fuels coal have been the dominant

sources of energy worldwide (Deshmukh et al., 2023). Fossil fuels like oil, coal, and

natural gas are nonrenewable energy sources that originate from ancient organic

material (Hafezi & Alipour, 2021). They are known for their high energy density and

established infrastructure, they are efficient and easy to apply (Kumar & Rathore,

2023).

The use of fossil fuels is a major source of CO2 emissions, which drive significant

climate change and environmental degradation (Andrew, 2020). Furthermore, the

extraction of these resources leads to their depletion and poses various environmental

hazards. Dependence on fossil fuels can also fuel geopolitical instability and

economic insecurity due to fluctuating supply and prices. Consequently, the adoption

of reliable, environmentally friendly, and efficient energy alternatives is crucial for

ensuring a sustainable and healthy future(Almalki et al., 2023).

A range of sustainable energy options, such as solar, wind, hydropower, and

geothermal power (as depicted in Figure 1), offer environmentally benign solutions

that warrant serious consideration. (Amjith & Bavanish, 2022). For a number of

reasons, solar energy sticks out among these as a particularly promising choice going

forward. First of all, Out of renewable energy sources, solar energy is the most

plentiful. The Earth absorbs roughly 1.8 × 1014 kW of the energy that the sun emits at

a rate of 3.8 × 1023 kW. Heat and light are the forms that this energy comes in as, but

as it passes through the atmosphere, a large portion of it is lost to cloud dispersion,

reflection, and absorption. Solar energy is abundant and readily available, making it a

strong contender to meet the world's energy demands even in spite of these losses (El-

Afifi, 2024).
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2.2 Photovoltaic technology
Photovoltaic (PV) devices, predominantly based on semiconductor materials such as

silicon, generate electricity by inducing electronic excitation. The fundamental

mechanism involves the absorption of incident light, which provides the energy

necessary to promote electrons from lower to higher energy states. This excitation

process generates a substantial concentration of mobile charge carriers within the

semiconductor, ultimately leading to the production of electrical current (Rahman et

al., 2022). Various photovoltaic technologies exist, including multi-junction cells,

monocrystalline silicon, polycrystalline silicon, amorphous thin-film, cadmium

telluride (CdTe), copper indium gallium selenium (CIGS), copper zinc tin sulfide,

OSCs, dye-sensitized solar cells, and PSCs.

Figure 1. Fossil fuel based (a) and renewable energy source (b) (Hoppe & Sariciftci,

2004).

a
)

b
)
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2.3 Perovskite structure
In 1839, Gustav Rose identified a naturally occurring mineral with the chemical

composition calcium titanate (CaTiO3). The term "perovskite structure" now denotes

any material exhibiting the same fundamental crystal lattice arrangement as this initial

discovery (Passi & Pal, 2021). Perovskite materials are characterized by the general

chemical formula ABX₃, where the A-site is occupied by monovalent cations such as

formamidinium (FA, CH(NH₂)₂+), methylammonium (MA, CH₃NH₃⁺), and cesium

(Cs⁺). The B-site is typically occupied by divalent cations, most commonly lead (Pb²⁺)

or tin (Sn²⁺), while X represents halide anions that coordinate with both A and B

cations. Within the canonical perovskite crystal structure, the B cation resides at the

center of an octahedral [BX₆]⁴⁻ unit, and the A cation is coordinated by twelve X

anions in a cuboctahedral geometry. The cubic structure is generally considered the

optimal perovskite configuration, as illustrated in Figure 2 (Singh, 2019).

Figure 2. Perovskite crystal structure (Green et al., 2014).
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The structural stability of a given perovskite can be calculated using the Goldschmidt

tolerance factor (t), which is quantified using the following equation 1.

…………………………………….(1)

Where rA, rB and rX stands for effective ionic radii of A, B, and X respectively.

t for perovskite materials lies in the range of 0.8-1.0. Ideally, if t is greater than 1

results in hexagonal or tetragonal structures and when t is greater than 0.9 and less

than 1 it become a cubic structure, it is orthorhombic or rhombohedral structure when

t is greater than 0.7 and below 0.9, and in case of t is less than 0.71 it does not

produce a perovskite crystal structure figure 10. (a,b) (Mazumdar et al., 2021). Where

a complete cubic system is indicated by t = 1. If t is less than 0.8, the A site cation is

too small; if t is greater than 1, the A cation is too large. Both circumstances prevent

formation of perovskite and could result in distinct crystal structure (Guvenc et al.,

2024). Perovskite materials have many advantages. The capacity to construct a wide

range of structures by altering the A, B, and X ions, as shown in Figure 3, leads to a

huge family of perovskites. The capacity of these materials to tune their band gap by

adjusting the A, B, and X components is a unique feature (Miah et al., 2024).

Perovskites have a large dielectric constant, direct optical band gap, excellent

absorption coefficients, and low exciton binding energy, and a , making them

promising for a variety of optoelectronic applications such as lasers (Lei et al., 2021),

light-emitting diodes (D. Yang et al., 2022), transistors (Abiram et al., 2022), and

solar cells (Dey et al., 2021).

Figure 3. Perovskite crystalline system (Hettiarachchi et al., 2015).
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2.4 Perovskite solar cells (PSCs)

PSCs is one of the renewable energy technologies in the past decade due to their

remarkable PCE, low fabrication cost, and tunable optoelectronic properties (Yun et

al., 2018). To substitute non renewable energy source such as fossil fuels, PSCs have

gained attention due to their environmental friendly and affordable electricity. The

first reported PSC in 2009 by Miyasaka et al., has PCE of just 3.8%, by using a

liquid electrolyte-based structure (Tiep et al., 2016). After that, the PSCs technology

shows rapid enhancement in material engineering, device architecture, and interface

passivation. As a consequence of these intensive research efforts, the certified PCE of

single-junction PSCs has dramatically increased to over 27% in recent years, as

shown in Figure 4. High performance of PSCs is associated to their several unique

properties of hybrid organic-inorganic lead halide perovskites, such as high

absorption coefficients, long charge carrier diffusion lengths, low exciton binding

energy (Zhou et al., 2024). These properties of PSCs enable them to efficient light

harvesting and charge transport, making PSCs well-suited for both single-junction and

tandem solar cell configurations.

Figure 4. The solar cell efficiency trend over a years "NREL (2025)".
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2.4.1 Basic working principles of perovskite solar cells

Solar cells generally work by utilizing the photovoltaic properties of semiconductor

materials to convert solar energy into electricity, a process of energy conversion. The

fundamental ideas behind PSCs can be summed up in four steps as shown in figure 5

either in n-i-p or p-I-n geometry of device. The light from the source stricts the

perovskite active layer and the photon with suitable wavelength to the band gap of

active materials is absorbed. As the result of photo absorption electron are moved to

the conduction band of perovskite, by creating hole in the valency band, which are

also used as charge carriers. The generated electron and hole are collected by electron

transport layer (ETL) and hole transport layer (HTL) respectively. Excited and free

electrons are transported from perovskite layer to the electron transport layer and

arrive at the transparent conducting oxide (TCO), which can be indium tin oxide (ITO)

or fluorine doped tin oxide (FTO). In parallel, hole move to the HTL and reach at

metal electrode. Finally, the TCO and electrodes are connected, electrons flow

through the external circuit, producing photocurrent, while electron hole

recombination occurs afterward.

Figure 5. a) Work principles of perovskite solar cells b) n-i-p and c) p-I-n device
architecture (Kheralla & Chetty, 2021).

a) b) c)
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2.5 Photovoltaic parameters
In PSCs operation condition, as a light from the source strikes the cell, there is the

conversion of light energy to electrical energy. To quantify those phenomenons there

are photovoltaic parameters such as Voc, Jsc, FF and PCE as shown in figure 6.

2.5.1 Short circuit current density (Jsc)

A short circuit current can be defined as a current that flows through a solar cell when

the applied voltage is zero or it is representative of the number of exciton generated

and collected by their respective electrodes at zero applied potential(Fung & Choy,

2013). Jsc is primarily determined by the active layer material's ability to absorb light

and generate excitons, which is basically determined by the material band gap and

absorption coefficient, as well as the exciton diffusion across interface, which varies

with the exciton diffusion lengths of the materials.

2.5.2 Open circuit voltage (Voc)

This is the voltage when there is no current flowing through a solar cell under light

illumination or is the measure of the maximum of the voltage that a solar cell can

extract for an external circuit. Because of several loss mechanisms, the

photogenerated charge carrier is canceled out in this scenario (Tegegne, 2018). In

conventional single junction inorganic solar cells, the Voc is governed by the band

gap of the absorber materials, but it is forced by charge recombination through

radiative mechanisms (Shockley & Queisser, 1961).

2.5.3 Fill factor (FF)

The fill factor is defined as the measure of the squareness of the J-V curve or the ratio

of the maximum power to the product of short circuit current and open-circuit voltage

which is given by the equation (2):

FF = Vmax x Imax
Voc x Jsc

(2)

Where Vmax and Imax are the voltage and the current at the maximum power (Pmax)

point respectively. The FF can be limited by factors such as the dependence of charge

generation and extraction on the electric field. When PSCs exhibits no field

dependence, the FF can potentially reach values close to 1. Additionally, imbalanced

charge transport also restricts the FF (Zhou et al., 2010) i.e. different electron and hole

mobility because unbalanced charge transport results in a space charge limited

photocurrent which in turn limits the FF. The FF is also related to the solar cell

quality and its electrical resistances.
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2.5.4 Power conversion efficiency (PCE)

The ratio of a solar cell's electrical output to the input power to which it is exposed is

known as solar cell power conversion efficiency. This can be calculated by dividing

the maximal output power density (Pm, in W/m2) by the incident light irradiance (PL,

in W/m2), as follows:

� =
����

���
=

�� ��� � ���

���
(2)

Whereas Pout and Pin stands for the power output and input respectively.

Figure 6. (a) Current-voltage (J-V) characteristics illustrating the performance of a

solar cell. (b) The corresponding equivalent circuit model, where Rsh represents the

shunt resistance associated with leakage currents, and RS denotes the series resistance

arising from impediments to current flow within the cell (Braid, 2016; Gehrig, 2015).

2.6 Materials systems in PSCs

A solar cell device consist an absorber layer, where the generation of exciton takes

place. For efficient charge transport, the active layer must be enclosed by suitable

hole and electron transport layers. The device is then finalized with asymmetric

electrodes. This section provides an overview of the materials commonly used as hole

transport layers, electron transport layers, and absorber layers in organic-inorganic

perovskite solar cells (PSCs).

In PSCs, five key components are essential for optimal device performance: a

transparent conductive oxide (TCO), hole transport layer (HTL), perovskite absorber

layer, electron transport layer (ETL), and a metal-based cathode (back contact) (Roy

et al., 2020). Among these components, the ETL and HTL along with perovskite layer
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play significant roles in PSC operation. Perovskite materials serve as the light-

absorbing medium in the device, generating electron-hole pairs upon exposure to

incident light. The HTL is responsible for selectively extracting holes from the

perovskite absorber while simultaneously blocking the transport of electrons. It

functions as a physical and energetic barrier between the perovskite layer and the ETL,

effectively preventing unwanted electron transfer across the interface. (Pitchaiya et al.,

2020).

2.6.1 Structural and photovoltaic properties of single-cation lead halide

perovskites

Single cation perovskites is a perovskite materials that incorporate only one type of

monovalent cation as A-site in their crystal structure, including methylammonium

lead iodide (MAPbI3), formamidinium lead iodide (FAPbI3), and cesium lead iodide

(CsPbI3), have been foundational in the rapid evolution of PSCs (Lin et al., 2023).

These materials have the general ABX3 structure, where A is a monovalent cation

(MA⁺, FA⁺, or Cs⁺), B is divalent cation such as Pb²⁺ or Sn+, and X is I⁻ (Li, 2025).

The choice of A-site in perovskite structure can highly affects the structural stability

of materials, optoelectronic properties, and photovoltaic performance of device (Fu et

al., 2019). MAPbI3 was the first perovskite materials used as best candidate for solar

cell performance. MAPbI3 retain a tetragonal structure at room temperature but it

change to cubic phase above temperature of 54°C (Bonadio et al., 2023). The optical

band gap of MAPbI3 depend on the processing condition however it is known for a

direct band gap with average optical band gap of 1.52 eV (Ke et al., 2015). High

charge carrier mobility and high absorption capacity in visible range of light, making

it highly effective for single junction devices (Jung et al., 2022). However, the organic

methylammonium cation suffers from instability of device due to thermal and

environmental moisture. (Ava et al., 2019) .

In this context, FAPbI3 has been introduced as an alternative due to its smaller optical

band gap of around 1.48 eV, which allow them to absorb high amount of visible light

so that they are suitable for solar energy conversion to electrical energy as shown in

figure 7 and 8 (RaeisianAsl et al., 2022). Its black phase, photoactive α-phase has a

cubic perovskite structure and known for enhanced thermal stability and enhanced

light absorption proprieties. However, this α-phase is not stable at room temperature
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and changed into the yellow δ-phase, which is photoinactive, which limit device

performance (Chen et al., 2021). With all those challenge, they show PCEs up to 25%

when α-FAPbI3 is stabilized using additives or compositional engineering. For

instance, Chen et al.,(2021) demonstrated that adding small amounts of Cs⁺ or MA⁺

can effectively suppress the phase transition and stabilize the black phase of FAPbI₃

(Chen et al., 2021), resulting in enhanced device durability and reproducibility.

The finding for thermally stable perovskite materials led to the development of the

all-inorganic CsPbI3, in which the organic A-site cation is replaced with a smaller and

more stable inorganic Cs⁺ ion (Z. Yao et al., 2021). CsPbI3 in its cubic black phase

has 1.73 eV band gap, slightly better than the optimal range but still suitable for use

in tandem solar cells (Ahmad et al., 2017). The key advantage of CsPbI3 is its high

thermal and photostability due to the absence of volatile organic components (Z. Yao

et al., 2021). However, a main limitation of the CsPbI3 is its instability of the cubic

black phase at elevated conditions. The material tends to convert to the orthorhombic

δ-phase at room temperature, which is photoinactive and lacks the desirable

photovoltaic properties (H. Yao et al., 2021). A breakthrough by Swarnkar et al.

(2016) showed that quantum dot synthesis and surface passivation could stabilize the

cubic phase at room temperature, achieving over 10% efficiency in CsPbI3 based

quantum dot solar cells. Since then, a different approach have been suggested,

including strain engineering, doping, and dimensional control to stabilize the black

perovskite phase of CsPbI3 in thin film devices (Swarnkar et al., 2016).

Despite these properties, each of these single-cation perovskites faces some problems

that have push researchers toward mixed cation Techniques. However, studying these

single cation systems is critical to understanding the relationships between

composition, structure, and device performance of the device. Methylammonium-

based perovskites serve as a baseline for device fabrication processes and defect

physics (Howard et al., 2022). Formamidinium based perovskite offer insights into

phase stability and band-gap tuning, while cesium based perovskites are a key for

developing all-inorganic and high temperature resistant devices (Kim et al., 2025).

Recently the passivation and additive strategies tailored for each cation. For MAPbI3,

addition of long-chain alkylammonium ions such as phenethylammonium (PEA⁺) has

shown suppress of ion migration and reduce nonradiative recombination (Yi, 2021).
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FAPbI3 stability has been enhanced using additives like methylammonium chloride

(MACl) and rubidium ions (Rb⁺), but CsPbI3 stabilization has benefitted from the

grain boundary passivation and surface ligands such as oleic acid and oleylamine in

quantum dot systems (Fan et al., 2019). Singh et al., (2019) demonstrated that

combining Cs⁺, FA⁺, and MA⁺ into a triple-cation system yields not only enhanced

phase stability but also improved device reproducibility and efficiency exceeding 21%

(Singh et al., 2019).

Figure 7. Crystal structure of CsPbI3 (a), along with the temperature induced phase

transitions that alter its structural configuration as the material transitions between

different crystallographic phases (Ahmad et al., 2017; H. Yao et al., 2021).
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Figure 8. Surface morphology of the FAPbI₃ perovskite film derived from a non-

stoichiometric (NS) precursor solution is presented in the SEM image (a); the

corresponding X-ray diffraction (XRD) pattern of the NS perovskite is shown in (b);

the optical band gap determined via Tauc's plot is illustrated in (c); three-dimensional

topography of the NS perovskite active layer without octylammonium iodide (OAI),

obtained using atomic force microscopy (AFM), is depicted in (d); surface potential

measurements conducted by Kelvin probe force microscopy (KPFM) in the dark and

under white light illumination on the same 3D NS perovskite film are shown in (e)

and (f), respectively (Chung et al., 2012; Zheng et al., 2019).

To address the stability issue of single-cation perovskites, researchers began exploring

mixed cation compositions, leading to the development of dual-cation perovskites. By

mixing two or more second, more stable cation, such as formamidinium (FA+) or

cesium (Cs+), into the A-site of the perovskite structure, the materials exhibited

improved thermal and environmental stability (An et al., 2021). The cation mixing

enable for tuning of the perovskite's electronic and optical properties, leading to

higher efficiencies. The science behind mixed cations lies in their ability to reduce the

structural strain within the perovskite lattice and increase the formation energy, thus

making the material more resistant to degradation (B. Yang et al., 2022). Dual cation

perovskites represented a significant step forward in perovskite solar cell technology.
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The finding for even greater stability and performance of device has driven the

development of triple cation perovskites. These materials incorporate three different

cations at the A-site, typically a combination of MA+, FA+, and Cs+ (Ma et al., 2024).

The mixing of a third cation further enhance the stability of perovskite structure, they

shows enhanced resistance to moisture, heat, and light exposure (Zhou et al., 2022).

This enhanced stability is crucial for the long-term operation of perovskite solar cells

in commercialization. Triple cation perovskites also known for their tunable band gap

and other optoelectronic properties, enabling the fabrication of high efficiency devices

with improved spectral response and reduced voltage loss (Miah et al., 2024).

Current research on PSCs is highly focused on triple cation compositions due to their

superior stability and performance. Recent advancements have demonstrated

remarkable PCEs exceeding 27% for triple cation perovskite solar cells, approaching

the efficiencies of traditional silicon-based solar cells (Kahandal et al., 2024).

Ongoing efforts are performing towards further improving the long term operational

stability of these devices, reducing or eliminating the use of toxic lead, and

developing scalable and cost-effective fabrication methods. The better stability and

efficiency of triple cation perovskites create critical pathway towards the

commercialization of perovskite solar cell technology and the realization of its full

potential as a sustainable energy solution.

2.6.2 Advantages of dual and triple cation perovskites for solar cells

Now a day, PSCs have utilized as a possible alternative to conventional silicon based

photovoltaics, causing a substantial fundamental change in the field of solar energy.

Organic-inorganic hybrid lead halide perovskites with the ABX3 structure have

received are widely studied due to their excellent optoelectronic properties and ease

solution processing conditions (Priyadarshini et al., 2023). The increment in power

conversion efficiency has make them among candidate for next generation solar cell

technology (Shah et al., 2023). The enhancement of the A-site cation within the

perovskite lattice has been a significant method in the evolution of PSCs, improving

both performance and stability (Ma et al., 2024).

The fundamental structure of ABX3 perovskites conten a three-dimensional structure

in which A monovalent cation and central B cation (divalent cation) (typically a metal

ion like lead or tin) is octahedrally coordinated by six X anions (usually halides such
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as iodide, bromide, or chloride) (Kour, 2023). The A-site cation can be a organic (e.g.,

MA+, FA+) or inorganic (e.g., cesium (Cs+), rubidium (Rb+)), which occupies a larger

cubic octahedral site coordinated by twelve X anions (Vasilopoulou et al., 2023). The

A-site cation is responsible in stabilizing the perovskite structure, and its size highly

influences the Goldschmidt tolerance factor is dimensionless parameter that predicts

the stability and formation of the perovskite phase (Wang et al., 2022). Goldschmidt

tolerance factor value is obtained based on the equation 1, and usually their value is in

between 0.8 and 1.0. being in this range typically indicates a stable perovskite

structure (J. He et al., 2021). The A-site cation does not directly contribute to the

valence and conduction band edges but its size can affect the lattice parameters,

consequently affect the bandgap by changing the B-X bond lengths (Man et al., 2022).

Therefore, the careful selection of A-site cations is important to tune the structural and

electronic properties of perovskites for optimal solar cell performance.

MAPbI3 achieve promising success on its early stage but those material suffer from

instability which limit them from long term application (Zhu et al., 2023). they are

highly susceptible to degradation when exposed to common environmental factors

such as light, heat, and moisture. Moisture becomes a reason for hydrolysis of the

perovskite materials when they are exposed it. When perovskite materials are exposed

to light under ambient conditions where oxygen is present, a photo-induced chemical

reactions can occur. These reactions affect the organic methylammonium (MA⁺)

cation, triggering its decomposition. As a result of this, volatile byproducts such as

methylamine (CH3NH2) and hydrogen iodide (HI) are released. This degradation

pathway leads to the breakdown of the perovskite structure, and leaving behind lead

iodide (PbI₂) which is a yellow color, non-perovskite phase that is inactive in light

absorption and severely detrimental to device performance is formed. (Kore et al.,

2024). Elevated temperature accelerate these degradation and cause reduction in the

materials bandgap as a result it increases charge carrier recombination. Encapsulation

is widely used to prevent decomposition of MAPbI3, but it does not prevent the

decomposition of MAPbI3 over long periods. These limitations indicate the need for

strategies to enhance the stability of perovskite materials for their practical

implementation in solar cell technology.
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One of the main problem of single cation perovskite is the instability challenges

associated with it. In order to solve this problem researchers come up with idea of

usinging multiple cations at A site. A common approach involves combining FA with

MA or Cs (Gutierrez-Partida et al., 2021). Optical bandgap of FAPbI3 is more

optimal for solar energy absorption compared to MAPbI3 (RaeisianAsl et al., 2022).

The insertion MA or Cs into FAPbI3 enhance the stability and the overall PCEs (Lin

et al., 2023). The goal of using mixed cations lies in achieving a more optimized

material properties that are not attainable with a single A-site cation.

Stability of dual cation perovskite materials after introduction of small sizes cation is

enhanced. The multiple A-site cations that occupy the A site with different ionic radii

reduce the lattice strain of the perovskite structure so it leads to greater tolerance to

phase segregation by optimizing the Goldschmidt tolerance factor (Wang et al., 2023;

B. Yang et al., 2022). Additionally, dual-cation systems often result in the formation

of perovskite films with improved morphology, characterized by larger grain sizes

and fewer pinholes (Xie et al., 2023). These denser, more uniform films reduce the

pathways for moisture and oxygen to penetrate the perovskite layer, thereby

mitigating degradation. The initial success of mixed MA/FA cation perovskites,

which showed improved efficiency due to better film quality, highlighted the potential

of this approach.

For even better performance in PSCs the incorporation of different A-cite cation such

as FA/MA/Cs take place which lead to the formation of triple cation PSCs. The

substitution of A-site cation with three different size cation provides an additional

degree of freedom for fine-tuning the structural and electronic properties of the

perovskite material, often resulting in even greater enhancements in both stability and

efficiency compared to dual-cation systems (Devasia, 2023). For instance, the

inclusion of a small inorganic cation like cesium within the FA/MA perovskite

framework can further stabilize the perovskite lattice and improve its resistance to

environmental stressors(Ašmontas et al., 2021).

The synergistic effects observed in triple-cation perovskites arise from the unique

contributions of each cation to the overall material properties. The different sizes and

charges of the incorporated cations work together to improve film quality, reduce

defect density, and optimize the bandgap (Grandhi et al., 2024). Smaller inorganic
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cations like Cs can occupy interstitial sites within the lattice, potentially reducing

ionic migration pathways and improving stability against heat and electric fields (Li et

al., 2022). Larger organic cations like FA contribute to a more favorable bandgap for

light absorption. The combination of these cations can lead to the formation of

smoother, more crystalline films with fewer surface defects, which in turn enhances

charge carrier transport and reduces recombination losses, ultimately boosting device

performance (RaeisianAsl et al., 2022). The ability to precisely control the bandgap

through the careful mixing of different A-site cations allows for the creation of

perovskite materials that can more efficiently absorb a broader range of the solar

spectrum.

It is demonstrated that the dual and triple cation PSCs is superior to single cation

PSCs interms of stability and performance. For example MAxFA1-xPbI3, achieved a

higher power conversion efficiency of 14.9% compared to single-cation systems at the

time, attributed to improved film quality. A stacked FAPbI3/MAPbI3 film further

increase the efficiency to 16.01%. More recent studies have shown even more

significant improvements. A quadruple cation device (Cs0.07Rb0.03FA0.77MA0.13

PbI2.8Br0.2) achieved a high power conversion efficiency of 21.7%, but a triple cation

device (Cs0.1FA0.6MA0.3PbI2.8Br0.2) with a slightly lower PCE of 21.2% exhibited

considerably better stability, resulting in about 30% more energy harvested over its

lifetime (Dipta et al., 2024). This highlights a critical trade-off between peak

efficiency and long-term stability, where triple cation systems often strike a better

balance for practical applications. While monocation perovskites have shown better

performance in HTL free solar cells, mixed cation perovskites generally perform

better in standard n-i-p and p-i-n architectures, which are more commonly used.

Furthermore, planar perovskite solar cells based on FAPbI3, a key component in many

dual and triple cation systems, have demonstrated higher photoelectric conversion

efficiency compared to MAPbI3 based devices .

2.7 Electron transport materials (ETMs)

In n-i-p PSC devices, where light absorption occurs in the intrinsic perovskite layer

after passing through the n-type ETL, and the efficiency of operation depend on the

properties of ETL. The function of the ETL is to selectively extract photogenerated
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electrons from the perovskite layer and transport them towards the cathode, at the

same time they effectively block the flow of holes towards the same electrode.

For a material to be a good an ETL, several key criteria must be met. Firstly, the

energy level alignment between the ETL and the perovskite absorber is required

(Hossain et al., 2023). Specifically, the ETL's lowest unoccupied molecular orbital

(LUMO) energy level should be slightly below that of the perovskite's conduction

band minimum (CBM) to help efficient electron injection. The HOMO energy level

of ETLs should be significantly below the perovskite VBM to effectively block hole

transport (Ahmed et al., 2020). The adjustable properties of perovskite materials,

achieved through compositional engineering (e.g., by varying the A, B, and X site

ions), which allow control over their energy band positions. This tunability is the

cause for both an opportunity and a challenge for ETL selection. It can enable a closer

energy level match with a chosen ETL and it also give the way for careful

consideration of the specific perovskite composition to ensure optimal alignment for

efficient charge transfer. Secondly, the ETL materials must exhibit high transmittance

across a broad range of the UV-Vis spectrum. This high transparency allow light to

pass through and a maximum number of photons to generate with sufficient energy to

reach the perovskite absorber layer, where light absorption and charge generation take

place (Bulowski et al., 2024). Any significant absorption within the ETL itself would

lead to energ losses and reduced device efficiency. Thirdly, the surface morphology of

the ETL plays a important role in the subsequent growth and quality of the perovskite

crystal film deposited on top (Wang et al., 2021). A uniform, pinhole-free ETL

surface with appropriate grain size and surface energy can enhance the formation of a

high quality perovskite layer with fewer defects, so it leading to enhanced charge

transport and reduced recombination. As a result, given the tunability of perovskite

energy levels and careful selection of the ETL with consideration for the specific

perovskite composition is important to fabricate high efficiency devices.

Different materials have been explored as ETLs in perovskite solar cells as shown in

Figure 9 (a). including metal oxides such as TiO₂, SnO₂, and ZnO, as well as fullerene

derivatives like PCBM (Cao et al., 2020). These materials are chosen based on their

ability to extract electrons from the perovskite absorber and transport them towards

the cathode. Wide-bandgap metal oxides that are commonly used as ETL, such as
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TiO₂ and SnO₂, have high transmittance, so they allow more light to reach the

perovskite layer. SnO₂ exhibits high electron mobility and rapid charge transport

(Chen et al., 2019). C60 based materials are known for their good electron

mobility and energy-level alignment.

Figure 9. a) 3D cubic crystal structure representing the ideal perovskite with the

general formula ABX₃; (b) a schematic layout of the inverted perovskite solar cell

architecture comprising ITO/hybrid electron transport layer (ETL)/perovskite/hole

transport layer (HTL)/metal electrode; and (c) a conceptual illustration of charge

carrier dynamics along with a simplified flat-band energy level diagram of the

perovskite solar cell as modeled and analyzed in this study (Lin et al., 2020; Subudhi

& Punetha, 2023).

2.8 Hole transport materials in PSCs

Hole transport materials (HTMs) are very important for efficient PSCs as shown in

figure 9 b, they transport photogenerated holes and block electrons to minimize

energy loss. Proper energy level alignment of the HTM's HOMO with the perovskite

absorber's valence band ensures effective hole transfer, while a sufficiently low

LUMO prevents electron leakage. The HTMs is basic component in various

perovskite absorber layers, including those with single, dual, and triple cation



25

compositions at the A-site. The energy levels (VB and CB) of the perovskite absorber

can shift depending on the specific combination of A site cations. Therefore, the HTM

must be carefully chosen to ensure optimal energy level alignment with the particular

perovskite absorber being used, regardless of the number of different cations present

at the A-site.

MeO-2PACz is self assembled monolayer classified as carbazole HTL materials,

investigation for its potential to enhance PSCs performance with these different

perovskite compositions. In single cation absorbers of PSCs, the HOMO level of

HTMs are well align with this absorber layer, which enhance the hole extraction from

the active layer (Jiang et al., 2024). For perovskite absorbers with dual and triple

cation compositions, the suitability of MeO-2PACz depends on the resulting energy

band positions. Researchers need to evaluate and modify the HTM or its interface to

achieve optimal energy level matching and efficient charge transport for perovskite

materials. Therefore, careful selection and engineering of HTMs, are very important

for achieving highly efficient and stable perovskite solar cells, with respect to A-site

cation composition (single, dual, or triple), by ensuring optimal energy level

alignment and efficient charge transport.

Besides it energy level alignment a good HTM needs to have three major

requirements that includes high hole mobility, good solubility and film-forming

properties, and low cost (Ansari et al., 2018). HTL can be classified as organic,

inorganic, and carbonaceous. The organic-based HTL includes long-chain polymer

and small molecules, which are nearly polymeric-based. The inorganic HTL includes

Nickel-based, copper-based, p-type semiconductor and transition metal HTMs

(Pitchaiya et al., 2020). Figure 10 shows the flow chart about the classification of the

HTMs.
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Figure 10. Flowchart illustrating the classification of hole-transporting materials

(HTMs) (Pitchaiya et al., 2020).

2.9 Challenges in perovskite solar cells
Perovskite solar cell possess advantages like high efficiency, flexibility, low cost and

lightweight however they still face some challenges that need to be addressed for long

term commercialization of PSCs. One of the primary concern is their instability.

Perovskites are highly sensitive to air, moisture, heat, and light. Currently, The most

stable PSC is believed to have a one-year lifetime, while silicon solar cells have an

average lifetime of more than 25 years (Grancini et al., 2017). hysterisis phenomena is

also another challenge that detected when the J-V measurement of device is taken.

2.9.1 Stability

Stability problem of perovskite solar cell can be caused from both internal instability

of perovskite and external factors related to ambient condition as shown in figure 11.

Extrinsic instability primarly caused by external factors that are unavoidable in case

of real application such as oxygen and humidity, while intrinsic instability mostly

caused by molecular and crystallographic structure of the perovskite may lead to the

degradation of PSCs as shown in figure 13 (Mazumdar et al., 2021).
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Figure 11. Source of instability in perovskite materials and perovskite solar cells

(Mazumdar et al., 2021).

Moisture causes chemical processes to disrupt the hydrogen bonds in the perovskite

structure, resulting in the creation of hydrated chemicals that degrade the material.

Numerous studies indicate that water serves as a stimulant for this irreversible

breakdown process. Figure 12. Depicts the suggested degradation mechanism for

CH3NH3PbI3 (MAPbI3) perovskite, as well as the chemical events involved. While

these processes are reversible under some conditions, once the perovskite is saturated

with moisture, they become irreversible, and MAPbI3 degrades into MAI and PbI2.

Different ways have been suggested to improve the PSCs moisture resistance,

including using a hole transport layer (HTL) to prevent moisture, adding a thin

blocking layer between the perovskite and HTL, and using anti-water carbon

electrodes (Asghar et al., 2017).

Figure 12. Moisture-induced degradation of MAPbI3 perovskite (Frost et al., 2014).
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Oxygen in the atmosphere can react with MA+, Pb+, and I- ions in perovskite

structures, forming electronic traps and charge barriers. Additionally, oxygen

molecules can form Pb-O bonds on the film surface, leading to deterioration of PSCs.

Encapsulating PSCs reduces the negative impact of oxygen and moisture (Duan &

Uddin, 2022).

One of the most common factors influencing perovskites is water both in presence of

oxygen and otherwise. Water and other polar solvents can damage perovskite because

of their tendency to produce solvated phases. Polar solvents can be avoided by

optimizing deposition techniques, but exposure to ambient moisture is unavoidable.

Water molecules can hydrate the perovskite, forming a monohydrate phase (Askar et

al., 2017).

CH3NH3PbI3(s) + H2O(g) ⇌ CH3NH3PbI3⋅ H2O……………..……… (1)

CH3NH3PbI3⋅ H2O ⇌ (CH3NH3)4PbI6⋅ 2H2O+3PbI2+ 2H2O….….. (2)

Both reactions are reversible. So, if the hydrated products are stored in an inert or

moisture-free environment, they can be dehydrated to create back perovskite with

only minor irreversibility due to phase segregation. Hydration of the perovskite results

in structural deformation of (PbI6)4− octahedra, converting the 3D network into a 1D

chain for monohydrates and 0D for dihydrates. These weaken the chemical

connections between the A-site moiety and the (PbI6)4−, making the perovskite more

susceptible to external influences like heat and electric bias. Once the perovskite is

saturated with moisture, its hydration becomes irreversible, and it irreversibly

decomposes to create CH3NH3I and PbI2 (Christians et al., 2015).

Figure 13. Intrinsic stability of perovskites. (A) Illustration of the tolerance factor (t)

as a function of the effective ionic radius, indicating the likelihood of different
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structural phases (X. Li et al., 2016). (B) technique of mixing of A-site species

(Mazumdar et al., 2021). (C) and (D) Defect tolerance of MAPbI₃ as predicted by

density functional theory (DFT) calculations (Mazumdar et al., 2021). (C) formation

energies in three different conditions, from left to right-I-rich/Pb-poor, neutral and Pb-

rich/I-poor. (D) Transition energy levels for intrinsic acceptor (left) and donor (right)

point defects. (E) Correlation between the valence band maximum and the I/Pb ratio

in MAPbI₃ films, as determined by X-ray photoelectron spectroscopy (XPS) (Steirer
et al.).

2.9.2 Hysteresis

PSCs current density-voltage (J-V) responses can show unusual dependency on

direction of scan and how fast the scan is, known as hysteresis. it can also expressed

as PCE variation between scans direction when the J-V measurement take place. In

general, forward scans have lower PCE than reverse scans (C. Li et al., 2016).

Possible reasons of hysteresis include ferroelectric polarization, charge traps at

interface, slow transient capacitive current, and grain boundaries, and ion migration

(Chen et al., 2016). Ferroelectric polarization is significantly faster than hysteresis

process. Trapping and detrapping processes at interfaces and grain boundaries are

unlikely to be the primary cause of hysteresis due to their extended duration and

significant current degradation. Ion migration theory receives greater attention than

other factors (Zhao et al., 2021). Ion migration occurs when iodide (I-) ions in

perovskite travel towards ETL or HTL interfaces under varying voltage biases. This

movement creates vacancies at the interfaces, causing energy band bending in the

perovskite layer and between the two interfaces. Varying the energy barrier causes

variations in VOC and PCE values under different voltage biases, resulting in a

hysteresis effect in J-V measurements (Calado et al., 2016).

The hysteresis index (HI) of a solar cell is commonly presented and can be calculated

using the formula in equation 3 below. An ideal cell should have a minimum HI value.

HI = PCE reverse -PCE forward ………………………. (3)

PCE reverse
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2.10 Interface engineering

In PSCs, inherent imperfections and issues with exciton transport at the interface lead

to charge buildup and recombination. Carrier recombination occurring within the bulk,

at the ETL/perovskite interface, or at the perovskite/HTL interface leads to a

reduction in VOC and FF, bringing them to values significantly below their

theoretical maximums (Pan et al., 2021). Figure 14, illustrates the three primary

recombination processes in PSCs: Shockley-Read-Hall (SRH) recombination,

radiation recombination, and Auger recombination (Kim et al., 2020).

Figure 14. The PSCs recombination processes (Kim et al., 2020).

VOC and FF can achieve their theoretical maximum when only radiative

recombination is present, but decline when nonradiative recombination (SRH and

Auger) is present (Al-Mousoi et al., 2023). Under 1 sun illumination, Auger

recombination has a negligible effect on PSCs. The primary cause of nonradiative

recombination loss in PSCs is SRH recombination, which is influenced by the depth

of energy levels and the density of defects (Adhikari et al., 2025).
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2.11 Surface Passivation

Surface passivation has emerged as a vital strategy to enhance the efficiency and

operational stability of PSCs by minimizing nonradiative recombination losses and

reducing surface defect states (Tao et al., 2025). Among the various passivation

materials, PEAI has shown particular promise due to its ability to form a low-

dimensional Ruddlesden–Popper perovskite layer on the surface of three-dimensional

perovskite films (Teale et al., 2024). This quasi-2D layer effectively passivates under-

coordinated ions at grain boundaries and interfaces while providing hydrophobic

protection. Several studies have demonstrated the efficacy of PEAI in boosting device

performance. Principe et al. (2021) reported that applying a PEAI treatment to FA-Cs-

MA perovskite films increased the open-circuit voltage from 1.09 V to 1.15 V and

raised the PCE from 20.3% to 22.1% due to reduced surface recombination (Principe

et al., 2022). Similarly, Tong et al. (2020) observed that PEAI-treated PSCs exhibited

longer photoluminescence lifetimes and superior operational stability, maintaining

over 90% of their initial efficiency after 1000 hours of continuous illumination (Tong

et al., 2022). Huang et al. (2022) further demonstrated that PEAI imparted significant

moisture resistance, with devices retaining over 85% of their original performance

under 85% relative humidity for 500 hours. In addition to PEAI, other materials have

been explored for surface passivation (Huang et al., 2024). Wu et al. (2020) utilized

guanidinium iodide (GAI) to form hydrogen bonds with iodide vacancies, enabling

efficiencies above 23% and improved phase stability (Wu et al., 2023). Kim et al.

(2019) employed methylammonium chloride (MACl) as a post-treatment to heal

halide vacancies, leading to enhanced grain morphology and PCEs around 21.5%.

More recently, Li et al. (2024) introduced a dual-passivation strategy by combining

PEAI with fullerene derivatives (PCBM), which synergistically reduced surface and

bulk trap densities, achieving efficiencies over 23.5% and improved thermal stability

(Li et al., 2024). Collectively, these findings underscore that PEAI remains one of the

most effective and versatile surface passivation agents, offering a combination of

optoelectronic enhancement and environmental protection. Continued development of

hybrid or co-passivation approaches that integrate PEAI with other functional

materials holds significant promise for pushing perovskite solar cell performance

closer to commercial viability.
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Table 1. Summary of device geometries and performance of triple cation based
perovskite solar cells

No Device geomerty Surface
treatment Voc

(V)

Jsc
(mA/c
m²)

FF (%) PCE
(%)

Reference

1 ITO/SnO₂/Perovskite/Spir
o-OMeTAD/Au

None
1.13 22.7 82 21.1

(Ašmontas
et al.,
2021)

2 FTO/c-TiO₂/m-
TiO₂/Perovskite/Spiro-
OMeTAD/Au

Perovskite
QDs 1.10 22.5 82 21.0

(Yang et
al., 2020)

3 ITO/SnO₂/Perovskite/Spir
o-OMeTAD/Au

CH₃O-
PEAI 1.19 24.43 80.3 23.42 (Luan et

al., 2021)
4 FTO/c-TiO₂/m-

TiO₂/Perovskite/Spiro-
OMeTAD/Au

F-PEAI 1.18
Not
specifie
d

85 23.7
(Degani et
al., 2021)

5 FTO/c-TiO₂/m-
TiO₂/Perovskite/Spiro-
OMeTAD/Au

PEAI 1.09 22.52 78.3 19.22
(Tien et
al., 2022)

6 ITO/SnO₂/Perovskite/Spir
o-OMeTAD/Au

Organic
Halide 1.10 22.0 80 21.0 (Zhou et

al., 2019)
7 ITO/NiOₓ/Perovskite/PCB

M/Ag PEAI
(1.67%) 0.95

Not
specifie
d

Not
specifie
d

14.85
(Gong et
al., 2021)

9 FTO/c-TiO₂/m-
TiO₂/Perovskite/Spiro-
OMeTAD/Au

None
1.10 22.0 80 21.7

(Dipta et
al., 2024)

10 ITO/SnO₂/Perovskite/Spir
o-OMeTAD/Au

GDY 1.19 24.43 80.3 23.42 (Wang et
al., 2019)

11 ITO/SnO₂/Perovskite/Spir
o-OMeTAD/Au

APTMS 1.09 22.52 78.3 18.03 (Shi et al.,
2022)

12 FTO/TiO₂/Perovskite/HT
M/Ag None 1.16

Not
specifie
d

85 18.7
(Siegrist et
al., 2021)

13 FTO/TiO₂/Perovskite/Spir
o-OMeTAD/Au PbS

quantum
dots

1.10 22.0 80 11.3

(Albaladej
o-Siguan
et al.,
2019)

14 ITO/SnO₂/Perovskite/Spir
o-OMeTAD/Au DAP 1.15

Not
specifie
d

Not
specifie
d

25.29
(Taddei et
al., 2024)

15 ITO/MeO-
2PACz/perovskite/C60/B
CP/Au

PEAI 1.15 24.4 71.9 20.6
this work
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CHAPTER THREE

3. EXPERMENTAL METHODOLOGY

3.1 Materials and Chemicals

3.1.1 Chemicals

In this thesis, the following chemical precursors are utilized: Formamidinium Iodide

(CH5IN2), Methylammonium Bromide (CH3NH3Br), Methylammonium Chloride

(CH3NH3Cl), Lead Iodide (PbI2), Cesium Iodide (CsI), N,N-Dimethylformamide

(CH3)2NC(O)H), Dimethyl Sulfoxide (CH3)2SO), distilled water, ethanol, acetone,

isopropanol, chlorobenzene, phenethylammonium iodide (PEAI), MeO-2PACz,

fullerene(C60), Bathocuproine (BCP) and Cu.

3.1.2 Materials

The list of materials that utilized in this work are ITO substrates, aluminum electrodes,

micropipettes, aluminum foil, beakers, spin coater, magnetic stirrers, drying ovens,

hot plates, thermal evaporators, UV Ozone cleaners, and solar simulators.

3.2 Preparation of perovskite solution and thin film
Preparation of triple cation perovskite solution (Cs0.05(MA0.02FA0.98)0.95Pb(I0.98Br0.02)3)

perovskite solutions of 1.73M were based on the procedure reported by (Seid et al.,

2024). Typically, a FAI (277 mg), PbI2 (909 mg including excess) MABr (3.68 mg),

MACl (18.10 mg), and CsI (22.5 mg) precursors were mixed in a DMF:DMSO

solvent mixture (4/1 v/v) and stirred at 60oC for 4 hours. Then ITO glass substrates

were washed with soap and thoroughly cleaned using sequential ultrasonic treatments

with distilled water, ethanol, acetone, and isopropanol for 10 minutes each. Cleaned

ITO substrates were UV ozone treated for 20 minutes prior to HTL/triple cation

perovskite film deposition. To form the perovskite layer, the triple-cation solution was

spin coated onto the substrate at 4000 revolutions per minute for 40 seconds. At 12 s

before the end of spin-coating, 300 μL of chlorobenzene was dropped onto the

spinning substrate as an antisolvent, and then annealed at 100 °C for 1 h.
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Figure 15. Preparation procedure of Triple cation perovskite solution and film

3.3 Preparation of PEAI solution
The PEAI solutions were prepared by dissolving 4.98mg of phenethylammonium

iodide (PEAI) in 1ml of isopropanol to form concentration of 20mM solution. the

solution were stirred for 60 minutes to ensure complete dissolution and optimal

conditions for PEAI solution formation.

3.4 Surface passivation of triple cation perovskite
After preparing both triple cation perovskite solution and PEAI solution, the surface

of triple cation perovskite were treated. The patterned ITO glass substrates were

washed with soap and thoroughly cleaned using sequential ultrasonic treatments with

distilled water, ethanol, acetone, and isopropanol for 20 minutes each. The cleaned

ITO glass substrates were then be treated with a UV-ozone cleaner for 20 minutes.

Then the triple-cation perovskite solution was deposited by spin-coating at 4000 rpm

for 40 s. 7 s before the end of spin-coating, 300 μL chlorobenzene as antisolvent was

dispensed onto the spinning substrate, followed by annealing at 100 °C for 1 h. Then,

solution of PEAI were spin-coated on the cooled substrate at 5000 rpm for 40 s.
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Figure 16. Surface passivation of triple cation perovskite film

3.5 Preparation of MeO-2PACz solution
1mmol/ml of MeO-2PACz solution was prepared in ethanol. To prepare a 1 mmol

solution of MeO-2PACz in ethanol 1mg of MeO-2PACz measured and dissolved in

1ml of ethanol at room temperature until it become homogeneous solution.

3.6 Device fabrication
Inverted planar n-i-p perovskite solar cells were prepared with the layer sequence of

glass/ITO/MeO-2PACz/Cs0.05(FA0.98MA0.02)0.95Pb(I0.98Br0.02)3/PEAI/C60/BCP/Cu as

summarized in figure 17. Initially, the glass substrates were cleaned by soap and

subjected to ultrasonic baths in distilled water, ethanol, acetone, and isopropanol, each

for 10 minutes. The cleaned ITO glass substrates were then exposed to UV ozone

treatment for 20 minutes to enhance surface preparation before depositing the MeO-

2PACz layer. A 1 mmol mL⁻¹ solution of MeO-2PACz was applied via spin coating at

3000 rpm for 30 seconds, then followed by thermal annealing at 100 °C for 10

minutes. Once cooled to room temperature, the triple cation perovskite layer was

deposited through spin coating at 4000 rpm for 40 seconds. Twelve seconds prior to

the end of spin coating, 300 μL of chlorobenzene was spin coated onto the rotating

substrate as an antisolvent, and the film was subsequently annealed at 100 °C for 1

hour. For surface passivation, a 20 mM PEAI solution was spin coated onto the

cooled perovskite film at 5000 rpm for 40 seconds. The films were then loaded in a

vacuum evaporation chamber, where deposition of 30 nm C₆₀ (at 0.3 Å/s), 8 nm BCP

(at 0.3 Å/s), and 100 nm Cu (at 0.6 Å/s) was performed under a high vacuum of 10⁻⁷

mbar. Following evaporation, the fabricated solar cells were allowed to cool naturally

to room temperature prior to characterization.
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Figure 17. Device fabrication procedure

3.7 Material characterizations

The crystal structure of the fabricated perovskite thin films was examined using X-ray

diffraction with Cu Kα radiation (λ = 1.5418 Å), operated at 40 kV and 30 mA, with a

scan speed of 3°/min over a 2θ range of 10–60°. Optical absorption and

photoluminescence (PL) spectra of the films deposited on glass substrates were

recorded using a PerkinElmer Lambda 19 UV-Vis/NIR spectrophotometer and a

HORIBA FLUOROMAX-4 spectrofluorometer, respectively. External quantum

efficiency (EQE) measurements were performed using a custom-built small-spot EQE

system, scanning wavelengths from 300 nm to 1000 nm in 5 nm steps. The light beam,

measuring 2 × 5 mm², was smaller than the device’s active area (~0.06 cm²). Current–

voltage (J–V) characteristics of the solar cells were measured at room temperature

inside a nitrogen-filled glove box using a Keithley 2400 source meter. Illumination

was provided by a class AAA Xenon lamp solar simulator (Oriel) delivering 100

mW/cm² (AM 1.5G), with light intensity continuously monitored by a silicon

photodiode. The cell temperature was maintained at 25 °C, and the voltage sweep rate

was 20 mV/s. A metal mask defined the active area of the device, which was 0.06 cm².

Surface morphology of the control and passivated perovskite samples was analyzed

using scanning electron microscopy (SEM, JCM-6000Plus).
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CHAPTER FOUR

4. RESULTS AND DISCUSSION

4.1. XRD data analysis
The perovskite active layer samples in structure of ITO/Cs0.05(MA0.02FA0.98)0.95Pb

(I0.98Br0.02)3 and ITO/Cs0.05(MA0.02FA0.98)0.95Pb(I0.98Br0.02)3 /PEAI were fabricated at

the same spinning rate of 4000 rpm to study the structural effect of PEAI salt on 3D

perovskite by XRD. The XRD graph of control and PEAI passivated samples are

showed in Figure 18 a. The control sample shows characteristic diffraction peaks at

2θ values of approximately 14°, 20°, 24°, 28°, and 31°. The presence of these major

peaks and the absence of any impurity indicate the successful formation of pure

perovskite phase without secondary phases in the bulk. After PEAI surface

passivation, a new diffraction peak formed at a low 2θ angle of approximately 5.3°.

This peak is indicative of the formation of a 2D layered perovskite phase, PEA2PbI4,

at the surface of the 3D perovskite film (Jiang et al., 2019). According to previous

reports, including Li et al., (2021) and others, such low angle peak (below 10°) are

behaviour of Ruddlesden–Popper type 2D perovskites formed via the reaction of

excess PbI₂ with bulky organic cations like PEA⁺ (Li et al., 2021). The appearance of

the peak at 5.3° strongly suggests the successful formation of PEA2PbI4 on the surface

of the 3D perovskite film due PEAI reaction with excess PbI2 (Zhai et al., 2021). The

main characteristic peak formed around 2θ of 13.4° is shift slightly to a lower angle in

the PEAI passivated sample compared to the control as in figure 18 b. This shift

suggest a change in the lattice parameters, possibly due to the intercalation of the

larger PEA+ organic cations into the 3D perovskite lattice, supporting the formation of

a 2D/3D hybrid perovskite film (Li et al., 2023). To analysis the effect of PEAI

passivation on the crystallite size, the Scherrer equation ( equation 3) was applied to

the major diffraction peak as shown in table 2 and 3 for passivated and control sample

respectively. From scherrer equation calculation an average crystallite size of 37.04

and 50.16 nm were obtained for the control and passivated samples respectively. The

improvement in crystallite size suggests that the PEAI passivation not only induces

the formation of a 2D perovskite phase but also influences the growth and/or

recrystallization of the underlying 3D perovskite grains, leading to larger crystallite

domains (Liu et al., 2025).
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D = Kλ / (βcosθ)…………………… (3)

Figure 18. a) XRD pattern of control and PEAI passivated perovskite film, b) the

peak position shift of perovskite films.

Table 2. Crystalline size for passivated film

Peak Position FWHM Crystallite size D nm
average
crystallite size

5.29515 0.42788 1.500295367
13.92353 0.34458 0.570565727
13.94353 27.37644 0.570565727
24.34324 0.29707 0.326344768 0.50
28.19581 11.15511 0.28175424
31.61552 0.29186 0.251278138
34.38656 6.64895 0.231028897

Table 3. Crystalline size for control film

Peak Position FWHM Crystallite size D nm

average
crystallite

size
12.52907 17.72231 0.634068531
13.97287 0.34355 0.568550986
19.81589 26.5141 0.400904981 0.37
24.36047 0.00577 0.326113947
28.1686 0.30336 0.282026406
30.31008 24.60246 0.262100562
30.40844 1.34E+18 0.261252764

a b
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4.2 UV-Vis spectroscopy measurement
To study the optical properties of both control and passivated samples UV-Vis

spectroscopy in the wavelength range of 350 to 950 nm were investigated, as shown

in Figure 19 a and b. Both samples show strong absorption in the visible region (400–

750 nm), which is in agreement with the high absorption coefficients characteristic of

lead halide perovskite materials (Mannar et al., 2022). The average transmittance of

2.9 and 2.7% was found for control and passivated sample in between 500-750nm,

which means both samples are highly absorbent in visible region with an absorption

threshold wavelength of 750 nm. The incorporation of PEAI does not alter the optical

band gap, consistent with previously reported results on similar perovskite systems

(Jiang et al., 2021). This suggests that the passivation process preserves the intrinsic

optical transitions of the perovskite material. Furthermore, the overall absorption

intensity and spectral profile of the two samples are almost similar throughout the

measured range. The optical band gap (Eg) of the fabricated samples was determined

using the Tauc relation as shown in equation 4 below,

(αhν)=A(hν−Eg)n…………………………………………….….(4)

Tauc equation is used to study the optical absorption spectra of semiconducting

materials where hv is the photon energy, α is the absorption coefficient, and Eg is the

band gap, A is a constant and the value of n takes on different values based on the

type of optical transition: n=1/2 for allowed direct transitions, n=2 for allowed

indirect transitions, n=3/2 for forbidden direct transitions, and n=3 for forbidden

indirect transitions. In this study, the value of n=1/2 was used, indicating an allowed

direct band gap transition. The optical band gap was then estimated by plotting (αhν)2

against hν and extrapolating the linear portion of the plot to the energy axis at the

point where (αhν)2=0. This approach provides a reliable estimation of the band gap

energy, which is a key parameter for understanding the optoelectronic properties of

the material.

From Tauc plots, constructed with the assumption of a direct allowed transition(n=2),

an optical band gap is approximately 1.58 eV for both the control and passivated

samples as indicated in figure 19 c. The agreement in the band gap values indicate

PEAI passivation does not significantly alter the electronic structure of the material.

The primary role of PEAI lies in reducing defect density and nonradiative
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recombination properties rather than modifying the bulk optical behavior of the

material (Shi et al., 2024).

Figure 19. a) UV-vis absorbance spectra of perovskite films grown on ITO. b)

Transmittance spectra of perovskite films grown on ITO. c) Tauc plots

4.3 Photoluminescence measurement
The effect of PEAI passivation on the radiative efficiency of both control and

passivated samples were investigated by using PL spectroscopy, as indicated in Figure

20. PL measurements were carried out using an excitation wavelength of 520 nm. The

PL spectrum shows an enhancement in the PL emission intensity as PEAI passivation

applied. This enhancement is associated with suppression of nonradiative

recombination pathways within the perovskite material (Cheng et al., 2022). The

surface defects of 3D perovskite which is trap states for photogenerated exciton (Xue

et al., 2024), are effectively passivated by PEAI passivation. PEAI passivation
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reduces the probability of charge carriers recombining nonradiatively, so that leading

to a higher radiative recombination and thus a more intense PL emission. This

finding corroborates with the improved device performance observed in the J-V

characteristics Table 2, higher Voc and FF in the PEAI-treated devices can be

attributed to the reduced charge carrier losses resulting from effective PEAI-induced

surface defect passivation.

Figure 20. Photoluminiscence of control and PEAI passivated perovskite film.
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4.4 Electroluminescence measurement

Figure 21. The schematic of an EL sample preparation by sandwiching

Cs0.05(MA0.02FA0.98)0.95Pb(I0.98Br0.02)3 in between ITO-coated glass plates and Cu

electrode.

The electroluminescence (EL) characterization was performed for both control and

PEAI passivated samples as illustrated in figure 21, with applied current of 1.4mA

which is equivalent to short circuit current, Isc, to the samples. The EL emission

shown in Figure 22 a. give important information on the radiative recombination

behavior of PSCs under working conditions. The active layer of these devices consists

of the Cs0.05(FA0.98MA0.02)0.95Pb(I0.98Br0.02)3. The EL emission peak appeared at

around 780 nm irrespective of the device type, which is characteristic emission of the

perovskite layer under an applied bias. This is in agreement with the maximum peak

where the PL emission peak occurred. The PEAI treated device show a increase in EL

intensity across the spectrum, with a significantly higher peak intensity compared the

control sample. Zhuang, J., et al., found that there are many surface defects available

on the surface of 3D perovskite, including undercoordinated Pb2+/I− ions, MA/I

vacancy, and occasionally Pb−I antisite substitution (Zhuang et al., 2019). The

enhancement in EL intensity likely indicates the suppression of nonradiative

recombination due to surface defect within the working device as a result of PEAI

surface passivation (Cheng et al., 2022). The PEAI form chemical reaction with

uncoordinated lead (Pb²⁺) or formamide (FA⁺) ions on the 3D perovskite surface, as a

result it deactivate those defects and reduce nonradiative recombination. This

improvement in EL correlates well with the observed increase in device performance

parameters such as Voc and FF, highlighting the importance of surface passivation for

achieving high-efficiency perovskite solar cells.
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Figure 22. a) Electroluminescence spectrum of passivated and non-passivated

perovskite film b) Electroluminescence imaging for control, and c) Passivated devices

As shown in Figure 22b and 22c, electroluminescence (EL) imaging reveals a

noticeable increase in EL emission after PEAI passivation. This enhancement is

primarily attributed to suppressed nonradiative recombination, allowing radiative

recombination to dominate. The control device exhibits weak EL emission, indicating

significant carrier losses due to nonradiative pathways. In contrast, the PEAI-

passivated device displays brighter and more uniform EL across the active area,

suggesting effective defect passivation. This spatial uniformity and increased

brightness imply reduced trap-assisted recombination and improved light emission

efficiency. The enhanced EL observed in the imaging is consistent with the higher EL

intensity in the emission spectrum, further confirming the role of PEAI in improving

the optoelectronic quality of the perovskite layer and contributing to better overall

device performance.

c

ba
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4.5 Scanning electron microscopy image of perovskite film
To analysis the effect PEAI passivation on the surface morphology of perovskite

active layer, both control and passivated films are characterized with SEM, as shown

in Figure 23. As clearly indicated in figure 23 a, the control perovskite film shows

rough surface, visible grain boundaries, and the presence of voids and pinholes, those

surface properties are often associated with nonradiative recombination sites and

inefficient charge transport (Yang et al., 2017). In contrast, the passivated film

exhibits uniform grain, smoother surface, and fewer voids, which is possibly due to

suppressed for pinhole induced nonradaitive recombination in agreement with Voc

and FF of their device, as indicated in figure 23 b. Those surface morphology

improvement indicates the PEAI treatment was effectively passivates surface and

grain boundary defects, likely through the electrostatic interaction of the

phenylethylammonium cation with undercoordinated lead or halide ions (Zhuang et

al., 2019). Moreover, the control film is more brighter than passivated film, which is

most likely due to the less conductivity of 2D perovskite layer on top of 3D. The

improved surface properties of the PEAI-treated film agree well with enhanced

optoelectronic properties observed in photoluminescence and device performance

measurements.

Figure 23: SEM images of perovskite films: (a) Control, (b) PEAI-treated.

a) b)
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4.6 Photovoltaic performance of devices
Effect of PEAI treatment on current density (J)-voltage (V) curves of PSCs device is

shown in Figure 24, and all photovoltaic parameters are listed in Table 4.

Figure 24. J-V curves of control and PEAI treated PSCs devices.

The J–V curve of both control and PEAI-passivated PSCs, as shown in Figure 24,

shows the enhancement in device performance following PEAI surface passivation.

Upon PEAI passivation, key photovoltaic parameters, specifically the open-circuit

voltage (Voc) and fill factor (FF), show significant improvement. Voc increases from

1.10 V to 1.15 V, and FF improves from 67.6% to 71.9% when comparing the control

device to the PEAI-passivated device. These enhancements are attributed to the

effective suppression of charge carrier recombination and a corresponding reduction

in voltage losses (Chen et al., 2022). The improvement of those photovoltaic

parameters highlights the significant role of passivation, as device performance is

influenced by surface defect mitigation. In particular, the enhancements in Voc and

FF are believed to stem from the reduction of surface defects, which effectively

suppress charge recombination (Zhuang et al., 2019).
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These improvements are also supported by PL and EL measurements, where the

passivated films show enhanced emission intensities, as a result of effective

mitigation of nonradiative recombination pathways(Cheng et al., 2022).

From the XRD analysis also the structural enhancement induced by PEAI passivation

is observed. Upon the PEAI treatment the crystallite size of the film was enhanced, so

as the crystallite size become higher and higher the grain boundary density become

reduced and which are directly associated with nonradiative recombination center.

Consequently, The overall PCE increased by approximately 9% upon PEAI

passivation from 18.9% to 20.6%. While the Jsc experienced a slight decrease from

24.8 mA/cm² to 24.4 mA/cm², the improvements in Voc and FF more than

compensated for this, resulting in superior device performance.

Table 4. Summary of performance of control and PEAI passivated PSCs device.

PV Parameters Control device Passivated device

Jsc (mA/cm2) 24.8 24.4
Voc (V) 1.1 1.15
FF (%0 67.6 71.9
PCE (%) 18.9 20.6

4.7 External quantum efficiency analysis

To further analysis the device photovoltaic properties of both device the external

quantum efficiency was performed for wavelengths between 300 nm to 1000 nm in

5 nm increments, as shown in Figure 25. The PEAI-passivated device and the control

device shows comparable EQE response throughout most of the visible wavelength

range (Jiang et al., 2019).

The current density derived from the EQE spectrum for the PEAI-treated device is

slightly lower than that of the control, consistent with the minor decrease in Jsc from

24.8 mA/cm² to 24.4 mA/cm² observed in the J–V characteristics. This small drop in

short-circuit current density may be attributed to the formation of a thin 2D PEA₂PbI₄,

which, while beneficial for defect passivation, but slightly hinder charge extraction or

introduce optical losses . Nevertheless, the gain in open-circuit voltage (Voc) and fill
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factor (FF) outweighs this loss, resulting in a net enhancement of the power

conversion efficiency (PCE) from 18.9% to 20.6%.

From these findings the PEAI treatment does not significantly affect the optical

properties rather than enhances device performance by mitigating nonradiative

recombination pathways and improving interfacial quality. This aligns with previous

reports where quasi-2D/3D hybrid perovskite structures achieved higher Voc and FF

due to superior passivation and reduced surface recombination (Zhang & Park, 2022).

Figure 25. The external quantum efficiency (EQE) spectra of both the control and

PEAI passivated PSCs.
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Conclusion
This thesis strategically investigated the use of phenethylammonium iodide (PEAI)

for surface passivation to enhance the performance of perovskite solar cells (PSCs).

The perovskite absorber layer with the composition Cs0.05(MA₀.₀₂FA₀.₉₈)0.95Pb

(I₀.₉₈Br₀.₀₂)3 was successfully synthesized and characterized by XRD, UV-Vis, PL, EL,

and SEM techniques. The introduction of a PEAI passivation layer applied without

post-annealing led to a noticeable reduction in surface defect density and suppression

of nonradiative recombination. This was evidenced by enhanced photoluminescence

emission and reduced trap-assisted recombination, ultimately contributing to

improved device performance. Device fabrication using an inverted planar

architecture ITO/MeO-2PACz/perovskite/PEAI/C60/BCP/Cu showed the effectiveness

of this surface engineering approach. In comparison to the control device, which

showed a PCE of 18.9%, the device treated with PEAI achieved a higher PCE of

20.6%. This performance enhancement indicate how important surface passivation is

in minimizing energy losses and improving the movement of charge carriers within

the device.The XRD data analysis revealed the formation of a low-angle XRD peak

(~5.3°), indicating the formation of a thin 2D perovskite layer (PEA2PbI4) on the

surface, which contributed to defect passivation without significantly affecting charge

transport. Overall, this work confirms that direct surface passivation with PEAI,

without additional post annealing treatment, is a straightforward yet highly effective

strategy to enhance the efficiency of triple cation PSCs.
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